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The objective of this thesis is to develop criteria for a data

acquisition system for electrical machinery capable of samp ltng a

signal every 0.2 msec with a desired accuracy of O. %. Th~ system to

be measured includes both AC and DC voltage and current signals f’-~~
several points. The main item of installed equ i pment from which

measurements were taken for test purposes was a motor-ger~ratcr i~MC)

set and an exciter which are located in the power laboratory in the

baser~cnt of Dearborn Hall. A Texas Instruments 960A computer complete

with an analog to digital conversion syster~ (mul tipl exer. A/D converter,

and samp~ ’ and hold amplifier) w~s avail ab~e for use.

The criteria are developed from an analysis of th~ ~nvironmc-nt,

the installed equiprw~nt and several possible circuits for the
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measurement system. Machinery coupling capacitances and leakage

resistances are discussed as are the noise voltages , unbalances , and

voltage transients resulting from them. The magnetic noise pickup in

the signal loops was investigated to determine its ef fect on the

signal transmission. The exciter frequencies (inherent) are ana yzed

and their effect on the accuracy of the system discussed .

Noise minimization circuit princ ip les are di scusse d briefly as

are several fabricated instrumentation amplifier circuits. The

fabricated instrumentation amplif ier c ircu its are tested for common

mode rejection and the results tabulated . A typical manufactured

instrumentation amplifier is also tested for comparison .

A data acquisition system for both the DC and AC circuits of the

AC generator is reconinended and discussed . The results of tests

utilizing the DC circuit are discussed .

General specifications for the components of the recomended

circuits are developed. These are general guidelines for the acquisi-

tion of the component parts of the measurement system.
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INSTRUMENTATION SYSTEM FOR H~~ SPEED DATA

SAMPLING OF ELECTRICAL ~4ACriINERY

I RODU CT ION

One of the basic tools used in industrial development is modeling.

If a system or process can be modeled , then chim q~s to the system or

factors affecting the system can b~ observed from the model . The u~e

of models for this ir1vestigatio n ~s much less e~’p&~nsive thar test~

\ which utilize the actual proce~ or eq~iip~tent. Even though mod~1s ~o

prov ide a cos t sav ings , industry still demands a “m inimal cost ,

mum accuracy” model.

~ Computer model s of AC generators have been developed , but they

are cumbersome, complicated, and ie~gthy . Reducing the complexity

while retaining sufficient accuracy would reduce the cost of the

model , thereby reducing the test and development costs. High speed

data sampling of an AC generation system is required to investiqate

the possibility of modifying the model , and , to determine the accuracy

l imits of the revised model . Verification of the revised model will

require measurements from several points in the electrical system as

nearly simultaneously as possible and at short intervals.

The objective of this paper is to develop criteria for an

instrumentation system capable of acquiring the data necessary for

the modification of the computer model .

Development of the cri teria involves anal yzing the environment ,

the available major items of equipment (installed and moveable), the

varia!Di es of the model , and the acquisitinn and processing of quanty /

-V . ~~~~~~~~~ - . --- ~~~~~ . —
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analog signal s of these model variabl es .

The main items of installed equipment from which measurements

were to be taken er•~ an t~G set and an exciter which are located in 
--

the power labor~tory.~ r the basement of Dearborn Hail . The MG set

consists of a synchror~ous moto r, a DC qeneratcr , and an 1~C c~ r,~ratcr.

The exciter consists of an induction motor and a DC generator.
1 

The

ratings of this equipment are listed in Tabl e I.

TABLE I. RATINGS OF COMPONENTS OF MG SET AND EXCITER

Ratings

Output ] Current (A) Voltage (‘I)

MG set
syn. motor 125 HP 31.5 2200
AC gen. 37.5 KVA 99/171 220/127
DC gen. 50 KW 200 250

Exciter
m d .  motor 7.5 HP 20/10 220/440
DC gen. 5 KW 40 125

Several variables in the AC generation system require measurement.

Among these are : the DC vol tage and current at the field terminals of

the AC generator, the AC vol tage and current of eac h phase (three
phase system), and the angular velocity and acceleration of the

exciter and the MG set. As part of the model testing , variable fre-

quency signals will be applied to the system. Prev ious work has

indica ted that the maximum frequency of interest in the DC system ~s

approximately 20 Hz. The normal frequency of the AC system is 60 Hz.
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High speed data sampling requires the acquisition of analog

signals and automated digita l convers ion of those signals. A Texas

Instruments model 960A computer is available to process the signals

obtained . The computer contains an analog-to-dig ital conversion

system (multiplexer , 12 bit A/D converter, and sample and hold ampl i-

fier) which requires the input signal to be scaled to plus or minus

ten volts maximum and which is capabl e of processing a signal approx i-

mately every 25 microseconds.

