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ABSTRACT

Magnet ostrictive transducer output force, displacenent, and bandw dth
characteristics are well suited for a variety of active vibration contro
applications. However, their use is linmted in part because these transducers
are known to be nonlinear. The transducer in this study is assuned to be a
linear systemand its output harnonics are assuned to be disturbance inputs.
Two feedback control nodels are proposed and one is used to obtain expressions
for predicting the change in harnonic anplitudes of displacenent and

accel eration as functions of frequency and paraneters for the controller

| oad, and transducer. An approach based on nagnetostrictive transduction
nodeling is presented for experinentally determ ning appropriate transducer
nodel paraneters for use in the feedback control nodel. Experinenta
neasurenents using sinple, analog, PD (proportional plus derivative)

accel eration feedback control are presented to validate the expressions. The
cl osed | oop feedback control system nodel resulted in predicted changes in

har moni ¢ accel eration anplitudes ranging from+2 to -30 dB, (dependi ng upon
the frequency of the disturbance input) that were verified experinentally. A
significant extension of the linear range of transducer behavior, due to

f eedback control, is al so denobnstr at ed.

1. | NTRODUCTI ON

Magnetostrictive materials are the nmagnetic anal ogs of the nmore famliar

pi ezoel ectric materials. Magnetostrictives transduce strain and nagnetic



energies. Terfenol-D is a "giant" magnetostrictive material offering
mechani cal strains of up to 2000 x10°® mim (2000 mstrain). Magnetostrictive
transducers constructed using Terfenol-D rods of |lengths up to 24 cmoffer

di spl acenents based on approxi mately 500 m strain with output over a

bandwi dth of fromDC to over 20 kHz. In spite of nonlinearities inherent in
the cyclic strain of this magnetic naterial, it has received considerable
attention for use in sonar applications, and is beginning to be recogni zed as
an attractive material for design of certain snart structural system

A nonlinearity of particular inportance when using Terfenol-D transducers
is wave formdistortion. The distortionis a result of a quadratic nonlinear
strain versus nagnetization relationship and nagnetic hysteresis occurring
within the Terfenol-D. The net result is varying anplitude integer harnonics
present in the transducer voltage, current, and output velocity. These
anplitudes typically increase with increasing excitation |evel.

Magnet ostrictive transducers are traditionally considered as being
reasonabl e approxi mations of |inear systems at |ow drive anplitudesl 2.4 and as
beconi ng very nonlinear at high drive anplitudes.3 %3 (Linear in the sense
t hat sinusoi dal input produces sinusoidal output.) These are all relative
terms. A nore concrete exanple is shown in Fig. la and 1b which respectively
di splay plots of percent displacenent fromcurrent (||u/l]|| as a percentage of
t he di spl acement neasured when driven at 800 mA) and percent harnonic
di stortion (%ID) versus drive current anplitude. The data in Fig. 1 were
calculated frominformation given in Table 5.1 of reference 2, which al so

provides a full description of the transducer used. For these tests, the

*

Terfenol-D is a magnetostrictive material which was discovered at the Nava
Ordi nance Laboratory and it is produced by alloying the rare-earths terbium
and dysprosiumw th iron. Thus, Terfenol-D stands for Ter(bium) + fe (iron) +
nol (Naval O dinance Laboratory) + D(ysprosium. It has been comercially
avai |l abl e since the late 1980s. An authoritative discussion of the physics of
the material is available in reference 4.
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transducer was driven by 200 Hz sinusoidal drive currents of various
anplitudes using an anplifier with a current-control nodule. As operated, a
"“high" drive current anplitude for this transducer was 800 nA zero to peak
Measured accel eration autospectral density functions (0 - 2 kHz) were obtained
for each drive-current anplitude. D splacenent fromcurrent val ues were those
corresponding to the 200 Hz conponent only, and all are shown as percentages
of the 800 mA value (11.2 mm A) and t hus show the change in output sensitivity
as a function of input. %D was calculated as the ratio of the sumation of
the harnmonic anplitudes to that of all of the anplitudes (the harnonics
occurred at integer nultiples of the fundanental).

