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ABSTRACT
A conventional cable manufacturer's concentric taping machine has been
modified to wind a long solenoidal winding with a smooth pre-programmed turns
density variation. An interpolating function generator with many adjustable
set points is used to define the function of coil length that the turns den-
sity is to follow. A machine having this capability is needed to provide a

towed ELF loop antenna with the smoothly tapered sensitivity variation it

requires to discriminate against vibration noise.
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Winding a Long Coil with a Pre-Programmed Turns Density Variation

I. Introduction

A submarine towed ELF loop antenna vibrates longitudinally and trans-
versely during towing. The vibration is driven by the fluctuating surface
stresses arising within the turbulent boundary layer surrounding the cable
containing the antenna. It has been established theoretically [1-5] and
experimentally [6,7] that tapering the sensitivity profile of the antenna
reduces these troublesome vibration noises considerably. The tapering
involves arranging that the sensitivity of the antenna to an incident signal
is maximum in the mid-section of the antenna's total length and goes smoothly
from the maximum to zero at each end. It is analogous to tapering the aper-
ture illumination of a more conventional antenna to reduce its sidelobes and
thereby also reduce the noise coming from off-axis sources.

The antenna sensitivity as a function of position along the antenna
(also known as the sensitivity profile of the antenna) can be tapered by
varying the area of the core enclosed by the winding, by varying the permea-
bility of the core, and by varying the turns density of the signal winding
(or any combination of these). The first two methods were used in combina-
tion in an early design of the antenna [8], but proved difficult to control.
The last--turns tapering--was used in the latest and, so far, most successful,
design [6,7]. However, the machine used to apply the signal winding, a con-
ventional cable manufacturer's concentric tapering machine, was equipped to
wind only a uniform turns density. The tapered turns density was achieved,

therefore, by using a stepped approximation to a smoothly sloping turns den-



sity. Unfortunately, the discontinuities in turns density at

each step turned out to be the main source of motion-induced noise in the
antenna. This could be reduced further by using many more much smaller steps
in the approximation. An alternative which is more convenient in the long

run is to modify the machine to wind a smoothly-varying turns density, prefer-
ably pre-programmed.

The next section describes the modifications made to the machine to give
it this capability, and the following one presents the results of a test
winding made after the modifications.

It should be noted that another method of tapering the sensitivity pro-
file has been proposed--that of capacitive tapering. A theoretical study [9]
concludes that it is a practical method having the advantage over the others
that it requires no non-uniform fabrication steps. However, it has yet to
be tested experimentally.

II. Machine Modification

An overall view of the taping machine is shown in Fig. 1. The machine's
function is to wind a wire or tape onto the core stored on the pay-off reel
on the right. The core passes from the pay-off reel, through the axis of
the taping head where the winding occurs, under the roller of a footage indi-
cator, over a guide pulley and on to the capstan (the large black wheel at
the left end of the machine). The capstan turns at uniform speed pulling the
core through the machine. Two more guide pulleys are provided to give enough
circumferential contact between the wound core and the capstan. From them,

the wound core passes onto the take-up reel at the left. The take-up machine



Fig. 1. Overall view of taping machine (center) with pay-off reel (right)
and take-up (left). The taping head and capstan are shown at the right and
left hand ends of the machine.



maintains tension in the wound core, thereby preventing slippage on the cap-
stan, by being driven with a constant torque.

Before modification, the machine was driven by a single motor which was
coupled to the capstan via reduction gearing and to the taping head via an
adjustable ratio Reeves drive mechanism. Figure 2 is a sketch of the pre-
modification essentials. It was possible to reset the Reeves drive manually
while the machine was running, but the range (about 9 to 1) of the Reeves
drive was insufficient to encompass the whole range of turns density required
for the antenna winding (about 11 to 1). It was necessary, therefore, to
stop the machine at some point, change a sprocket in the capstan reduction
gear, reset the Reeves drive and then restart the machine again to finish
off the whole tapered length at each end of the antenna.

The purpose of the modification, therefore, was to effect a continuous
automatic speed ratio variation according to some pre-set program, and to do
so over a large enough range that the whole antenna could be completed with-
out stopping the machine.

The sketch of the post-modification essentials given in Fig. 3 shows how
it was done. Basically, the capstan and taping head are now driven by sepa-
rate motors. The capstan motor has a manual speed adjustment which determines
the speed at which the core is pulled through the machine. The taping head
motor is driven, via an amplifier, by an error voltage proportional to the
angular difference in position between one shaft coupled directly to the cap-
stan and another coupled to the taping head. This feedback loop effectively

forces the speed of the taping head to be a predetermined multiple of the
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speed of the capstan.

