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I. OPTIMIZATION STUDY

1.1 STATEMENT O “ROBLEM

In a tyvrical deformable mirror application, the mirror surface figure is
controlled by a servo loop, and must be distorted or adjusted in response to un :
external command., The actuator must generally move the surface of the mirror
on the order of two to three wavelengths. Force requirements are on the order
of 10 to 100 pounds. Resolution requirements vary with the specific applica-
tion, with a resolution of several millionths of an inch censidered to Le quite
sood.
The electromagnetic actuator should be responsive to these requirements,
and provide low hysteresis, low power consumption, and the potential tor o

longer stroke, if required.
1.2 CHARACTERISTICS OF ETECTROMAGNETIC ACTUATORS

It has been suggested that actuators can be constructed using magnetic
tractive force as the generating mechanism,  These tractive force actuators can
be configured to be capable of high forces over reason bie strokes. The tech-
nolopy which is utilized in these devices has been refined over a number of
vears, and is well understood. The technical issues which are involved arc ald
related to several new magnetic materials and to the fabrication and bhandling 1
these materials, as well as to the fabrication ol very precise bervilium-copper
flexures.

Basically, the device which is being contipgured under this program consists
of a cup magnet assembly and an armature suspended from g spring mechanism., Lo
characteristics of the device will be determined by its construction and the
propertics of the materials which are to be utilized.

A schemat ic ot the device is shown in Figore 1. The drive cail induces
magnetic flux in the center pole picee, and the flux {lows through the armatuare
and returns through the rim. When magnetic $lux is induced across a gap, the

two picces of metal are attracted.  This tractive toree is piven by

2 -6
oo ABT % 107
11,18 €
whors F = force in pounds
A ¢ surtace area in oom’

B o= flux density in lines/on’




and, the flux density is a function of gap length, and is given by:

.26 N )
g = 4:26 Nl (2)
R
where: N = No. of turns on coil
1 = drive current in amperes
R = gap length in ¢m

The device is round, with a thin outer rim and a round center pole piecc.
This form factor has been chosen to ensure that the electromagnetic traction

motor will be compatible with existing hardware.
1.3 DESIGN CONSIDERATIUNS

The performance of a traction motor can be calculated using the two basic
magnet ic circuit design Equations 1 and 2. Conversely, a device can be con-
figured using the same basic equations. In an actual design, there are scveral
additional factors which must be considered in order to account for non-ideal
behavior, and for material anomalies. The basic equations assume that all flux
in the magnetic circuit passes straight through the air gap, through the armature,
and tqrough the rim and center pole. This is approximately true for very small
air gaps, where the reluctance of the gap is low, and fringing of the field in
the gap is small. As the initial gap increases, because of longer stroke require-
ments, the reluctance of the gap increases correspondingly, and part of the {lux
tends to leak between the center post and the outside rim. In addition, fringing
begins to occur, and the rlux lines do not cross the gap perpendicular to the
surface of the gap. Because of these phenomena, it is necessary to apply a
correction factor which is a function of the device size and geometry. The
determination of some appropriate correction factors has been made by emploving
a vector magnetic field simulation to calculate exact device performance, and

comparing this performance to calculated ideal performance and to experimental

results. This simulation was done under a previous program,

In order to complete the design of the traction motor actuator, the correction
tactor is estimated from the device geometry, and entered into the basic cquations
as o force multiplier. The maximum flux density, which is a function of the
material used In the magnetic circuit, and the corrected peak force are combined

to determine the necessary tractive area. The total force is the sum ot the

force exerted by the center pole and by the outer rim. For a given total area,

maximum force is realized when the center post area is exactly equal to the rim
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Figure 1.  Schematic of Electromagnetic Actuator

area. Next, the coil and drive requirements are determined by using Equation 2.