Di spl acenent per anp is clearly not a constant for this transducer.
Driving this system harder produces significant gains in output displacenent
per unit input current. (Linearization of this output/input relationship is
not addressed in this study.) Unfortunately, wave form harnmonic distortion
al so increases with increasing drive current anplitudes. Thus, although
significant increases in output displacenent and force (and therefore contro
aut hority) occur with increasing drive anmplitudes (Fig. 1la), increased
harmoni ¢ distortion with increasing drive anplitudes (Fig. 1b) linmts the
utility of these transducers in vibration control applications, where
undesi rabl e excitation of structural nodes by transducer harnoni cs can occur
Thus, one would |like to decrease the output harnmonics in order to take
advant age of the significant increases in the useful displacenent range of
transducer operation with higher drive anplitudes. That was the inpetus for

the investigation reported here.
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Figure 1. (a) Displacenent fromdrive-current and (b) harnonic distortion at
di fferent 200 Hz drive-current anplitudes as a percentage of their respective

0.8 Amp val ues.

2. MODELI NG APPROACH

The magnetostrictive transducer is nodeled as a |linear systemsatisfying a
pair of |inear simultaneous equations. The harnmonic frequencies present in
the state variables will be thought of as disturbances.

The canoni cal form of the transduction equations, as applied to a

magnet ostrictive transducer, is:!
V=2Zel + Temv (1a)

0=Thel +zxV (1b)

where: V = voltage across the transducer |eads, volts; Zs = blocked electrica
i npedance of the transducer (blocked physically, i.e., the electrica

i npedance one would neasure if the output velocity were held at zero) = sLeg +
Re, where s is the Laplace operator, Lg is the bl ocked el ectrical inductance,

henries, and Rg is the dc resistance of the wound wire solenoid, in units of



ohns, W; | = electric current passing through the wound wire sol enoid,

anperes, A, Tem= the transduction coefficient, electrical due to mechani cal
in units of volts per neter per second, V/(ms); v = the nechanical output
velocity of the transducer, m's; Thpe = the transduction coefficient,
nmechani cal due to electrical, Newon/A;, and zyx = the mechani cal inpedance,
based on velocity, of the transducer and the | oad, which, in its sinplest
applicable formis given as: zyx = smg + by + ky/s, where ny is the sumof the
i nternal dynanic mass of the transducer plus the |oad mass, in kg, by is the

sum of the damping within the transducer and that due to the | oad,

Newt on/ (nm's), and ky is the conbined stiffness of the transducer and the | oad,
Newton/m It is shown in the literaturel:2.6 that for magnetostrictive
transducers, ignoring eddy current effects, Tem= -Tpe = a drive anplitude
dependent pseudo-constant. Thus, for transduction, T defined as T = Tem= -Tne
is used. Using this substitution in Eqns. (1), one can solve for the usefu
fundanental transducer relationshi ps when operating in its linear range given

i n equations 2-6:

v T v Zoz,+ T2 v (v/1) T
" T VOTT) Tz Y
_1lv _ T a _sv_ ST
E(s)-—— N T/(S) _V_—Z (5, 6)
\Y; SV  s(Zezx +T9) Zezy + T

where: u = transducer output displacenent, nmeters m a = transducer out put
accel eration, nms? and equations presented are functions of the Laplacian
operator s. Al of these equations will be useful when nodeling the

transducer as part of the overall controlled system



2. 1. FEEDBACK MODELS USI NG A CURRENT- CONTROL AMPLI FI ER

The magnetic field applied inside a transducer is directly proportional to
t he product of the number of turns per nmeter of the transducer's sol enoid and
the current through the solenoid. Figure 2 shows a block diagramfor the
system consisting of a PID (proportional, integral, and derivative)
controller; a current-controlled anplifier, of gain Ky, AV, the transducer
(expressed as displ acenent per anmpere = Eqn. (2) divided by s); disturbance
di spl acenments, ug; and a displ acenent transducer of sensitivity, Sy, WV m The
reference signal is shown as V,; it is the input for the controlled system
Using the definitions for the inpedances (Ze and zy) detail ed bel ow Egns. (1),

the systemtransfer function u/V, is calculated as:

u,(s)

Vi (s —] kg s+ kp +_kls Ka —(s)— —HU(S)

Sy

Fiqure 2. Block diagram of feedback system assunming a PID controller, a
current-controlled anplifier of gain Ky, a displacenent sensor of sensitivity

Sy, and di sturbance di spl acenents, ug.

T
J (Skd+kp+ki/S)KaS—ZX

(S) =

Z
1+ (skg +kp+ki/ 5) Kas_g(su

whi ch reduces to:



(32 kd+skp+k|)KaT

(7)

Yis)=

s3m+ s2(by + kgKaTSy) + S(ky + kpKaTSy) + ki KaTSy,

This function has two, possibly conplex zeros in the LHP (left half-plane)

gi ven as:

s1,2 = [-kp £ (kp2 - 4kgki) ¥ 2]/ 2kqg

and the Routh-Hurwitz criterialO guarantees that it will have its three poles

in the LHP (be stable) if:

kxbx + kd( kx + kaaTSu) KaTSu + kpkaaTSu > I’Y}(k| KaTSu

This derivation assunes that the system paraneters are constants, independent

of drive magnitude and frequency. These are tenuous assunpti ons when dealing

with Terfenol -D transducers, as discussed in references 11 and 12. (T, Re,
Le, Kg, and kyx are all of particular concern with these actuators.).

