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ABSTRACT

The fast gas-injection system on the ISX Tokamak at Oak Ridge
National Laboratory injects controlled amounts of impurity gases into
a hydrogen plasma to study particle transport physics within the
plasma. Since for a given discharge the plasma lasts only a fraction
of a second at near vacuum pressures, fast, accurate control of the
impurity injection rate is essential for discharge stability and
meaningful quantitative analysis.

The gas-injection control system in place on this experiment
exhibited excessive drift, poor maintainability, and limited
versatility. This thesis investigates the design of an improved
electronic control system featuring higher loop gain, automatic drift
cancellation, high reliability and maintainability, fault protection,
and increased versatility through computer control. The circuitry
designed for this system exhibits negligible electronic noise and
drift while providing repeatable response on a millisecond time scale,
Unconditional stability and graceful recovery from saturation were
observed. Problems with noise intrusion and thermal sensitivity
remain. Further development will be required before an operational

system can be fabricated.
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I. INTRODUCTION

The original purpose of this gas flow control system was to
inject a highly collimated jet of hydrogen gas into a Tokamak Plasma.
It was expected that this controlled hydrogen injection would enhance
the plasma density and reverse the transport of impurity ions toward
the center of the plasma (Burrell, 1977). Since the original
application, this system has been applied to numerous different gases
and experiments. Indeed, measurement and control of minute amounts of
gas on a millisecond time scale is an interesting and challenging
problem in its own right.

Many modifications were added to the ISX's original gas injection
system between 1977 and 1983 in an effort to enhance its accuracy and
usability. Finally, all of the cures became worse than the original
disease. This was evident because a zero drift problem remained, the
flow measurements obtained did not correlate well with the pressure
rise observed in the vacuum vessel during calibration attempts, and
the many modifications were sparsely documented. Confidence in the
system diminished to the point that a complete redesign of the system
electronics was ordered in May 1983.

This thesis investigates the design of an electronic
instrumentation and control system to upgrade the usability of the
fast gas-injection system on ISX-B. The project had three specific
goals.,

1. To provide a system whose response is limited by the gas
valve response and injector plumbing alone.

1
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2. To provide control and instrumentation electronics which
require no periodic operator attention.

3. To provide inputs, outputs, and safeguards which would permit
easy interface with computer-controlled flow demand and
data-acquisition hardware.

Design constraints were that the gas valve, pressure transducer, and
associated plumbing would continue to be used.

Section II briefly reviews the physics governing the gas flow in
this apparatus and the equations that will be used to model it.

Section III will describe the system components. Emphasis will
be placed on those circuits designed specifically for this project,
while brief information on previously existing circuits and equipment
will be included for completeness.

Section IV is a computer-aided analysis of the complete system
response.

The experimental results are presented in Section V.

Section VI summarizes project results and presents conclusions

and recommendations for future development efforts.



II. PRINCIPLE OF OPERATION

There were thrée'major considerations in the mechanical design of
the gas injector: the risetime of the flow, the physical size of the
apparatus, and the measurability of the flow. In his analysis Burrell
(Burrell, 1977) investigated two basic approaches: molecular flow
using large-diameter piping at low pressure, and laﬁinar flow using
small-diameter piping at high pressure. The latter was chosen because
of its important size advantage and because the pressure measurement
(from which the flow would be inferred) is much easier to make when
the range spans several hundred torr. With this method, temperamental
and magnetically sensitive ion gauges are avoided in favor of a small
strain-gauge pressure transducer (Burrell, 1977).

Since gases have some viscosity, a very narrow pipe (0.7 mm diam
in this case) can result in a viscous, incompressible flow which can
be modeled by the same equations used to model laminar fluid flow in a
pipe (Dushman and Lafferty, 1962, p. 82).

Jean-Louie-Marie Poiseuille and Gotthlif Hagen independently
derived the volume flow rate equation for laminar fluid flow in the
early 1800s (Gillispie, 1975, p. 62). Now known as the Poiseuille
equation, it relates the volume flow rate to the differential pressure
and pipe length. It is given by:

. _ ma‘dp
= Bnar

where Q' is the volume flow rate, a is the pipe radius, n is the fluid

viscosity, p is the pressure, and % is the pipe length.
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Incompressibility is assumed in this equation (Dushman and
Lafferty, 1962, p. 82). 1In order for the equation to have meaning for
gases, a volume-pressure flow rate is needed. Letting Q = Q”p,
multiplying both sides of the equation by p and separating variables
yields
Ta'p

- Ta pdp
Wt = g .