An error of no more than one part in 1000 is desired. S ince the
sample and hol d amplifier tracks the signa l and relays an instantaneous

signal level to the computer for convers ion, the signal presented to
the sample and hol d amplifier must be as noise free as practicable to

insure accurate digital data.

This paper deals primarily with the establishment of criteria

for presentation of a quality signal to the sample and hold amplifier

through the multiplexer. The purpose is not to construct the fina l

system, but rather to test those elements which are availabl e to deter-

mine their effectiveness for possible use in the final system.

— —~~~- .--- .~~ ---- --~~~ —~—.---- - V _ _ _ _ _ _
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THE INSTRUMENTATION SYSTEM--A GENERAL LOOK

A primary consideration in devel opment of the inst.rumentat ion

system is that it be capabl e of acqu iring vol tages and currents

present at the pickup point and of delivering a signal acceptable to

the computer for processing. Connections required for proper opera-

tion of the generation system and the computer must also be considered .

Figure 1 is a general diagram showing the major equipment available.

including required connections .

A number of transformers , current shunts , and vol tage divioer

networks are shown. The presence of the current and potential trans-

formers tends to suppress noise coupling into the signal channels for

measurements from the AC lines. The DC signal acquisition as shown

is direct, however, with no such isolation. Thus , the DC circuit

appears to contain the more difficult data acquisition problems.

A number of amplifiers and other active devices are shown in

Figure 1. The current shunts availabl e were rated at 50 mV output

signal , which requires amplification of the signal by a factor of

200 to obtain a full scal e signal of plus or minus ten vol ts .

Operational amplifiers in general can be operated in either the

differential mode (neither input terminal connected to common) or in
the single-ended mode (one input terminal connected to common). If

an ampl ifier is operated in the differential mode, precautions must

be taken to insure that the common mode voltage (the voltage reference

that is common to both amplifier terminals) does not exceed the

absolute value of the power supp ly voltage at the amplifier or

-— ------ .. . — -— —
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perhaps less , depending on the ampl i fier. Common mode voltages

exceeding the l imits specified for each amplifier will almost certainly

destroy the amplifier. If the amplifiers are operated single-ended ,

precautions must be taken to insure that the input signal voltage

does not exceed the supply voltage , because such vol tages will result

in incorrect output voltage readings and will probably damage the

amplif ier.

Note that the computer ground is connected to exper imental ground

in Figure 1. This is required to insure proper operation and to insure

that stray voltage signals do not accidently cause faulty logic in the

computer . If the amplifiers connected to the DC s ignal are operated

in the differential mode , the common mode vol tage on them will depend

on where the experimental ground (common ) line is connected into the

DC circu it. The multiple possibilities for connection of the experi-

mental ground (common) line require examination . Primary considera-

tions are that amplifier common mode vol tage limitations should not

be exceeded and that ground loops which introduce circulating currents

and undesireable voltages should be avoided . The probl em of ground

ioops becomes more complex when it is observed that Figure 1 contains

several amplifiers , several filters, and several power suppl ies , each

of which requires a common connection to experimental ground.

A first consideration of the measurement points of the DC circuit

might Ind icate that a single ampl ifier operating in the single-ended

mode is adequate as suggested in Figure 2a. This assumes that the

amplifier inputs can be physically located at the current shunt

terminals. However, this is not possible and the a!nplifier will be

— : -_l_ - . - V - —
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located some distance from the shunt. Lead l engths and dress may

cause unbalance to the amplifier , which has a very high input

impedance. In addition , not all available operational amplifiers

have a well defined common with respec t to their input terminals.

For these reasons , a sing le-ended amplif ier may be unsatisfactory.

The vol tage across the AC generator fiel d terminals is a high

level signal and should only requi re a voltage di v ider as shown in

Figure 2a. The voltage divider can be located at either the current

shunt or the computer. The noise voltage picked up in the circuit

will be about the same in both cases. If the voltage divider is

located at the current shunt, the DC vo ltage s ignal will be reduced

prior to the addition of the noise vol tage signal . If the voltage

divider is located at the computer , the noise voltage as well as the

DC signal voltage should be reduced by the same ratio. Consequently,

locating the voltage divider at the computer should provide the

h ighest s ignal to noise ratio. However , with this particular circuit

layout, the common signal line of the voltage and current measurement

circuit could provide another source of error resulting from the inter-

action of the voltage and current signal s on that line.