Q her relations could be devel oped assum ng one had a current-controlled
anplifier that was robust enough to be a reasonabl e approxi mati on of the
constant K. That was not the case in this investigation. Although current
control was attenpted, nagnetostrictive transducers are very active | oads and

the anmplifier current output did not follow the input signal sufficiently at

di fferent frequencies to study the case of constant Kj.

2.2. FEEDBACK MODELS USI NG A VOLTAGE CONTROL AMPLI FI ER

The rest of the work presented enpl oys nodel s based on a vol tage-controll ed

anplifier. This nodel is a bit nmore conplex in that the applied nmagnetic
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field in the transducer is now proportional to the product of the turns per
neter of the solenoid, the voltage across the solenoid, and the inverse of
Egn. 3, a conplex valued electrical inpedance function that varies with
operating conditions.

In addition, enphasis will be placed on oscillatory drive conditions using
an accel eroneter as the feedback transducer. This was done for two reasons:
1) The equi pnment was available. 2) Snall anplitude disturbance displacenents
are anticipated and using an accel eronmeter as the feedback transducer exploits
the w2 signal anplification inherent to accel erati on measurenents.

Figure 3 is a block diagramof the feedback system assuning a voltage-
controlled anplifier. (Voltage was nuch easier for the anplifier used to
control than current when driving a Terfenol -D transducer.) The transducer's
transfer function for acceleration per volt is given in Egqn. (6). Using the
PID controller defined in Fig. 3, the relations for the inpedances detailed

bel ow Eqns. (1), and Egn. (6), the transfer function for the closed | oop

system as a/Vy, is given as:

T
(kas +kp+ ki / s)Ky >
a Zozy + T2
—_ - e =X
V(S)_ sT
r 1+(kds+kp+ki/S)KVSa 5
Zezy + T
whi ch reduces to:
I s(kgS? +kps + k) KyT
—S =
\ (Lemx + kaKvSaT) S + (Leby + Renk + kpKySaT)s2 + (Leky + Reby + T2 + ki KySaT) s + Reky

(8)
The transfer function for output acceleration froma given input disturbance

accel eration is given as:
a 1
— (9=
ad " 1+ (kgs +kp+ ki /1 S)KyS,

ST
Zezy + T2



whi ch reduces to:
Lems3 + (Leby + Remy) & + (Leky + Reby + T2)S+R gk,

2 (s)=
ad  (Leny + kg KySaT)S3 + (Leby + Reny + kpKySaT) £+ (Leky + Reby + T2 + ki KySaT)S * Reky
(9)
Note that Egns. (8) and (9) have the sane characteristic equations (sane
denom nators) and that the control paranmeters appear as coefficients of
di fferent powers of s (which contains the frequency). Thus, it can be

expected that derivative feedback will be nost hel pful at reduci ng harnonics

at the high frequencies. Simlarly, kp will be npst useful at mediumto high
frequencies and ki will help in the low to medi um frequency range.

Classical stability analysis mght be applied to these characteristic
equations. However, it was not done in this study owing to the variability of
coefficients with excitation frequency, excitation anplitude, nagnetic bias
point, material prestress, and even actuator |oad (T changes with different
| oads in the presence of eddy currents?). Reasonable estimates of stability
criteria mght be obtained by using enpirical and/or anal ytical relationships
for Le, Re, by, kg, and T, as functions of all of the paraneters nentioned
previously, if they all existed. However, nodels of the functional trends in
t he behavior of system paraneters with changes in operating conditions are not
avai | abl e. Nonetheless, as will be shown, paraneter estimates for a fixed
i nput drive magnitude and frequency can be neasured and used to provide
reasonabl e nodel s of both the system open | oop and cl osed | oop system
behavior, as run. (Note that until such tinme as inproved material nodels
beconme avail able, an enpirical approach to paraneter estinmation is advised.
Measure paraneters over the range of operating conditions of interest to

det erm ne whether or not the paraneters change; use appropriate paraneters for
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control under different operating conditions.) Awaiting further research into

t hose

3 (s)

R

wl=
x
<

Vi (s —|kgs+ kp +

Sa

Fiqure 3. Block diagram of feedback system assuming a PID controller, a
vol tage-controlled anplifier of gain Ky, an accel eration sensor of sensitivity

S,;, and di sturbance accel erations, ag.

rel ati onshi ps, the work presented denonstrates the inprovenments achievabl e
wi t hout addressing stability issues, which were resolved enpirically by
restricting gains to values bel ow t hose which produced instabilities.

