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Abstract

Increased control demands in applications including high speed milling and hybrid motor design have led
to the utilization of magnetostrictive transducers operating in hysteretic and nonlinear regimes. To achieve the
high performance capabilities of these transducers, models and control laws must accommodate the nonlinear
dynamics in a manner which is robust and facilitates real-time implementation. This necessitates the development
of models and control algorithms which utilize known physics to the degree possible, are low order, and are easily
updated to accommodate changing operating conditions such as temperature. We consider here the development
of nonlinear adaptive identification for low order, energy-based models. We illustrate the techniques in the context
of magnetostrictive transducers but they are sufficiently general to be employed for a number of commonly used
smart materials. The performance of the identification algorithm is illustrated through numerical examples.
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1. Introduction

Piezoceramic and magnetostrictive transducers are finding increased use in high performance applications
due to their set point accuracy and high bandwidth capabilities. However, they also exhibit hysteresis and con-
stitutive nonlinearities which must be accommodated to achieve design specifications. At low frequencies and
moderate drive levels, these effects can often be mitigated through feedback loops. At high drive levels or high
frequencies, however, the hysteresis and nonlinear dynamics must be incorporated into models and subsequent
control designs. In this paper, we consider the development of a nonlinear adaptive parameter estimation algo-
rithm for updating parameters in energy-based hysteresis models.

To illustrate, consider the prototypical magnetostrictive actuator depicted in Figure 1. Input stresses and
displacements are provided by the Terfenol-D rod in response to fields generated by the surrounding solenoid.
As detailed in [1, 2], such actuators have the capability of generating broadband, high force, responses. However,
they also exhibit varying degrees of hysteresis and nonlinearities in the relation between the input field H, the
magnetization M and strains A in the Terfenol-D rod. We employ this transducer design as a template for devel-
oping the nonlinear adaptive estimation techniques discussed here but we note that the models and estimation
techniques are sufficiently general to permit direct extension to analogous piezoelectric and ferroelectric models
of the type developed in [7, 9].
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Figure 1. Prototypical magnetostrictive transducer.

There exist a number of techniques for modeling hysteresis in magnetostrictive materials including Preisach
models [10, 12] and domain wall models [1, 2]. As illustrated in [11, 12], Preisach models can, under approxima-
tion, be linearly parameterized in terms of coefficients to be identified thus permitting the use of linear adaptive
algorithms. This advantage is often offset, however, by the large number of required nonphysical parameters and
the extensions to the theory required to accommodate temperature and frequency dependence. The domain wall
models are low order and have physical parameters but exhibit a nonlinear dependence on the parameters. In this
paper, we extend the techniques of [3, 4] to obtain nonlinear adaptive estimation laws for updating parameters
in these domain wall models.

A significant difficulty in developing a nonlinear parameter adaptation law is the fact that gradient update
methods are not always sufficient for estimating nonlinearly occurring parameters. To illustrate, consider an
error model of the form

¢ = —ke+ f(,0) — f(4,0)
where e is the error between the desired and the measured trajectories. We denote the measurable states as ¢,
k > 0 is a scalar, 6 is a nonlinearly occurring parameter, € is the parameter estimate and f is a scalar valued
nonlinear function. Consider the gradient update law

é\ = 6Vf§.
With the standard Lyapunov function, V = $(e* + 62), where § = § — 6, we see that

V= —ke*+e|f(6,0) — f(o,0) + éVfg] .

~ ~

If e <0, it is necessary that V f5(0 —0) < f(#,0) — f(¢,0) which implies that f is convex. If e > 0, then f must

be concave to ensure V < 0. We observe the gradient method does not ensure stability for all 9. A gradient
method applied to a nonlinear parameterized system may not only be insufficient but may lead to instability.
The method we discuss here does not strictly rely on a gradient rule but differs depending on the sign of the
error [3, 4].

In Section 2 we summarize the hysteresis and transducer model. In Section 3 we review the nonlinear adaptive
method for the scalar case. In Section 4 we present an extension of the method to the vector case. Section 5
provides numerical examples of both the scalar and vector cases.

2. Transducer Model

We summarize here the model developed in [1, 2] for magnetostrictive transducers operating in nonlinear and
hysteretic regimes. This model is formulated in two steps: (i) quantification of anhysteretic magnetization, My,
and (ii) quantification of the total magnetization, M.