However, the shaft driven by the taping head is coupled to it via a
variable ratio ball and disc drive whose gear ratio is controlled by a preset
ratio controller driven by the capstan. Thus as the capstan turns, pulling
the core through the machine, it also drives the ratio controller through its
preset program which in turn guides the ball and disc drive through the
required gear ratio program. As the gear ratio decreases, the taping head
motor must run faster and faster to keep to two input shafts of the angle
comparator running at equal speeds. In this way the turns density of the
winding at any particular point along the core is pre-determined by the ratio
controller,

The Reeves drive is retained in the modified machine, although it is no
longer used for varying the turns density during the winding operation. It
is normally set at the fixed gear ratio of 1:1, in which case the range of the
machine is from 3 turns/inch to 33 turns/inch. By resetting the Reeves drive,
however, this 1:33 range can be arranged to start anywhere between about
1 turn/inch and 9 turns/inch.

The ratio controller is an assembly of the four components shown in
Fig. 4. The capstan drive is applied to the shaft of a multi-turn potentio-
meter. There are a total of thirty-four equally spaced connections to the
resistance winding of the potentiometer. To each is applied a separate volt-
age determined by the position of a separate slider control in the 34-slider
program table. Asthe potentiometer slider moves around the potentiometer wind-

ing, its output voltage is equal to the voltage applied to a connection, when
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it rests right on that connection, and is equal to a linear interpolation
of the voltage applied to two adjacent connections, when it lies between
those two. Thus the output voltage of the potentiometer is a 34-point lin-
early interpolated approximation of whatever function of core length is
desired. This allows the function to be defined in more than satisfactory
detail. A photograph of the program table is shown in Fig. 5, where it lies
to the left of the main control panel.

A mechanical drive is necessary to control the gear ratio of the ball and
disc drive, so the output voltage of the potentiometer is applied, via an
amplifier, to a linear actuator which, in turn, drives the ball cage of the
ball and disc drive.

A second composite unit shown in Fig. 3 is the box labeled angle com—
parator. It consists of a synchro transmitter connected to one input shaft,

a synchro transformer connected to the other input shaft and a phase sensitive
detector at the electrical output of the synchro transformer. The detector
output voltage is then proportional to the difference in angular position of
the two shafts, provided the angular difference is small compared with a radian.

Figure 6, a rear view of the taping machine, shows, on the rear left, a
mounting plate with the ball and disc drive, the taping head synchro and the
linear actuator together with its own position servo amplifier. At top right,
under the partially lifted protective cover, some of the gearing associated
with the capstan synchro and the capstan motor, together with its own tach-

ometer servo speed control, can be seen.
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ITI. Machine Operation

After some preliminary readjustments of gain, gear alignment and feed-
back filtering, the machine was ready for a trial run. For demonstration
purposes, it was judged to be unnecessary to wind a full length (1000 ft.)
coil. Accordingly, the gearing between the capstan and the multi-turn poten-
tiometer of the ratio controller was set to sweep the potentiometer through
its whole range while only 100 ft. of core passed through the machine. The
sliders on the program table were positioned as shown in Fig. 5 to define a
turns density variation rising linearly from 3 turns/inch to 19 turns/inch
over the first 33.3 ft. staying constant at 19 turns/inch for the next 18.2 ft.
and falling linearly back to 3 turns/inch over the final 33.3 ft. giving a
total wound length of about 85 ft.

The resulting coil, wound with 18 AWG aluminum magnet wire on a 0.180 in.
diameter white foam polyethene single conductor core, is shown in Fig. 7 wound
as a single layer on a reel. The variation in turns density from one end to
the other is readily apparent.

Figure 8 shows the turns density as a function of position along the
core. It was obtained by measuring the taping head speed with a tachometer
and chart recorder. Since the capstan speed is constant, the taping head
speed is directly proportional to the turns density. (That the turns-density
profile is approximately trapezoidal whereas the contour traced by the slider
positions in Fig. 5 is approximately parabolic is due to the fact that the
gear ratio of the ball and disc drive is not a linear function of the dis-

placement of the linear actuator.)
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Shown for comparison in Fig. 9 is the sensitivity profile of the 90 ft.
tapered profile version of the previous Lincoln antenna design [6]. It is
readily apparent that the new winding method produces a turns-density profile
which eliminates the step discontinuities of the previous method and, in
addition, is much smoother than 1its core permeability profile.

Another comparison of the smoothness is given in Fig. 10, which shows,
in expanded scale, a section of turns density profile produced by the modified
machine together with a section of the core permeability profile of the latest
Lincoln antenna design [6]. The two curves show clearly that the turns den-
sity variation produced by the modified machine would add a negligible amount
to the total profile roughness. The core permeability variation would remain
the dominant source of profile roughness even if it were reduced considerably.
IV. Conclusions

The modifications made to a conventional cable manufacturer's concen-
tric taping machine give it the ability to wind a long coil with an arbitrary
pre-programmed turns density variation. The control is precise enough for
the modified machine to be of value in attaining the smoothly varying turns
density required for the signal winding of a towed ELF loop antenna.
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