Lawrence Berkeley National Laboratory
Recent Work

Title
AN ELECTRONIC VOLTAGE INTEGRATOR

Permalink
https://escholarship.org/uc/item/7qt371gll

Authors

Madey, Richard
Farly, George.

Publication Date
1953-04-20

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/7qt371g1
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF
CALIFORNIA

Radiation
Laborator

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545

BERKELEY, CALIFORNIA

T

bRIT =TT



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



UCRL-2189
Unclassified-Instrumentation Distribution

UNCLASSIFIED

UNIVERSITY OF GALIFORNIA 0<</( >

Radiation Laboratory .

Contract No. W-7405-eng-48

AN ELECTRONIC VOLTAGE INTEGRATOR
Richard Madey and George Farly .

April 20, 1953

Berkeley, California



2~ UCRL-2189
Unclassified-Instrumentation Distribution

AN ELECTRONIC VOLTAGE INTEGRATOR
Richard Madey and George Farly y

Radiation Laboratory, Department of Physics,
University of California, Berkeley, California

April 20, 1953
ABSTRACT

An electronic voltage integrator has been used by the‘magnetic measure -
ments program of the Berkeley Radiation Laboratory since 1948. The device can
explore magnetic fields in the range from 500 to 15, 000 gauss to an accuracy of
better than one percent. The heart of the integrator consists of a direct coupledv
high gain amplifier that is connected in a "feedback time constant" circuit. The
amplifier uses the cascode connectionz, the filament drift compensation circuit
of Miller4, and an internal positive feedback adjustment for "infinite" ga_inl.

Some other features of the integrator amplifier include low grid current operation,
large linear output range, and provision for adjustment of the input and the output

voltages to zero potential when no signal is present.
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. Introduction

"A sensitive, stable, and accurate electronic voltage integrator was
developed by the authors in 1948 to supplement the magnetic measurements_
program o.f.t'h_e Radiation Laboratory at Berkeley. The device integrates the
voltage induced either in a .srhall search coil that is moved in a static magnetic
field or in a fixed coil that is placed in a changing magnetic field. The integrated
voltage is.proportional to the magnetic ‘ﬁeld.v The integr,ator:c_an be e_a_sily_,‘
calibrated by means of a series connected solenoidal test coil. A rod type per-

manent magnet moves through this coil and produces a standard change in flux

-lmkag_es. This integrator has been used to explore magnetic f1e1ds in the range

from 500 to 15, 000 gauss to an accuracy of better than one percent.

The heart of the integrator consists of a direct coupled high gain am-
plifier that is connected 1{1 a '"feedback time constant' cirouit.__.The‘amplli:fier
uses bthe cascode connectionz, the filament drift compensation oircuit of Miller4,
and an internal positive feedback adjustment for Minfinite" gainl. Some other
features of the integrator amplifier include low grid current operation, large
linear output range, and provision for adjustment of the input and the output
voltages to zero potential when no signal'is present.

‘The basic circuit of the integrator is given by Greenwood, Holdam,

and MacRael. In addition, the various modifications that were introduéed are

.described separately in the literature. The present description not only serves

as a bibliography of the various techniques that have been utilized in combina -

tion, but also contains sufficient explanatmn of each feature to permit an

understandmg of the design, operatlon, and performance of the present voltage

integrator circuit.
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The Principle of an Accurate Voltage Integrator

The principle of negative feedback vpérvmitsvaccura,te voltage integration.
If the output voltage of a converitibnal'I.)}:l'a's_'e‘_inverting‘ amplifier, driven from a
current s,ource,: is fed back without a change in pﬁase t'o:the input, by means of
the feedback impedance of Fig. 1, then this fed-back signal tends to prevent a
change in the input potential. For a sufficiently high gain amplifier, the input
potential is practically unchanged. If the amplifier itself draws no current, the
system produces a signal output voltage v = '—iZo'that is practically independent
of the amplifier characteristics. The input impedance of the system is very
low because the input potential is changed very little by the input signal current i,

Now suppose the current i is generated by an ihput voltage that feeds
through the impedance Zi of Fig. 2. Then, since the change in potential at the
input of the amplifier is very nearly. zero, the current will have the value
Vi/zi; therefore, )