One source of hysteresis occurs in the relationship between an applied magnetic field H and the resulting
magnetization M in the Terfenol-D. Domain wall theory is based on the concept that domain walls are present
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Figure 2. (a) Anhysteretic magnetization; (b) Total magnetization.

in the material and pinned at inclusions. Physically, the anhysteretic magnetization M,,, can be thought of as
the magnetization obtained when domain walls are translated across pinning sites with no loss of energy. The
anhysteretic magnetization depends on the effective field given by H, = H + aM where a quantifies the effects
of the interdomain coupling. Under the assumption of constant stress, we balance thermal and magnetostrictive
energy via Boltzmann principles. The anhysteretic magnetization can be given by either the Langevin model

M,, = M, (coth (%) - Hi> (1)

M,,, = M, tanh <&> (2)
a

or the Ising model

depending on the assumptions we make on the orientation of dipoles. Here M is the saturation magnetostriction
and a is a temperature dependent coefficient. The two anhysteretic models are equivalent to third order. Since the
parameter « is closely effected by the temperature, we will chose to update a in the nonlinear adaptive parameter
estimation. The ability to adapt a to varying conditions would be extremely useful since the temperature is
difficult to regulate in many industrial applications. For example, in the transducer depicted in Figure 1, the
current in the solenoid can cause Ohmic heating and effect the value of a.

To quantify the total magnetization, we incorporate the irreversible magnetization Mj,, due to domain wall
translation. Magnetostatic principals are used to compute the energy required to reorient dipoles, as detailed in
[1, 2]. This yields the differential equation

6Mirr _ Man - Mirr
- «

OH 6k5 - (Man - Mirr) ’

(3)

Here § = sign(dH) to ensure the pinning is opposite the change in magnetization and §is 0 if dH > 0 and
M > M., or dH < 0 and M < M,, and 1 otherwise. This indicator is necessary to model the physical
observation that, after a field reversal, the changes in magnetization are purely reversible until the anhysteretic
value is reached. The parameter k quantifies the average energy required to translate a domain wall.

The reversible magnetization M., is due to domain wall bending. As detailed in [1, 2], the reversible
magnetism is given by the algebraic relationship

Moy = C(Man - Mirr) (4)
where c is a material parameter which quantifies the reversibility of the material. The total magnetism is then

M = (1—¢)Miypr + cMyy, . (5)



The relation (5) is typically employed for material characterization. For the purposes of nonlinear parameteri-

zation, we reformulate (5) as
oM

i =F(H,M) (6)
M(Hy) = M,
where
F(H, M) = L §—Man =M O, (7)

1+ casss My | k6 —a(Man — M)~ OH

a
with & = 1o The anhysteretic and total magnetization are illustrated in Figure 2.

—c
The model developed in (5) or (6) quantifies the hysteretic relationship between the imposed field and the
resulting magnetization. Next, we need to quantify the strains, forces, and displacements generated by the
changes in magnetization. We do this in two steps: (i) quantify the free strains in the material and (ii) quantify
the total strains which include elastic effects. We present a brief overview of the model of the full transducer
dynamics. For a more complete derivation see [2].
We characterize the free strain, or magnetostriction, for a Terfenol-D actuator by the quadratic relation

3As o
= 530 ®)

where \s; denotes the saturation magnetostriction. To achieve bidirectional strains or forces, the transducer is
biased by a surrounding magnet or the application of a DC field to the solenoid. For a bias of M;/2, the free
strain is modeled by

A(t)

3
- 2M2

Once we have quantified the magnetostriction that occurs in response to an applied field, we must incorporate
the materials elastic properties. We assume one end of the rod (z = 0) to be fixed while the other end (z = L)
is constrained by a damped oscillator and has a point mass attached (see Figure 3). The internal damping
coefficient, density, Young’s Modulus and point mass are given by cp, p, E, and M,, respectively. The damping
spring is assumed to have stiffness k; and Kelvin-Voigt damping coefficient c¢;.