Model s have been devel oped for prediction of magnetostrictive transducer
behavi or using a PID controller in the forward loop. It has been assuned that
the transducer was a linear system which satisfied the pair of simultaneous
equations, Eqns. (1), with the harmonic frequencies (that are known to exist)
nodel ed as di sturbance inputs. The prinmary goal of this endeavor is to reduce
t he harmoni c signal content of the nagnetostrictive transducer; thus extending
its linear range to |larger displacenents, velocities, and accelerations. To
test the nodeling technique, a PD controller was fabricated and experinmenta

nmeasur enent s were performnmed.

3. RESULTS

11



In this section, experinmental evidence is offered to show that the contro
systemgeneral ly inproves the linearity of the transducer. Also, realities of
the circuits and conponents enployed will be discussed (including procedures
for obtaining transducer paraneters) and nodel predictions will be conpared
wi th experinental neasurenents of nagnetostrictive transducer behavi or

Enphasis is placed on vol tage-control

3.1 Trends

An exanple of the effects of sinple proportional feedback on the output
accel eration of the transducer is showmn in Fig. 4. 1In the figure are two
di fferent experinmental neasurenents of transducer output accel eration as
functions of time. For both tests, the transducer was driven by a 1000 Hz,
1/4 anp drive-current. As shown in the figure, the proportional feedback nmade
a significant difference in the output wave form Note that the second
har moni ¢ frequency conponent (3000 Hz) was reduced dramatically by sinmple
proportional feedback

Figure 5 shows experinental acceleration anplitudes for controlled (sinple
proportional acceleration feedback) and uncontrolled cases of three different
drive-current anplitudes. |In all cases the drive-current was oscillating at
1000 Hz. The other frequencies were harnonics. Each set of data was
normal i zed by its acceleration anplitude at 1000 Hz (thus all show O dB at
1000 Hz). As shown in the figure, proportional acceleration feedback contro
general | y decreased the harnmonic anplitudes, over this frequency range, when
conpared with the correspondi ng uncontrolled drive-current test. Note that at
4 kHz for the 250 mA drives, the controlled harnmonic is approximtely 30 dB
bel ow the uncontrolled case. Note also that for this range of drive-currents

the I argest harnmonic for the controlled cases is about 25 dB down; for the

12



uncontrol l ed cases the largest is approximately -12 dB. The anplification of
the 6000 Hz data in the 23 nA case nay be a result of the conbination of a | ow
signal |level at 55 dB below the 23 nmA fundanental excitation level (i.e. the
uncontrolled harnmonic falling within the noise floor of the anal og components
used) and a degradation in phase accuracy with increased frequency of both the
anal og conponents and the anplifier used.

Data in Table 1 were calcul ated from experinmental neasurenents |ike those
shown in Fig. 5 (the 250 mA high gain data is that shown in the figure). For
these tests, two different proportional gains (the "l ow' gain was
approxi nately half of the "high" gain) were used at three different anplitude
1000 Hz drive-currents. |In all cases increasing the proportional feedback
reduces the harnonic distortion and the distortions increase with increasing
drive-current anplitudes. The second trend is in agreenment with that shown in
Fig. 1 and inplied by Fig. 5. During the course of this study, the first
trend was repeatedly observed experinentally (until the onset of
instabilities). Note that the 250 mA high feedback case had | ower distortion

than that of the 80 mA uncontroll ed case.

60
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- = Uncontrolled | -
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Figure 4. Experinmental time traces
Table 1. Percent harnonic

of output accel eration. Proportiona

di stortion (%ID) of output
control and no control. Tests were

accel eration. |Input frequency
run at 1000 Hz, 1/4 anpere (0-pk).

was 1000 Hz.
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Fiqure 5. Experinmental acceleration anplitudes resulting from 1000 Hz
drive-currents at three different anplitudes. Data were taken from
accel eration autospectral density functions. Percent harnonic distortion was

calcul ated as 100 x (S all anplitudes - 1000 Hz anplitude) / S all anplitudes.

3.2 Transducer-Control | er System Model i ng

The input-output relationship for the Techron 7520 anplifier was neasured.
(The anplifier was fitted with a 75A08 control nodule, set for voltage
control.) The system behaved somewhat |ike a first order systemwith a -3 dB
poi nt at about 57 kHz. Unless specified otherwi se, it was nodeled as a
constant gain with a linear phase |lag over the appropriate frequency range
(usually 0 to 6 or 10 kHz).

