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FOREWORD

It is the policy of the National Aeronautics and Space Administration to employ, in all formal
publications, the international metric units known collectively as the Systéme Internationale d’Unités
and designated SI in all languages. In certain cases, however, utility requires that other systems of
units be retained in addition to the SI units.

This document contains data so expressed because the use of the SI equivalents alone would im-
pair communication. The non-SI units, given in parentheses following their computed SI equivalents,
are the basis of the measurements and calculations reported here.
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LIST OF SYMBOLS
plate area [m? (in.2)]
distance from axis of rotation to thruster [m (in.)]
distance from axis of rotation to measurement [m (in.))
flux density [Wb/m? (kilolines/in.2)]
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acceleration of gravity [9.8 m/s® (386 in./s?)]
moments of inertia of cross-sectional area [m* (in.#)]
current supplied to force coil (0.05 A full scale)

torsional beam moment of inertia [3.65 N-m-s? (32.3 1b-in.-s?)]



R G

t~

gain constant of force coil N/A (Ib/A)

gain constant of current source (0.01 A/V)

spring constant of both pivots [N-m/rad (Ib-in./rad)]

gain constant of sensor (V/rad)

capacitor plate gap, null position [m (in.)]
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mass [kg (slug)]

number of coil turns

radius [m (in.)]

Laplace operator

bending stress [N/m? (Ib/in.2)]

torque [N-m (lb-in.)]

net torque applied to beam [N-m (Ib-in.)]
torque on beam due to force coil [N-m (Ib-in.)]
torque on beam due to thruster [N-m (Ib-in.)]
time (s)

sensor output voltage (5 V full scale)
concentrated load [N (Ib)]

deflection due to load [m (in.)]

vi
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vertical distance from c.g. to upper pivot [m (in.)]
vertical distance from c.g. to lower pivot [m (in.)]
eddy current damper plate thickness [m (in.)}
angle of tilt of structure [rad (deg)]

permittivity

angle of rotation (rad)

cyclic variation of displacement

amplitude of displacement

damping ratio

electrical conductivity

time constant (s)

forced angular frequency (rad/s)

natural frequency (rad/s)



DESIGN AND DEVELOPMENT OF A MICROPOUND
EXTENDED RANGE THRUST STAND (MERTS)

by
Kenneth W. Stark
Thomas Dennis
Daniel McHugh
and
Thomas Williams
Goddard Space Flight Center

I. INTRODUCTION

When thrusts in the pound range are measured, extraneous noise inputs to the measuring instru-
ment exert a relatively minor influence on the accuracy of the thrust-sensing device. However, as
thrust levels approach the low millipound region, their magnitudes approach those generated by build-
ing vibrations, highway traffic, personnel, ocean tides, and other such every day occurrences which are
normally neglected and not considered. In some cases these effects produce forces that are greater
than the output of certain thrusters.

Through the years, in an attempt to measure these small thrusts, several types of thrust stands
have been built, among which were the torsional wire platform and the linear motion stand. Each,
however, exhibited one or more operational characteristics that limited its usefulness for testing com-
plete flight thruster systems, characteristics such as excessive platform oscillations, time-consuming
null-balancing and zeroing techniques, difficult calibration methods, inability to support complete
thruster flight systems, questionable accuracy, sensitivity to extraneous noise inputs, lack of enough
ruggedness to be treated as laboratory test equipment, and limited thrust readout range. In addition,
it was required that the testing system provide electrical, mechanical, and thermal interfaces equiva-
lent to those provided by a spacecraft. Consequently, a program was initiated at GSFC to design and
develop a thrust stand system with the following design objectives:

(1) Thrust measuring capability of from 4.4 uN (1 ulb) to 222 mN (50 mlb) without mechanical
or electrical modifications (50,000:1 dynamic range).

(2) Capability of supporting thrust system weights to 133 N (30 Ib).



(3) Resolution of 5 percent.
(4) In situ system calibration.
(5) In situ balancing capability.

(6) Provision of electrical interfaces (power, command, and telemetry) that duplicate spacecraft
interfaces.

The micropound extended range thrust stand (MERTS) system design, which has evolved during
an extended period of development, incorporates the following characteristics:

(1) The system is completely frictionless. The only physical contact witin the balance beam is
through two flexural pivots. The pivots provide the required low torsional spring constant while at
the same time providing the required load-carrying capability.

(2) The beam angular displacement is sensed by a differential plate capacitor.

(3) Three ranges of thrust measurement are provided: 4.4 uN (1.0 ulb) to 445 uN (100 ulb),
445 uN (100 ulb) to 8.9 mN (2 mlb), and 8.9 mN (2 mib) to 222 mN (50 mlb). For the upper two
ranges, the system operates in a null-balancing mode.

(4) Power is supplied to the beam through the flexural pivots.
(5) Both electromagnetic and eddy-current damping are provided.

(6) A telemetry system is used to obtain sensor data from the balance and the thruster system.

(7) Thruster system commands are activated through an optical link.

Il. SYSTEM CONCEPT

Several system configurations were investigated before a torsional flexural pivot design was
chosen. Altogether, eight techniques for sensing the lowest force were considered, consisting of linear
displacement with and without preload (Figure 1), torsional with hollow tubing and wire supports
(Figure 2), fixed-end columns with and without axial end preload (Figure 3), combination of flexural
pivots and coil springs (Figure 4), and, finally, flexural pivots alone (Figure 5).

All but the last two approaches involved limitations serious enough to preclude further consider-
ation. Some of the more serious limitations were sensitivity to temperature variations requiring tem-
perature controls to within 0.003 K° (0.006 F°), balancing instability, and sensitivity to axial preload

variations.



FRAME J
k, k,
THRUSTER
SENSOR SUPPORT
DIAPHRAGMS

NO PRELOAD

77777777777 7777777777

=

1 \ \x

<

[/

777777777

PRELOADED

777777777777

Figure 1—Linear-motion system.

- p—

SENSOR

- =

LLLLL

7777777777777 7 7

VIS INNIIIIINNNNI

PRELOADED (w)

77777

L1040 L LLLL

L

k

I:'

<

77777777777

Figure 3—Linear-motion system (fixed-end columns).

77777
NO PRELOAD

777777777

1110/

— 1 PLATFORM

7
WIRE OR HOLLOW TUBING SUPPORTS

Figure 2—Torsional system.

FLEX /
PIVOT
N

SENSOR [5— g

FLEX/

PIVOT

k

k

TT7r777777779777777777777

COMBINATION COIL SPRING
AND FLEX PIVOTS

Figure 4—Linear-motion system.

LLLLL_/é:LLLLL

RIGID CENTER COLUMN

[ 1 PLATFORM

77777%

FLEX PIVOT SUPPORTS

Figure 5—Torsional system.



The two preferred approaches were the linear motion, flexural-pivot/coil-spring combination
design and the torsional, flexural pivot platform. Of these two the torsional, flexural pivot platform
offered the greatest sensitivity and stability.

The original MERTS concept utilizing
the flexural pivots is shown in Figure 6. Iits
configuration remained essentially unchanged
throughout design and modification phases
(Figures 7 through 10).