If lead dress and circuit layout problems do introduce appreciable

noise voltage, then the use of an amplif ier in the differential mode
with an explicit amplifier common will need to be considered as shown

in Figure 2b. Accurate operation of the amplifier in this mode is

dependent on the stray voltage signals being balanced with respect to

comon at the two amplifier inputs for all frequencies . If unwanted
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Figure 2. Possible circuits for the DC current and voltage measure-
ment of the AC generator field.
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Figure 2. Possible circuits for the DC current and vol tage measure-
ment of the AC generator field.
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voltage s ignals are not ba lanced , the di fference of the unwanted

vol tage signal s present at the input terminals of the amplifier will

be amplified by the ga in of the amplifier. Inserting a pair of

balanced relatively low valued resistors , V1 and V2 (V 1 
= V.. )

will balance the stray vol tage signals at the amplifier inputs for

good common mode rejection (CMR), but they can also introduce a low

impedance ground loo p. To reduce the ground loo p currents , the

experimental ground point can be moved from C1 to C2 to introduce the

high impedance of the voltage divider into the ground loop. But now,

close examination of Figure 2b as modi f ied shows that res istors V 1
and V2 are in paralle l w ith res istor X , which upsets the dividing

ratio of the vol tage divider . In addition , the DC common mode voltage

level has been raised by moving the experimental ground to the center
tap, which limits the sizes of V.1. Y2, and X.

The use of two differential amplifi ers as . shown in Figure 2c

is a reasonable solution to the DC measurement problem . Since the

amplifier for the DC voltage measurement will be operated at unity gain ,

lead dress will be much less of a problem. However, common mode

voltages and noise l evels must be carefully examined to insure that

• ampl ifier tolerance l imits are not exceeded and that processed signal

accuracies are known.

The AC circuit does not contain the experimental ground connection

problems that were present in the DC circuit because of the isol ation

provided by the instrument transformers. The potential transformers

can be connected with a common bus running to the computer or with

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _• - ___.~~ •- • -.- -- —
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Individual lines connected at the computer. If a common bus is used,
• 

• interaction of the voltage signals on the common bus line will intro-

duce additional noise signals. Either alternative , common bus or

• individual common lines , is practicabl e in this case. Figure 3 shows

a possible method of connecting one phase of the three phase instru-

mentation system. The voltage divider is shown located at the computer

for the reasons indicated previously. The AC current shunt is shown

connected to an amplifier used in the differential mode with an

explicit common , on the assumption that truly single-ended , integrated-.

circuit amplifiers are not readily available.

Investigation of the ava i lable current and potential transformers,

using the connections shown in Appendix VI , showed the capacitive

• coupl ing values between the transformer coils as given in Tab le II.

The capacitance was measured at a frequency of 1000 Hz. The equivalent

impedance of the capacitances at 60 Hz are included in the table.

• Equivalent circuits for the capacitances are included in Figure 3.

MG Set Location • Computer Location
oad ___f—

~~
.

Figure 3. Possibl e circuit for measurement of the AC voltage and
current . 

~~ • . • . • . :~~~.
:

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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• TABLE II. COUPLING CAPACITANCE OF CURRENT AND POTENTIAL TRANSFORMERS
WITH EQUIVALENT IMPEDANCE OF THE CAPACITANCE AT 60 HZ.
MEASUREMENTS MADE AT 1000 HZ.

Transformer Capacitance 
• 

Equi v. Impedance

Current 109 pF 2400 ~

Potential 400 pF 640 M1~(24ov/l2ov)

Potential 179 pF 1500 Mc2
• (48 ov/ l2ov )

• 

---- .1___- --• -
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THE ENVIRONMENT AND 1HE INSTALLATION

Introduction

• A detailed investigation of the env ironment and the installat ion

is required to determine which of the previously discussed alternatives

should be utilized . Construction of Dearborn Hall and i nstallation of

the MG set was completed in 1949. AC and DC lines (many of the AC

lines are control lines and consequently are always energized) were

run in the same conduit and bundles , resulting in considerable

capacitively—coupled , 60 Hz noise voltage appearing in the DC ci rcuits .

There is çuite a distance between the MG set, the exc iter , the start-

ing circuitry , and the control panel. Eac h has several interconnections
• with the other el ements , and each has many feet of cab le on the same

cable rack as the others (none of which is shielded)--these are ideal

conditions for noise vol tages.

