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SUMMARY

A logarithmic current-measuring instrument has been developed that can operate
at a common-mode voltage of 5 kilovolts. Positive or negative currents can be mea-
sured from 1072 to 10"3 ampere direct current. Optical isolation is used to control
input switching and to provide data referenced to ground potential. Analog meter read-
outs as well as 0- to 5-volt outputs are provided for peripheral data collection. Six
independent channels are provided: Three measure positive currents, and three mea-
sure negative currents.

This instrument was designed to measure plasma coupling currents as part of the
spacecraft environmental interaction studies at the Lewis Research Center. Although
designed for vacuum operation, it can be used equally well in air to measure low cur-
rents at high common-mode voltages.

INTRODUCTION

In the future, spacecraft will be larger and will necessarily require higher elec-
tric power levels for their operation. As the power is increased, solar-array voltages
will have to be increased from the current low voltage (28 to 32 V) to hundreds or even
thousands of volts in order to keep distribution losses reasonable. At these higher
voltages, even very small exposed conductor areas can collect sizable currents from
the space plasma environment. Where insulating surfaces are present, plasma-
initiated discharges can also occur. These effects cause power losses, surface
degradation due to arcing, and electrical interference.

High-voltage surface-plasma interactions (refs. 1 to 6) have been studied at the
Lewis Research Center for the past several years. This study includes both laboratory
(refs. 7 to 9) and satellite experiments (refs. 10 to 13) . Both experimental programs
require a means of measuring currents coupled to a plasma from surfaces biased to
voltages between 1 and 15 kilovolts. Any such instrument must be capable of measuring
currents from nanoamperes to milliamperes and must be able to survive the plasma
discharges that occur at these high voltages. Designing an instrument to meet these
requirements poses a number of problems.

If the current-measuring instrument is placed in the ground lead of the high-
voltage supply, the current to be measured is not easily distinguished from leakage



currents. If the current-measuring instrument is placed in the high-voltage supply
load, it can measure the correct current, but it must float at the full high voltage.
This requires both a high-voltage, isolated power supply to power it and some means
of coupling its output down to ground reference. A current meter that could be floated
to 16 kilovolts was developed for the SPHINX satellite (ref. 13) and was later used on
the PIX flight experiment (refs. 10 and 11). Currents from 1072 to 10_4 ampere could
be measured at common-mode voltages up to 16 kilovolts. It worked well but was com-
plex and expensive and had large calibration shifts with temperature. The instrument
described herein is simple and inexpensive and requires minimal temperature compen-
sation. Though the instrument has been built for laboratory use at voltages to 5 kilo-
volts, it can easily be modified for higher voltage operation at minimal cost and com-

plexity.

DESIGN REQUIREMENTS

This instrument was designed to make wide-range coupling current measurements
in a plasma environment at voltages to 5 kilovolts. It is required to measure direct
currents from 1072 to 1072
trolled. The operating temperature was specified as -40° to 60° C, and the desired
accuracy is #10 percent of reading. The instrument must survive overcurrents and
transients caused by the biasing supply arcing to ground. In some cases this could re-
sult in a 5-kilovolt pulse being applied directly across the nanoammeter input. Com-
plete specifications for the nanoammeter are given in table I.

ampere, to operate in vacuum, and to be remotely con-

Each instrument has six independent current channels: three for positive current,
and three for negative current. Each channel can be switched between its input and a
built-in calibrating current source. Instrument output was chosen to be logarithmic in
order to provide six decades of current measurement in one range. This eliminates the
complexity of autoranging and the requirement for a range information output.

Separate units are used for positive and negative currents. One three-channel unit
of each kind is controlled and read out by the control panel, which displays one positive
and one negative channel on two log meters. Analog 0- to 5-volt outputs referenced to
ground potential are also provided for all six channels.

Because in this application it was expected that the negative coupling currents
would be somewhat higher than the positive, the current ranges were made unequal.
The negative unit measures —5><10_9 to —5><1O—3 ampere; the positive unit measures
151072 to 11072 ampere. Each unit consists of a floating high-voltage section that is
signal isolated by opto-isolators and can be operated 5 kilovolts above or below the
low-voltage section, which is referenced to ground potential. Power is furnished by



commercial, high-voltage, isolated supplies. Power consumption is kept low to mini-
mize heat-dissipation problems in vacuum. Each of the two units requires 2.5 watts at
28 volts direct current and is 15.7 centimeters long by 15.7 centimeters high by 11.9
centimeters wide (6.2 in. by 6.2 in. by 4.7 in.).