The anal og control circuit was built in-house. |nput-output relationships
for each stage of the circuit were measured and conpared with the theoretica
relati onships. Theory and experinment were found to be in excellent agreenent.
However, difficulties were encountered. The resonant frequency of the

accel erometer as nounted was at 47 kHz. This frequency was fed back to the
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controller along with the di sturbances that the system was designed to cancel
It seened that the transducer output harnonics al nost al ways contai ned a
conponent sufficiently near 47kHz to excite the accel eroneter resonance. It
was necessary to place a band-pass filter between the accel eroneter and the
sunming anplifier in order to avoid feeding back and oscillating (it was al so
needed to bl ock the | ow frequency drift of the accel eroneter signa

conditioner). The transfer function for this filter was:

\J/lu.t(s): SRZC/Z
Yn SCIR (SR,C + G/ Cy+1)+ Ryf+1

(10)

where: R; = 30 kW, Ry = 100 kW, C; = 1000 pF, and C = 0.1 nF. Its lower -3
dB frequency was 10 Hz; its upper was 7000 Hz. (This filter had a strong
i nfl uence on the behavior of the control system As is shown later, it
nodi fi ed magni tudes and phases when conpared with sinulations fromwhich it
was omtted.) Since this filter was placed in the feedback |oop, it can be
t hought of as nodifying the sensitivity of the accelerometer. Therefore,
everywhere Sy appears in Egns. (8) and (9), one should use the quantity: S5 X
Egn. (10).

The differentiator built for this investigation was sinply an active first
order band-pass filter with an adjustable gain. (See, for exanple, reference

7.) Its transfer function, assuming the op anps to be ideal, was:

Vout (s) = sRG x Adj ustabl e Gain (11)
Vo (sReCp +1)(sR1Gy +1)

where: R; = 2.2 kW, Ry = 10 kW, C = 0.01 nF, and C = 470 pF. The phase on

t he out put was +90° at |ow frequencies, reducing to +45° at 5075 Hz, i.e., its

first -3 dB frequency was 5075 Hz. The proportional plus derivative summ ng

anplifier also included an adjustable gain. Its effects on kp and kg were

15



included in the reported values. Since the differentiator was not a pure

derivative, skgq values in Eqns (8) and (9) were replaced wth:

skg/ { (sRyCy +1) (sRiCy +1)}.

The reported values of kg were cal cul ated as the product of RyCy x Adjustable
Gai n x Sunm ng Gain.
At this point, circuit parameters were known. The transducer was nass
| oaded such that the first axial nechanical resonance occurred between 2500
and 4000 Hz for all tests discussed. Unfortunately, the transducer used in
this study had a radi al node of vibration which affected transducer axia
behavi or around 7 kHz. As a result, nodel values reported (which are based on
a 1-DOF nechanical nmodel) are limted to frequencies |less than 6 kHz.
Quantities applicable to the magnetostrictive transducer must be estinated

in order to nodel the transducer behavior. One needs estinates of T, the

transduction coefficient, Zg, the blocked electrical inpedance of the

transducer, and zyx, the sum of the mechanical inpedances of the transducer and

the load. One might consult the literature for "nom nal" material properties,
or build a transducer and neasure them Typical results fromboth nethods are
shown in Fig. 6 for the case of sinple proportional feedback control. Al so,
neasured accel eronmeter voltage per unit input reference voltage were taken at

several different input frequencies, and are indicated on the plots with an

"X . The figure shows the magnitude and phase of the product of S; and Egn.
(6) = Vaee/ Vr = accel eroneter voltage over input or reference voltage.

In Fig. 6, Mddel 1 was cal cul ated using published "nom nal" Terfenol-D
paraneters, 8 relations fromthe literature, ® and the details of the contro

circuit discussed above. The transduction coefficient was calculated as: T =

16



=z
o

EHpr2 1, where: N=turns of the wound wire solenoid (N = 1300 turns);

d

the linear coupling coefficient of the Terfenol-Drod (d » 1.5 x 108 mf A);

aﬁ*: Terfenol -D's Young's nodul us neasured at constant applied nagnetic field
(EH» 3.0 x 1010 Pa); r = the radius of the Terfenol-D rod (r = 3.175 n; and
Iy =the rod length (I = 0.0508 m. Thus, T » 365 NNA. The bl ocked el ectrica
i npedance of the transducer, Zg, was estimated as the DC resistance (Re » 6 W)
plus jwLe, where j = (-1), w = 2pf = frequency of oscillation in radians per
second, and Le » nf n2 prs2 Ig = 2.5 m, 232642 p 0.003852 0.0559 = 4.43 nH (nf
is the blocked magnetic perneability of Terfenol-D » 2.5 my, my = 4p x 1077
Tesla neter per anp-turn, n is the nunber of turns per unit length of the
solenoid, rg is the inner radius of the solenoid, and I g is the Iength of the
sol enoid). The nechanical inpedance of the transducer, as |oaded, was

cal cul ated using sinple second order mechanical relations® i.e., ky = EA/ |,
=EHpr2 I, =18.7 MNm ny was neasured = mass of the |oad plus some
attachi ng conponents plus 1/3 the mass of the Terfenol-D rod (ny = 0.086 kg),