Integrating over the length of the tube, and over the pressure

difference from end to end gives

éL Qde = £P ma“pdp

8n
and
QL - "?gzz .
Rearranging and leftting C = :Z;L gives
Q = CP% . (M)

Invoking the continuity principle, a simple model for the time
response of the pressure in the presence of an imposed flow into one

end of the pipe is

d oy - - cp2
gt PV = - CP? +Q(t) (2)

where V is the sum of any trapped volume plus one-half the volume of
the pipe [the one-half is due to the linear fall in pressure across
the pipe, a property of Poiseuille flow (Burrell, 1977)].

The left-hand term in the equation models the density in the

pipe, while Q(t) is the flow entering the pipe and -CP? is the flow
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leaving the pipe. By setting Q(t) = 0 and establishing P, as the
initial condition, the fall time of the pressure after the valve

closes can be obtained. With Q(t) = 0, separating variables yields

Solving this equation for P and combining constants gives

\

P(t) = EE—:TT; .

Imposing the initial condition of P(0) P, and choosing C, such that

y = Py, We oObtain
C3

p
P() = ——>—— (3)
PoC

v

1 +

In this form one easily sees that the pressure is well behaved
and varies as % after the valve closes; consequently, the flow drops
1

as =. Substituting the appropriate constants for C indicates that

<t

satisfactory response time should be obtained with the geometry chosen
in this design.

The solution to Equation 2 under an imposed flow [Q(t) > 0] is
cumbersome and yields little insight. It does, however, reveal that
the response is logarithmic. Intuitively, the forced response should
be no slower than the natural response, provided a sufficient flow can

be imposed.
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Provided laminar flow dominates, the fundamental equations
. Indicate that the flow can be initiated and terminated rapidly.
Further, they imply that the flow can be regulated by controlling the

pressure downstream of a fast, modulatable valve.



III. SYSTEM DESIGN

The simplified block diagram of the flow control system is
depicted in Figure 1. The configuration is a standard linear feedback
control system. An unusual feature of this design is the fact that
the gas itself is part of the signal path, and hence system response
and stability are dependent upon a good mechanical design of the gas
injector. The interestiﬁg circuit in this system from an electronics
point of view is the transducer preamplifier, which is designed to be
mounted remotely at the pressure transducer. It provides excitation
for the transducer and incorporates a local feedback loop which
automatically zeros the transducer's strain-gauge bridge and
eliminates drift. While the system's basic concept is straight-
forward, the actual implementation is slightly more complex because of
valve and transducer limitations. Each of the major components is
discussed in this section. The block diagram of the final system
configuration is included in Section IV, which is an analysis of the

system response.

Gas Valve

The modulatable gas valve chosen for ISX is Veeco Instruments
Model PV-10. Its fast response and modulatable aperture make the
system possible. The manufacturer claims the valve is capable of
making the transition from closed to fully open in 2 ms, and that the
throughput of the valve is essentially a linear function of the

control voltage over a range of 30 to 100 V (see Figure 2). This is
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accomplished by using the control voltage to warp a piezoelectric
crystal over a soft rubber seat. The crystal is spring loaded and the
crystal warpage is against the inlet pressure. It has been
experimentally observed that the valve does, in fact, have essentially
the advertised response characteristics. Unfortunately, it also has a
number of unadvertised characteristics as well. Among these are a
tendency to stick closed after a few hours of sitting in the closed
position. When this occurs, more than 100 V may be required to open
the valve within the desired time interval. The valve, as implied by
the graph in Figure 2, also exhibits considerable hysteresis so that
repeating the drive signal does not imply repetition of the throughput.
As has been mentioned, the valve opens against the flow. It is
apparent that the head pressure feeding the valve contributes
significantly to the force closing the valve {see Figure 2). Thus at
low head pressure (<500 torr) the valve can fail to seal when drive
voltage is removed. This necessitates the application of a negative
bias to force the valve to close. These three limitations complicate
the system electronics somewhat by necessitating closed-loop
operation, a bipolar valve drive amplifier with a +150-V output
capability, and a flow-sensing pulse or "popping" circuit to force a
stuck valve open. Finally, a negative output offset must be provided
to ensure that the valve closes reliably. The schematic diagram of
the resulting error amplifier is included later in the section on the

error amplifier.
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Pressure Transducer