A significant factor in achieving low-power operation was the use of latching reed
relays at the inputs. These are special low-leakage versions of a standard relay.
They are magnetically latching and require no power except when switching.

One complete six-channel system is shown in figure 1, and one set of circuit cards
in figure 2. Three of the four printed circuit cards are mounted in the upper, isolated
section of the instrument. These are the relay card; the analog circuits card; and the
opto-isolator card, which also includes the high-voltage, isolated power supply. The
single output card is mounted in the lower section of the unit. All cards measure
11.5 centimeters by 15.24 centimeters (4.5 in. by 6 in.).

CIRCUIT DESCRIPTION

A block diagram of the signal path for one channel is shown in figure 3. Each of
the three channels in a unit is independent and can be switched through the input latch-
ing relays (K1A to K3B) to either its input terminal or a calibration source that pro-
vides a 5-microampere current (£l percent). The exact configuration is shown on the
relay card schematic (fig. 4).

Input protection against arcs or other transient overloads is provided in two steps.
On the relay card (fig. 4) a 0.00l-microfarad feedthrough capacitor and a 90-volt-
breakdown gas surge suppressor are connected between input and common. After the
relay card, a series-resistor - shunt field-effect transistor (FET) diode combination
on the analog circuits card (fig. 5) clamps the input to the plus-or-minus 12-volt sup-
ply. Fourteen-volt zener diodes placed across the supplies close to the input provide
protection against externally induced supply-voltage transients.

A current inverter (Ul) is required for measuring negative current because the
following log amplifier accepts only positive current. The inverting stage has a gain
of -1/3 over the full six-decade current range. Less-than-unity gain extends the maxi-
mum current range.

The current inverter circuit can be operated over the full six decades because the
current-voltage characteristic of the quad transistors used is logarithmic. This fea-
ture insures practical voltage levels at all currents. Three of the transistors are con-
nected in parallel as diodes in the input feedback circuit; the fourth is connected as a
diode in the stage output. K the voltage drop across the diodes is maintained equal by
operational amplifier Ul, currents through all identical diodes will be equal. In this



way the output will be one-third of the input and will be positive for a negative input.
Operational amplifier Ul has sufficiently low input current and low offset voltage that
no trimming is required. For measuring positive currents, the current inverter stage
is omitted and the input is taken directly into the next stage.

The second stage uses a monolithic log amplifier (U2) that transforms the input
current to be measured into a voltage with a scale factor of about 0.9 volt per decade.
This particular integrated circuit provides the log circuit and the necessary tempera-
ture compensation on one chip, which considerably improves temperature tracking over
previous discrete-component log circuits. It is a fairly old device and the minimum
input current is limited by the leakage of the input FET amplifier, particularly at high
temperatures.

The last stage of this card is a monolithic voltage-to-frequency (V-to-F) conver-
ter. Its input stage is biased from a stable reference in order to compensate for the
output offset of the log stage. It is trimmed to produce a 10-kilohertz output at full-
scale input current and zero frequency at a minimum input of 1102 or -5x107° ampere.

Outputs from the V-to-F converters are wired to the opto-isolator card (fig. 6).
Buffering is provided by a pair of parallel 74C14 gates (Ul) that drive the opto-isolator.
Approximately half of the opto-isolator card is at high voltage, the other half is at
ground potential. The card layout provides a 1.27-centimeter (1/2-in.) space between
the high- and low~voltage sections. On the low-voltage side of the card, the frequency
signal from the opto-isolator is compared with a 1.8-volt reference by U7 and provides
a clean output with well-defined rise and fall times. The high-voltage isolated power
supply that powers all circuits operating off ground potential is also mounted on the
opto-isolator card. It is the only card that has both high and low voltage on it.