As a rule, the more wire that is used, the Tower the overall power dissipation
will be. Howcever, as the amount of wire is increased, the size ot the actuator
increases.  The final current requirements are determined from the maximum flux

density, number of turns, and the initial gap.
1.3=1  MAGNETIC ¢IRCUIT CHARACTERISTICS

Since the torce between the armature and the base i propertional to the
square of the {lux density, it s necessary to mavimize the flux densite wnii
can be penerated across the gap. There are allovs which are formulated to sarn
high tlux densities and maintain high permeabilities.  The propertices or the s
allovs are generally established not onle by their composition and manat.o ture,

but by the application o1 4 very precise heat treating process which "< applicd

after the material is machined to shape.  As a general rule, the better the

1




magnetic properties of an alloy, the harder it is to machine and tread. Adidi-
tionally, th. alloys generally have poor structural properties, and the confi-
guration usually must contain a support structure. A number of the specialuy
magnetic alloys which are manufactured have been evaluated at Perkin-Elmar.
When the various desired properties - saturation flux density, permeability,
magnetic hysteresis, and machinability - are traded off, the choice is narroweld
down considerably. For instancec, several of the alloys are formulated to be

free machining, but can support only about 12,000 gauss. Several alloys have
very high permeabilities, but are also limited by a low flux density capabllitg.
For this application, the design requirements of high force and small volume
d1crate a very nigh flux density, and since the gap is significant, the permea-
bility is not critical, since the total path reluctance is determined by the gap.

The alloy which has been chosen as most suitable for this application is
ilyperco~59, a soft iron manufactured by Carpenter Steel Corporation. Hyperco=50
is available in billéts, and —an be machined into the desired form factor. Thie-
techniques for machining and subsequently heat treating this material in order
to obtain the desired properties have been intensively studied at Perkin~Elmer,
and a number of magnetic devices have previously been manufactured on a proto-
type basis.

In order to obtain the optimum magnetic properties, the material must
first be machined to form, and the unit assembled. The machining 1s performed
at prerisely controlled feed rates and speeds. 1In its raw form the material
tends to be brittle, and care must be taken to ensure that the tool does not
irave the material after a cut has been started. Additionally, only ceortain
lubricating oils can be used for thz machining process, and the material must
be degreased immediately after machining. The material is then heat treated
for a precise time interval in a hydrogen oven at IHESOP, followed by a
controlled cooling cycle. Atter the material has cooled completely, the
distertion introduced by the heat treating is measured, and the critical sur-~
faces are ground back to shape. The magnetic properties have beon estabished
by tiv thermal history, and very high temperatures or mechanical stress will
distyrb these projporties.

rir experience with these alloys indicates that at least 24,000 gauss arn
be realized across the gap. The device design assumes a flux density of 20, o

gauss, and there are several other materials which are capable of this lewved of

performance. These materials could be used if an alternative woere redguired,




1.3-2 MACNETIC CIRCULIL DESIGN

A traction motor which meets the basic parameters can be configured as
follows, where tac force @5 given by Equation 1.
2 -6
P o= AB” v 10
11.8 Lo
The device has been constructed from Carpenter Steel Hyvperco=50, and a
flux density of at least 20 kilogauss should be achievable with proper heat
treating. The derivation of parameters will assume 20 kilogauss as a very

saie number. The total gap area required is theretore:

(11.8) (100)

N :
400 = 2.79%cm” = 0.433in" -

A=

The total tractive area is nominally divided equally boetween the - enter

po-t and the rim. The center post will have a 1/8 inch hole for the push od,

§ and the OD is given by:
)
¥
‘ N 2 0.4:
- (ODT - (1/8)7) = ,_,;.3.3
! 4 2 .
' €3
!
} oD = 0.5% in.
2
Since the rim outer diameter will be 1.0 inch, the inner diameter is
given bv:
T 2 2 0.4733 -
4 (1.07 - 1b7) = "72- - (5)
D = 0.85 in.
Allowing for a 157 thu Jeakage, as indicated by previous simualation
results, the taper should be about 1570 Thercefore, the outer wall will taper
g
trom 1.0 inch to 1019 inch and will be sleeved appropriatolv. The inner post .
o O ona s . )
witl Laper trem 0.%% inch to 0.60 inch, ’
Another tradeott to be made is Teneth,  As the length is increased, the

flox leakage is increascd accordinglv.  However, as the lenpth is increased,
more wire can be wound, and the power dissipation decrcases directiv as the

total amount of copper increases.  An initial investigation which is partl.

intuitive indicates that an optimum Tength is between two and three inches.