FUEL

The MERTS system consists basically of
a differential capacitor displacement sensor,

COUNTER CONVERTER
WEIGHT . .
flexural pivot assembly, counterweight mech-
THRUSTER anisms, calibrator and forcer coils, command
TELEMETRY

system, and input power system, each of
which is discussed in detail in this report.

SENSOR

FORCER
COMMAND

| upper pivtess
f ASSEMBLY.

Figure 6—MERTS (micropound extended range
thrust stand).
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Figure 8—Rear view of MERTS.

Figure 7—Side view of MERTS.
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Il. SYSTEM DESIGN AND ANALYSIS

A. Mechanical

1. Structure

The structure of the MERTS (Figures 7 through 10) consists of a balanced beam and support
tube assembly and a supporting frame assembly. The balanced beam was chosen as the method of
supporting the thruster package, electronics, and the measuring sensor, because it would be less in-
fluenced by external vibration.

The balanced beam and support tube assembly is of 6061-T6 aluminum alloy and is composed
of a 15-cm (6-in.) by 10-cm (4-in.) I-beam section welded to an 8-cm- (3-in.- } diameter by 0.64-cm-
(0.25-in.- ) thick-wall tube. The support tube acts as an axis about which the beam rotates. In a
balanced condition, the center of gravity of the beam assembly coincides with the axis of rotation.
The decision to use aluminum alloy in the beam assembly was made after it was determined that the
cost and availability of other materials (e.g., stainless steel and Invar) were not within the best design
considerations and that its high thermal conductivity would facilitate a faster thermal equalization
time.

(Ll L] (L R TR (LT} - 1 " - O e e ———




The supporting frame assembly is an A-frame-shaped structure of 6061-T6 aluminum alloy de-
signed with an upper and lower mounting plate for pivot support. The triangular A-frame was chosen
due to its inherent structural stiffness. The legs of the A-frame assembly are T-sections welded to the
lower base and bolted to the upper. Attached to the legs are two parallel I-beams (Figure 9) for sup-
porting mechanical and electrical equipment in proximity to the balanced beam.

A critical factor in the design of the MERTS structure was the need to minimize the deflection of
the beam assembly under loaded conditions (i.e., with the thruster package and necessary electronics
in place) so as not to affect detrimentally the measurement of thrust.

The maximum bending stress in a loaded beam is given by

s, -

, =2 (1)

and for a cantilever intermediate-loaded beam, the maximum bending moments and maximum deflec-
tion are given by

M = Wa )

and

1 W
vy =g g5 Gaja, - a}) . (3)

For a thruster package and electronics weighing 133 N (30 Ib) and located 51 cm (20 in.) from the
axis of rotation, the maximum bending moment is

M = 68 N-m (600 lb-in.).
If the measurement is 61 cm (24 in.) from the axis of rotation, the deflection at the measurement is
y = 0.0099 c¢cm (0.0039 in.).
The maximum stress is then
S, = 3.10 X 10% N/m? (450 Ib/in.?).

With a yield strength for 6061-T6 of 2.8 X 10 N/m? (40,000 1b/in.?), the margin of safety in bending
is

M.S. = 88.




2. Beam Natural Frequency

Because the flexural pivots provide the low torsional spring constant nccessary to obtain the
angular deflection required for thrust measurement and because of the large mass moment of inertia
of the beam, the torsional natural frequency of the rotational assembly will be rclatively low.

Calculation of the total inertia of the balanced-beam system about its rotational axis (consider-
ing a 133 N (30 1b) thruster and electronics package) yields a rotational moment of inertia of 5.42
kg-m? (576 slug—in.2 ). With the given spring constant of 0.760 N-m/rad (6.73 1b-in./rad) for each
pivot, the natural frequency about the pivot axis is

frequency = %(KS/J) 172 C)

0.0844 Hz.

Two other natural frequencies need to be considered to determine their effects on the measure-
ment of thrust: one is the natural frequency of the cantilevered beam and the other is the frequency
of the fixed-end pivot tube loaded by the beam’s weight and excited in the horizontal direction.

The first frequency can be determined by

frequency = i%(SEI/mai’)”2 (5)
= 370 Hz,
and the second frequency by
1
frequency = ——— (3Ela3|m 172 (6
quency 27T(y1y2)( 1/my v,) )
=284 Hz.

Figure 11 is a plot of the vertical displacement of the floor of the MERTS assembly room as measured
by a seismic sensor. The maximum floor displacement is 0.00089 mm (3.5 X 107> in.) at a frequency
of 30 Hz. The g-load for this displacement and frequency is 0.003. With this as a constant upper limit
of g-loading on the MERTS, the displacements corresponding to 284 and 370 Hz will be so small as to
have negligible effect on the thrust measurement.

3. Flexural Pivot Assembly

The flexural pivot assembly (Figure 12) is designed to apply a clamping action to the pivot with-
out applying tension or compression loads. This is accomplished by clamping the pivot with a tapered
split ring which is held in place by a circular retainer bolted to the pivot insulator bearing flange
(Figure 13).
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Figure 15—Forcer and calibrator.

The pivots are electrically isolated from
the rest of the MERTS structure. This is done
so that the pivots can supply the beam with
electrical power from which all electronic con-
versions are made.

Tests were conducted on the flexural
pivots to determine the amount of center axis
shift due to angular rotation (Figure 14). This
shift was measured at 0.792 mm (0.0312 in.)
under a 0.52 rad (30°) rotation of the pivot.
Due to the method used to determine center
shift, the smallest angle of rotation for which
center shift could be measured was 0.087 rad
(5°). The test curve shown in Figure 14 was
extrapolated for angles below 0.087 rad (5°)
deflection. Under actual use, the pivot would
rotate only 0.075 rad (4° 17') fora 0.22 N
(50 mlb) load if not restricted by the force coil
(Figure 15). This angle is about one-sixth of
the total rotational limit for the pivot. The
dashed portion of the curve in Figure 14 is the
assumed distribution for small angles of
deflection. For a 0.075 rad (4° 17’) rotation
of the pivot, the center shift would be about
0.00137 ¢m (0.00054 in.). The full rotation
for 222 mN (50 mlb) can be computed by

arc deflection = radius X angle of rotation.

With a distance of 51 ¢cm (20 in.) to the thruster
and 61 cm (24 in.) to the measurement and
with a spring constant for the pivots of
1.521 N-m/rad (13.46 Ib-in./rad) the deflection
at the measurement is

d = r@

4.534 cm (1.785 in.).



The deflection including the error for center shift is 4.53527 cm (1.78554 in.). The percentage error
caused by this center shift is 0.03. A tensile test was conducted on a typical pivot, with the yield
point occurring at 2824 N (635 1b) (Figure 16). This provides a safety factor of approximately 9.

4, Counterweight Mechanisms

Counterweights are mounted on the beam (as shown in Figures 7 through 10 and 17) to enable
the rotating structure to be statically balanced. It is necessary to do this so that the noise output of
the capacitor sensor due to external vibration can be minimized. Two systems are provided, one being_
a manually operated gross correction weight and the other a motorized fine balance enabling in situ
balancing.