If we assume linear elasticity, Kevin-Voigt damping and small displacements, then the stress at any point z,
0 <z <L, is given by

A(t) [M?(t) +2M ;M (t)] . 9)

2

o(t,z) = E%(t, z) + CD%@, ) — EA(t) (10)
where u(t, x) is the longitudinal displacement. We assume that the magnetostriction given by (9) is independent
of position. This independence is reasonable since flux shaping via the surrounding magnet can be used to
minimize end effects in the rod which results in uniform magnetostriction along the rod. Force balancing then

yields

62’le 6Ntot
- 11
ot? Ox (11)
where the resultant is specified given by
ou 0%u
Niot(t,z) = EA—(t, A——(t,z) — EAX(t) . 12
ot 2) = BASE (t,3) + ep A (t,7) — EAN() (12)
+U k.u
ML
Rod Ntot —~—
—_—
\
x=L %

Figure 3. Rod approximation model.



To obtain appropriate boundary conditions, we first note that u(¢,0) = 0. We balance forces at z = L to give

2
e 8t 1)~ Myt (1, L),

Ntot(t,L) = —k:;gu(t, L) — 8;5875

We take the initial conditions to be u(0,z) = 0 and ?(0, z) = 0. We can now use a Galerkin finite element to
x

numerically approximate the solution to the PDE (11).

We specified the magnetostriction A(¢) to be independent of spatial location due to the design of the sur-
rounding permanent magnet. This implies that the dynamics of the transducer which are currently modeled by
a PDE can be accurately approximated by a damped spring mass system

~ 1 w
= = = . ].
G(s) ms2+ks+c 24 ks4é (13)

We examined the poles and zeros of the transfer functions which resulted from a Galerkin finite element approx-
imation with varying number of basis elements. We found the model could be adequately approximated by one
with two poles and no zeros for any number of basis elements. We used the poles and gain of these transfer
functions to developed the damped spring mass model for the transducer dynamics. The parameters for the
resulting model (13) were determined to be w = 1.3724 x 1072, k = 7.8899 x 10% and ¢ = 6.4251 x 107.

3. Nonlinear Adaptive Parameter Estimation

We wish to adaptively estimate and update the nonlinearly occurring parameter a in the hysteretic model (6)
to model the effects of changing temperatures. To accomplish this, we consider the theory in [3, 4] and develop
modifications required for the hysteresis model employed here. One criterion for the algorithm is the capability
to obtain estimates of a which are sufficiently accurate to maintain tolerances specified for the transducers (e.g.,
cutting tolerances of &+ .001 in). Furthermore, the algorithm must be stable and persistent excitation conditions
must be established to ensure convergence.

The nonlinear parameterization assumes all of the states are available and identifies parameters for a system
of the form

y=—ky+ af(u(t)v 0)
where k£ > 0 is a scalar and # € R™ is an unknown parameter, # € © where O is the bounded region in which 6

lies. The function f is taken to be a scalar valued nonlinear function of the input u(t). As motivated by [3, 4],
we consider the estimation algorithm

g = —kj—e sat(%)—kaf(u,a) — a*sat (%)

0 —Je " ) (14)
7. = @ — €sat (%)

g o= U-y

where € > 0, sat(+) is a saturation function defined as

1, r>1
sat(z) =< =, lz] <1
-1, r<l1
and a* and ¢* are the solution of
L — : [
Do R
* — M 0
¢ arg min - max 9(0,9) (15)

9(6,0) = asat(L) [f(u,8) - f(u,0) - 7@ -6)] .



We note that when |j| < ¢, the adaptation of the parameters stops, imposing what is termed a dead-zone.
The method will continue to adapt the parameters until the magnitude of the error § is less than the given e.

We consider the min/max algorithm (15) to handle the regions of nonconvexity of f where the gradient
method is insufficient. The use of a tuning error g. rather than a tracking error y ensures continuity of the
adaptation as does the use of a saturation function over that of a signum function [4]. We do not need the
assumption that the parameters and the parameter estimates are bounded for stability, but rather to compute
the closed form solution of (15).