It was noted in the previous section that the DC portion of the
Instrumentation system was ant ici pated to be more difficul t to

implement than the AC portion , largely as a resul t of the isolat ion

provided the AC circuits by the instrument transformers. For this

reason much of the investigation focused on the DC circuit. Figure 4

is a simplified schematic of the AC generator and exciter showing

the DC measurement po ints for future reference.

A composite schematic of coupling capacitances and leakage

resistances is presented in Figure 5. The ground plane represents

experimental ground , to which the machine housings are connected.

— _f -~~~~~~~~ • 
- -.-
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Capacitors C1, C2, C9, and C10 are actually from the windi rigs to the

• 
- 

rotor body which , in turn is resistively and capacitively coupled

through a thin oil film on the bearings to the housing (experimental

groun d ). The res istors depi cted are curren t lea ka ge paths throu gh

various insulating media to the ground plane. Conduit ground is shown

separated from experimental ground by some ill-defined impedance. The

building was originally constructed with a two-wire convenience system

and was later modified to a three-wire, conduit-ground convenience

system. Diagrams of the installation do not show how the experimental

groun d is des igned or what is connec ted into i t. As a resu lt , it is

extremely unlikely that the conduit ground is at the same potential

as experimental ground.

Environmental Noise

(a) 60 Hz no ise

Large 60 Hz vol tages were measured from points A and B of Figure 4

to experimental ground. These voltages result primarily from the

bundling of the AC control lines with the DC lines . Figure 6 is a

mul tipl e exposure photograph of the 60 Hz vol tages . With the sw itch

closed (see Figure 4) a signa l of approximately 12 volts peak to peak

is measure d . The c ircu i t of Figure 7 (wi th the x ca pac itor remov ed )

was used for the measurement. The impedance of 47 pF at 60 Hz is

58 ~ . In parallel with 1 M~ resistance this results in an equ i valent

impedance of essentially 1 Mc~ resistance as calculated below.
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Figure 6. Photograph of 60 Hz capacitivel y coupled voltages measured
from the switch connecting the exciter and the field of the
AC generator to experimental ground. (a) is the exciter
portion of the circuit with the switch open. (b) is AC
generator field portion of the c rcult with the switch open .
(c) is the complete circuit with the swi tch closed .
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1 Mc~

47pF = 58 M~7 @ 60 Hz

~ XC 
= 

(1 X 106)(-j 58 X 10 6) 
= 

5 R X 1 O ~~ /~Q
0

- 

X
~
+Xc (1 X 106)+(-j 58 X 106) 58.009 X i06 Lc~°

= .9999 X 106L]2 “ 1 M~2

A times ten probe was used with the oscilloscope to determine if

the osc i llosco pe was presenting bas ical ly an open c ircu it to the

circuit being investigated . If such were the case, a larger impedance,

as in the times ten probe, should yield the same magnitude signal . If

any loading of the circuit from the oscilloscope is occurring using

the times one probe, a signal of larger magn itude w ill be observed w ith

the times ten probe. Since the same magnitude of voltage was observed

with both probes in the exc iter port ion of the c ircuit, and with the

switch closed , there is minimal loading with the times one probe . The

oscilloscope appears to be an open circuit to the circuit under

investigation.

To determine the relative magnitude of the capacitive coupling, a

• series of capacitors was shunted across the oscilloscope as noted in

Figure 7. The results are tabulated and plotted in Figure 8. The

equival ent circuit can be diagramed as shown in Figure 9. The general

formula is:

• 1

z1v v ~ -jwC ~ v c
V = _ _ _ _  = S •__ x — x — Sc
~ z+z 1 1x c -4wC :~1r~~ - - x C

U x
x c

— sr ~- • -
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___________ ________________ 
AC Line