Wp = (kxlny)llz, and by was estimated based on a four-percent damping

coefficient, i.e., by » 2 x 0.04 wp ny.
. 180
> 5
N =} \ Model 1
> 135 [y — — Model 2 -
R g \ » Experiment
= = \
o \8 20 L\ '\ -
> ¢ W
N as | ~ -
5} N -
o o =
© =X - o
> 3 o}k o —
= s w» Experiment _(:U ~k
7/ o~
° 0 1000 2000 3000 4000 5000 6000 45 N . y y y
o 1000 2000 3000 4000 5000 6000
Frequency f Hz Frequency,f,Hz
a) b)

Fiqure 6. Predicted accel eronmeter voltage per unit reference voltage for
proportional feedback control. (a) Magnitude and (b) phase. Mdels are based
on Egn. (6). Mbdel 1 used "nominal" material properties. Mdel 2 used
nmeasured properties. 'X s indicate neasured val ues of accel eroneter voltage

per unit reference voltage from sinusoidal input at different frequencies.
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Model 1 ignores the presence and effects of eddy currents within the
magnet ostrictive rod, and uses sinple fornulas from physics and published
val ues for nmaterial paraneters. Considering these gross sinplifications, the
Model 1 sinulation shown in Fig. 6 was thought to be surprisingly good,
particul arly when neasured agai nst open-1oop nodels shown in reference 2.
Model 2, however, did a better job of matching the experinental neasurenents.

Model 2 in Fig. 6 was cal culated using the electrical inpedance nodeling
techni que developed in reference 2. A brief outline of the technique follows.
Transducer and nmaterial paranmeters are neasured/inferred by electrica
i npedance and admittance anal ysis perforned on experinental neasurenents of
the transducer's electrical inpedance and displacenent fromelectric current
functions. These functions are nmeasured using a current-control driver since
material paraneters are very sensitive to nagnetic field strength drive
levels. Thus, V/I and a variation on v/V are neasured. Fromthese

neasur enents and knowl edge of the nechani cal aspects of the transducer under

test (i.e., m, solenoid specifications, the stiffness of the prestress
mechani sm el ectrical conductivities, and di nensions), one can cal cul ate EVH
magnet omechani cal coupling (aka, k2), the "d constant," the mechani cal danping
coefficient (aka, z), and the nagnetic perneability at constant stress and/or
constant strain. Al of these paraneters are used to cal cul ate anal ytica
solutions (a plethora of nodified Bessel functions) for Maxwel|l's Equations
using a conpl ex val ued, frequency and | oad dependent "dynam c magnetic
pernmeability" for the magnetostrictive naterial within the transducer. In
this way, the effects of eddy currents in the magnetostrictive rod (and
housing, if applicable) are included. An analytical solution for the

el ectrical inpedance of Eqn. 3 is then calculated, i.e., one perforns a

simulation to calculate V/I including notional and eddy current effects. This
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cal cul ated V/1 should be a reasonabl e approxi mation (x10%in both magnitude

and phase) of the experinental neasurenent perforned earlier

What renmains to be done is to calculate the yet unknown coefficients, Zg

and T, which are needed for the controls nodeling. One can calculate Zg, the

bl ocked el ectrical inpedance of the transducer, including the effects of eddy
currents, by calculating V/I again. However, this time through, use the
neasur ed/ cal cul ated val ue of the bl ocked magnetic perneability of the
magnetostrictive material instead of the "dynam ¢ nmagnetic perneability" which
was used the first tine through. The transduction coefficient, T, can now be
cal cul at ed—+ncluding the effects of the | oad and frequency dependent eddy
currents—by solving Eqn. (3) for T, i.e., [(VI - Zo)zy] V2 = T.

The procedure outlined above was carried through one time with the
transducer operated at a representative drive-current anplitude and with a
representative load. The process would likely need to be repeated if either
the magnetic bias point or the prestress of the transducer was changed.
However, they remmined constant for the experinments which are conmpared with
t he nodel cal cul ati ons.

It should be nentioned that a third method of estimating Ze and T was
tried, and it resulted in fairly reasonabl e approxi mati ons of the feedback
control system behavior. One can neasure V/I for the transducer, as run
performa linear curve fit to the real and inmaginary parts separately, and use
the resulting enpirical relations for Zg(f). These relations will include an
approxi nati on of the eddy current effects, i.e., the real part will be a
function of frequency. One can then estimate T by solving Eqn. (3) as above,

only this tine using the experinmental neasurement of V/I.
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3.3 Feedback Control System Perfornmance

Attention will now be paid to the effects of the feedback control system on
t he anplitudes of the harmonic accelerations. (Recall Egn. (9) for alag.)