V1

vo,=,.1zo=_.v-z_i. zZ, E - o (1)

If Z, is a pure resistance R and if'Z(') is a pure capacitive reactance j'i)Cv , then

equation (1) becomes
o] i w i ‘ ' ‘ : ) T . )

and the system shown in Fig, 3‘ia_'an accurate voltage integrator. The result

that the output voltage is proportional to the time integral of the input voltage for

this case follows directly from equation (2) by replacing -jw by the operator

p = %t— . Thus, : : . .
1 i - 1 ’ ‘ ' '

Vot we 3 come) Vi . (3)
Circuits of this type are often'cal_lec‘l "Aféedback"tirAn-e cohsﬁant" circuits and some-
times "Miller feedback" circuits because the condenser has 'the' same qualitative

effect as grid-plate capacitance.
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- The High Gain Amplifier

The negative feedback, configuration of Fig. 1 will not operate with
accuracy: unless. a hvigh gain amplifier is used. In fact, perfect operation re-
quires infinite gain. - An.infinite gain amplifier may be achieved with positive
fe,edbackl. Figure 4 is a single-stage amplifier:with a cathode follower output
stage and positive feedback to the cathode. The simple feedback equation for
the representation of Fig. 1 is:

Srtvzag D R | (4)
where A= the gain w1thout feedback |

G‘ = the gain w1th feedback
B = the fractmn of the output voltage that is added to the input voltage.

Inf1n1te gam G is obtained by ad_]ustmg the feedback factor B equal to 1/A so

that the denommator in equatlon (4) w111 vamsh for the pso1t1ve feedback case.

For the under regeneratlon case where BAKLL, Gis. finite and positive. For the

over regeneration case where BADl, G is finite but negative.

The Ca:ecode Arflplifier

" 'The g'rou'ndedacathode amplifier followed by a grounded-grid amplifier

" has been called the 'cascode arn'plifier. Wallrnan“s‘2 investigations of the

gr'Ounded cathode, grOunded -grid combination showed that the cascode amplifier

prov1des the low noise factor of a triode with the high amp11f1cat10n and stability

of a pentode

The Filament Drift Compensation -

If the current in a vacuum tube is 11m1ted by electrode potentlals and

: space charge rather than by cathode emission, then heater voltage variations

will change the average 1n1t1a1 velocity of the emltted electrons; therefore,

_ for f1xed electrode potent1als the change in the plate current depends on the change

_in the he_ater_ voltage This effect is relatlvely 1ndependent of the plate current

for the usuaul d.c. amp11f1er case where the plate current is small compared

with the cathode emission. The effect of a heater voltage variation
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may be represented by the cathode voltage change that is required to keep the
plate current constant. Valley and Wallman3 give an order of magnitude figure
for this effect: for oxide coated cathodes, a 10 percent-increase of heater voltage
is equivalent to a decrease of about 100 millivolts in the cathode potential. Thus,
the effect of a change"in the heater voltage can be cancelled by an equal displace-
ment either of the cathode potential in the opposite direction or of the grid
potential in the same direction.

The filament drift compensation circuit of Miller‘.1 was chosen as the
method of cancelling the effect of variations of heater voltage. The Miller cir-
‘cuit is shown in Fig. 5. If the effect of a change of cathode emission is re-
presented by a voltage AE in series with the cathode as shown in Fig. 5a, then
Miller showed that the current through the 1nput ampl1f1er tube VI is unaltered
by this change provided that the resistance R2 is chosen equal to the rec1procal
of the mutual conductance g of the control amplifier and provided that the two
‘cathodes have exactly equal characteristics so that AE1 = AEZ. Perfect can-
cellation occurs also for the more general case AE =k AEZ, where k is a
proportionality constant, if R, = k/gz, : '