lx probe _______________ DC L ine
-

~~~ 

1
~
7

1Mr~. ~~~~~~~~ 

:~ 

~~ ~
—I c-
cc ‘

~ 

4’~~~ Jj
Note: 1_.4 means CR0 not connected to conduit ground , but is floating.

FIgure 7. a. Circuit for determination of rel ative magnitude of
capacitive coupling; b , c. Equivalent circu its.
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From the resul ts using the .05 uF capacitor , V0 = 4.2V , V 5 = 13V ,

and Cc is calculated as .0269 uF. Checking at .01 uF capacitance , C~
is calculated as .0242 uF which is within the measurement limitations

of the system used . Therefore, the distributed capacitance is

approximately .025 uF.

(b) Magnetic Loop Noi se.

The circuit of Figure 10 was used to investigate typical magnetic

pickup. The wi re lengths and runs are shown in Appendix III. As

depicted in Tabl e III , the shortest length of cable run exhibited four

millivolts peak to peak noise pickup. Since a 50 millivolt shunt

has been considered for current measurement , 4 mV of pickup requires

that the signal be amplified as soon as it is acquired , and ako

eliminates the possibility of running low level (my ) si gnals to the

computer for accurate processing .

• vs~~ 1

Cc~

V0

• Figure 9. Equivalent circuit of shunted capactior . the coupl ing
capacitance and the noise voltage source.

- - -~ --~~- • —
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CR0
IX probe

94B~~ ~~~~~~~cxcxDO~~
J

s4srL lrb 41~E

Figure 10. Circuit util ized to measure typical magnetic pickup.
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TABLE III. RESULT S OF MAGNETIC PICKU P INVESTIGATION

cabl e l ength type configuration pickup

A-135 feet twisted pair strung out 22 mV
cotton covered full length

B-135 feet same one large 15 mV
loop

C- 20 feet same strung ful l 4 mV
length

(c) Switching Transients.

Vol tage trans ients were measure d between A or B and ex per imen tal

ground when the switch (see Figure 4) was opened or closed . These

voltage spikes, measure d wi th the a id of a storage os ci ll osco pe,

were in excess of 50 V when the exciter was operating near 125 V.

These spikes are the result of the capacitors of Figure 5 charging and

discharging as the switch is opened or closed . They appear as a

comon mode voltage at the DC curren t shun t. Th i s can ser iousl y damage
or destroy any semiconductor dev ices used to process thi s signal .

The transients can be reduced to a low level by placing a large

capacitor in parallel with a resistor from one side of the switch to

experimental ground (a .24 uF, 600V capacitor and a 270 Kcz resistor

gave 4V). These transients can be avoided by using proper operating

techniques wh ich require that the switch be opened and closed only

when the vol tage is removed from the exciter . However, in an attempt

to reduce stray voltage spikes , the resistor and capacitor were left
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connected ; since the field circuit remained basically undisturbed by

the connection.

(d) Distributed Capacitance and Resistance.

The results of the previous section substantiate the idea that

distributed capacitance and resistance similar to that depicted in

Figure 5 is present. A logica l question to consider is whether or not

the capacitance and resistance are balanced (symmetrical) on each line

to ground. If they are , the DC voltage from each side of the switch

(A and B of Figure 4) to experimental ground should be identical. For

these tests , the exciter was operated at 111 volts as indicated by

the ins talle d vo ltmeter (exac t accurac y of meter un known but a

representative reading can certainly be obtained). An Electrostatic

Voltmeter was used for the measurement. The instrument showed 75 V on

one side and 36 V on the other with the switch open . With the switch

closed , the instrument indicated 70 V on one s ide and 41 V on the other .
• The readings obtained indicated that the resistances in Figure 5 are

not symetrical .

Machine Related Noise

The output of the exc iter while running was observed on the

oscilloscope In an attempt to identify typical frequencies and levels of

noise produced. It produced a high level of noise as shown in Figure

11. The photograph was taken with the oscilloscope connected between

A and B (see Fi gure 4). The macinitude of the signal (10 V p-p) clearly



23

‘ —u—a
a — JI1IAI1ALIUL~Ib1 LII

U LN11IJE1IZ~IZ!~IWiL1I!AI!I!~U!~aaiaua aiaa
b— ~~~~~~ JJJJJ ~JI~J ~~ ~~ ~~~‘

~

a. 2 msec/div
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Figure 11. Photograph of exciter output measured from A to B of
Figure 4 with the switch open .
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indicates that it must be el iminated or at least drastically reduced to

allow the acquisition of an accurate signal for the computer .

The output of the exciter was investi gated in more detail to deter-

mine which frequencies were present by using a General Radio Co. tuned

amplifier and null detector. This was done with the exciter under

various loads. The primary purpose was to determine if signa l fre-

quencies were present in the range of interest (DC to approximately 20

Hz). Frequencies much higher than the frequency of interest can be

effectively bl ocked by the fi lter, but those close to or below the

corner or cutoff frequency of the filter will pass through the filter

basically unaltered. The instrument was not capabl e of measuring fre-

quencies below 20 Hz. Observation indicated a low frequency signal (10

Hz or less) , but the ampl itude was negligible compared to those of 20

Hz or greater. The frequencies found are tabulated in Appendi x IV. A

very strong frequency of approximately 955 Hz (frequency varied slightly

with exciter loading ) was noted , but it is far enough removed from 20

Hz to be effectively filtered . The frequency is suspected to be tooth

ripple from the exciter. Strong frequencies of approximately 30 and 60

Hz were also noted. Since these signals are so close to the corner

frequency that they cannot be effectively filtered , they will certainly

degrade the quality of the DC signals presented to the computer. Either

• this error mus t be acce pted or a mach ine wh ic h develo ps no interna l low
frequencies must be located and installed .

Subsequent measurements from A and B to experimental ground (see

• Figure 4) are recorded In the photographs of Figure 12. This is of
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interest since the measurement of Figure 11 was ta ken across the switch

(A to B) rather than from one side of the switch to experimental ground .

Neglecting distributed capacitance , there should be no tooth ripple

signal observed . The presence of a signal is explained , however , by the

presence of coupling capacitance as noted in Figure 13. The tooth ripple

is riding on top of the 60 Hz capacitively coupled wave.

- 

— •L ~~ • — - ~~—- ~~~~~~~~~~~~~~~ 
— ——--- •
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sa•u
aaaaaia.ai.u.uau aa.ai

• •

5 msec/div
a.

saivam
~ rrr

auaa••a.a.I
~~~~~~~~~~~~~~~~~ ~~~~~~~~~~