For the experinental "neasurenents" of this function, one test was run at a
given current anplitude at a single frequency (e.g., 0.15 A @ 1000 Hz) wi thout
f eedback control, followed by an otherw se identical test with feedback
control. In each case, acceleration autospectral density functions were

cal cul ated over an extended frequency range (e.g., 0 - 10000 Hz) in order to
nmeasure the harnonics. The experinental "neasurenent" of al/ag was cal cul ated
as the difference, in dB, between the uncontrolled and the controll ed
experimental measurenents.

Figure 7 displays experinental neasurenents (X) and nodel predictions
(l'ine) for sinple proportional feedback control of the transducer. The nodel
used was that of Eqn. (9) for the reduction in disturbance (harnonic)
accel eration anplitudes. Transducer paraneters used in the sinulation were
obt ai ned by the nethod of reference 2. For both experinental neasurenents
(controlled and uncontrol |l ed), the transducer was driven with a 0.25 anp, 500
Hz sinusoidal current. Thus, the first disturbance/harnmonic would be at 1000
Hz, the second at 1500 Hz, the third at 2000 Hz, etc. The |argest
di screpanci es between nodel and experinent occurred at 4000, 5000, and 6000
Hz. The experinental neasurenments at these frequencies were in excess of 60
dB bel ow the fundamental's anplitude; thus, while still above the noise floor,
they are suspect due to the instrunmentation's dynam c range. For this test
t he nmechani cal resonant frequency was approxi mately 3200 Hz. Note the 15 dB
attenuati on near resonance and the increase in anplitude of the disturbance

accel erations for 5000 Hz and above, and for frequencies bel ow 1000 Hz.
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Model | -20 Model

X Experiment X Experiment
_200 1000 2000 3000 4000 5000 6000 _250 1000 2000 3000 4000 5000 6000
Frequency, f ,Hz Frequency, f ,Hz
Figure 7. CQutput acceleration due Figure 8. PD feedback control of
to input disturbance accel erations magnet ostrictive transducer, kp =
usi ng proportional feedback 6.2 VIV, kg » 90 x 10°6 Vs/V.

control, kp = 2.73 VI V.

The effects of including a derivative controller are seen by conparing
Figs. 7 and 8. Note that the differentiator inproved the high frequency
di sturbance attenuation of the system This trend was anticipated in the
di scussion below Egn. (9). As in Fig. 7, the 4, 5 and 6 kHz experinenta
neasurenents in Fig. 8 were nore than 60 dB down, thus they are suspect.
Not e, however, the substantial agreenent between experinent and the nodel
simulation. It is also apparent fromthe data that adding differentia
feedback slightly increases the harnonic distortion at the | ower frequencies

and decreases the distortion as frequencies increase.

4. DI SCUSSI ON

Now t hat sonme confidence exists that the npdels developed in this study
yi el d predictions which resenbl e transducer behavior, the nbdels are used to

predi ct sone performance trends. First, the influence of the band pass filter
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is renoved. Recall that this filter was added to avoi d feedback of a signa
due to resonance of the acceleronmeter. Ideally this filter should have not
ef fected the accel eration di sturbances produced as a result of transducer
nonlinearities. Renoving the filter sinulates control using a lowdrift, |ow
noi se accel eroneter and conditioner. This is done in the nodel by sinmply
renovi ng Eqn. 10. Figure 9 shows nagnitude and phase of acceleration per unit
reference voltage for the PD controller conditions of Fig. 8 wth the band
pass filter, as a solid line, and w thout the band pass filter as a dotted
line. Renoval of the filter results in a fairly large inprovenent in output
linearity, with a substantial shift towards constant mnagnitude apparent in the
dashed line. It has the net effect of restoring the high frequency feedback
signal. From al nost 2000 Hz out to 6000 Hz a relatively constant accel eration
per input reference voltage is exhibited and a phase angle closer to a zero
i s achi eved.

In addition, Fig. 9 illustrates the influence of an integrator, although no
i ntegrator was experinentally inplenented. The dashed curves |abeled "with
integrator" show the effects of adding a nodest anpbunt of integration to the
"no filter" control algorithm (Integrators are usually high gain, first
order | ow pass active filters. The integrator nodel ed here had the transfer
function: 1/(s x 2.2 kW x 0.1 nF + 2.2 kW/ 22 kW) x Summing Gain. The -3 dB
point for this circuit was approxinately 90 Hz, i.e., it resenbled an
integrator (1/s) for frequencies greater than 90 Hz. As presented, kj »
16,500 V/(sV).)