The pressure transducer used on the ISX gas injector is an Entran
Devices Model EPS~1032, consisting of a miniature strain-gauge bridge
circuit mounted in the tip of a hollow size 10-32 machine screw. Its
full-scale range is 0-15 psia, and its sensitivity is nominally
2 mV/psia. This transducer is an impressive device with a resonant
frequency well beyond anything needed in this application. However,
its major flaw is temperature sensitivity. The thermal drift
specification for this device assumes that the compensation network in
the output lead thermally tracks the tip temperature. In this
application that assumption is totally invalid. Referring to the gas
injector drawing (Figure 3), the gas flow impinges directly on the
transducer tip, which rapidly cools it independent of the compensation
module. The severe ramifications of this cooling are discussed in
Section V. The manufacturer's data sheet for the transducer

(Figure 4) is included for information.

Auto Zero Preamplifier

Due to the low signal level of the transducer, it was desirable
to locate a high-gain preamplifier as near as possible to the
transducer (A, in Figure 1). One of the significant problems with the
original design was the need to rebalance the transducer bridge
circuit as often as possible, This balance must be highly accurate
due to the high gain required. One of the system requirements was
automatic zeroing. High differential mode gain, high common mode

rejection, and low noise were also important characteristics.
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SPECIFICATIONS

MODEL EpSj032 | EPS1032 | EPS.A EPsag | EPSI0R
RANGE psi 5 10 15 30 50
OVER-RANGE psi| 50 50 50 60 100
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Excitation for the transducer bridge was also incorporated into the
preamplifier circuit.

The design was begun with the choosing of a circuit configuration
for the differential preamplifier. The circuit in Figure 5 was chosen
primarily for its high common mode rejection and high input impedance.
Precision Monolithics Model OP-07 was chosen for the first stage
amplifiers to ensure low noise and high accuracy while allowing the
circuit to be constructed from readily available parts. Analysis by

superposition yields a midband gain of

g = (Ret 2Ry R\
R. R,

This approximation is satisfactory for frequencies below 10 kHz, which
is about ten times the anticipated signal bandwidth.

Theoretically, the common mode gain of the circuit can be zero.
In practice the dc¢ common mode gain can be nulled to an immeasurable
level using the single trim pot, R,. Common mode rejection at 10 kHz
exceeds 60 dB. This configuration has the disadvantage of limited
common mode input voltage range (xVcec), but this was not a significant
disadvantage for this application considering the low source impedance
and very short cable connected between the pressure transducer and the
preamplifier,

The most unique feature of this preamplifier, and the one which
forced the design of a special preamplifier for this application, is
the automated bridge-balancing circuit (see Figure 6). Requirements

for this circuit were that the strain-gauge bridge be balanced and
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maintain balance without operator action, and that the balancing
scheme not affect the precision of the pressure measurement or degrade
the signal-to-noise ratio.

The balancing circuit of Figure 6 accomplishes all of these
objectives. It consists of two precision current sources and an
integrator in an overall feedback loop. One current source,
consisting of U,, J,, and R,,-,,, Is fixed at 517 pA and is used to
guarantee that the initial imbalance will be in favor of a particular
side of the bridge. The integrator, U,, then samples the output
voltage and integrates it with a 10-s time constant (RgC, = 10 s).
The output of U, drives the second current source consisting of U,,
Jd,, and R,,. This current source ranges from approximately 130 uA to
nearly 2 mA as required in order to stabilize the output of U, to
0 V. By using an LF 356 for the integrator and trimming its input
offset with R,,, the output offset voltage from U, does not exceed
+20 mV. This is equivalent to ac coupling with a low-frequency
roll-off value of 17 mHz. The slew-rate of the balancing circuit is
limited by the two germanium clamping diodes D, and D,, which greatly
reduce the integrator's response to a real pressure signal during a
pulse. Because of the extremely high impedance of the current sources
(U,-J, and U,-J,) and the low impedance of the strain-gauge bridge,
the noise performance of the preamplifier is not compromised by the

auto-zero circuit.
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Error Amplifier