Because of the requirement of low noise output by the sensor, the vertical displacement of the
floor in the room used for the MERTS assembly (Figure 11) was measured by a seismic sensor. The
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Figure 16—Tension test, flexural pivot.
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lower cutoff frequency of this instrument was
1.0 Hz. It was assumed for purposes of calcula-
tion that this displacement measurement is the
maximum displacement in both the horizontal
and vertical directions that will excite the g
MERTS. This means the beam must be balanced
accurately enough that the above displacement
of the base will not adversely affect the thrust
reading. The maximum allowable deflection at
the sensor that will not affect the thrust reading
is 0.025 um (1.0 X 1076 in.) [3 percent of 4.4
LN (1 plb)].

P
To determine the effects of unbalance, it
Figure 17—Fine-balance mechanism. is assumed that the c.g. of the beam lies a very
small distance (¢ <€ 1 cm) off the axis of rota-
tion. Then, the moments of inertia given by
J =T+ me? (8)
become
J=17.
The torque acting on the beam due to the vibration input is
T =176,

where 0 is the angular acceleration. Also, when a torque is applied to the beam, the flexural pivots
cause a restoring torque proportional to the displacement, or

T =K_0. ®)
Equating the sum of the torques to zero for static equilibrium yields
Jo + K0 + T(t) = 0, (10)
where T'(¢) is an applied torque that is a function of time:
T(®) = T, sinwt, an

The solution to the above differential equation is

11



_ Towi/Ks

2 _ .2
w, -~ w

sin wt , (12)

?

where w, = VKJ - is the natural angular frequéncy of the system and w is the forced frequency of
the system. -

If the above motion is caused by a steady-state input to the base defined by
M= g sin wi, (13)
where p,, is the amplitude of displacement, then the applied force at the base is

Fy = —mu0w2 a4)

and the torque on the beam due to eccentricity is
T, = Fye

= —meptow2 . (15)

Substituting for w, and 7|, in Equation 12 results in

me,, w?
6 = |——] sinwt. (16)
Jw? - K,
For@ . .sinwt=landd , = a,0_ ... Therefore,

2
mepyd, &

max 5 . a7
Jw* - K

If the motion d_, is limited to 2.5 X 10" 8 m (107 ¢ in.), the amount of unbalance becomes a function
of frequency and base displacement:

We d(UJw? - K|)
— s T (18)
g a2u0w2

where

w = 27'rff

12
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Figure 18—Maximum amount of unbalance permissible for a deflection of
0.025 um (1076 in.) at the measuring transducer.

and
g = 9.8 m/s? (386 in./s?).

Figure 18 shows the maximum amount of unbalance permissible at each frequency from 1.0 to
100 Hz. This is the maximum amount of unbalance allowed to keep the motion at the measuring
transducer under 2.5 X 1078 m (107 in.). This plot was obtained by using Equation 18 and values of
deflections and frequencies given in Figure 11. Due to the lower limit of the measuring sensor used to
obtain the data for Figure 11, that portion of the figure below 1.0 Hz was assumed to be linear to zero
unbalance at 0.1 Hz. From an expanded plot of this lower portion of the curve, and considering the
beam’s natural frequency to be less than 0.2 Hz (0.0844 Hz actual), the maximum amount of unbal-
ance permissible must be less than 0.0032 N-m (0.028 1b-in.).

If the above is considered as the lowest unbalance at which dynamic excitement of the beam due
to movement of the base of the MERTS can occur, the accuracy of the static-balancing technique
must be examined to determine if the MERTS beam can be balanced to less than 0.0032 N-m
(0.028 1b-in.).

13



For a static condition of no rotation about its axis when the beam is tilted, the sum of the mo-
ments acting on the beam must be zero, or

M = 0.

Hence, if the two moments acting on the beam are considered to be the weight times the eccen-
tricity times the sine of the angle of tilt 8, and the spring constant of the pivots times the angle of
rotation 6, then the sum of the moment is

M

Wesinf - K6 (19)
=0.

The capacitor sensor is capable of measuring an angle of 4.458 X 1078 rad, and the spring con-
stant of the pivots is 1.521 N-m/rad (13.46 Ib-in/rad). In the solution of Equation 19, the amount of
unbalance that can be resolved becomes a function of the angle of tilt of the MERTS, or

6.8 X 1078 0 X107 .
We = —W N-m <@W[139— lb-m>
This equation is plotted in Figure 19 for angles of 8 from 0.017 rad (1°) to 1.11 rad (60°). At an
angle of tilt of 0.087 rad (5°), the minimum amount of unbalance that can be resolved is 1.0 X 107¢
N-m (9.2 X 107¢ 1b-in.). As stated previously, the amount of unbalance allowed at the induced fre-
quency of 0.2 Hz is 0.0032 N-m (0.028 1b-in.). The minimum resolvable unbalance in this case is
approximately 3.0 X 10% times less than the induced unbalance due to vibrations at the sensor.

The counterweights are mounted on threaded rods and the larger weight is supported by a linear
bearing. The location of the large weight is adjusted by a hand wheel and the small weight’s location
is adjusted by a remote-controlled motor. This method is utilized so that the major balance adjust-
ment is accomplished with the large weight and fine adjustment done with the small weight. The
screw thread on the rod for the large weight is 1/2-8UNC-2A. This thread moves the large weight
3.175 mm (1/8 in.) for each turn of the hand crank. With a 133-N (30-1b) gross correction weight,
one turn of the hand crank results in a change of moment about the axis of rotation of 0.424 N-m
(3.75 1b-in.). The rod for the small weight utilizes a 1 /4-20UNC-2A thread. This thread moves the
small weight 0.13 c¢m (0.05 in.) for each turn of the rod. The small weight is 6.2 N (1.4 1b), giving a
change of moments of 0.00141 N-m (0.0125 1b-in.) for each turn of the rod.

5. Beam Deflection

Since the 15-cm (6-in.) by 10-cm (4-in.) I-beam section is the cantilevered support for the
thruster package and the measurement for thrust is outboard of the thruster location, beam deflec-
tions due to loading could affect the measurement of thrust.

14
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Figure 19—Residual amount of unbalance versus angle of tilt.
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The plane moment of inertia of the [-beam, when mounted with the web in a horizontal direc-
tion, is 103.0 cm® (2.474 in.*), and the modulus of elasticity is 71.0 X 10° N/m? (10.3 X 10° 1b/in.?)
for 6061-T6 aluminum alloy.

The general case for the deflection at the end of the beam for a thruster package at some distance
from the axis of rotation is given by Equation 3. For the specific case studied here, the deflection is

0.0099 cm (0.0039 in.). A deflection of this magnitude will have a negligible effect on the thrust
reading of the MERTS because this deflection is not in the plane of the thrust measurement.

6. Thruster Mounting Arrangement

A 9.525-mm- (3/8-in.- ) thick aluminum mounting plate is provided to ensure a good thermal

path to dissipate heat generated by the thrusters being tested.
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The thrust axis, which is perpendicular to the beam axis, is marked by means of a scribed line on
the mounting plate and three locating pins on the beam, which ensure proper alignment between the
mounting plate and beam. Since the location of the mounting plate relative to the beam is predeter-
mined through the locating pins, the mounting of the thruster to the mounting plate is the only possi-
ble source of alignment error. This error can be kept to within 0.049 rad (2° 50'), or 5 percent, by
the use of optical instruments.

7. External Fuel Supply

Certain thrusters planned to be tested on the MERTS (e.g., ammonia resistojets) require external
fuel supplies. It was therefore necessary to design an external fuel supply system that would not
appreciably alter the deflection constant of the MERTS system.