If we define § = §— 6 and x = [§;,67]7, then we can show that the system (14) is stable with z = 0 by proving

that V = e2 + af? is a Lyapunov function. Following theory outlined in [5], we first note that V = 244, + 2a68.
If || < e then g, = 0 which implies V' = 0. We then need to show that V' < 0 if |§| > . We can express V' as

~

Vo= 2y.(—ky — € sat (%) +af(u,f) —a*sat (%) +ky —af(u,0)) — 2007 ¢*
= —2kj. i+ 20 (af (u,0) — af(u,6) — afp* — € sat (%) — a*sat (%))
= —2kycy + 2. [a(f(u,a) — f(u,0) — 0¢*) — € sat (%) — a*sat (%)] .

If § > 0, then sat (%) = 1 so we must have

a® > a sat <y> (f(u,é\) — f(u,8) —0¢*) — € sat (%) forall§ € © .

€

This implies that we can let

e €

a* = a max sat <g> (f(u,a) — f(u,0) — §¢*) for any ¢*

so by the definition of ¢* and a* the inequality is satisfied and hence V < 0. If § < 0, then sat (%) = —1so we

must have

a* > — [a(f(u,a) — f(u,0) — 6¢*) —f-e] for all # € ©
or

a® > a sat (%) [f(u,é\) - f(u,0) —§¢*] + € sat <%> forall§ € © .

We can again let

a*=a max sat (%) [f(u,a) — f(u,0) — 9~¢)*] for any ¢*

so by the definition of ¢* and a* the inequality is satisfied again and hence vV <0.
To implement the method proposed in the system (14), it is necessary to solve the min/max problem (15).
To do this, we must construct a concave cover F'(f) and a convex cover F(f) where the covers satisfy

FO)>f-] E®O<f-T
for f: f(u, 5) The following definitions and construction are summarized from [4].
Definition 1: A point 6° € 4, if ° € © and
Vg0 —6°) > f—f°

where V fgo = % and f° = f(¢,6°).
1Y
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Figure 4. Convex and concave cover of f(u,8).

Definition 2: 6, =0.N 0O where 6, is the complement of 6,

If f is not concave on O, then 6, is given by 6, = {02,634, ...,0™"} where 0% = [f%, 67] are the regions
where f is not concave, #7 > 7. Using Definitions 1 and 2, the concave cover of f — f on © can be constructed
as

_ f—7, for all 6 € 6,
FO) =9 o (16)
046 + ¢, for all § € 9% € 6,
where ) ,
alj:f]_fz czj:fz_f-_azjaz fz:f(¢ 01)
0] _ 0Z ) ) )
Similarly, we construct a convex cover of f — fby defining
0, = {6°| Vfp(0—06°) < f-f°}
6, = 6,n0O
-1, for all 6 € 6,
FO)=¢ . (17)
070 + cv, for all@ € 6% €6, .

Once we have constructed F(f) and F(#), a closed form solution to the min/max problem (15) is given by

(®)
" { Vs if 6 €6, if g > 0
; 0, if 9 €0 i,

g')(-
[
o

(18)

~

a* —F(0)

Vs if0€b, if jo <0 .
0 =
0, if § € 9 € 4,
A proof that (18) is the solution to (15) can be found in [4].
Having established the stability of the adaptation method by the Lyapunov function stated earlier, now we
seek sufficient conditions which establish uniform asymptotic stability of the system (14). We summarize the
condition for convergence of the parameters and tracking error in the following theorem presented in [3].



Theorem 1: If for every t; > tg, there exists Ty, €g, 0o, and a subinterval [ta, to + do] € [t1, t1 + To] such that

ta+do N -
8 [(£2)£(u,8(22)) = F(u,0)] dr > 2¢ +eollfi(t2)]] . (19)

to
then the origin = 0 is uniform asymptotically stable.

~ ~

In Theorem 1, § = 1 if f(u,) is convex and f = —1 if f(u,#) is concave. We notice several differences
between this condition and the condition for a linear parameterization. The sign of the integral is important.
The sign is not strictly determined by f(u,6) — f(u,8) but also by the convexity or concavity of f as indicated
by 3. This coupling arises from the min/max algorithm and is necessary but not sufficient to ensure that the
method will leave the dead zone, |g| < e. The integral must be sufficiently large to leave the deadzone, which
necessitates the term incorporating e on the right hand side of (19).

