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ABSTRACT
Title:

A Servo-Balanced Weighing Beam
(33 pages)

By: John M. Wallace, Jr.
Advisor:

Dr. F, 0. Nottingham

This work was carried forth for the purpose of designing a mechanism capable of measuring forces automatically.
3ix weighing beams are used in conjunction with the wind tunnel instrumentation at the Guggenheim School of Aeronautics
at the Georgia Institute of Technology.

The system in cur-

rent use is hampered by maintenance difficulties arising from
electrical contacts and d-c motor brushes.

The purpose of the

project, then, was to redesign the weighing system in order
to eliminate the sources of erratic operation.

It was further

desired to have the system capable of handling forces up to
sixteen hundred pounds while maintaining a minimum accuracy
of 0.1 per cent or 0.1 pound whichever was greater.
The ultimate design utilized two two-phase induction
motors which either added or removed weight from the beam according to whether the beam was underbalanced or overbalanced.
One motor provided for the addition of small amounts of counter-moment by moving a poise weight along a beam.

The other

motor added large Increments of counter-moment by loweringweights onto the beam.

The position of the beam was sensed

vii

by a magnetic transducer•

The a-c output voltage of the

transducer reversed in time phase according to whether the
beam was above or below its balance position.

The trans-

ducer output voltage was applied to appropriate voltage and
power amplifiers to provide the needed motor voltages.
An accuracy of 0.5 per cent was realized from the completed device which was designed to respond to forces from
zevo

to four hundred pounds.

Specific recommendations for

improvements in order to attain the desired accuracy are included in the text.

In general, this design demonstrated

that the principles of operation upon which it was dependent
are valid, and it should alleviate maintenance difficulties
encountered in the original design.

CHAPTER I
STATEMENT OF THE PROBLEM
Automatic measurement of aerodynamic forces.--The simultaneous measurement of aerodynamic forces and moments such
as lift, roll, pitch, etc., acting on a wind tunnel model is
essential in the effective evaluation of the model. The system in present use at The Guggenheim School of Aeronautics
at the Georgia Institute of Technology utilizes six automatically balanced beam scales connected through a system
of flexible linkages to the model. The scales are balanced
by means of direct current motors which add or remove weight
from the beam in order to bring it into equilibrium with
the applied forces. The scale reading is transmitted to a
central control board by means of selsyns. Difficulties
arising from the present mechanism motivated this design.
Functioning and discrepancies of the present system.--Operation of the force-balancing device in current use is dependent, in part, on the d-c motors and on limit switches mounted
on the beam extremities. The limit switches provide for the
addition or extraction of heavier unit weights if balance
is unattainable through the poise weight movement alone.
Reference to Fig. 1 which is a schematic representation of
the original system will aid in the following explanation.

Figure 1. Original System
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Addition of an applied force at A would first cause
closure of the upper contacts of switch D.

Through the con-

troller this action would make the poise motor drive the lead
screw (L) moving the poise weight (F) to the right in an attempt to balance the beam.

If the applied force is small

enough so that the beam can be balanced by the poise weight
alone, the finger (F) will regain its equilibrium position before the poise weight reached its right extreme.

The balance

position of the finger (F) will then be between the upper and
lower contacts of D, producing no rotation of the poise motor.
In the event the applied force is greater than can be counterbalanced by the poise weight, closure of contacts C by the
dextral-moving poise weight will take place.

This, through

the controller, will add increments of unit weight until the
beam is overbalanced closing the lower contacts of D which in
turn will result in movement of the poise weight (P) to the
left, until balance was reached.
Upon reduction of the applied force the poise will move
to the left in an effort to retain balance.

If removal of

poise moment can not reestablish balance, switch B will close
and unit counterweights will be withdrawn from the beam until
equilibrium is recovered by the poise weight.
Maintenance difficulties and the need for repeated recalibration, arising from fouled limit switch contacts and
worn d-c motor brushes, have seriously hampered the usage of
the present equipment.

~:

Design proposal*—It was proposed to redesign the mechanism
with the objective of eliminating the limit switches and replacing the d-c motors with brushless two-phase induction
motors.
Superimposed on the requisite improvement of the system
were accuracy requirements.