The error amplifier for this system (A, of Figure 1, p. 8) was
also custom designed. 1Its schematic diagram is depicted in Figure 7.
It incorporates a unity gain differential input amplifier, U,, to
follow the flow demand signal; a dedicated buffer-follower, U,, to
feed the data system; and a "popping" circuit to ensure rapid opening
of a stuck valve. A negative output offset voltage is provided by R,
in conjunction with U, in order to guarantee that the gas valve closes
when the demand signal reaches zero and to prevent small inadvertent
spurts of gas due to noise intrusions into the system. The error
amplifier, U,, operates at a maximum gain slightly greater than 10. A
unique feature of the error amplifier board is the valve popping
circuit consisting of a dual non-retriggerable monostable
multivibrator, Us, and two comparators, U, and U,. One comparator
(Ug) samples the output of the error amplifier and switches when the
level indicates gas flow is desired. The output of Uy drives the
falling edge trigger of the CMOS monostable multivibrator, U,, which
has an output pulse width of 30 ms (C,R,,). The second comparator,
U,, samples the pressure signal and switches when flow is established.
This comparator resets the first monostable multivibrator and
simultaneously triggers another monostable multivibrator, which
continues to hold the first monostable multivibrator in reset for
about 6 s (C,R,g). This prevents popping the valve again in case a

complex demand waveform momentarily drives the valve control signal to

zero during a particular shot.
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Differential Line Receiver

A differential amplifier is used between the preamplifier and the
error amplifier (between A, and A, in Figure 1, p. 8) in order to
ensure that only signal currents flow in the signal leads connecting
the two amplifiers. Features of the circuit include high common mode
voltage range, unity gain, and balance adjustments for both ac and dc
common mode rejection. This circuit is a standard circuit developed
by Dr. G. R. Dyer of the ORNL Fusion Energy Division and used in
numerous systems for several years., It is depicted schematically in
Figure 8. From Figure 8, the resistive and capacitive network
surrounding U, forms a symmetric bridge circuit in which the
attenuation ratios are frequency independent. For this condition to

hold, C, is adjusted so that R,C, = R¢(Cq, C, is adjusted so that

and R, is adjusted so that

(R, + Ry)//Rg  _ _Rg +R

- s * 8,
R, + (R, *+ R,)//Rg R, + R¢ + R, °

With these conditions satisfied, both inputs to U, are driven with the
same voltage (for a common mode signal), and the common mode gain is
nulled while the common mode voltage range is extended by a factor of
roughly 10. For a differential mode signal, the gain is

Re//Cq _ (Rg *+ R,)//(C, + Cg)
R,//C, ~ (R,/7C,) + (R + R,)/7(C, *+ Cg)

x

(Rg//Cg) + (R,//C)//[(Ry + R//C,T
(R,//C,)//[(Ry + R,)//C,]

1
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As implied by the equations, the adjustments are interactive and

several iterative adjustments are necessary for proper operation.

High-Voltage Operational Amplifier

The pliezoelectric valve requires a driving voltage in excess of
120 V to ensure rapid operation; hence, a driver amplifier (A, of
Figure 1, p. 8) with high-voltage output capability was required. The
current required from this amplifier is very small and consists
primarily of charging current for cable capacitance. A previously
existing design was modified for this applicatioh. A CA3100
operational amplifier is used in the input circuit of this amplifier
because of its excellent slew rate. U, (Figure 9) drives a
high~voltage amplifier which comprises Q,-Q, and associated biasing
circuitry. The high-frequency gain of this amplifier is rolled off by
C, feeding back to the emitters of Q, and Q, in order to preserve
overall circuit stability. Diodes D,-Ds, D,, and D, provide overload
protection while Dy and D,, provide inductive load protection for Q,
and Q,. The overall circuit gain controlled by R,, R,, and C, is

analyzed in Section IV.

Valve Drive Gate

Since the system is designed to be essentially unattended, it is
quite probable that it would be left on with no operator presént. In
the event of a circuit fault, the valve could be driven open and the
entire Tokamak could rise to atmospheric or greater pressure. Such an
occurrence would render the experiment inoperative for at least

24 hours, and for some gases could result in a delay of a week or more.
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An output drive gate which uses a monostable multivibrator circuit and
two relays was designed to complete the path from the high-voltage
operational amplifier (A, of Figure 1, p. 8, and Figure 9) to the gas
valve (Figure 2, p. 9) for a 2-s interval and is triggered by a timing
pulse from the control room computer. A switch is provided to
override the gate manually during testing. The schematic for the gate

is shown in Figure 10.