We placed the excitation conditions on f in Theorem 1. We wish to derive conditions on u(t) since we have
some freedom when choosing u(t). Theorem 1 does not give conditions on the input u to satisfy the inequal-
ity (19) nor does it guarantee that such an input exists. Inequality (19) includes two components. First, the
magnitude of the integrand must be sufficiently large. For a large parameter error the input must be such that
the difference between the function evaluated at the actual parameter and the parameter estimate is adequately
large. We chose an input signal which drives the function f to a level where a change in the parameter is most
noticeable. Secondly, the integral must be the same sign as 5. This coupling states that if f is convex, then the
integrand should be positive. If f is concave, then the integrand should be negative. The min/max feature of the
algorithm gives stability but an acceptable input must be used to guarantee parameter convergence. Parameter
convergence is ensured by updating using the gradient information and we must pick an input signal accordingly.

To ensure parameter convergence, we can summarize the conditions on u as either

(a) For the given #, u must reverse the sign of the integrand of (19) while keeping the convexity/concavity

of f fixed.

or

(b) For the given 6, u must reverse the convexity/concavity of f, while preserving the sign of the integrand
of (19).
(see [4]).

4. Matrix Equation Case

Since many physical systems with inherent hysteresis are modeled by higher order equations, we extend here
the scalar method proposed in [3, 4] to systems of equations. We stated previously that, due to transducers
design and field shaping, the smart structure can be modeled to first approximation as damped spring mass
system. Therefore, for our magnetostrictive transducer application, the identification method must work for at
least a second order system. To utilize the method for matrix equations, we must redefine several variables in
the scalar case. We wish to use the solution to the min/max problem (15), so we must ensure that we do not
alter that aspect of the formulation.

We consider here the parameter identification for the matrix system

y= Ay + Bf(u,0) .

Here we assume that A is diagonal with eigenvalues )\;. Since our smart system is strongly damped, we have the
real part of the eigenvalues in the left half plane. We define

~

= A5+ BS(0) O e sar(®) +a*sat (2)]

N
j = Red (T—u)
i—1

@)

(20)

)
|

- _?je(b*
Je = g—esat(%)



where C' =[0,---, 0, 1] € RY, N is the number of states, and a* and ¢* are the solutions of

o R
¢" = arg min max 9(0,9) (21)
9(6,0) = bsat (1) [f(w.0) — f(u.0) — 670~ 0)
N
where b = Z B;. It is important to note that the solution to the min/max problem (21) is a scalar multiple of

i=1
the solution to (15).
We must prove that this adaptive parameter estimation method is stable. We consider the Lyapunov candidate

2+ b6*

V=g
which yields )
V = 244 + 2600

with

?je:Re

> (4G -0+ BG -9 - (esatd) + arsa (y)))] .

i=1

This can be written as

L

+B(f—f)—0<e sat(

s (1))

which yields

V= opke|SnG-p)| + 2, [b(F — f —66") — e sat(E) — a*sa (2]
=1

= R[S =3 ] 2 [b(F = 7 = 80*) = e sat(D) — a*sat ()] .
=1 i=1

Since Re(\;) < 0 for all ¢, we have

N N

> Ng| <X lZy] ,  Re
i=1 i=1

where A = max Re()\;). Using these inequalities we obtain
K3

Re

N
Z/\iy] <A

i=1

> y] (22)

i=1

V < 2Xjge + 24 {b(f —f—0¢") —¢ Sat(%) - asat (%)] '

We complete the proof by using the definitions of a* and ¢* as the solutions of (21) in a manner analogous to that
of the proof in Section 3. One item in the proof we must note is that the inequalities in (22) are true only for spe-
cific input functions u(t). The input signal we use is a monotonically increasing function . Therefore the states y
and g are positive. If we desire a different input signal, it would be necessary to re-examine the inequalities in (22).