On the output card (fig. 7) are three frequency-to-voltage (F-to-V) converters.
They use the same integrated-circuit V-to-F converters as a high-linearity voltage-
controlled oscillator in a phase-locked loop (U3, U4, and U5). It can lock to any fre-
quency from 0 to 10 kilohertz and responds in three or four cycles to a step change of
input frequency. Exclusive NOR gate Ul is used as the phase comparator in the phase-
locked loop. The circuit produces a 0- to 5-volt output that is buffered by operational
amplifiers U6, U7, and U8 and is connected by cable to the control panel. The output
card also contains a simple switching regulator that converts the 28-volt dc primary
power to 10 volts so that it will operate all the ground-referenced circuitry. At the
control panel (fig. 8), the analog signals are again buffered by unity-gain amplifiers
Ul, U2, and U3. One of the three analog outputs is also switch selectable for display

on a meter.



CONTROL CIRCUITS

The remainder of the circuitry is required to control the six input relays in each
unit. To minimize the number of interconnecting wires and opto-isolator channels, a
pulse-time coincidence circuit is used. Only two lines are required to control 12 func-
tions, that is, on-and-off signals for six pairs of relays. The control block diagram
in figure 9 shows how this works. Two identical shift registers, one on the high-side
relay driver card and the other in the control panel, are synchronized to operate to-
gether. Synchronization is insured by operation from a common clock containing a
wide pulse every 32 pulses that is used to reset the registers. FEach shift register has
an identical wide-pulse detector that resets it to zero and initializes it witha 1 in the
first bit position. The 1 advances in step through successive stages of both registers.
When one of the control switches is closed, a pulse appearing at that output will be
placed on the control line, optically isolated, and applied to the decoding gates on the
relay driver card. A corresponding output of the high-side shift register will also be
high at this time. The coincidence of these two pulses is detected by the NAND gate
connected to that particular shift-register output line and drives the corresponding re-
lay function. If a different switch is closed, coincidence will occur on a different line
at a different time to control a different output.

The complete schematic for the control-panel switching circuits is shown in fig-
ure 10. The corresponding high-side circuits are on the relay driver card (fig. 4).
The clock is generated by the top line of circuits in figure 10. A stable multivibrator
(U1A, UlB) generates 1.8-millisecond-wide pulses with a 15-millisecond period that
drives counter U3. At every 32nd pulse its output goes high, driving a differentiator
and a Schmitt trigger (U2C) to produce a 5-millisecond pulse. This is the wide pulse
that is added to the clock in gate U4A, which functions as a negative input NOR. Its
output is buffered by Q1 and drives the clock lines (C1) to the opto-isolators. The
signal is also inverted by U2D, which drives the wide-pulse detector circuit and clocks
the shift register. The one wide pulse is detected by Schmitt trigger U2E and its input
network. The output of U2D is normally high and causes the output of U2E to be low.
During a clock pulse, U2D pin 8 goes negative and discharges the 2200-picofarad ca-
pacitor (C3) through 1.8 megohms. This RC time constant is set so that the input must
be low for 3 milliseconds to discharge C3 to the lower trigger point of the Schmitt trig-
ger. Therefore, U2E only produces an output on the 5-millisecond~wide pulse. This
output directly resets the shift register to the zero state and is also differentiated to
produce an 18-millisecond pulse that sets the first stage of shift register Ustoa 1 on
the next clock pulse. Successive clock pulses advance the single 1 state through the
register. I one of the switches connected to the shift register output is closed, the



pulse is gated to the SL output line, optically isolated, and transferred to the high-side
electronics.

On the relay card, the pulse on the S line is in time-coincidence with the shift
register output corresponding to the one switch closure that generated it. This is de-
tected by a single NAND gate. Each gate output connects to a relay driver that applies
either 12 or -12 volts to the input latching relays. The two SPST relays are connected
in inverse parallel through isolating diodes so that a signal that latches one on will un-
latch the other, and conversely. Diode isolation is required to prevent the stored en-
ergy from the much larger high-voltage relay from reverse latching the smaller cali-
brate relay when the drive pulse is removed. There is one pair of relays for each
channel. When the low-side shift register pulse is selected, it is also used to latch a
4013 flip-flop (U9, U10, and Ul11l) that indicates what function was selected by lighting

a lamp in the corresponding switch.