This investigation is the result of 4 quantitative lock at the device simalation




and additional analysis is called for in this area. This analysis, however,
is beyond the scope of this program. A length of three inches was chosen.
In addition, there are several geometry refinements which appear to be
appropriate and which were incorporated. First, the corners were rounded
instead of left sharp. Second, the armature was cut out so that the face of
the armature matched the base profile at the gap. A sketch of the cross f

section of the device is shown in Figure 2,

/ Hyperco - 50
7

L .~ 88 Slceve

55 Sleeve
//

__—" Hyperco - bu

— Coil Areu

Housued Corner .

Figure 2. Cross Section of Electromagnetic Actuator




1.3-3  SPRING/FLEXURE DESIGN

In addition to the magnetic circuit, the actuator incorporates a spring
configuration which has two main purposes. The first is to support the
armature or moving portion of the actuator to the basce. The second is to
maintain a precisely controlled spring constant. Again, machinability is an
issuce, and the spring material must have a very low mechanical hvsteresis with-
in the precision elastic limit. Tensile strength should be high, and Young's
modulus very predictable. Naturally, the material must be non-magnetic so as
not to interfere with the operation of the magnetic circuit.

The only material which can seriously be considered is bervllium-—copper.
A study of the various applicable alloys indicates that }\'}517'c alloy 172 ofters
the required properties. Alloy 172 comes in two forms designated by manufac-
turers as Condition A and Condition H. Condition A is anncaled and soft,
permitting bending to shape. Condition h is parctially hardened and suitable
for machining operations which do not require bending. Both types have the
same Young's modulus when heat treated, but the Condition H material cures to
a higher tensile strength.

The machining and heat treating of these allovs are well understood. The
materiai is first machined to the desired form, heat treated in a fixture, and
the heat treatment is checked by measuring the hardness of the material.  Mea-

sured spring constants gencrally check with calculated values verv well,
1.3-4 COIL/DRIVE AMPLIFIER

In order to generate the magnetic flux, the unit contains a drive coil
wound around the center pole. This coil is interfaced with a power amplificer.
The designs for both the coil and the amplifier are very closely related., The
total drive requirement is determined by the wire area and the current density,
The drive is specitied in ampere-turns.  The coil can be configured cither
from a large number of turns of {ine wire, or from a lesser number of turns
et heavier wireo  As the number of turns increases, the current decreases,
but the inductance of the coil increases as the square of the number of turns.
This subsequently increases the voltage requirement of the amplifier.

he amplitier should be a true current amplificr, that is, it should
drive the coil with a4 constant current proportional to the amplifier input

voltage. The limitation on the ampliticr design is that suitable power trans-

*  Karwacki Bervllium, Inc,




istors perform best at output currents less than 8 amperes. Since the drive

requirements for this unit are not severe, it seems that a 3-ampere coil will
meet all the salient performance requirements and will be reasonable to manu-
facture.

There are two ways to realize a device with suitable characteristics.

The first way is to drive the actuator coil with an ordinary feedback voltage
amplifier, and to ground the coil through a small, stable resistor. The re-
sistor voltage is now proportional to the coil current, and this voltage can
be used to derive negative feedback for gain stabilization. This technique
has the advantage that the gain is extremelv stable (as stable as the feedback
recistor), and the disadvantage of requiring a feedback loop which may tend

to be oscillatory as the coil inductance varies due to non-linearities.