aaaa.aaj
5 msec/div

b.

Figure 12. Photograph of capacitive ly coup led tooth ripple. (a) is
with the switch connecting the exciter and the AC field
closed . (b) is with the switch Gpefl. Both (a) and (b)
contain a signa l from each side (A and B of Figure 4)
of the switch.

• -.- - —



• 27

___________ — - llOV and 220’!
C2 60 Hz

1X probe
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FIgure 13. a. Diagram of measurement circuit of capacitivel y coup led
exciter vol tage. b. Equivalent circuit.
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INSTRUMENTAT I ON AMPLIFIERS

General

With a fixed installation , there can be a problem of inaccessibl e

wiring . The circuit schematic may be availabl e to diagram connections

on paper , but the actua l circuit may be l ocated under the floor, in

conduits , heavily bundled with other wi ’es, etc. The installation

usually cannot be altered in any permanent manner without considerable

cos t, document changing , and approval gathering . With these rastric-

tions a reality , the DC ammeter of the AC generator fiel d was chosen as

a signal pickup point for initial testing of components and arrang e-

ments of components since connection to the ammeter was relatively

easy.

Use of the 50 mV shunts necessitates the amplification of the
q

signal for the computer use. Since there are many shunts requir ing

signa l amplification , this section will be devoted to amplification

systems. The previous section has indicated that the signal environ-

ment is one of high magnetic and electric noise levels ar1d coninon mode

voltages. Thus , comon mode rejection and noise imunity become prime

considerations for the amplific ation systems.

From preliminary discussion and read i ng , and from tests run, a
circuit such as Figure 14 appeared desirable for the following reasons:

(1) boosting the signal imediately after pickup would reduce the

effect of the noise picked up in the transmission line on tne final

signal , and common ~~~~ volt~g~s ~1ou1d be larqei~ ~ejected ; (2) runnin g

• -- - -- -~~ • -~~~. .- -• 
5 —
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a twisted pair of l eads (or pairs if needed) would minimize magnetic

loop noise pickup; (3) the shielding (while only relatively effective

unless sol id and double layered) would hel p reduce electric noise pick-

up; (4) the buffer placed prior to the filter would provide a low

loop impedance to also hel p minimize noise pickup; (5) the filter

• placed imediately prior to the multiplexer should reduce if not elimi-

nate noise of a higher frequency than that of interest; (6) l oading

the line imediately after the filter should provide a stable signal

for the sample and hol d amplifier.

Shunt Ampli fication Buffer Filter 
• 

Mpx S/H

Pickup point Linking two sites Processing Site

Figure 14. Block diagram of a desirabl e system to provide a quality
signal to the samp le and hold amplif ier.

Since there are multiple signals of higher frequency than that of

Interest and since they are of considerable magnitude, the decision was

made to purchase a variabl e cutoff, active filter. Inherent probl ems

with precision component matching as well as stray capacitances and leak-

ages made the fabrication of a variable filter with specifications that

matched the coninerclally available model s economically impossible. A

- 
S •
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Datel Systems , Inc . active resistor-tuned four pol e Butterworth filter

was chosen. The specifications and connections for the fil ter are in

Appendix II.