Each scale was required to measure

within 0.1 per cent or 0.1 pound whichever was greater up to
sixteen hundred pounds.
The crux of the problem lay in the replacement of the
limit switches, since the function of the d-c motors could
easily be duplicated with servo amplifiers and two-phase induction motors.

The resultant solution makes use of a mag-

netic device to sense the position of the beam.

Any error be-

tween the actual position of the beam and its balanced position
is transmitted as a voltage to the amplifiers which in turn
applies a corrective voltage to the poise and unit weight
motors.

The motors then rotate in such a direction as to

either add or remove weight according to the direction of the
unbalance, so that at equilibrium the beam is balanced and
there is no motor rotation.

CHAPTER II
SYSTEM OPERATING PRINCIPLES
The complete mechanism.—The completed system consists of
a transducer, amplifiers and driving motors.

The schematic

diagram of the entire system is illustrated in Fig. 2. It
is the function of the transducer to produce a signal which
is indicative of the degree and sense of beam unbalance.
Directly following the transducer and fed by it are
two amplifiers; their purpose being to provide voltages of
suitable magnitude and phase to operate the two two-phase
induction motors which follow.

Coarse adjustment toward

balance is provided by one motor which is capable of adding
unit weights in increments able to counterbalance twenty five
pounds of applied force. Addition of small increments of
counter-moment by the other motor completes the balancing.
If the applied force decreases the mechanism acts to remove
the unit weights In order until balance results. An increase in the applied force causes an addition of counterweight in an effort to arrive at a balanced condition.
The transducer.—Fig. 3 depicts in detail the construction
of the transducer.

The ferromagnetic cores are wound with

two identical exciting coils C and D which are energized by
110 volts a-c and produce fluxes y^

and
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A Servo-Balanced Weighing Bean
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Figure 3 .

The Transducer

units, coil A and coil B, have a-c voltages induced in them
by the alternating fluxes 0

and 9 respectively.

vane is attached to the scale beam,

A brass

With the vane in posi-

tion E indicated in Fig. 3 it is in the path of the flux 0
which passes through the upper and center legs of the cores.
Being so located, the vane has eddy currents produced in it
by the alternating flux 0 . The alternating flux produced
by the eddy currents opposes 0
duced.

Reduction of 0

so that it is thereby re-

results in a smaller induced voltage

in coil A so that e^ is now less than e .
When the vane is positioned at F, equidistant from the
upper and lower legs, the eddy currents reduce 0 2 the same
amount as 0 . Therefore, 0 and 0 are equal and hence the
induced voltages e. and e will be equal.

It can be seen,

that with the vane between the center and lower leg, that e R
will be smaller than e . The windings of coil A and coil B
are so oriented that the voltage from point one to point three
Above balance

Fig, h.

Belcm balance

Transducer Output Voltages

9

will be zero when the vane is centered.

Fig. k indicates the

appearance of the voltage between points one and three of
Fig. 3 when the vane is above and below its balance position.
As the vane approaches the balance position the voltage
output between points one and three approaches zero.
The poise-weight system.—As can be seen in the photograph
of Fig. 5 and in Fig. 2 the two-phase induction motor used
to effect balance of the poise weight is mechanically
coupled to a lead screw. Rotation of the poise motor in
one direction moves the poise weight to the right and rotation in the opposite direction moves the poise weight to the
left.

The high-rotor-resistance two phase induction motor

used has two windings which must be supplied with time
quadrature voltages.

The direction of rotation may be re-

versed by reversing the phase of the a-c voltage applied to
either winding.

Further, the speed of the motor varies in

accordance with the magnitude of the voltage supplied to
either winding; if the voltage of the other winding is held
constant.

In practice the voltage applied to one motor wind-

ing (the reference winding) is maintained constant in phase
and magnitude.

Then by varying phase and magnitude of the

voltage activating the other winding (the control winding) the
direction of rotation and speed will be correspondingly altered.