System Overview

The simplified diagram in Figure 1 (p. 8) shows an overview of
the whole system and illustrates how the components interact.
Detailed analysis and nominal simulation of system response follows in

Section 1IV.
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IV. ANALYSIS OF SYSTEM COMPONENTS AND RESPONSE

The IBM CSMP III program has been chosen to model this system
because of its flexibility and its ability to mix differential
equations and Laplace transforms in the same model., This feature is
particularly convenient to the simulation of this system. Since
detailed modeling of electronic circuits is not practical with this
program, macro-models will be used, employing manually derived
transfer functions. A state-variable model of the gas injector is
used employing the differential equation described in Section II and
using hardware characterizations from the manufacturer's data, as well
as from empirical observations.

Three circuit configurations have been employed to develop
macro-models for this system. Two are the familiar shunt and series
feedback circuits, while the third is a series feedback configuration
which has a dynamic impedance in the feedback voltage divider. The

series case shown in Figure 11 is modeled by the familiar equation

Aol
1 + AolB

(4)

(Pierce and Paulus, 1972, p. 443). For frequencies of interest in
this system, the amplifier's input impedance is approximated as
infinite. The manufacturer's data for the operational amplifiers
employed indicate well-behaved, dominant pole compensation. The
operational amplifiers themselves may, therefore, be modeled as

_G
s + 1

26
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Figure 11. General configuration of a series
feedback amplifier.
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where G is the small signal dc open loop gain and

1
™ % 2nfy

where fp, is the high-frequency, 3-dB value for the open loop gain.
For the series feedback amplifier then

G
.S + 1
b
Acy, = @3 ’
T S + 1

which may be written as

G

GB + 1pS + 1 * (5)

Factoring gives

GB+1 Ty

@B o]

which is a convenient form when B is a real number. In the simple
case of a unity-gain voltage follower this form reduces to

1
:% S + 1
The line receiver of Figure 8 (p. 21) operates at a gain of 10 with an
input divider gain of 0.10 to provide additional common mode range.
The capacitors are adjusted so that the ac division ratios are the
same as the dec ratios with no visible overshoot. This simplifies the
analysis substantially in that the only remaining frequency dependence
in the circuit is the operational amplifier gain and the input

impedance, which is still considered negligible for the frequencies of
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interest. As shown in Figure 8 (p. 21), the closed-loop gain of the

line receiver is

1 1

0 *  5.25 x 10°° ’
GxBrT >t 1.8 < 10° , S+
10

since B = 0.10 and for the LF 356, 1p = 6.25 x 107% and G = 1.8 x 10°.
Thus, the above gain equation reduces to

1
3.819 x 1077S + 1

for the National Semiconductor LF 356.
The high-voltage operational amplifier in Figure 9 (p. 23) uses
series feedback in a single-pole, low-pass filter configuration. As

illustrated in Figures 9 (p. 23) and 11, B may be written as

which may be simplified to

For the RCA CA3100S, G is 1 x 10°® and 1 is 1.45 x 107%, Substituting
these values into Equation 5 and rearranging the denominator yields

103

ACL = 3 ’
Tew . 2.555 + 5.1 x 10
1,45 x 10758 + =555 v 105,700 ¢ |

which simplifies to

.4 oL
20.192 «x 2.426 « 107°S + i

1.032 x 107" S2 + 5,1967 x 1077S + 1
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An interesting application of series feedback occurs in the
transducer preamplifier circuit where a dynamic impedance appears in
series with the feedback voltage divider. Analysis is facilitated by
invoking Miller's Theorem (Pierce and Paulus, 1972, p. 317).
Referring to Figure 12 from Miller's Theoren,

Zf

Z{ = ——m

(1 - 4) °

As shown in Figure 6 (p. 16), the closed-loop gain of the preamplifier

input stage may be written employing Equation Y4, and is given by

Aol
Ay, = R .
R.,"'——i_
Aol + 1
L Aol R
Ry + R, + K__iI—T
ol

Noting that Ry = R, and making the substitution while using the
previously defined notation for operational amplifier gain, and

assuming that Ao is large compared to one, this expression may be

L
compared to one, this expression may be expanded to

G(R, + R,) + R,
GR, + 2R, + R, + %1

RyTh
G(R, + R,) + R, S+ 1

T 2R, + R, + 3%1
S2 + S + 1

(G + 1)R, + 2R, + =2

Ryth?
G%®R, + G(2R, + R,) + R,

[ ] g=1)
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Figure 12. Feedback diagram for Miller's Theorem.
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For Precision Monolithics Model OP-07, (U, and Uy of Figure 6, p. 16)
G=5x10° and 1p = 8 «x 1072, 1Inserting the numbers and simplifying
gives

