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ABSTRACT

A unique apparatus has been designed to shape
the magnet windings for the Superconducting
Supercollider (SSC). The magnet windings of the SSC
consist of conductor coils which are placed around a torus
to generate a strong magnetic field within the torus.
Several process variables must be controlled to demanding
tolerances during the coil winding operation. The speed of
conductor payout must be coordinated from a small spool
through two stages of roll formers to the final coil shape
on a large bobbin. The amount of plastic deformation in
the conductor must be tightly controlled to pack it into the
large bobbin with a certain desired force. The control
problem consists of multiple interacting control loops.

This paper describes a computer simulation of the
coil winding apparatus. The Advanced Continuous
Simulation Language (ACSL) was used to encode a
mathematical model of the system. The objectives of the
simulation study were to understand the dynamic behavior
of the system and to explore strategies for control.
Although the funding for the SSC was canceled, the
results of the research and development project for
construction of this unique facility will find application in
other large-scale construction and manufacturing
problems.

INTRODUCTION

The SSC was to be a high-energy physics
research facility that would have enabled scientists to study
subatomic particles at energy levels ten times higher than
currently achievable. The SSC would have been the largest
scientific instrument ever constructed. The primary
component of the device is a torus with a major
circumference of 87 kilometers. The torus wall is wound
with a conductor to form coils with a diameter of
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approximately 20 meters. The conductor was designed to
have a rectangular cross section of aluminum enclosing a
stainless steel conduit containing a Niobium-Titanium-
Copper cable. Voids between the cable and the inside of
the conduit allow the circulation of liquid helium to induce
superconductivity in the cable. The geometry of the
conductor is depicted in Figure 1.

Figure 1. Conductor Cross Section

The conductor is wound on small spools with a
radius of 2 meters. Each small spool contains
approximately 1200 meters of conductor and weighs
nearly 24 metric tons. The small spools are transported to
a machine that winds the conductor into coils

Martin Marietta Energy Systems, Inc. at Oak
Ridge National Laboratory (ORNL) was a key player in
the design of the SSC Gamma-Electron-Muon
(SSC/CEM) Magnet Winding Machine. One of Energy
System's specific responsibilities included the SSC/GEM
winder control system. Due to the large capital investment
required io construct the winder machine, a simulation of
the machine was developed. A major objective of the
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Figure 2. SSC/GEM Magnet Winding Machine

simulation was to establish the technical feasibility of the
proposed control scheme.

COIL WINDING MACHINE

The small spool described in the Introduction is a
payout spool in the SSC/GEM. A 3-dimensional
perspective view of the SSC/GEM machine is shown above
in Figure 2. The machine consists of a large table which
rotates in synchronous motion with the small payout spool
of conductor segment. The axis of the payout spool is
located eccentrically inside the circumference of the large
table. To form the large coils of the SSC, the conductor
must be pulled from the small spool and wound into coils
on the table. Two stages of roll formers plastically deform
the conductor from a radius of approximately 2 meters to a
desired radius of approximately 10 meters. The first stage
roll former pulls the conductor from the small payout
spool, and the second stage roll former pushes the
conductor onto the inner surface of the rotating table with
a specified force. When the end of the conductor segment
is reached on the small payout spool, a>! motions of the
entire machine are stopped, a new spool is loaded, and the
end of the conductor segment from the old spool is welded
to the beginning of the conductor segment on the new
small payout spool.

Motorized jack screw clamping devices are used
to maintain axial force on the coil as it is being formed
inside the winding table bobbin. Thirty-six of these
machines are equally spaced around the perimeter of the
winding table. They maintain axial pressure on the coil
assembly everywhere except in the vicinity where the
conductor lays into the winding table. Each jack screw is
raised just before it reaches the point where the conductor
lays into the bobbin and lowered just after it passes. This
restricts the last bending portion of the conductor to the
region between the roll former closest to the table and the
point where the conductor is pushed into the final coil
shape. As the conductor emerges from the last roll former,
it is plastically deformed and stressed as it is pushed into
the coil.