The control winding voltage is supplied by a suitable

amplifier.
The unit weight system.—The unit weight motor is also a high

^ *

Figure ?•

Detail of Unit Weight System,

H

c
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rotor-resistance two-phase induction motor having the same
characteristics as the poise motor previously described.
The major difference between the poise motor and the unit
weight motor is that the unit weight motor operates at a
much lower speed, but provides greater output torque. It
can be seen from Figs. 2 and 5 that the unit weight motor
is connected to a pinion wire.

The pinion wire meshes with

a spur gear which is threaded at its center and engages a
lead screw.

The motion of the spur gear will be transmitted

to the lead screw only when the gear hub butts against one
of the blocking nuts.

This portion of the device allows a

time delay prior to the application of reverse torque to
the lead screw.
cussed later.

The purpose of the time delay will be dis-

The lead screw motion is transmitted to the

cam shaft via the worm and worm gear.

On the cam shaft are

mounted four cams, cut to allow the progressive addition
(or removal) of equal increments of unit counter-weights.
The weights are added to the free end of the beam by means of
the four cam follower arms shown in Fig. 5The time delay device allows the poise weight to arrive
at a balance condition before corrective action of the unit
weight system either adds or removes unit weights from the
beam.

If there were no time delay the following sequence

would ensue. Application of an applied force would deflect
the vane upward causing the unit weight motor to add counterweights.

It is not likely, however, that balance could be

12

achieved by the addition of unit counterweights alone. As
a result, a point would be reached in the progressive addition
of unit weights where the beam would overbalance, then the
vane would move downward causing removal of unit counterweights.

As soon as one counterweight was lifted from the

vane it would return to the upward position.

It is seen then.

that without the time delay unit weights would be lowered
and raised endlessly.

Equilibrium would never be attained

under this condition since the poise weight would never have
the opportunity to effect final balance.
With the time delay in the system, however, operation
would proceed as follows.
vane upward.

The applied force deflects the

As before the poise and unit weight motors add

counter moment to the beam.

As balance is passed the vane

moves downward reversing the poise and unit weight motors.
However, reversal of the unit weight motor does not result in
the immediate removal of counterweights due to the delay
mechanism.

Before the reverse torque supplied by the unit

weight motor can be transmitted to the cams, the spur gear,
(having disengaged from one blocking nut) must thread its way
to the other blocking nut.

In the meantime the poise motor,

having also reversed, will be able to move the poise weight
to balance.

At balance no signal is applied to either motor

so the system stablizes at balance..
The amplifiers.—Fig. 6 shows the basic amplifier circuit
which is the same for the poise amplifier and the unit weight
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Figure 6. Amplifier Circuits

ih

amplifier with the exception noted in Figs. 7 and 8.
voltages e. and e

The

are applied to terminals one and two, and

two and three, respectively.

For each motor one of the vol-

tages must be shifted in time phase ninety degrees; the required phase shift for the poise motor is supplied by the
phase shifting network consisting of R-,, CL and L, . At
balance, when e, and e B are equal, no signal would be present at the secondary of T-, and hence at the grids of the
123L7 tube. This type of phase shifting network is covered
extensively in the literature.

The capacitor C^ tunes the

secondary of T-, to resonance at 60 c.p.s.

The two sections

of the 123L7 twin triode are operated as a conventional pushpull Class A-, amplifier.

Resonance tuning of the primary of

T 2 is provided by C-.
The second stage of amplification uses two 6L6 tubes
as a Class AB-j_ amplifier.

Primary tuning of Tn by C, was

necessary in the unit weight amplifier but not in the poise
weight amplifier.

In the case of the poise weight amplifier,

the secondary of To supplied the control winding of the poise
weight motor directly.

An additional power amplifier, Fig. 7,

was needed to furnish the potential difference for the control winding of the unit weight motor.

It is a commonly-

p

used phase-sensitive power amplifier.

This amplifier com-

prises two 6SN7 tubes each one parallel connected.