1.52 x 10778 + 1
5.12 x 1071382 + 6,56 x 1075 + 1 °

Acp, = 20.998 «x

The final amplifier configuration of interest is the shunt
feedback case. This case has two signal components, the parasitic
gain of the feedback circuit and the amplifier active gain. The
circuit configuration is shown in Figure 13. The passive gain circuit

is shown in Figure 14, from which the passive gain is written

Yo - fo
Ro + Z¢ * 23

Vi )
Passive

Since the parasitic gain term is

Passive Gain
1+ T

(Pierce and Paulus, 1972, P. 477), the parasitic gain is then

Ro Ro
RO + Zf‘ + Zi B ZO + Zf + Zi
1 +T AOQ(Zi)

Ro + Zf + 24

which reduces to
Ro

Zy YRy v 2 2y

Aol

Using the previous notation for operational amplifier gain, this
expression may be written in the form

Ro S + 1

X .
Ro + Re + Ri + GRj  Tp(Ro + Re + By)
GR; + Ry * Rp + Ry
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Substituting appropriate numbers for U, in the preamplifier circuit
yields a forward parasitic gain of

2 x 10733 + 1

-7
5.566 x 107" x 5 1gE 10-75 + 1

for the National Semiconductor LF357, in which G = 1.8 x 105,
Ty = 2 x 107%, and Ry =50 Q.

The active gain of the shunt feedback amplifier is developed from
Figure 13. The analysis is greatly facilitated by the application of

Miller's Theorem. Referring to Figure 13, V, may be written as

Vo

Vin - IZy - IfZp ,

invoking Miller's Theorem,

Zr
Z = ) //Za ,
and
Vv
I= ;“ .
f
Zi TR //Za
By current division
Ir Za
I B Zr )
T+ " la
Substituting and factoring yields
Vo Zji ZaZf
Vin Zr i Zf
Zi'*m//za <Zi1-‘1“§//za 1 +A+Za

With some algebra this may be re-written as

Vo Zi Zg Za
=1 - 1+ E— ———z——————— . (7)
Vin Zg i f

zi + _1 + A' //Za 1 " A + Za
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For frequencies of interest in this system, Z; is negligible, hence

the expression reduces to

Zi + Zf T+ & f

Zr ip
1 + A

Zj +

When Zg and Z; are real, and the amplifier response is characterized

as

-G
S + 1 !

simplification and factoring yields

v -GR
Yo f y ! . (8)
Vin GR; + Re + Rf  Tp(Re + Ry S 1

GRj + Re + Ry

Inserting appropriate numbers for U, of the preamplifier circuit, the
active gain may be written

1

~20.03774 ~ 2.3375 x 10°7S + 1 °

The total gain of the inverting path is therefore

5.566 x 1077(2 x 10738 + 1) _ 20.03774
2.3486 x 10775 + 1 2.3375 x 1077 + 1 °

The gain of the non-inverting side of this differential amplifier is
adjusted with R, to precisely match the corresponding gain of the
inverting side. Hence, the active gain is matched in magnitude and
frequency response to the gain of the inverting amplifier.
Examination of the equations reveals that high-frequency common-mode
rejection of the preamplifier is hampered by the parasitic¢ forward

gain of the inverting half of the differential amplifier. In
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operation, no problems related to high frequency common-mode rejection
were encountered.
The error amplifier of Figure 7 (p. 18) is a shunt feedback
amplifier with a nominal gain of 10. Employing the parasitic gain

formula (Equation 6) in expanded form,

Ap = X y
Ro + Rr + Ry + ORi  To(Ro + Re + Ry) |

GRj + Ro + Re + Ry

and referring to Figure 7 (p. 18), the parasitic gain of the error
amplifier (U,) may be written as

50
50 + R, + R, *+ Rg + 1.8 x 10°R,

y 6.25 x 10733 + 1
6.25 x 10.°(50 + R, + R, + R,
1.8 x 10°Rg + 50 + R, + Ry +

Substituting circuit values gives

6.25 x 10738 + 1

-8
2.78 x 107° x 751065 + 1 °

The active gain of the error amplifier (U,) circuit is obtained by
employing Equation 8, and is given by
-1.8 x 10°(R, + Ry)

1
7.8 x 10°R, + R, + Ry * Ry _ 6.25 x 10 °(R, *+ R,
1.8 x 10°R, + R, +

With constants for the error amplifier circuit substituted, the active
gain is

1

P9 T s v T

Thus the electronic subassemblies of the system have been modeled

in a form compatible with the CSMP program. The subassemblies with
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their respective transfer functions have been depicted in the system
block diagram from which the modeling program was written.