As shown in the figures, renmoving the filter would significantly inprove
out put accelerations per unit reference voltage. |I|ncorporating an integrator
into the controller would inprove the system behavior at the | ower

frequenci es.
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An alternative look at this trend is shown in Fig. 10. The reduction of
the nmagni tude of output acceleration due to input disturbance accel erati ons,
with filter renmoval hel ping reduce a/ag above roughly 1500 Hz, and the
I nt egrator hel pi ng between 900 and roughly 2000 Hz. The addition of the
i ntegrator and renmoval of the filter ensure that harnonic frequencies will be
reduced over the whole frequency range of the study (it renoved the

characteristic hunp below 1 kHz of the previous inplenmentations).

Starting Point
200 _ o No Filter

eg
N
®
o

V k=]
‘\Sm — — -Wth Integrator s starting Point
— 150 —_ I\ e No Filter
E > 90 A — — -Wth Integrator
_~ 100 s
= — 45
> o—
s S0 5 g ‘
p— )
- 7]
K ' ' £ %% 5500 2500 6000
6] 2000 4000 6000 o
a) Frequency, f, Hz b) Frequency, f, Hz

Fiqure 9. Predicted magnitude (a) & phase (b) for nodels of a/V, for a cleaner

accel eroneter/conditioner & adding an integrator to the control algorithm

Starting point refers to the PD controller setting used in Figure 8.

The addition of an accel erati on feedback control systeminproves the

linearity (reduces harnmonic distortion) of the output of a magnetostrictive

transducer. In one case, 32% harnonic distortion was decreased to 9% vi a
si nmpl e proportional feedback control. This inprovenent translates to
i ncreasing the magnitude of the |l ow distortion, |inear range di splacenents by

a factor of approximately 15 (when conpared to the uncontrolled transducer).
Thus, sinple feedback control has been denpbnstrated to increase the "linear
range" of transducer outputs. Harnonics occurring at frequencies near the

nechani cal resonant frequency of the | oaded transducer show t he greatest
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attenuations (approaching 30 dB in this study). Differential feedback tended
to increase harnonics at the | ower frequencies and decrease those occurring at
t he higher frequencies. Mddeling inplies that adding an integrator to the

control algorithmwould tend to reduce the | ow frequency harnonics.

ﬁfH;?&Pmnt Fiqure 10. Mbodel predictions of the
ST _— — .Wth Integrator

dB

out put accel eration nagnitude due to

i nput di sturbance accel erations.

|lalad||,

225 | INUZ Starting point refers to the PD
-30 . 1 P .
0 é%ﬁmmy,?Pﬁt 6000 controller setting used in Figure 8,

— with a band pass filter and no

i ntegrator.

5. CONCLUSI ONS

The utility of sinple anal og feedback control for the |linearization of
nonl i near nagnetostrictive transducers has been denonstrated experinentally.
Bot h proportional and proportional plus derivative accel eration feedback
control were shown to reduce the harnoni c frequency content of the transducer
though not in a sinple or intuitive way. Thus, attentions were turned to
devel opi ng nodel s to predict and explain the behavior of the closed | oop
system

Using only sinple linear systems relations (linear feedback control &
transduction theories), expressions were
devel oped for predicting closed | oop system behavior. Specifically, two cases

were examned. In the first it was assuned that a current control anplifier
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of appreci abl e robust ness were used. There, expressions were devel oped for
out put di splacenent frominput reference voltage, u/V_r (s), and output

di spl acenent from i nput disturbance displacenent, u/u_d (s). Equipnent
probl ens forbade experinental verification of those expressions. For the
second case, that of a voltage control anplifier, expressions were devel oped
for output acceleration frominput reference voltage, a/V._r (s), and out put
accel eration frominput disturbance acceleration, a/a d (s). These
expressions were experinmentally verified. Thus, one can, with confidence,
anal ytically nodel the behavior of the closed | oop system predicting the
observed reductions in output harnonics and predicting the "desired" system
out put as a function of frequency.

Three net hods one might use to estinate nagnetostrictive transducer nodel
paranmeters were presented. Mdel predictions fromtwo of the nethods were
conpared with experinental neasurenents. The nore el aborate nethod, that
whi ch included the effects of eddy currents within the transducer, produced
the better of the two closed | oop nodel predictions.

The anal ytical expressions previously devel oped were used to explore system
behavi or under the assunptions that one used better conponents and then added
an integrator to the controller. Model predictions indicate that there is a
ot to be gained by enploying both an integrator and higher quality
conponents. The techni ques devel oped in this paper are applicable to genera

vi bration control applications that enploy nmagnetostrictive transducers.
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