In

^Mass. Inst, of Technology Staff, Applied Electronics.
New York: John Wiley and Sons, Inc., 19*+3 > PP 316-319-
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essence, the left two tubes of this amplifier produce current pulses at a frequency of 60 c.p.s. when the voltage
rise from the cathodes to grids is in phase with the voltage rise from B to A,•

When the grid voltage is reversed

in phase the right tubes pass current pulses which occur
180° later in time than in the first case. By means of the
capacitor C^ and the inductance of the control winding these
current pulses are converted to sinusoidal voltages. A
capacitor in series with the reference winding of the motor
provides the requisite 90

phase shift for the unit weight

motor.

Greenwood, Holdam, MacRae, Electronic Instruments.
New York: McGraw Hall Book Co., Inc., 1 9 ^ , PP ^39, l^0*

CHAFTEH III
DESIGN STUDIES
Considerations in the total design.—In view of the fact
that the device in present use utilizes a weighing beam and
counterweights to effect balance of applied forces, it was
deemed advisable to proceed from this as a starting point in
order to facilitate conversion to the projected design. It
was further desired to use available components to the greatest degree possible wherever this was consistent with acceptable design procedure. As a result nearly the entire
mechanism was constructed from components which were at hand.
It was believed that the success of the system principle could be adequately evaluated if a model of somewhat
smaller capacity were designed.

The maximum load the design

was intended to carry was four hundred pounds instead of sixteen hundred pounds as required for the actual system.
Basically the system in current use, that is, counterbalancing motors actuated by a signal originating at the unbalanced beam, is sound.

Only the d-c motors and the mechan-

ism for sensing the beam unbalance were to be changed.

The

ultimate goal of the design was to replace the d-c motors, to
eliminate the contacts actuated by the beam counterweight, and
to remove any variable loading effects from the beam.

19

Tae magnetic transducer,—The fundamental requirement for
the transducer was to detect the beam position without
offering any resistance to the movement of the beam.
Batcher and Koulic^ suggest several such displacement converters; most of these, however, make use of a ferromagnetic
member in a magnetic field.

In this application, though, the

magnetic field forces which would result eliminate the possibility of using a ferromagnetic vane, since these forces
would, in general, be variable,
A non-ferrous

metallic vane was selected and was found

to produce an output voltage of 0.8 volts from point one to
three of Fig. 3-

A vane of greater thickness produced a

larger voltage variation from balance to unbalance, but the
attendant mechanical tolerances required to avoid contact with
the core faces could not be readily met. As a result the mean
vane thickness was 0.050" while the mean core spacing was
0.090".

The windings selected from surplus stocks were excited

with 110 volts a-c successfully with no severe resultant distortion of the output waveform.

The cores were mounted in

such a manner as to enable easy adjustment so that the voltage null occurred with the vane in position B, Fig. 3.
Amplifier circuitry.—Push-pull circuits were used wherever

J

Batcher and Moulic, The Electronic Control Handbook.
New York: Caldwell Clements, Inc., 19^6, pp ^7, ^8.
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feasible in the amplifier design to take advantage of the reduced distortion offered by such circuits. Minimization of
waveform distortion was sought throughout the system in
order to maintain motor losses at a low level.
ration of capacitors C , C

The incorpo-

and C was necessary to reduce

the large degree of third harmonic distortion encountered at
these points in the circuit.

Transformers T.,, T

and T.,

ordinary audio transformers, operated satisfactorily at
60 c.p.s. Fixed bias was used in the 6L6 stage, so that
the power output from this stage would be sufficient to
excite the poise motor or the power amplifier as the case
may be.
The power amplifier for the unit weight motor, Fig. 8,
was included principally to accommodate the motor which was
available to drive the unit weight system.

The motor was

designed specifically to be driven from such an amplifier.
The transformer T^, a 60 c.p.s. power transformer, operated
successfully at its designed frequency.

The capacitor 0r was

necessary to attenuate the harmonic current components in the
control winding of the motor.

Capacitor 0„ was required to

effect the ninety degree phase shift of current to one of the
windings.

In the case of the poise weight system the necessa-

ry phase shift was introduced in the control phase,
Mechanical aspects.—The Poise System—Coupling of the poise
motor to the lead screw was done by means of a spring belt
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drive.