CONTROL SYSTEM

The GEM winding machine is a complex piece of
machinery with many subsystems that must interact to
achieve smooth, coordinated operation. Therefore, the
control system must have a high degree of flexibility and
expandability to enable it to provide for unforeseen
changes. A PC-based motion control system was selected
to meet these requirements.

An underlying design objective for the control
system is to ensure that, in the event of malfunction, the
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Figure 3. Winder Machine Control System

winding machine will fail in a safe condition so that
operation will be protected and equipment damage will be
prevented. The winding table will be programmed to come
to a smooth stop if synchronization is lost between the
table drive motor and the roll former drive motors. An
emergency stop button will be provided to stop the drive
system if an operator detects an unsafe or abnormal
condition. Circuit breakers, motor overcurrent protection,
and interlocks will be used to help provide equipment
protection. These actions all act as discrete events in what
is otherwise characterized as a continuous-time system.

Figure 3 depicts the SSC/GEM winder main
control system. The use of a computer-based multiaxis
control system enables the use of a control concept known
as electronic gearing (Tal, 1993). That is, although there is
no mechanical connection between the drive motors in the
winder other than through the conductor being wound, the
motors move in a synchronized manner as if they were
connected through a set of mechanical gears.

Electronic gearing is implemented by computing
the position command of one or more 'following" servo
motors based on the position command sent to a 'lead"
servo motor. The following servo position commands are

computed by multiplying the position command of the lead
motor by the desired gear ratio. The laad servo motor
typically receives a set of position commands consisting of
a smooth acceleration from a standstill to a desired speed,
continuous motion at that speed, and a smooth
deceleration to a stop.

The control system generates an error signal if
the actual position of any servo motor differs from the
command position by a predetermined amount The system
is programmed to take corrective action if this occurs.

The logical choice for the lead servo motor in
most applications is the one with ue most inertia because
it requires the most energy to accelerate and decelerate. In
this application, the winding table servo drive motor is the
lead servo motor.

The required drive ratio of the electronic gearing
between each roll former and the winding table cannot be
precisely determined beforehand or directly measured
because of variables such as the width of electrical
insulation added after the second roll former. For this
reason, the control system must provide compensation to
maintain synchronization. The difference in velocity of the



conductor leaving the last roll former and the velocity of
the conductor entering the winder table bobbin is a direct
indication of discrepancies in the gear ratio. Clearly, if
these two velocities are unequal, the conductor curvature
will change. If allowed to continue unchecked, this will, of
course, lead to disastrous consequences. Variation in gear
ratio will be detected by placing a conductor curvature
sensor near where the conductor lays into the bobbin on
the winding table. Figure 4 depicts the conductor curvature
sensor that is used to compensate the electronic gear ratio.

0

Figure 4. Conductor Curvature Sensor

The main control system functions are carried out
by a commercially available PC-based motion control
system physically located near the center of the winder, as
Figures 2 and 3 show. Control and feedback signals from
the two roll fonners and the winding table drive motor are
used to coordinate the winding motion using electronic
gearing described previously. Proportional + Integral +
Derivative (PID) controllers are used throughout the
multiaxis winder control system. Second order
compensation and rate feedback capabilities are also
available.

A roll former consists of three rollers, each with
its own drive motor. These motors provide the driving
force to move the material as it is being formed. The
position of the center roller is adjusted to generate the
desired bend in the material. The roll former nearest the
winding table will be equipped with a servo system to
position the center roller. This is used to obtain precise
control of the final shape of the material as it leaves the
roll former. The center roller is positioned manually on the
first roll former that pulls the conductor from the payout
spool.