A second way to construct a current amplifier is to use a single power
transistor with a large emitter resistor in the output stage, and place the
actuator coil in series with the collector. The collector current is approx-
imately equal to the emitter current, which is determined by the base voltage.
That is, the impedance looking into the base is equal to the transistor i times
the emitter resistance. This can be seen to be considerably simpler than the
first approach and is the technique which is generally used in TV flyback amp-
lifier circuits.

Figure 3 is a simplified schematic of an amplifier capable of supplying
from O to 6 amperes to an electromagnetic actuator. The amplifier controls
the current through the actuator, and allows the voltage across the actuator
to change by *10V as necessary. The amplifier gain will be adjusted so that
an input range of - 10 volts to + 10 volts will correspond to zero to full de-
flection.

Transistors Ql and Q2 are connected in such a manner that [, = IIE’ where

A
0.995< w7t 1.000. (refer to Figure 3). Thus, to a very good approximation,

Ly = =V ¥ A Vi) (6)

Diode Dl and Zener diode D2 protect Q1 and Q2 from damage if an input that
causes IA to decrease rapidly is applied to the amplifier.

Q2 and D2 can dissipate as much as 40 watts of power at full current out-
put. A 2 in. x 4 in. x 6 in. convection-cooled heat sink is necessary to keep

Q2 and D2 within safe temperature limits. The remaining components arce mounted

12




on a 3 in. x 5 in. circuit board. The prototype amplifier weighs aboat |

pound, and the goal for a final design would be several ounces.
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Figure 3. Drive ampliticr sSimplified Schemats o
[.3=5 PUSH ROD ANALYSIS ‘DESTON
o ]

The linkage between the magnetic actuator and the mirror consists
an axial length adjustmernt assembly, a push rod, and a syring. f tiesc
components the push rod is most critical, warranting consideration ot tesh

natural fregquenscies and buckling loads. A preliminary sketoh ot the proj.

a

device is shown in Figure 4.




Figure 4. Electromagnetic Actuator Conceptual Drawing

Three modes of vibration are possible: longitudinal, torsional, and

transverse (bending). The first two modes can be eliminated from this

analysis. The longitudinal vibration has a small amplitude with a high
natural frequency (over 10kHz), and torsional vibration does not signifi-

cantly affect performance. However, the transverse vibration occurs at a
natural frequency close enouch to the operating frequency to reguire pro-
vision in the design to avoid resonance problems.

The push rod was considered as a "clamped-hinged" beam (Figure %)

for which the following formula for transverse vibration is applicable.

14
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where
n = Natural frcquency
EI = Bending stiffness of the scotion
L= Length of the beam
W= Mass per unit length

o~ —————
-_,\_____,,B Load

Transverse
Vibration

% Actuator

Figure 5. Mechanical Model ot bash koa

wWhen slender members are loaded in —ompression, they tend to buckle and
experience significant lateral deflections that are functions of the avnliod
loads. Computations were performed using empirical column data for varicooo
values of push rod diameter and modulus of clasticity.  The same ranges of
diameter and modulus of elasticity were applied in computations ot natural
frequency. The results of these computations for oylindrical section pash
rods are presented in Figqure 6. Three majior decign regquirements car b
identified; the rod must be non-magnetic, the natural freguency mast exeoes
1400 Hz, and the allowable compressive working load must oxoved BGoj.ouan
There are numerous alternatives for the push rod desiqgn, For examp e, a
brass (E = 20 x IOL ]bf/in.z) rod with a diameter of 0.135 in. could bhe
emp loyed., However, it 1s advantageous for the rod to be than., Conse puendt gy,

a design st dy will selcoct a suttabds mats rial and jerhars o non- ool indiry -

cal cross section.
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1.4 DEVICE NONLINEARITIES

One of the salient characteristics of this type of device is that the
force is proportional to the flux density squared, and therefore to current
squared. This is made even more severe when it is noted that the force is
also inversely proportional to the gap, and therefore, if the total stroke
is not insignificant with respect to the gap, the force may be proportional
to an even higher power of the drive current.