VERIFICATION AND TESTING

To date, one complete nanoammeter instrument has been built, that is, one posi-
tive and one negative unit with three channels each and one control panel. Both the
positive and negative units, were operated in a temperature chamber at -40° to 60° C.
A typical pair of calibration curves is shown in figure 11. Log conformity at any given
temperature is excellent, but there is a definite gain change with temperature.

The nanoammeters will probably be operated over a more limited temperature
range. Taking +40° C as the temperature extremes, the maximum error is within
415 percent of reading from the best straight line except at the extremes of current,
This is with no attempt at temperature compensation and is sufficiently accurate for
its intended use. For many other applications the temperature would be known and a
correction factor could be applied.

DISCUSSION

Analysis of the test data shows that the predominant error in calibration appears
as an increased circuit gain with increasing temperature. There are several possible
causes for this, the most probable being the temperature coefficient of the timing ca-
pacitors in the V-to-F and F-to-V converters, the log amplifier, and the current in-
verter stage. Previous work on a similar instrument that did not use a voltage-to-
frequency converter showed similar temperature shifts. In that case the shift was
traced to the ICL 8048 log amplifier. Considerable difference has been found in 8048's
from different lots, and even within one lot. It is therefore recommended that the 8048



log amplifiers be selected for applications requiring high accuracy over a wide temper-
ature range. Alternatively, the performance of similar circuits using the 8048 has
been improved by using temperature-compensating resistors in the analog signal output

path. Both silicon resistors and Corning nickel film resistors have been used success-
fully.

CONCLUSIONS

Operation of a six-channel, high-voltage, isolated nanoammeter capable of oper-
ation at common-mode voltages to +5 kilovolts in vacuum has been demonstrated. The
instrument is simpler and less expensive than its predecessors, uses half the power,
and requires minimal temperature compensation. Although intended for laboratory use,
the design could easily be adapted for flight applications. The main limitation is the 5-
kilovolt maximum isolation. This could easily be increased to 15 kilovolts by using
either fiber optics or an open transmission path for the optical isolation. Isolated
power supplies for operation at 15 kilovolts are also available. Minimal redesign of
the circuits would be required for higher isolation voltage and should not greatly in-
crease the cost.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, May 30, 1979,
506-23.
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TABLE I. - SPECIFICATIONS FOR OPTICALLY ISOLATED LOGARITHMIC NANOAMMETER

Current range, A:

POSIEIVE « « o o o v o e e e 1x1079 to 1x1072

NEZALIVE . « o o o e e e e e e e e -5510"2 to -5x1073
Floating voltage (maximum), KV . . . . . . . . . . . ... 0 oo e e e e e 5
Input protection, KV . . . . . . . . . L L Lo e e e e e e e e e e e e e e e %5
Accuracy (temperature compensated), percent . . . . . . . . . ... L0000 H
Operating temperature, O o e -40 to 60
Temperature drift (compensated), percent/deg C . . . . . . . . . . . . ... ... ... <0.15
Internal calibrator accuracy, percent . . . . . . . . . . . . ..o 0oL 0w s e e e e e ]l
Number of channels:

POsItive . . . . L L L L L e e e e e e e e e e e e e e e e e e e e e 3

Negative . . . . . . o L o o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e 3
Power required,a Vac tpercent . . . . . . .. L oo 000 e e e e e e e e e e e e 12020
Size, cm (in.):

Sensing units . . . . ... L L0000 00000 o L 15.7 x15.7 x11.9 (6.2 x6.2 x4.7)

Controlpanel . . . . . . . . . ... ... ......... 13.33 (5%) high by 48 (19) rack mount
Maximum distance between units and control, m ¢ft). . . . . . . ... . ... ... >15 (50)
Readout,b Vde . o e e e e e e e e e e e e e e e e e e e e e e e 0to5
Environment . . . . . . L o L L e e e e e e e e e e e e e e e e e e e e e Vacuum or air

&Control panel provides 2.5 W at 28 V dc to each unit.
bLogarithmic panel meters plus analog voltage output.
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Figure 10. - Control-panel input switch controls.
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