It was necessary to mount the poise motor below the

beam instead of directly at the end of the lead screw so
that the center of gravity of the beam fell below the fulcrum.
Location of the center of gravity above the fulcrum would
result in instability of the beam.

The total counter-

moment that could be applied by the poise motor was equivalent to the moment that could be applied by two unit weights.
This was done in order to obviate the possibility of hunting of the system if the moment produced by applied force
were exactly equal to the counter-moment that could be applied by one unit weight. Friction in the mechanism linkage
was reduced through the use of ball bearings at most bearing
surfaces.
The Unit Weight System—The unit weight motor had a
greater load to carry than the poise motor, so its output
torque not only had to be greater but the speed had to be reduced to drive the cams properly.

The maximum speed of cam

rotation was limited by the necessity for allowing smooth cam
action without spring loaded cams, and the limited torque
from the available motor. As a result the cams made one revolution every two minutes and forty-seven seconds.

In spite

of these considerations the cams still had to be eight inches
in diameter to produce enough force to lift the unit counterweights.

Adjustment of the time delay was made so that the

poise weight could complete more than half its travel before

22

reverse torque was applied to the cams.

(The poise had to

complete only half its travel as this corresponded to one
increment of unit counterweight.)

Also in the unit weight

system ball bearings were incorporated where necessary to
minimise the friction.

CHAPTER IV
RESULTS AND RECOMMENDATIONS FOR IMPROVEMENTS
Unit Weight System.—The time delay mechanism, the spur
gear drive, and the cams operate effectively.

The cams are

capable of adding and removing weights from the beam with a
minimum of shock.

However, the maximum movement of the beam

and the hanger, to which the unit weights are attached, was
greater than the rise and fall of the unit weights produced
by the cam follower arms.

As a result some unit weights

were lifted from their cam follower supports without necessity
of the cam rotation.

Backlash in the system sometimes caused

the addition of two unit weights instead of one at each step.
Nevertheless, the valid operating principles on which the
unit weight system operated were confirmed.
Improvement of the unit weight system operation can be
produced by moving the point of application of unit weight
back toward the fulcrum and increasing the size
ponents.

of the com-

Such relocation of the unit weight system would re-

quire a motor capable of greater torque output since the requisite counter weights would have to be heavier.

The greater

power input demanded by a heavier motor could be met by additional vacuum tube amplifier stages, or by a-c supplied
stages similar to the stage preceding the unit weight motor.

2h

Poise Weight System.—The representative data in Tables 1
to h9 inclusive, indicates that an average accuracy of about
0.5 per cent may be expected from the poise system.

Since

the accuracy of the unit weight system would be dependent
to a large degree on the exactness of fabrication of the individual unit weights, 0.5 per cent can be considered a representative figure for the total system.

The beam which is

used for this design was originally marked from zero to one
hundred pounds, whereas, for its use in this device the poise
weight is required to balance weights from zero to fifty
pounds. From the data it can be seen that considerable time
elapses after the poise weight passes its balance point until
final equilibrium is reached.

Low frequency oscillations

around the balance point were the cause for the delay.

It

is believed that these poise weight oscillations could be
attenuated if the poise motor speed were reduced, if a small
amount of friction damping were included, or if derivative
action were introduced.
reduce the accuracy.

The friction damping would, however,

It is further believed that if the

poise weight system is strengthened mechanically its operation
would be enhanced.
Amplifiers.—Both the poise and unit weight amplifiers perform creditably in supplying power to their respective motors.
The inclusion of a larger unit weight motor would, of course,
require a different amplifier capable of a greater power output.

A possible improvement of the amplifying system might

25

be brought about through the use of magnetic amplifiers to
further reduce the maintenance.

It might also be possible

to use a common amplifier for the poise and unit weight
systems to reduce the number of tubes.
Transducer.—The minimum voltage output from the transducer
is 0.06 volts and the maximum voltage was 0.8 volts. This
differential causes no ill effects in the system since the
output from the amplifier produced by 0.06 volts is insufficient to turn either motor.