Although no external fuel line has been installed at present on the MERTS, provisions were made
so that the line could be installed if needed. This was accomplished by designing a system using a
45.7-cm (18.0-in.) length of Tygon tubing with a 3.175-mm (1/8-in.) I.D. and a 1.588-mm- (1/16-in.-)
thick wall, installed through the center of the support tube. This Tygon tube is fixed to the external
fuel supply at the upper end and to the balanced beam at the lower end. This piece of tubing there-
fore acts an an additional spring in the system. Evaluation tests conducted on this size tubing pro-
duced an average spring constant of 0.67 X 10°3 N-m/rad (5.9 X 10° 3 1b-in./rad). Since the total
spring constant of the two pivots is 1.521 N-m/rad (13.46 1b-in./rad), the addition of the tubing results
in a 0.044-percent change in spring constant. This is considered to be minor, and as the spring con-
stant is relatively stable with angle of twist (Figure 20), the calibration system can easily compensate
for this.
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Figure 20—Torsional spring constant [N-m/rad (in.-Ib/rad)] for 3.175-mm (1/8-in.)
I.D. and 1.588-mm (1/16 in.) Tygon tubing for various lengths. Two initial displace-
ments are used [0.76 rad (45 deg) and 2.09 rad (120 deg)].
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8. Capacitor Assembly

In Section III B, on the electronics of the MERTS, the merits of the various types of displace-
ment sensors are discussed and the argument for selection of the differential capacitor type is pre-
sented. The mechanical design is discussed in the following paragraphs.

Since the capacitor assembly is an electrical device, the basic design first had to meet the electri-
cal requirements. The most important considerations were edge thickness and fringing effects, surface
rigidity, and flatness. Additionally, maintenance of parallelism during operation and minimization of
the metal structure necessary to mount the moving plates were considered.

To achieve the first goal, vapor-deposited metallic coatings on optically ground quartz plates
were specified. Gold was selected due to its electrical and environmental qualities. However, gold
does not adhere well to quartz. Therefore, a continuous process of deposition was selected which
begins with chrome only, then gradually introduces gold while proportionally decreasing the chrome
content until finally only gold is deposited. The resulting coating is 1.2 um (50 X 10™¢ in.) thick.

Figure 21—-Disassembled displacement transducer.
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Figure 22—Capacitor construction for displacement
transducer.

Figure 21 shows the major parts, whereas
Figure 22 shows the locations of the coatings
and the techniques used to make the electrical
connections. The center plate, which is the
moving member of the assembly, uses a gold
rivet as the means of connecting the two
metallic surfaces to the conductor. Before
assembly of the center plate, the solder joint
between the conductor and the rivet shank
was made and then reheated and separated.
Next, the rivet was inserted into the center
plate, and the conductor was inserted into
the rivet shank. Heat was applied to the rivet
head, and the joint was remade. Finally, the
rivet was gently deformed on a press to com-
plete the connection.

In addition to the active parts, a set of
circumferential and gap spacers was designed
and fabricated. The spacers provide proper
alignment and gapping of the plates, as well
as providing correct location in the housing.
With the spacers in place, the entire assembly
is installed on the MERTS and the attachment
made. The design allows the spacers to be
removed after installation without disturbing
the alignment of the plates or the housing.
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Figure 23—Theoretical transmissibility for serva-level vibration levels for frequencies above 2.0 Hz.
Al-133 76-cm (30-in.) vibration-isolation system. For frequencies below 2.0 Hz, the response of

the system is much slower and the problem be-
comes one of leveling and not vibration isolation.

To be effective, the natural frequency of the leveling system must be lower than the torsional
pivot frequency of 0.0844 Hz for the MERTS system.

At the present state of the art, no compact system for leveling exists with a natural frequency
below 0.0844 Hz. The decision was made, therefore, to hard mount the MERTS in the vacuum cham-
ber. This was accomplished by building a structure (Figure 24) to which the MERTS could be
mounted for installation in the vacuum chamber.

B. Electrical

1. Displacement Transducer

The original concept for determining thrust was to measure the angular displacement of the beam,
multiply it by the calibration constant of the flexural pivots, and divide by the distance from the
thruster to the pivot axis. That is,

Fr = K0/a, .
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The broad measurement range and high accuracy requirement place tough restrictions on this
measurement. A required electrical resolution of 0.13 uN (0.03 ulb) and a full scale requirement of
222 mN (50 mlb) result in a dynamic range of 1.67 X 10%:1. High-quality transducers have dynamic
ranges of the order of 103:1 to 10%:1. It was, therefore, deemed necessary to use either several trans-
ducers operating over limited portions of the range or one transducer in a null-balance system. The
following discussion covers the problem in some detail and develops the argument for the method
used.

The actual displacements involved can be calculated using the system dimensions, spring constant,
and forces. With K, = 1.521 N-m/rad (13.46 lb-in./rad) and a; =51 cm (20 in.), the angular displace-
ment for a 222-mN (50-mlb) thrust is 0.0743 rad (4.25°). The displacement for one resolution ele-
ment [0.13 uN (0.03 ulb)] is 4.45 X 1078 rad (2.55 X 107¢°).

This angle was too small to be resolved with an angular transducer axially located, so it was
necessary to concentrate on a more or less linear displacement transducer located at the beam extrem-
ity. The approximate linear displacement is calculated as follows:

d = a,0
_ aya, Fy
K,
where
a, = 61 cm (24in.}
a, = 51 cm (20 in.)
and

K, = 1.521 N-m/rad (13.46 Ib-in./rad).
Then, for Fp =222 mN (50 mib),
d = 4.534 cm (1.785 in.).
For F, = 445 uN (100 ulb),
d = 90.7 um (3.57 X 1072 in.).
The required resolution is 3 percent of 4.4 uN (1 ulb), or 0.0272 um (1.07 X 1076 in.).

As the calculations show, the transducer must be capable of resolving 0.0272 um (1.07 X 1078 in.)
and still have the ability to measure 4.534 cm (1.785 in.). No known transducer was capable of such
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operation. The resolution of even the best transducers is limited by the noise generated within the
unit and that picked up by the associated wiring. Consider, for example, a high-quality, noncontact,
linear variable differential transformer (LVDT). Under ideal conditions, the output signal at zero dis-
placement is 0.1 percent of the full scale output. This results in a dynamic range of 1000:1 but does
not take into account any additional noise caused by lead wires and associated electronics.

This problem possibly could have been overcome through the use of several transducers, with
each operating over a limited portion of the displacement range. With this method, three transducers,
each having a dynamic range of 120:1, would result in an overall range of 1.728 X 106:1
(120 X 120 X 120). Thus, each unit would operate well within its useful range, and the total displace-
ment range from 0.0272 um (1.07 X 1076 in.) to 4.534 cm (1.785 in.) could be covered. The primary
drawback of this method was the difficulty encountered in preventing the low-range transducer from
limiting large beam displacements. Since it was required that all three transducers be permanently
mounted, the mechanical design had to be such that all transducers would permit the 4.534-cm
(1.785-in.) displacement. Such a design becomes quite difficult when all factors are considered. Al-
though not completely eliminated as a design approach, this method was put aside for what was
believed to be a much more desirable scheme.