The final subsystem to be modeled is the gas valve and gas-
injector assembly. Burrell's original work has been relied upon to
determine appropriate constants for the model of this subsystem.
Equation 2 gives the differential density at the top of the injector
tube as a function of the flow entering and leaving the injector.-

Equation 2 is given by

=— PV = -CP% + Q(t) .

Since V is constant, we can rearrange the equation and write

P = % (—CP2 + Q(t)) .

This form of the differential equation allows convenient modeling by
CSMP I1I, since one need only define V, C, and a function which will

give the imposed flow. Recalling (from Equation 1) that

then multiplying by the conversion factor of

dynes
cm?
1333.224 o507
and using measured values of a = .357 mm, ¢ = 75.2 cm, and
n=87.6 x 1078 poise, C becomes
liter

6.45 x 1075 —=—
. . torr - s
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(Burrell, 1977). In the special case of no imposed flow, Equation 3

has the pressure related by

Py
1 Pot

P(t) =

where P, is the pressure at t = 0.
Burrell's solution under the same conditions was

1 1
FTET = Fg + B(t - tO)

(Burrell, 1977). Rearranging with to, = 0 gives

Po

P(t) = T—:—§S—§E .
Thus,
5.8,
and
-

Burrell measured a value of

cm?

-4
1.2 x 107"

for B
s

(Burrell, 1977). Converting to torr gives

.1599

B = torr - s

from which

6.45 x 107% liter
torr - s

= 4,03 x 107" liters.
.1599

torr - s



40
There is conflicting data on the maximum throughput of the
piezoelectric valve. The manufacturer's data indicates a maximum
throughput of about 10 torr-liters/s, while Burrell has measured
throughput of 41 torr-liters/s (Burrell, 1977). Once the valve opens,
the throughput is approximately a linear function of the applied

voltage and the pressure across the valve (see Figure 2, p. 9); hence,

Q = kKV(Pin - Pout)

where k is the proportionality constant, V is the valve drive voltage
from the high-voltage operational amplifier, Pj, is the gas source
pressure, and Pgyyut is the gas pressure downstream of the valve. The
value of k was determined so that 45 torr-liters/s would flow when the
pressure drop across the valve was 760 torr and the valve drive was
120 V. This value allows a 30-V deadband in the valve. Thus, k is
4,934 x 10°".

The final element in the injector is the pressure transducer,
which has an output of 2 mV/psia or 38.68 uV/torr.

Thus, each element of the system is now modeled sufficiently to
allow computer simulation of the system response.

A detailed block diagram for the entire system is given in
Figure 15. The auto-zero circuit in the preamplifier, the valve
popping circuit in the error amplifier, and the valve drive gate have
been omitted since they do not affect system response or stability and
would add unnecessary complexity to the CSMP program.

CSMP III (Speckhart and Green, 1976) was used to model the

system's temporal response to both step and sawtooth demand functions.
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The system block diagram (Figure 15) interprets the variables on all
computer simulation plots. Figure 16 depicts the response of the
valve and injector system alone to a 150-ms-wide pulse beginning 10 ms
into the simulation. From the simulation output plot, the 10 to 90%
risetime of the flow is approximately 20 ms, and after the imposed

flow is removed, the pressure is observed to decline proportionally

to %, while the flow declines as %3. Reference to Figure 16 and the
transfer functions of the electronic modules suggests that the dynamic
response of the gas injector and valve constitute the system's
dominant pole.

Figure 17 simulates the closed-loop system response to a 10-V
demand signal during the initial 40 ms of flow. Here the risetime to
5.8 torr-liters/s has been reduced to about 3.5 ms by the closed-loop
system opening the gas valve fully until the steady-state flow is
established.

Figure 18 is a 1-s simulation of the closed-loop response to a
150-ms, 10-V demand pulse. Because the imposed flow is unipolar,
feedback does not affect the decay time. For rapidly decreasing flow
demands, the system effectively becomes open loop and flow decreases
no faster than %7. Finally, Figure 19 shows the system response to a
unipolar sawtooth demand signal. Though the plots are somewhat busy,
they reveal that the pressure feedback signal tracks well with the
demand signal until the % response limit begins to dominate. Further,

the plots indicate that the loop gain is sufficient to overcome the

valve deadband at initiation of the demand pulse.
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Plot of flow in torr-liters/second, pressure feedback signal
and demand signal in volts.