There are several factors which tend to moderate the cffects of this
nonlinearity. 1In actual practice, the permeability of the magnetic material
decrcases as the flux density increases, and it is possible to configure a
nnit <o that the permeability variation compensates for the squaring factor.
That is, the flux density becomes proportional to the square root of the
drive current in the operating regions of interest. 1n actual vractice,
we: have plotted very nearly linear force vs. current characteristics with
linear spring. The nonlincarity doe to a large stroke should not exist,
since, for the device heing onsidered, the <troke will be small compared to

the initial gag.
14,




A further corulderation is the inherent instability of the <dowviore

For a linear spring/flexurce constant, a5 the current is increased, the tor o

pulls the arm:.ure ~loser to the pole structure. This situation beoome:

analogous to moving a permanent magnet closer and closer to a plece of i
At the critical position, the iron suddenly jumps to the magnet.  For sy
actuator, there is a critical value of current at which tie armarare Iy
pulled to the pole. In the solution of the two cauations winch govern ti
pehavior of the device, this 1is the point 4t which less current 1s redgiyed
to maintain a greater deflection. We huve gencrated a cimulation to jpresaico!

this behavior as a function of coil puarameters, siving deflection parameteon sy,

initial gap, device geometry, and drive carrent. e resaltoor o the rans

which we have made, on devices very similar to tnie dewvice, 1 that the

instability cucurs at a deflection of abour 170 ot thee initial aar . 1+ o
possible to adjust the irnitial gap so that this phenomenon will not
problem. A stop is installed in order to prevent an unstable ondition trem

occurring and damaging the spring or the deformanle mirron,
1.5 THERMAL CONSIDERATIOMNS

One »nf the critical factors to be considered i< the thermal expoan-ipoon

of the actuator due both to heat generated in the coil and te ediy correns

i

in the magnetic circuit. The effects of thermal expancion arc mit igated by
the fact that the magnetic circuit expands in one direction, and the §oosh
rod expands in the opposite direction. ldeally, the push rod <hould bawe

an expansion coefficient equal to that of Hyperco-50 (about 6 x ]w_' 1o e
The one material that stands out as having o high i oand the right exjpansion
coefficient is Leryllium. Unfortunately, beryllium cannot e yoygt inele
machine ] due to toxlorty consiterations, and 1toa past rod were fabriocated

it wonlid not be possible to make any yooprired b pnctment s Co the dimensaon
t N i ]

in-hoase., Theretfore, the initial puch rod war faboyrcated trom tungsten
whi-t has a oo lowery expansion coefticient . Heryllium s considered as
suitable for a later effort, after the more basic Jdecign considerations have !

been resolved. (A second push rod was fabricated from stainless steel, fcon

the tungsten >l cracked due to bhrittienca,.)




1.6 PEAK DISPLACEMENT CONSIDERATIONS

The maximum allowable displacement is a function of the spring mecha-

nism and the initial air gap between the base and the armature. For the
peak-to-peak motion of 31.8im, the spring is essentially linear, and the |
devices of this type have been found to be unstable for displacements of
about 172 of the initial gap. Since the power requirements will increase as
the square of the gap, it is desirable to keep the initial gap as small ac i
possible. The gap will be set at about 0.003 in. = 7.62 X IO-ch. The gap

is initially adjusted to be uniform with a toolmaker's microscope, and can be

ot to within +10%. The maximum displacement will be set by fastening metal

stops in the gap. }
1.7 ACTUATOR RESONANCES AND NATURAL FREQUENCY

There are two mechanical resonances of interest., The first is rhe

resonance due to the armature on the spring. This resonance is given by

_ 1 K v ;
£ =55 T (8)

where K spring constant (lb/ft)
M = mass (slugs) '
For a typical spring on the device pictured in Figure 5, we have measured a

displacement of 0.0015 inch for a force of 83 pounds. Therefore:

83 x 12 5
= ———— = /'t
K 0015 6.64 x 10 1b/ft {9)

The mass of the armature is

32

3 3
N.261 .85 1b/1 -
N.261n % .85 1b/in Do ox 100 wlug (1)

and: f = 2,693 Hz (11

Thi< may be lowered slightly by the mass of the push rod.  The secomnd reso-
Y

nance 15 caused by the transverse vibration of the tush rod.  The push rodd 4

will be 01 incn diameter, and will be made of a tungsten alloy with |

4ox 0 . I cau be seen, from Figuare 6, that the natural frequency or the

rexd 1s greater than 2.ows kHz, We do not envision any probiems i meet e 0

.

B0 Hz rescnance himitation requirement .
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I1. FABRICATION

2.1 MACHINING PROCESSES

The pileces of the actuator were fabricated as per drawings 687-2064 to
687-2073 which ure included as Appendix A.  The machining procedures used are

as follows:

1. Post-Center (687-2064)
The center post was turned to form from Carpenter Steel Hyperco-50.

2. Cap (687-2065)
The cap was turned and threaded from 373 stainless steel.

3. Case (687-2066)
The case is dédsigned to fit over the base and is turnce from 9% stainleos
steel. It is fastened to the base with Loctite 35 retaining compound.

4. Post - Threaded (687-2067)
The post is configured to mate the actuator test cc¢ll. It, alsc, 1s
machined from 303 stainless steel, and the threads are turned on a3 lathe.
It is fastened to the base with Loctite 35.

5. Nut - Differential Adiust (687-2064)
The differential nut is turned from 303 stainless stecl. The metryl and
American Standard Threads are accomplished by changing the back gears o,
the lathe.

6. Armature {(687-2069)
The armature is turnced from Hyperco-959, and 1s configuroed to matoh thee
center pin.

7. Flexure (£87-2071))
The spring flexure is machined trom Bern - Alley 1727, and subsequently
annealed.

. Sprivg (GE7-2071
The spring 18 machined from Beda = Alloy 172 and anncaled,  The piion-
ness was selected experimentally, and 1s 0,027 inches.

7. Base (64 -0070)
The base iy tarned from Caryentey Ctecl diyperco=Sioandd the coatey g
was press bitted o fte contey hole.

Ty AL, = b Rl (6m7=, 04
The prasth rod wa- Tabrd cateed fromo fenagrh ot aelud S tenn, The ey

portions woere made o sl grtaginless stee ] nlecpes win bower e ot g

shroank ooty the Sungutern rod,




2.2 COIL

The coil was wound trom #24 double formvar insulated wire on a delrin form
configured to match the actuator form factor. After several iterations, we
selected a coil witihh 410 turns total. The coil was potted, one layer at a
time, and pressed into the actuator. The fit is verv tight, and it cannot

be removed intact,
2.3 ASSEMBLY

The electromagnetic actuator was assembled in accordance with lavout draw-
ing 687-10086 shown in Appendix A. TFirst, the center pin was press fitted
into the base. The cap and case were then degreased and secured to the armature
and the base with loctite retaining compound 35. Both assemblies then required
holes to be drilled at the joint between the stainless steel and the Hyperco-
50. This was done in a jig boring machine. The loctite joints were then
broken, by heating the assemblies in an oven to BOOUF. and the bottom assembiv,
along with the armature, was sent to Carpenter Steel tor the proper conditicning
and heat treating, to gencrate optimum magnetic properties. The cap and case
were then refastened, and the 2-56 holes tapped in both,

After a one week settling period, during which the Hyperco-50 tended to
settle, both gap surfaces were ground flat, and the device was assembled.  The
gap is set at 0.0042 inch by using a toolmaker's microscope, and the special
tool which is supplied. Three stops, which limit armature travel to 0.0012
inches were inserted into the cap at a later time,