This result can be obtained easily in the app'roximation that R, is large

so that the current flowing in VI can be neglected compared to that in V32 Then,
Ain the approx1mate circuit of Fig. 5b, let i be the change 1n the plate current
and let e be the change in the cathode potential that results from the variation
in the heater voltage. Then, for the perfect cancellation condition that the
cathode potential shall not change, the change in the grid to cathode voltage is
given by eg, =1 RZ' Also, if p and rp are the amp11f1cat10n factor and the plate

resistance of V2, p.eg = i r, since the load resistance is negligible compared to

the plate resistance. Thus, R, = LA 1

In practice, the Miller condition is obtained by adjusting resistance
R to give maximum plate current in V Figure 6 illustrates the equix'/alence5
of the maximum plate current cr1ter1on to the Miller condition. The analysis
is agaln 51mpl1f1ed in the approximation that R3 is large so that the current
flowing in V1 can be ne.glected compared to that in V2. For the approximate
Miller circuit of Fig. 5b, the curved line in Fig. 6 is a plot of the plate current
against the grid to cathode voltage for the operating plate voltage of V2. The

absicissa to the left of the origin represents the grid to cathode voltage ng
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S,ihc'e‘ng = -ipRl, the slb.pe"s of lines '1’”, 2, and 3 are equal to the negative
reciprocals of three different values of the resistance Rl" " The absicissa to the
right of the origin represents the grid to ground voltage Vgg,l. Since Vgg" =
i RZ’ the slope of the line 4 is equal to the reuprocal of the resistance R The
proper operating point for the perfect cancellation condition occurs for that plate
current value where the slope 80 of the grid characteristic of V2 is equal to the
slope T}_ Since the lines 5, 6, and 7 have lengths eciual to the voltages be-
tween ca_t%xode and ground, the correct operating point makes the cathode to
ground potential a minimum. Minirﬁum cathode to ground potential thus means

minimum grid bias on V1 and hence inaximt}m plate current in V1.

The Schematic Circuit Diagram

The schematic circuit diagram of the integrator is shown in Fig. 7.

“The direct coupled amplifier makes use of the cascode connec'cion2 and the
- cathode coupled filament drift compensation circuit of Miller4,’ The input.tube

" is the twin triode type 6SU7. This tube is essentially a type 6SL7 that has been

selected for low grid current. Low grid current operation7 of the input ampli-

‘fier minimizes slow drifts of the output. The plate voltage on the input half of

. the type 6SU7 is sufficient to prevent positive grid current (i.e., -electron flow

from cathode to grid.) The input grid is shielded from other possible leakage
currents such as those resulting from neighboring high potentials. The input
tube is operated in the low current region for-greater stability and maximum
voltage gain.

In practice, since the input tube does not.always satisfy the Miller re-

. quirements for perfect cancellation of heater voltage variations, the heaters

are operated at reduced voltage. Changes in tube transconductance with ambient
temperature, with tube life, and with tube replacement can be approximately
-compensated by adjustment of the filament voltage.. To further minimize drifts
of the output voltage when no s1gna1 is applied to the input, the unit makes use

of well regulated power supplles and low temperature coefflclent precision

resistors. In addition, the 6SU7 input tube is installed in a shock absorbing

.mount to avoid mechanical disturbances.

Polystyrene capacitors were used for the integrating condensers

‘because this type was found to have the smallest hysteresis effect. The

hysteresis effect in capacitors is the graduai build -up of voltagé after a

charged capacitor has been discharged. This voltage build-up is increased
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if the duration of the short circuit across the capacitor is reduced. This
hysteresis effect seems to.be Smallest in capacitors with_'homogeneous
d1e1ectr1es (e.g., polystyrene) IR ,

The sensitivity of the 1ntegrator can be changed by means of the high-
low sensitivity switch Sl which selects either the low sensitivity 0.1 micro-
farad integrating capacitor or the high sensitivity 0. o1 thle:_r_-ofarad integrating

capacitor.