Instrumentation Amplifier s (Fabricated)

(a) General.

A differential input , differential output amplification system

must be utilized in order to run a pa ir of twi sted si gnal leads. The

system outlined for this purpose in most reference books is that of

Figure l5a . When this is combined wi th a buffer amplifier as in Figure

15b the system is referred to as an instrumentation amplifier. The

common mode rejection (CMR) of such a system is dependent on the close

matching of the res istors. Theore tically, it has a CMR of (~O dB with

.1% matching of the resistors and up to 100 dB of CMR with t~~i~ming of

the resistors. However, any gain of the differential amplifiers redL es

the CMR of the entire system by that amount.

Another highly recommended instrumentation amplification system is

that of Figure 16. Th is a l so depends on the matching of the res istors
• for CMR , but it is designed such that the power supply for op amps A1

and A2 floats with the common mode voltage, thereby remov ing the common

mode voltage from the input amplifiers . Again , the overall CMR is

reduced by any gain of the differential amplifiers .
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Figure 15. Buffer amplifier combined with a differential input ,
differential output amplification system to form an
instrumentation amplifier .

Figure 16. An inst~’umentation amplifier with the power supply floating
with the common mode voltage.
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(b) Testing and Evaluation.

The c ircuit of Figure 15 was used with two different type amplifiers ,

the Archer dual 741 and the Nationa l Semiconductor LM 324N. Testing in

controlled conditions was used to check the CMR of each setup. If the

CMR is low , the circuit cannot be considered for use in the measurement

system due to the presence of high common mode voltages . A function

generator was used to provide an identical signal to the inputs of both

sides of the instrumentation amplifier. A consolidation of the results

is in Table IV.

In all cases tested , CMR is partially dependent on well matched

resistors. All resistors were matched with a Fluke 8100A digital multi -

meter which gives four place accuracy with an error of plus or minus one

in the last place. This is easily within the .1% tolerance limit men-

tioned earl ier for 60 dB CMR. With the circuit of Figure 15, 40 dB of

CMR was lost due to a gain of 100 on the differential amplifiers . The

systems functioned properly in all cases giving a representative DC

voltage reading , but the CMR i s unsa tisfactory for the needs of the
measurement system.

• In addition to the unsatisfactory CMR of the circuit in Figure 16,

op amp A4 must be driven by a separate power supply from that of op amps

A1 and A2. This would require several more runs of cable if the differ-

ential amplifiers were set at the pickup point and the buffer at the

process point. The added cabl ing makes this impractical; since there

are several measurement points in the total system.
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TABLE IV . RESULTS OF CMR TESTS ON FABRICATED INSTRUMENTATION AMPLIFIER
CIRCUITS. ALL MEASUREMENTS ARE PEAK TO PEAK. INPUT WAS A
SINE WAVE OF 3.5 HZ. .

circuit input output CMR (dB) 
-

Archer 741 80 mV 15 mV 8.6
Figure 15 

_________  
—________________

LM 324N 
• 
40 mV 2 mV 26.0

Figure 15 with spikes ,
24 mV

90 mV 3.5 mV 28.0
with spikes ,
16 mV 15.0

.2~~V 5mV 34.0
with spikes,
8 mV 29.9

UI 324N 40 mV 2 mV 26.0
Figure 16

90 mV 1 mV 39.1
with spikes,

• 
5 1.5 mY 29.5

.l5V 2mV 37.5
with spikes ,
20 mV 17.5

1 V  2mV 54.0
with spikes ,
4O mV 28.0 

—

The spikes on the signal referenced in Table IV appear to result

• from d istributed capacitances in the l ayout, since they turn to pure

oscillations as the test frequency is increased to the 300 to 500 Hz

range.

- -S
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(c) Summary.

Since 50 mV shunts are being used at several measurement points ,

and s ince the magnetic picku p of a 20 foot sec tion of tw isted pair

leads was 4 mV , it is imperative that the signal be amplified immediately

after acquisition . This would make the signal to noise pickup ratio

greater by a factor equal to the amplification. Several recommended

instrumentation amplifiers were fabricated which were capable of

amplifying the signal to plus or minus 10 volts . However, the CMR of

the fabricated systems was incapabl e of rejecting the common mode

voltages present. In addition , the fabricated systems exhibited con-

siderabl e stray capacitances due to excessive lead lengths and poor

lead positioning, a result minimized by commercial miniaturiza tion

processes. At this point the logical alternative available to present

a quality signal to the multiplexe r with an op amp system was to obtain

and test the comercially produced instrumentation amplifier.