The proposed system used a single transducer, capable of resolving 2.5 X 1078 m (1 X 1076 in.),
located at the beam extremity. This unit could operate within its specified dynamic range and measure
up to about 445 uN (100 ulb). The higher thrust levels could readily be measured by supplying a
counteracting force and operating the system in a null-balance mode. With this technique, the desired

transducer characteristics were as follows:
(1) The transducer should be of the noncontact (frictionless) type.
(2) The transducer should not require or create a force between its elements.
(3) The unit should be capable of resolving 2.5 X 1078 m (107¢ in.).
(4) The dynamic range should be at least 3300:1.
(5) The system should be compatible with vacuum chamber operation.
(6) The unit should be adaptable to slight curvilinear motion.
(7) The system should provide a linear analog dc voltage output for recording purposes.

Visual-optical displacement measuring systems were capable of good resolution but were not
compatible with vacuum chamber operation and did not provide an analog output voltage. Electro-
optical systems had neither the required resolution nor the dynamic range. A linear variable differen-
tial transformer was capable of a 1000:1 dynamic range but could not resolve displacements of the
order of 2.5 X 1078 m (1 uin.). In addition, the LVDT exerts a force on the core material and is not

readily adapted to curvilinear motion.

In contrast to these transducers, a differential capacitance displacement transducer was capable
of satisfying all seven requirements. A particular unit that was available had a dynamic range of
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10,000:1, a resolution of 2.5 X 1078 m (107¢ in.), and a linear 0- to 5-Vdc output. A good charac-
teristic of the unit was that the capacitor plate configuration could be tailored to suit the particular

system requirements and, therefore, provide a great deal of flexibility.

The capacitor configuration is shown in Figure 22. Its dimensions were arrived at in the follow-

ing manner.

For reasons relating to the transducer displacement range, the thrust ranges to be tested, and the
need for easily readable scales, the full-scale beam displacement was chosen to be that corresponding
to 445 uN (100 ulb) of thrust, that is, 90.7 um (3.57 X 1073 in.). The differential configuration sen-
sitivity of the transducer selected was 0.269 V/percent change in capacitance, and the preferred nomi-

nal capacitance was 10 pF.

For a full-scale output of 5 Vdc,

or,

Since

then

Now,

or

Therefore,

2C x 100 = 18.6,
8¢ - o.186.
c=4,
CL = €A

CL = (C + AOYL - AL),

C _L - AL
C + AC L
= 0.843.
L = 6.35AL,

(20)
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but AL =90.7 um (3.57 X 1073 in.). So,
L = 0.578 mm (22.75 X 1073 in.).

Therefore, to obtain 5 V output for a thrust of 445 uN (100 ulb), the distance between parallel
capacitor plates should be 0.578 mm. The correct plate area is found as follows:

4=t Q1)

.653 X 1073 m?

6.53 cm?

and

1/2
diameter = (—%)

= 2.88cm.

Therefore, the end plates were circular with a diameter of 2.88 cm. To simplify alignment and
minimize fringing effects, the center (movable) plate was made larger in diameter. The plates were
made by depositing a gold film on optically flat quartz blanks; electrical connections were made at a
chamfered hole through the center of each plate.

The transducer electronics is a completely self-contained, potted assembly that is mounted in
proximity to the capacitor plates. The package requires 1 W of power from a 28-Vdc source and pro-
vides a low-impedance analog dc output. The particular type of capacitance transducer selected does
create a small force between the capacitive elements. The force calculations for the differential con-

figuration are shown below:
ed V1> anANe
F=5\z,) " \g,)| - (22)

At null position, V| =V, and L, =L, . Therefore,
F=0.

For 3.57 X 1072 in. displacement, V,=75V,L =6.67X 1074 m, V,=12.5V,and L, =4.84 X
107% m. Therefore,

F = 1.6 uN (0.35 ulb).
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Thus, in the worst case, the force caused by the capacitor plates results in an error of only 0.35 per-
cent of the reading. This is well below the 3 percent allowable for electronic-associated errors.

2. Calibrator and Forcer

In order to operate the thrust balance in the closed-loop (null-balance) mode, it was necessary to
provide a means of generating a counteracting force on the beam. The forcing system had to be capa-
ble of generating any force from 0 to 222 mN (50 mlb) (minimum), be completely frictionless, and
have a linear transfer function. Three basic techniques for generating the force were considered; they
were classified as reluctance, capacitance, and permanent magnet.

The permanent magnet technique was chosen for use on the MERTS because of its overall supe-
rior performance. The basic unit is shown in Figure 15. It consists of a permanent magnet that devel-
ops a high-density magnetic field into which is placed a multiturn coil. The force created between the
field and the coil is directly proportional to coil current. With the magnet assembly mounted on the
beam and the coil mounted on the balance frame, a completely frictionless forcing technique is
realized.

The chief advantages of this technique over the others mentioned are—
(1) The transfer function is extremely linear (FC = 2NB7rrIC ).
(2) The force vector is bidirectional.

(3) Axis misalignment between the coil and magnet assembly has no effect on the transfer
function.

(4) The transfer function is not affected by axial motion between the coil and magnet assembly
over the small displacement range in this application.

(5) The unit can be driven directly from a standard, low-power amplifier.

No detailed analytical design was carried out. There were several tradeoffs to be made that com-
plicated an analytical approach. In the first place, it was desirable to have a large air gap so that it
would not be necessary to maintain precision alignment between the magnet assembly and the coil.
However, it was desirable to keep the air gap small in order to minimize fringing and maintain a high
flux density so that the potentially high transfer efficiency of the device could be realized. Second,
the size and shape of the air gap directly influenced the coil characteristics, which in turn had to sat-
isfy certain self-imposed requirements based on heat loss and drive circuit considerations. For these
reasons, the optimum forcing device was determined experimentally, a method which proved to be
quite effective. The drive circuit designed to operate the forcer consists of a current-boosted opera-
tional amplifier connected as a programmable current source. The output (coil) current is propor-
tional to the input voltage and is not affected by coil temperature or contact resistance in the inter-
connection wiring. This results in a very stable forcing device.
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This technique was also used in the development of an accurate, remotely operated calibration
system for the MERTS. The system is similar to the forcer except that the drive circuit input is a
potentiometer-adjustable, precision reference voltage. The total circuitry is designed so that the out-
put force is a linear function of the potentiometer setting at the control console. A gain switch on the
programmable current source is used to select any of three calibration ranges; they are 0 to 445 uN
(100 ulb), 0 to 8.9 mN (2 mlb), and 0 to 222 mN (50 mlb). An ““off” position is also provided so that
the force can be preset to any desired level without actually being applied to the beam. This permits
instant application and removal of any desired calibration force to the beam, thus facilitating rapid
calibration of the dynamic as well as the static response of the MERTS. This calibration technique is
completely remote and can provide calibration forces at any time during a thruster test.