The Regeneration Control

The output voltage. of the ‘integrato'f ie(p'lotted in F1g 8, for different
regeneration adjustmentsl, as a function of the input grid voltage. Curve A
represents the output versus input voltage characteristic vwith. no positive
feedback. Curve B represents the characteristic. when the regeneration control
is propeﬂy adjusted to give infinite gain. Curve C-'represents the case of too
much regeneration. ‘In this casé the gainis negative over a portion of the output
voltage range. The whole cur‘ve C is traced out if the integrating resistor R
‘and capacitor C are connected; otherwise, the curve is unsv,table. Without the
integrating capacitor, the output would jump along one or the other of the dashed
lines as the input grid voltage is raised or'lowered.  In practice, the integrating
‘capacitor is disconnected by opening switch S in Fig, 8. .The magnitude of the
" ‘jump is a rough measure of the output range of the integrator when the regenera.—
tion setting is at or near the p‘rope'r adjustment. :

Another simple test is made for the correct regeneration setting by
inserting a coil and permane_‘nt magnet 'in setriés with the integrator input. The
output of the integrator will change when the magnet is moved. With the correct

amount of regeneration, the new output level should not drift. The rate and
direction of drift after a flux change indicates the degree and type of incorrect
regeneration. Excessive regeneration will cause drift in the direction of the
previous flux change; whereas, too little regeneration will produce a drift in

the opposite direction.

The Range of the Output Voltage

‘The range of the output voltage .V of the c1rcu1t of F1g 8 can be as
large as 175 voltsy however, the max1mum usable range of about 50 volts
occurs with the low sensitivity 0.1 microfarad 1ntegrat1ng condenser. The

output varies over a range of only 10 or 20 volts for the usual measurements
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that are made by the Berkeley magnetic measurements.group. - The output
volta.gé will be linear throughout the region of infinite gain... The straight line
portion of curve B of Fig. 8 is the region of infinite. gain. .-Since only a small
fraction of the total output range need actually be used, small deviations from
the correct regeneration adjustment should not:affect the linearity of the output
near the center of the range. In practice, the integrator is calibrated by means
of a series connected solenoidal test coil. "A 'rod-type permanent magnet.can

be moved through this test coil to produce a standard change in flux iinkagtes.

If the voltage of the battery in series with the output lead is taken
~equal to the mid-point of the output voltage range as measured at the cathode of
V4, then the mid-range output potential of the integrat"of will be near.or at
ground potential. As indicated in Fig. 8, the input grid potential must be
‘positive with respect to ground for the correct regeneration curve B.  This con-
- stant positive potential is maintained by means of an auxiliary bias supply .that |
is connected in series with the signal input. - A typical bias supply circuit or
e.m.f, panel is given in Fig. 9. This bridge circuit permits any desired-

" voltage in the range from minus 1.5 volts to plus 3.0 volts to be applied to the
grid. In addition, the slow and fast push buttons on the e.m.f. panel provide
positive and negative test signal voltages for the integrator. These test signals
are most useful in adjusting the output voltage of the properly balanced integra-

tor to any desired stable value within the useful output range.

Application to Magnetic Measurements

If the input voltage to the integrator is given by the voltage induced
in a search coil, the output voltage of the integrator is proportional to the

change in the magnetic flux linkages. In particular, if

B do _ dB .
Vi--Na-t— --NAa-t—— (4)
then equation (3) viz., Vo = "I%T {Vidt gives
. .-8 N _.-8 NA
V,o=107" = A¢ =107 = AB (5)
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Typical values.for the parameters in eq-ua.tibn (5) are as follows.:

Input series resistance . ... ~-.R. =2.0 megohms -
Integrating. capacitor . <. - - € =0.1microfarad
"Search coil equivalent area - NA =-25,000 turn - cm

(Search coil dimensions: 3/4 inch diameter x 3/8 inch thick)

Since the linear range of output -v_olt_age..Vo 1s greatér than 25 volts,
with the above values of the parameters the system can measure more than
5 x 108 line turns of flux change, or more than a 20, 000 gauss change in the
magnetic field. In a typical run,:the search coil _is,m.oved in synchronism with
_the chart of a recording self-balancing potentiometer. As the search coil is
moved in and out of the field, the record r.et_r‘a.ces itself and should close if no
drift errors occur. A run of four minutes in duration with a closing error of
10§ lines is considered good. The synchronous motions of the chart and search
coil are cor-relate}i by synchronous motors powered from a common source or by
synchros, or by a potentiometer servo. An elementary circuit diagram of the
integrator and recording system\tha,t is used by the magnetic measurements

- group is given in Fig. 10:
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