In the event of the in-

clusion of an amplifier of greater output, this lower voltage
might produce sufficient voltage at the motor terminals to
cause rotation.

It is believed that the minimum voltage

from the transducer can be reduced by more accurate machining of the transducer cores. More precise placement and
provision for finer adjustments of the position of the
transducer cores could also conceivably reduce the minimum
voltage.

Nevertheless, the performance of the transducer is

adequate for the system in which it operated.
Fig. 9»

Illustrates the completed system.

Figure 9.

The Completed Mechanism.

ro
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CHAPTER V
CONCLUSIONS
Although the data of Tables 1 to If, inclusive, indicates that some readings vary by more than 0.1 per cent from
the average value a few refinements in construction and design will bring the accuracy from O.J within the desired
limits.

The results of this design, however, indicate that

satisfactory performance based on the proposed principles is
attainable.
The complete elimination of such maintenance problems
as motor brushes, limit switches, and contacts serves to reduce the number of ungovernable variables which can seriously impair accurate calibration.

A P P E N D I X
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Table 1. Test Results

Item

1

Balance Point
for Fixed
AppJ.led Force

15
16
17
18
19
20

39.3
39.H
39.b
39.7
39.7
39.^
39.^
39.7
39.3
39.3
39.3
39.7
39.3
39.7
39.1
39.7
39.0
39.3
39.3
39.6

Average

39.5

:

k
:

7
8
9
10
11
12
13
li+

Time to Attain
Balance after
Initial Pass of
Balance Point
(seconds)

7.5
9.5
11.5
15.0
8.9
9.1
11.0
7.7
6.8
8 A
5.6
3.8

Fer cent Deviation
of J
Balance Point
from Average

19.9

0.5
0.3
0.8
0.5
0.5
0.3
0.3
0.5
0.5
0.5
0.5
0.5
0.5
0.5
1.0
0.5
1.3
0.5
0.5
0.3

11-6

0.5^

33.8
2^.8
12,0
lf,6

21.1

M
6.1
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Table 2. Test Results (continued)

Balance Point
for Fixed
Applied Force

Time to Attain
Balance after
Initial Pass of
Balance Point
(seconds)

...
.

27.1

19.0

0.7

27. k

0.>f

3

1?

27.3
27-3
27.3
27.3
27-3
27.1
27.3
27.^
27A
27.3
27.2
27.I
27.3

8.2
29.9
6A

22.^

0.0

Average

27.3

12.9

0.25

Item

.
;

v
6
9
10
11
12
13
Ik

Per cent Deviation
of Balance Point
from Average

13.0

0.0
0.0
0.0
0.0
0.0

6.1

0.7

12.3

6-5

0.0
0A

13.5
11.2

0.0

5.0
8.2

0.7
0.7

23.6

7.5
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Table k.

Item

• • •

9
10

n
12

s
15
16
17
18
Average
19
20

Balance Point
for Fixed
Applied Force

Test Results (continued.)

Time to Attain
Balance after
Initial Pass of
Balance Point
(seconds)

Per cent Deviation
of Balance Point
from Average

23.9
23.9
23.8
2*+.0
23.9
23.9
2V.0
23-6
2V.0
2^.0
23.8
23.9
23.5
2^.0
23.u
2^.0
2^.0
2^.0
23.9
2W.0

51.0
6.2
23.2
39.6
17.1
13.2
17.3
l*f.O
16.8
8.0
1V*7
18.7
32.0
16.0
33.1
5.0
22.0
28.5
12.6
6.2

o.k
O.k
o.k
o.k
o.k
o.k
o.k

23.9

19.8

0.35

0.0
0.0

oA

O.h
0.0
0.0
OA
1.3
OA

o.k
o.k
0.0
1.7
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Table 5- Poise Traverse Time

Item

1

6
•

9
10

n

12

s
15
16

^

18
19
20

Average

Time for Poise Weight
to Travel Complete
Beam Length (seconds)

26.0
27 A
27.6
31A
27.2
31.8
29.2
26 A
30.8
31A
28.0
3 0 . if
30.6
26.0

28 A
25.8
29.0
25.k
28.8

28. if