3. Magnetic Damper

From an operational standpoint, it was desirable that the MERTS have a damping ratio between
0.7 and 1.0. One technique of obtaining this is by an active damping system whereby the beam dis-
placement signal is differentiated and fed back to the force transducer. This, indeed, is the technique
used for the 445-mN (50-mlb) and 8.9-mN (2-mlb) ranges. Because of the high sensitivity of the
445-uN (100-ulb) range and the larger lead term required to achieve critical damping, more sophisti-
cated electronics would have been required in order to use only the active damping system on this
range. In addition, it was desirable to have the beam passively damped to simplify initial setup pro-
cedures. Several passive damping methods were considered; based on MERTS operating conditions,
an eddy current damper with a permanent magnet field was selected.

The performance of an eddy current damper in this application is determined by the equation
f ~ ZoAB*r? .

Using this and magnetic circuit equations, a permanent magnet eddy current damping system was
designed to provide a damping ratio of 0.7. However, a standard magnet was available, and in view of
the lead time required to purchase a custom magnet, the decision was made to use it. This magnet
provided a damping ratio of only 0.5 and was, therefore, supplemented with active damping control
to achieve an overall damping ratio of 1.0. This system has proved so effective that it will not be
replaced by the system originally designed. The system is completely compatible with the MERTS
environment and is maintenance free, yet the damping ratio can be readily adjusted to a specific
value.

4. Command System

Since the MERTS and the thruster under test had to be under continuous ground control during
testing, it was necessary to develop a system to provide the required operating and control functions.
The following design goals were established for this system.

(1) The command system should require no physical contact across the beam/frame interface.
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(2) The thruster command signals should be identical to those that would be provided by a
spacecraft.

(3) Commands should be provided to perform telemetry calibrations and to operate the static
balancing system on the beam.

(4) The command system should have enough flexibility to permit it to control thruster systems
that are not spacecraft compatible (i.e., which contain no logic).

For simplicity, easy maintenance, and yet great flexibility, a light-operated command system was
designed for the MERTS (Figure 10). The system has a total of 16 channels: two for operating the
static balancing motor, two for zero- and full-scale telemetry calibrations, and 12 for thruster control.
Each channel consists of a light source mounted on the structure frame in proximity to a light sensor
mounted on the beam. The source and sensor assemblies are mounted such that a given light source
can illuminate only its associated sensor. Closing a switch on the control console (Figure 25) causes
a light to illuminate and trigger its associated sensor. The sensor output is amplified and used to
generate the required function of that particular command. All of the command system electronics
located on the beam are mounted on plugin printed circuit cards. There are two command channels
per card. This provides extreme flexibility in that the complete nature of a command function can be
modified by merely removing its electronic card and replacing it with another. In this way, it is
possible to test flight model thruster systems as well as experimental thrusters with no wiring changes
to the command system. In its present configuration for testing the ion engine, the command system
electronics on the beam consists of five switch closures, one pulse generator, and 10 “and’” gates.

5. Control System

The control system is that portion of the MERTS that is directly associated with the measure-
ment of thrust. It includes the balance beam and pivot assembly, the displacement transducer, the
console-mounted control circuitry, and the feedback force coil. A block diagram is shown in Figure 26;
the transfer function diagram is shown in Figures 27 and 28. The design goal for the electronics was a
system that could measure steady-state thrust levels between 4 uN (1 ulb) and 222 mN (50 mlb) with an
accuracy of 3 percent of the reading and with completely remote operation over the entire range. To
achieve this end, a multirange system was used, with the most sensitive range being an open-loop,
displacement-measuring system and the two higher ranges being displacement-measuring systems with
force feedback. Range changing is facilitated by a range selection switch located on the control panel.
The thrust range of the MERTS can be changed at any time simply by rotating this switch to the
desired position. All necessary gain and compensation changes are made automatically. The system
is designed such that no damage or difficulty arises from improper range selection.

The most sensitive range has a full scale measurement capability of 445 uN (100 ulb) with 50
percent overrange available for transients. Being the most sensitive range, it is operated open loop
with no electromagnetic counterbalance force. This is realized by bypassing the force coil (Figure 27),
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thereby letting the current-source gain constant, K,, equal zero. When the terms are combined, the
resultant transfer function diagram yields the following transfer function:

4 20K,
= — _
F, JS? +fS + K,

(23)

The value of K, was selected to satisfy the requirement that ¥ = 5 V when Fp. = 445 uN
(100 ulb), or, since

VK,
K; = 55~
T = 20F,

then

K, = 33,650 V/rad .
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With the known values of J and K, the characteristic equation becomes

SZ + 0.031fS + 0.416 = 0 (24)

and is of the general form

S? + 2twyS + wi = 0.

Hence,
wN =
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Figure 27—Transfer-function diagram [222 mN (50 mib)
and 8.9 mN (2 mlb) scales].
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Figure 28—Transfer-function diagram [445 uN (100 ulb)
scale].
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v 0.416

0.646 rad/s.

For critical damping, & = 1; therefore,
f=20,,/1031 = 4.70 N-m-s (41.6 1b-in.-s). The
transfer function was programmed on a small
analog computer so that a graphic display of
the system step response could be obtained.
This is shown in Figure 29 and displays the out-
put voltage V as a function of time for various
damping ratios. As mentioned previously, when
readily available components were assembled

to make the eddy current damper, the damping
ratio achieved was only about 0.5. This was
considered adequate for the initial performance
test and is reflected in the test data elsewhere
in this report. Since the initial tests, however,
the damping ratio has been increased to 1.0 on
this range by adding derivative feedback

When the range selector is moved to the
8.9-mN (2-mlb) position, it connects the force
coil into the circuit. This applies a force to the
beam that counteracts any applied thrust. The
type “0” control loop that results is inherently
stable and permits the beam position to con-
tinue to be the output parameter. High-stability
operational amplifiers were used in the control
loop so that gain and offset drifts result in a
negligible effect on the output.
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Figure 29—Step response on 445 uN (100 ulb) range.

The overall transfer function as derived from the transfer function diagram (Figure 27) is

vV 20K,
— = . (25)
Fp JS* + (f + 22K K. K,7)S + (22K K K, + K.)
The force coil constant K, is found by supplying all known constants in the steady-state equation
V 20K,
= = , (26)
Fr 22K K K, + K

where, from the previous calculations,
V=5V,
f = 2.35 N-m-s (20.8 1b-in.-s) ,

K, = 33650 V/rad,
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and
K, = 1.521 N-m/rad (13.46 Ib-in./rad).

Based on amplifier and forcer characteristics, the current source constant K ; was chosen to be 0.01
A/V. Therefore,

20K, F - K,V
¢ 22K.K,V

= 0.1536 N/A (0.03454 Ib/A).

Thus, the lead term 7 is the only undetermined constant in the system equation. Here again the
computer was used to display graphically the system response with various values of 7 (Figure 30).
These data were then used to design a lead circuit that is adjustable over the range of 7 shown and is
switched into the control loop when the 8.9-mN (2-mlb) range is selected.
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Figure 30—Step response on 8.9 mN (2 mlb) range.
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Figure 31—Step response on 222 mN (50 mlb) range.

Analysis of the 222-mN (50-mlb) range proceeded in a manner identical to the above. The block
diagram shows that when the selector switch is rotated to the 222-mN (50-mlb) position, additional
turns are switched into the force coil and a different lead circuit is selected. This, of course, means
that the transfer function is identical to that of the 2-mlb range except that the force coil constant K,
isincreased and the lead term 7 is changed. Using the same equations as above, K, becomes 4.036 N/A
(0.9073 1b/A); the range of 7 is shown in Figure 31.