The major actuator components are shown in Figure 7, and the assembled

actuator is shown in Figures 8 and 9.
2.4 ELECTRONICS

The objectives of the amplifier design phase were to construct an amplitier
which could be used to drive the actuator tor proof of principal, and to demon-
strate that a verv small and efficient amplitier was teasible.  The approach
taken was to design and build a linear amplifier to use for test purposces, and
to design a switching amplitier as a parallel effort.  The class B lincar amp-
liffer should have an eftficiency of about 507, compared to better than 907 for

the switching device,
2.4~1 CIASS B LINEAR AMPLIFIER

The amplifier schematic is shown in Figure 10, The design emplovs current

feedback from res{stors RIO (.2 ) and R4(1K:1) back ta the low power level 747
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op-amp. (ALY, The 747 output drives the cascaded Dar lington transiston
(UN2219) and o (ONGSDHH) L The Tatter ontput transistor drives the actoator,
while zener diode CR2O(IN3327A) provides voltage protection for the colle o tor
junction of Q_. Tue breadboard amplifier is illustrated in Figure 11.

2.4-2 SWITCHING AMPLIFIER

To reduce size, weight, and power consumption a switching amplifier
design was undertaken. It is shown schematically in Figure 12.

The goal of high efficiency is achieved by operating the Unitrode PET63S
bDarlington power device in either full ON or full OFF mode, with the duty
cy~le establishing the average power. The actuator's natural inductance
tilters the switching carrier current to an acceptable amount. The duty
cycle 1s controlled by comparing the command input or control voltage to a
triangle input. With the control at zero, the offset potentiometer R2 is
adjusted until the comparator provides a 10+ duty cycle square wave to the
outtut power device. As the control voltage increases positively the duty
cycle increases linearly until a maximum of nearly 100% or full on is

obtained. The switching amplifier breadboard is shown in Figure 13. ,1
2.5 SPECIAL TOOQLING

The following tools, illustrated in Figure 14, werc fabricated as aids
in assembling, aligning and installing the actuator. The small wrench in
the lower center is used to loosen and tighten the nuts to adjust the gap.
The long thin device in the upper right engages the coarse and fine preload .

adjustments, and the large tool on the left is used to turn the actuator

into the mirror.
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I1l. TEST PROCEDURE AND RESULTS

3.1 MIRROR CELL TESTS

The first test performed was a displacement/force measurement in order to
determine exactly how much force was necessary todisplace the mirror. A billot
of material was machined, which fit into the test cell, and bis a recess which
meshed with the nipple on the simulated mirror surface. A ca ibrated force
gage was used to push on this billet, and the displacement at the billet was
measured with a dial indicator. 1t was determined that a force of 60 pounds

deflected the test cell surface the required 1.2 x 10_3 inches,

5.2 ACTUATOR FORCE TEST

The initial test on the assembled actuator inciuded displacement, and
force measurements. The maximum available force is determined by first cali-
brating a relatively thick spring, by measuring its displacement due to o
known force, and the displacement as a function of current,

Our tests were first made without the push rod installed, and a 0.078 inch
spring which had previously been made was used. This was the thickest BeCu
spring which we had available. The actuator was assembled and aligned with o
gap of 0.0032 inches, and it was determined that the spring constant was 78,060
Ib/inch. Current was then applied, and the highest stable displacement obtain-

-3 )
able was 1.55 x 10 inches, for a current of | ampere.

78,260 1b/in x 1.55 x 107> in = 121 1b (1)
This implies that the device was capable of 120 1b. It was not readily possibie
to determine if larger forces could be realized, since a thicker spring was not
available. Also, this force is somewhat greater then we had anticipated, and
is certainly very adequate.