Ideally, the three drive motors on each roll former
would be connected to a central control system. Although
this is feasible, a simpler control scheme for these motors

was developed to reduce the complexity of the system and
thus increase reliability. This control method has one of
the roll former motors connected to the central control
system with a positioning servo loop. The other two drive
motors are operated in the velocity mode in which they
track the velocity signal provided to the "lead" motor.

Using this master-slave arrangement, two of the
motors follow the lead motor as it receives positioning
commands from the central control system. Because the
three motors are connected to a common load, small
differences in the motor currents are not expected to cause
a significant mismatch in load sharing.

The lead drive motor on the roll forming machine
is equipped with a built-in encoder. This motor drives the
roller through a reduction gear. The formed material is
moved by friction contact with the roller. Because the
critical parameter in the overall control scheme is the
position of the material being formed, i.e. the conductor, a
direct measurement of the position of the conductor is
required An idler pulley connected to a rotary encoder
provides an indication of material position. This signal,
along with the signal provided by the motor's built-in
encoder, is available to the central control system to
control conductor position independent of slippage or gear
backlash.

SIMULATION

Using ACSL, a computer simulation was created
to emulate the behavior and performance of the winder
machine and its control systems. This section discusses
some aspects of the mathematical model that was
developed for implementation in ACSL. Finally, results of
the simulation study are presented.

The math model incorporated various gear ratios
in the table drive mechanism, the roll formers and the
payout spool. Although backlash effects were included, all
linkages were spring loaded due to the compression of the
conductor.

The stress-strain behavior of the conductor was
modeled by considering the conductor geometry and the
aggregate behavior of the constituent materials (Roark,
1956). This resulted in a typical stress-strain curve with
hysteresis to describe plastic and non-plastic regimes.
Considerable plastic deformation occurs in the two stages
of roll formers. However, plastic deformation affects
dynamic behavior of the system only where the conductor
emerges from the last roll former. An important objective
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Figure S. Conductor Stress Deviation

of the control system was to maintain a nominal
compressive force on the conductor to 'fctufF" it onto the
table bobbin, but not to stress it enough to cause plastic
deformation beyond the nominal curvature established at
the last roll former stage.

Between the last roll former and the place where
the conductor lays onto the inside of the winder table
bobbin, the conduaor is stressed compressively and with a
bending moment like a spring on a clock. The bending
moment dynamics are modeled with equations similar to
that of the deflection of a curved beam (Timoshenko,
1930).

Adq? M

1 =

where

= change in curvature per unit length
u

M = externally applied moment

E = modulus of elasticity

/ = centroidal moment of inertia

Features of the model described above were used
to develop a module in the simulation that was driven by
the difference in velocity of the conductor leaving the last
roll former stage and entering the table bobbin. The output
signals of this module of the simulation consist primarily
of the curvature of the conductor, the stress and the
bending moment.

Simulation of the control system was
implemented in software to emulate the commercial
system that was to be used with the real winder machine.
It is the control system's task to orchestrate the operation
of the whole system by regulating the table velocity, the
velocities of the two roll former stages and the gear ratio
between the table and the last roll former stage. A
fundamental question to be answered by the simulation
was whether or not the various control loops in the
proposed control architecture would fight each other or
work together in harmony. Moreover, the control system is
required to regulate the conductor curvature and
compressive stress to demanding tolerances even though
the system is subjected to random disturbances.

Figure 5 shows a plot of the deviation from
nominal conductor stress when the system is subjected to a
startup transient, and step and ramp disturbances in the
gear ratio. The plot shows that throughout the 1-hour run
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Figure 6. Electronic Gear Ratio Correction

the control system maintained stable control and the stress
remained within acceptable limits. Figure 6 is a plot of the
gear ratio correction during the same run depicted in
Figure 6.

CONCLUSIONS

The results of the simulation of the SSC/GEM
winder machine have established the technical feasibility
of the proposed control strategy. While it is unfortunate
that the SSC will not be built in the immediate future, the
technologies that have been developed to construct the
SSC will be ready when better judgment eventually
prevails.
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