6. Telemetry System

In order to adequately evaluate thruster performance, it was deemed necessary to monitor
thruster parameters simultaneously when taking a thrust measurement. The quantity of required
measurements was sufficient to warrant the use of a spacecraft-type PDM/FM/FM telemetry link
(Figures 8 and 25). The system is capable of simultaneously monitoring 30 parameters. All data to
be recorded by the telemetry system goes into the signal conditioner. Here, all data is converted into
0- to +5-Vdc analog signals needed to drive the PDM encoder and the voltage-controlled oscillators. The
same design philosophy used for the command system was used here; that is, for maximum flexibility
all signal conditioning electronics are mounted on plugin printed circuit cards. Each card contains
the electronics required to condition two measurements. The only operation necessary to switch
from one thruster to another with completely different signal conditioning requirements is to replace
the appropriate cards in the signal conditioner with those designed for the new thruster. This elimi-
nates any hardwire changes on the MERTS.
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In addition, the signal conditioner is capable of placing either zero- or full-scale reference signals
on all telemetry channels by remote command. This permits an end-to-end calibration of the entire
telemetry system to be performed at any time during a test.

A small one-eighth-wave antenna located on the frame of the MERTS receives the RF information
and transfers it via a coaxial cable to a receiver in the console. Here the data are reconstructed and
fed to a connector on the rear of the console. From here they can be fed to any desirable analog re-

cording equipment.

In its present configuration for testing a particular ion engine, the signal conditioner contains six
inverter cards and three thermistor cards. The 12 data outputs from the engine are all 0 to 5 Vdc.
Therefore, in order to obtain the required O to +5 Vdc, an appropriate inverter circuit was designed and
used to construct six identical cards with two inverters each.

Since it was impossible to use hardwire temperature recorders for monitoring beam temperatures
during thruster tests, it was necessary to provide this information via the telemetry link. Six identical
temperature monitoring circuits were designed and built. Each consists of a calibrated thermistor
mounted at the desired monitoring point (Figures 7 and 10) and wired to the data input connector of
the signal conditioner, along with a bridge and amplifier circuit that are mounted (in tandem) on a
plugin card inside the signal conditioner. The circuits were designed to provide 0 to +5 V over the
temperature range from 289 K (60 °F) to 339 K (150 °F).

7. Console

With the exception of the data recorders, the MERTS system is completely self-contained. All
necessary equipment needed for operating the thrust stand is housed in a standard 66-in. rack
(Figure 25), called the console. This includes the power supplies, telemetry processing electronics,
and the command and control panels. The console is supplied with power from a standard 120-Vac
receptacle and is connected to the thrust stand by one multiconductor cable and one coaxial antenna
cable. The unit is mounted on casters so that it can be easily moved to any preferred location.

8. Power

The primary power source for the MERTS system is 120 Vac from a standard laboratory recep-
tacle. Power supplies at the base of the console generate all dc voltages required for the equipment
located within the console and on the frame of the thrust stand. In addition, a 28-Vdc supply also
provides power to the balance beam through two isolated pivot assemblies. The upper pivot carries
the +28 Vdc and has a connection ring to which all 28-V balance beam loads are connected. The
bottom pivot is tied to system ground with its connection ring being the central ground for all beam
loads. This bottom pivot was insulated from the balance proper in order to eliminate ground loops

and provide grounding flexibility.

With this 28 Vdc as the source, a system of dc/dc converters and regulators are used to generate
all additional voltages needed by the beam electronics and thruster. At the present time, the follow-
ing voltages are provided: * 28 Vdc,-24 Vdc, £ 15 Vdc, and £ 5 Vdc.
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1IV. DIAGNOSTIC EVALUATION AND MODIFICATIONS

The initial evaluation testing of the MERTS system uncovered two predominant disturbances.
One was a torsional movement of the beam due to the environment and to thermal variations of the
electronics during warmup. The other was due to inherent building vibrations.

It should be noted here that the contribution of the electronics to the drift problem was found
to be negligible.

Initially, the disturbance caused by the thermal variations was the more serious because it re-
sulted in a steady torsional drift of the beam and eventually caused the capacitor sensor to exceed its
designed dynamic range. It was theorized that since the pivot assemblies were mounted at a fixed
center distance, the temperature variations experienced caused a vertical load to be placed on the
flexural pivots. A certain percentage of this load caused a cross-coupled torque. This in turn produced
a torsional motion or drift. A crude laboratory test on a spare flexural pivot confirmed this theory.

Any design modification to eliminate this vertical stress had to be accomplished without allowing
lateral motion, which would affect the capacitor-sensor signal output.

The first attempt at eliminating this thermal effect was to redesign the upper pivot assembly to
include linear bushings. Because of the close tolerances held on the sliding fit, stiction was present,
which resulted in erratic drift rates. The second modification resulted in the replacement of the linear
bushings with linear ball bushings. This eliminated the stiction effect; however, due to the ball bearing
clearances in the raceways, a laterally induced vibration was present, resulting in amplification of the
noise levels already present at the capacitor sensor.

Finally, a double diaphragm assembly was designed which retained complete freedom of vertical
motion through a range of 0.064 cm (0.025 in.), yet prevented any lateral motion (Figures 12 and 13).
Evaluation of this design showed a reduction in noise level from 4 to 2 percent of full scale over the
ball bushing design and reduction of the thermal drift due to electronic warmup to an acceptable level.

It should be noted here that the use of this new pivot assembly places the 289-N (65-1b) weight
of the beam assembly entirely on the lower flexural pivot. As shown in a previous section, the pivots
used are capable of withstanding 2824 N (635 1b) before failure, thus providing a safety factor of
approximately 9.

The noise induced by the building vibrations was the second problem to be minimized. A survey
of several rooms in which the MERTS would be used was taken to determine the frequency and ampli-
tude of this induced vibration. It was found that a peak vertical displacement of approximately
0.91 um (3.6 X 107° in.) existed at approximately 30 Hz. This resulted in a basic 12-Hz noise fre-
quency from the capacitor displacement transducer which was sufficient to produce a minimum noise
level of 5 percent on each of the three thrust ranges. Basically, the problem was one of obtaining a
solution by which this noise could be reduced to an acceptable level.
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One of the first approaches was to provide vibration isolation by suspending the MERTS system
from springs. This technique reduced the 12-Hz noise; however, due to the soft suspension, a high-
amplitude, low-frequency wandering was introduced in the range from 0.3 to 0.5 Hz. Various viscous
and coulomb damping devices were incorporated in conjunction with the spring suspension, but could
not reduce this wandering to an acceptable level without increasing the 12-Hz noise. Because of this
and the fact that certain ion engines require a close-fitting, noncontacting shield surrounding the
emitting portion of the engine, this approach was abandoned.

The second and final approach was to revert to the original hard-mounted configuration incor-
porating a three-point mounting system. In addition, a low-pass filter was included to reduce the
12-Hz noise amplitude by 33 dB.

Two reasons for using the three-point mounting system were to reduce thermal conduction to the
vacuum chamber shroud when liquid nitrogen is used during cold-wall testing and to provide a more
stable mounting base in the event of any warping of the mounting rails inside the chamber during
pump down. The use of this mounting arrangement and low-pass filter further reduced the noise
output to 0.08 percent of full scale.