We then determined the static positional hysteresis of the device by
setting the excitation at 500 milliamperes, and varving the current so that we
obtained this value of current by monotonically approaching from zero or one
amperv, Using a B&S electronic dial indicator, we estimated that the hvsteresis,
again without the push rod, was between 7 and 25 x 10_6 inches - or 0,18 to .64
micrometers. This estimate fs of questionable validitv, since the spring is
substantially thicker than the final spring, and it was very difticalt to

repeat the current accuratelyv.
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With the assurance that the actuator had ample force capability, the push
rod was then installed, and the mirror test cell was used to simulate the

actual mirror surface.
3.3 ELECTRICAL TESTING

Electrical tests were performed with both amplifiers with a dummv load.
The dummy load was established from sinusoidal measurement of actuator impe-

dance characteristics. The resulting model is shown in Figure 15.

IR L(1--K)
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R = resistance due to copper losses (0.67 ohm)
L = open circuit inductance (12,7 mH)

L(1-K) = leakage inductance (0.8 mi)

K1, = maghnetizing inductance (12.3 mH)

Lh = hysterests inductance (.29 mi)

Ru = resistance due to eddyv carrents (774 ohm)

Figure 15, Electrical Actuator Model

31

]




Static tests on both amplifiers were performed., DC actuator current
versus input voltage was measured and resulted in the plots in Figure 16, For
the switching amplificr it is noted that one ampere of d.c. current prevails
with no input. Th s is due to the bias and adjustment for a ten percent duty
cycle. If the switching amplifier characteristic is translated down by one
ampere it is obvious that this linecarity is inferior to the class B amplificr.

The class B amplifier was tested dynamically with square wave and sinu-
soidal input waveforms. The square wave tests were performed from 10Hz to lkHz
with peak currents ranging from 0.25 amp to 3.5 amperes. Some ot these results
are shown in the oscilloscope traces of Figure 17. Frequency responses for

both amplifiers are shown in Flgure 18.
3.4 TEMPERATURE TESTS

The amplificrwas environmentally temperature tested at maximum power and
frequency. The actuator current was set at a peak current of 1.7 ampere using
the vlass B amplifier at a frequency of 150Hz. The current staved constant tor
10°F interval temperature rises up to 113°F (ASUC). The maximum temperature ot
the actuator case reached 68°C while the amplifier heat sink rose te 337C at

room ambient (270C).
3.5 PERFORMANCE TESTS IN AFWL TEST CELL

The push rod was then installed in place, and the bottom flexure adjusted
to a slight preload. The actuator was tightened into the test cell, and the
tests were repeated.  Full deflection ot 1.2 milllinches was noted with a drive
current of 1.5 amperes, and the hysteresis was consistent with previous results,
Quantitative data, however, was not taken due to the fact that the performance
wias noted to deteriorate shortly after the device was installed in the test
cell.  An examination of the device showed that the threads on the push rod
were the mechanism for this deterioration, and it is believed that the higher
than anticvipated peak force was a contributing tactor. When the flexures were
loosened, the play in the push rod threads was several thousandths of an inch,
Inftiallv, we were anle to compensate for this play by increasing the preload,
but this finally resulted in greater deterjoration.  Finally, the stroke was

limited to about 1/3 of the spec value,
3.6 TEST AT AFWL

The static tests were repedted at AFWL on 11 September, and a4 series ot

dvnami« tests were run. At this time, the threads had deterjorated badly. Due
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- AMPLIFER CHARACTEFISTICS
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9, " CLASS B AMPLIFER

STATIC INFUT/OUTPUT

.. INPUT VOLTAGE (-VOLTS) , |

A 6 B 10 12 1A 16 18 20 2.2 2.4 28 2. 30 32 3A 3&

Figure 16. Static Inout /imtput Amplifier Characteristics
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to this deterioration, the stroke was limited to about 10 micrometers. These

data are available at AFWL. The threads were reworked, and the diameter %
increased subsequent to this detericoration, and retested at Perkine<Elmer.

This retest indivates that a stroker greater than 14 micrometers is pos-

sible. The results of this retest are shown in Figure 19.
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