Figure 17.

CSMP III simulation of closed-loop system risetime.
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Plot of valve drive, error amplifier output and input, and
demand signals in volts.

Figure 17 (continued)
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Figure 17 (continued)
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Figure 18.

a 150 millisecond demand pulse.
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Figure 18 (continued)
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Figure 18 (continued)
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(A) Plot of flow in torr-liters/second, pressure feedback signal
and demand signal in volts.

Figure 19. CSMP III simulation of closed-loop system response to
a 200 millisecond unipolar sawtooth demand signal.
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V. PRELIMINARY TEST RESULTS

Qualitative results in laboratory tests with a slightly different
gas injector were very similar to those seen in the computer
simulation. Because of time constraints, calibrated and documented
laboratory testing was not accomplished. The system was installed on
the ISX Tokamak as soon as laboratory tests verified stability and
proper operation. Oscilloscope photographs in Figures 20 and 21
depict the qualitative system response to pulse, sawtooth, and sine
demand functions. Figure 20(A) clearly depicts the operation of the
valve popping circuit and the rapid pressure risetime as well as the
relatively sluggish decay time. The remaining photographs
[Figures 20(B) and 21(A) and (B)] show the closed-loop response and
the error amplifier output as the system attempts to track sawtooth
and sine demand signals. The pressure glitch at the beginning of each
trace is caused by pressure overshoot, which results from "popping"
the gas valve open on a slowly varying demand signal.

After installation on the ISX, two fatal flaws surfaced. First,
the thermal sensitivity of the pressure transducer resulted in an
erroneous temperature signal of a magnitude approximately the same as
the pressure signal. The character of the thermal signal was such
that the composite signal appeared as a somewhat differentiated
(dp/dt) pressure signal, as indicated in Figure 22(A). While the
integral of the flow for a given input was repeatable, a meaningful
calibration of flow to demand would have been a complex function and

was not investigated.
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(A) Response to a 40-ms demand pulse.
Trace 1 is the demand; trace 2 is the valve
drive; and trace 3 is the pressure response.

(B) Response to a 40-ms unipolar sawtooth
demand pulse. Trace 1 is the pressure
response; trace 2 is the demand; and trace 3
is the valve drive.

Figure 20. Laboratory prototype response
waveforms for short-duration demand signals.




(A) Response to a 350-ms unipolar
sawtooth demand. Trace 1 is the pressure
response; trace 2 is the demand; and trace 3
is the valve drive.

(B) Response to a 100-ms sinuous demand.
Trace 1 is the pressure response; trace 2 is
the demand; and trace 3 is the valve drive.

Figure 21. Laboratory prototype response
waveforms to long-duration demand signals.




(A) Thermal response. Trace 1 is the
demand; trace 2 is the valve drive; and
trace 3 is the pressure response. The tilt
in the pressure response trace and the
extension below the baseline confirm an
erroneous absolute pressure measurement.

(B) Nois on
power into the pressure signal with no demand
signal. The straight trace is the pressure
signal baseline.

Figure 22. Thermal and noise intrusion
waveforms of the system installed on ISX-B.
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The second flaw in the system surfaced when ISX's toroidal field
was pulsed., Each time the field was activated, the induced signal
drove the preamplifier output off-scale, as indicated in Figure 22(B).
The ISX experiment was terminated before the source of the noise
coupling was confirmed, but preliminary results indicated that the
noise was induced magnetically in the short cable connected between
the transducer and the preamplifier. Detailed quantitative testing
and calibration were, thus, never accomplished for this system.

Development was suspended when the ISX experiment was terminated.



VI. CONCLUSIONS

The research efforts reported in this thesis reinforce the
feasibility of developing a fast gas-flow control system based on
Poiseuille flow, provided a thermally inert fast pressure measurement
technique can be perfected. Due to the extreme electromagnetic
interference environment, however, this method does not appear to be a
practical approach for Tokamak applications. For future attempts, it
is suggested that consideration be given to summing an appropriate
number of saturated flows (bits) to approximate the desired flow
digitally in an open-loop injection system.

The injector tube from each valve could be sized for the desired
flow with the valve fully open. Pre-installation calibration would
then be possible, and one would need only to control the head pressure

to ensure system accuracy and repeatability.
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