As the evaluation program proceeded, the MERTS was placed in the vacuum chamber where
testing was performed with the liquid nitrogen cryogenic shroud operating. At this time, an additional
thermal problem arose due to radiation cooling. [t was manifested in two forms, one being the out-
put signal (V) and the other a stiction effect between the calibrator-forcer coils and core.

In due course, the stiction problem was eliminated by redesigning the forcer-calibrator to incor-
porate a larger gap clearance (Figure 15). To minimize the thermal problem, strip heaters were
mounted on the MERTS frame, resulting in a controlled condition whereby the residual thermal drift
was well within the design capabilities of the system. To compensate for this residual drift, the
MERTS is mounted at a 0.5° tilt, which allows the use of the motorized fine balance weight for main-
taining the beam null position (Figure 17).

V. PERFORMANCE RESULTS

With the final MERTS configuration determined (i.e., 0.5° tilt, strip heaters, three-point mount,
and so forth), a test was conducted using a cesium ion engine as a calibration standard to evaluate the
MERTS system under operational conditions. In particular, two areas were evaluated. One was the
precision with which the MERTS followed the engine thrust, and the other was the accuracy of the
MERTS calibration system. The test setup is shown in Figure 24. It should be noted here that the
maximum output thrust of this engine is 89 uN (20 ulb), which allowed the use of the 445 uN
(100 ulb) scale on the MERTS, the most sensitive of the three ranges.

The test lasted a total of 10 hours. During the entire test, the strip heater power, displacement
output drift (V), thruster power, and various thruster and MERTS temperatures were monitored;
results are presented graphically in Figure 32. The technique by which power is applied to the strip

36




heaters is still experimental and, at present, involves manual control. The method of control is for the
operator to observe the direction of output drift and correspondingly alter the heater power input.

As can be seen from the curves, it was not until about the 9th hour that the drift rate leveled off.
Thrust data taken on future tests will be done after this leveling-off occurs so that rezeroing will not
be necessary. The thermocouple locations are shown in Figures 7 and 10.

Referring to Figure 32, it is seen that a sharp negative drop occurs in the output drift trace at
1 hour. This coincides with the introduction of liquid nitrogen into the cryogenic shrouds inside the
chamber. As there is no significant change in any of the temperature traces at that point in time, the
transient is apparently due to the distortion of the shroud and its frame. In a previous test using
gaseous nitrogen to pressurize the shroud incrementally, it was observed that corresponding steps were
produced in the output signal. As seen in Figure 24, the MERTS mounting structure is mounted
directly to the shroud support rails. Any distortion occurring in the shroud is transmitted to the
MERTS through the rails. To nullify this effect, a new mounting arrangement is presently being de-
signed whereby the MERTS rests directly on the chamber rails, thereby bypassing the shroud support
rails.

Thrust data taken during the level period will be presented here to determine the MERTS pre-
cision and calibration accuracy (Figure 33). In order to make an equitable comparison between the
thruster output (beam current) and the MERTS output, the MERTS trace was corrected for the
thermal drift (as is shown in Figure 33). This now allows a more direct comparison of the entire
MERTS measuring system, including inherent system and building noise.

As a common base for comparison, the engine thrust at a given time was determined from the
beam current and equated to the compensated MERTS thrust curve at the same time. Based on this,
a calibration factor was established for the MERTS trace. The two traces (engine and MERTS) were
replotted on an arbitrary scale, as shown in Figure 34. As can be seen, there is very close tracking of
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Figure 3b—Thermal drift of MERTS output.

the MERTS to the oscillatory thruster output. In the worst case, there is about 2.7 uN (0.6 ulb)
difference between the ion engine and MERTS, which is within 5 percent of the average 53-uN
(12-ulb) thruster output. In the best case, there is perfect agreement with the ion engine. There exists
an average error of approximately 2.5 percent.

The calibration factor for the MERTS trace established by the above procedure is 1.66 X 102
N/division (0.374 X 107 Ib/division). The calibration factor established independently by using
known weights and thus establishing the factor for the calibrating coil on the MERTS was 1.73 X 10?
N/division (0.390 X 107 Ib/division), which is within 4.3 percent. This is excellent correlation, con-
sidering the fact that 1 percent of the 8.9-mN (2-mlb) calibrator scale had to be used to calibrate 89
4N (20 ulb) full scale for this test. The 445-uN (100-ulb) calibration coil was not operational for this
test, but will be incorporated for future work. It will provide higher calibration accuracy in the micro-
pound range, since a greater percentage of its scale will be utilized.

Under the same procedure for comparing the engine thrust to the MERTS output, another sec-
tion of the data was taken and analyzed (Figure 35). These data are at an average thrust of 24.5 uN
(5.5 ulb) and are relatively steady, compared to the oscillatory curve previously analyzed. The ther-
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Figure 36—Comparison of thermally compensated MERTS output and ion-engine output.

mally compensated MERTS trace and the ion engine thrust are plotted in Figure 36. Again, very
close tracking is shown, with an average error of 4.5 percent. The difference between calibration
factors is 4.3 percent, which is again caused by the use of 1 percent of the 8.9-mN (2-mlb) calibrator.

VI. CONCLUSIONS AND RECOMMENDATIONS )

With the operation of the ion engine and the data presented and analyzed in the previous section,
it can be seen that the MERTS system has successfully met most of the design objectives. The two
areas not yet tested through actual thruster operation are the 50,000:1 dynamic range and the
S-percent resolution at 1 ulb. However, through the use of the calibration system, it has been shown
that the upper range of 50 mlb can be achieved with no problem. Confidence in the calibration sys-
tem is great because, as explained in the previous section, the difference between the true calibration
and the MERTS calibrator was 4.3 percent. Also, this difference occurred while using 1 percent of
the 8.9-mN (2-mlb) calibrator, which indicates the high linearity and accuracy of the complete calibra-
tion system. Ii can be seen from Figure 36 that there is no problem in observing a 4.4-uN (1-ulb)
force.

The resolution of 5 percent at 4.4 uN (1 ulb), or 0.22 uN (0.05 ulb) is as yet untested. However,
with suitable amplification and filtering of the sensor output, it is well within reason to expect to meet

this objective. It can be seen from Figure 36 that it is very easy to distinguish 5 percent of the
24.5-uN (5.5-ulb) level.
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To further improve the MERTS system, future efforts will be concentrated on two major areas.
One is to design and incorporate a calibration coil for the 4.4-uN (1-ulb) to 445-uN (100-ulb) scale so
that the 8.9-mN (2-mlb) calibrator will not have to be used. The other is to design and develop a
mounting structure that will rest directly on the chamber walls rather than on the cryo liner, as it
presently does. It is expected that this arrangement will minimize the MERTS sensor shift due to the
introduction of liquid nitrogen into the shrouds, which presently occurs as shown in Figure 32.

At present, there is no immediate requirement for an external fuel supply; therefore, the instal-
lation of one is not being pursued. However, as mentioned previously, the design of a system by
which the fuel could be transferred from a tank to a thruster on the MERTS beam has been completed.

Goddard Space Flight Center
National Aeronautics and Space Administration
Greenbelt, Maryland, October 13, 1970
120-26-17-06-51
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