5. Numerical Examples

We provide a scalar and matrix example to demonstrate the capabilities of the nonlinear adaptive parameter
estimation method. We consider first the scalar model. We specify the dynamics of the system by

y=—ky+ M(u,a) (23)

where M (u,a) is the solution of the domain wall model (5) or (6) for the hysteretic material. We assume the
parameter estimate @ to be bounded such that @ € [6300, 7300] with a(0) = 6800. We take the actual value of
a to be 7012 A/m and the remaining constants are given as k = 4000 A/m, a = —.01, Py = 7.65 x 10° A/m,
¢ = .18 and Ay = 1.005 x 102, One difficulty of the adaptive parameter estimation algorithm is constructing
an input u(t) which will provide persistent excitation. Because of the condition imposed for excitation, we
use a signal that does not cause the function to change signs. Empirically, it has been established that a
monotonically increasing or saturation type input provides accurate results and quick convergence. We chose
the input signal, u(t), as an increasing linear function which drives the hysteresis to a level near saturation. This
signal provides persistent excitation as well as evaluates the hysteresis model at levels which most noticeably
differ according to the parameter a. Figure 5a illustrates the integrand of (19) for a given value of 6 to show
that the second condition for persistent excitation is met. The integrand remains positive while switching the
convexity /concavity of the function M as seen in Figure 5b. Figure 6 illustrates the ability of the scalar nonlinear
parameter estimation method to accurately identify the unknown parameter a. Figure 6a shows the evolution
of the parameter estimates which converges quickly to the actual value of 7012. The speed of convergence of
the parameter estimation is a notable result since we can potentially combine this identification method with
a control technique. The Figure 6b provides a graph of the tracking error §. For a given e specified in design
tolerances (e.g. cutting accuracy of ¢ = 0.001 in) the method is able to track within an error of € given the
conditions of persistent excitation are satisfied. We have empirically noticed the choice of € affects the rate of
convergence and the range of parameter estimate values which the method achieves. This gives us a design
consideration associated with the tracking accuracy required.

We now consider the matrix system parameter estimation algorithm. The system is a damped spring mass
system which models the transducer dynamics of the smart transducer given by (13). Again, we take the function
f as the hysteresis model (6) and the parameter a is updated to model its temperature dependence. Figure 7a
illustrates the convergence of the estimate to the actual parameter value. Figure 7b depicts the tracking error of
the adaptive system. We have successfully extended the parameter identification to matrix systems as seen by
the convergence of the parameter and the decay of the tracking error.

For the matrix system there exist a variety implementation issues. The model we consider must be solved
numerically. No implicit method can be used because of the unknown forcing function at the next time step.
This uncertainty requires the time step to be sufficiently small to ensure accurate solutions of the model given in
(13). Any inaccuracy of the solution of (13) can cause the value of § to have a discontinuous jump from positive
to negative values. This phenomena causes the min/max solution to jump between utilizing the convex cover

18000 . . . . . . . x10°
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and concave cover. These jumps in turn cause highly oscillatory behavior in the parameter update. We also
observed the convergence to be moderately slower with the matrix system than that of the scalar case. However,
the convergence rate is still reasonable for a large number of industrial applications.

6. Concluding Remarks

We have formulated the nonlinear adaptive estimation technique of [3, 4] in the context of a nonlinear
hysteresis model for magnetostrictive transducers and have extended the theory to the vector case commensurate
with these models. Numerical examples illustrate the capability of the method for updating the temperature
dependent parameter a to simulate the effect of changing temperature in the transducer. While developed
in the context of a model for magnetostrictive materials, the unified nature of the models (see [8]) permits
direct extension of the technique to hysteresis models for piezoelectric, relaxor ferroelectric, and shape memory
compounds.

One direction of current research focuses on the extension of the algorithms to simultaneously identify multiple
parameters; e.g. 0 = [a, k, a, Ps, ¢]. While the min/max theory is the same, issues concerning the identification
of the convex and concave regions require resolution.

A second direction of current research addresses the development of adaptive and robust control techniques
which utilize these models and estimation algorithms. While adaptive control techniques have been developed
for models with linear parameterizations [11, 12], analogous convergence criteria for nonlinear models, of the
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Figure 7. (a) Parameter estimate; (b) Tracking error for matrix case.
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type considered here, have yet to be established. One technique which has been numerically and experimentally
implemented is based on the use of partial of full inverse compensators based on approximate inverses to the
models [5, 6]. In this case, the adaptive estimation algorithms presented here would be used to update parame-
ters in the model and its inverse. The inverse is then employed in a hybrid controller comprised of feedback and
feedforward components. This permits an indirect adaptive updating of the controller to accommodate changing
operating conditions.
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