Instrumentation Amplifiers (Manufactured)

The Analog Devices Integrated Circuit Precision Instrumentation

Ampl ifier , AD 52lJ, was purchased as a typical instrumentation amplifier

to explore the characteristics and the possibility for use of instrument-

ation amplifiers . The specifications as listed by the manufacturer

and the specific connections made to the amplifier are in Appendix V.

A combination of resistors was used which resul ted in a gain of approx-

imately 100.

- ~~ ---~~~~ -—-- 5— - -~~~~~ 
-
~~~
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To test the common mode rejection of the amplifier , a s ine wave

from a functiøn generator was fed into both inputs and •the output was

measured . A s ignal output of .1 mY was measure d when 500 mV was

appl ied to the inputs. This was constant over a frequency range of

DC to 3000 Hz. These figures indicate a CMR of 75 dB. Since the ga in

was 100, another 40 dB of CMR must be added for a total of 114 dB of

CMR.

The function generator was used to feed a signal into one input

terminal of the amplifier while the other was held to common. The out-

put signal was found to be quite clean and of the correct ampl i tude

• over a wide range of frequencies and amplitudes (within the capabilities

listed on the specification sheet).

Input Protection for Ampl ifiers

Most manufactured amplifiers have provisions for input protec•tion

for common mode or differential vol tages (depending on which mode of

ampl ification is used) equa l to or less than the power supply voltage.

However , vol tage s ignals in excess of the power supply voltage w ill

damage the amplifier. Consequently, protection against such voltages

must be provided .

The voltages in the AC generation system are extremely high corn-

pared to the voltage that will be tolerated by any amplifier. Voltage

spi kes in excess of 50 V in the DC circuit have been observed. Even

• though this particular vol tage has been observed and reduced , with the
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high vol tages and coupling capaci tances present, the likel i hood of other

stray vol tage spikes of equal or greater magnitude is strong. A

protective circuit such as that shown in Figure 17 should be utilized on

al l active devices where there is any possibility of accidental or

momentary excessive vo l tages. Since the input impedance of most

instrumentation amplifiers is io8 to lO 1°c~, the added resistance will

not affec t the accuracy of the system. If excess ive common mode

voltages do occur, the system w ill not func tion accura tely dur ing the

excessive voltages. However , if the protection is not provided , rather

than data be ing momentar ily inaccurate, the device will be destroyed.

Figure 17. Circuit to protect instrumentation amplifiers from excessive
common mode voltages.

• 5 5• ~~~~~~~~- • 
- -
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THE INSTRUMENTATION SYSTEM

Measurement of AC Generator Field Current and AC Fiel d Term inal Vol tage

A 50 mV, 10 amp shunt was installed in the AC generator field

circuit to provide a vo ltage signal for measurement (see Figure 4).

Measurements taken from the shunt showed a common mode vol tage of

13 V p-p at 60 Hz and a 10 V p-p tooth ripple. When the 270 K

resistor in parallel with the .24 uF capacitor was placed from A

(F igure 4) to exper imental ground, the common mode 60 Hz signal dropped

to 2 V p-p while the tooth ripple dropped to 1 V p-p. Measurements of

the voltage signal at the shunt output terminal s showed there was 20 mY

p-p of noise on a DC signal of 50 mV. Noise of a higher amplitude

(about 30 mV p-p) cycles through the signal with the same frequencies

as those noted from the investigation of the inherent exciter frequenc ies.

The noise decreases sl ightly as the AC generator field current is

decreased, but definitely not linearly with the signa l level .

To determine if the noise voltages were common mode voltages , the

oscilloscope was used in the differential mode which means that common

mode voltages are removed from the displ ayed signal . The only noise

voltage which remained was the noise picked up and/or generated by the

oscilloscope and the probes. The DC signal was displ ayed clearly. This

Indicated that the noise on the signal was common to both output

terminals of the shunt.

The foregoing measurements ind icate that the DC current measure-

ment circuit will require an amplifier in the d~frerentlal mode as

_ _ _ _ _ _ _ _ _ _ _ _ _ _-- S
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depicted in Figure 2c. An AD 521J instrumentation amplifier was

placed in the circuit as shown in Figure 18. A Datel f.ilter was added

with a cutoff frequency of 30 Hz. The resulting signal output from the

filter was within the .1% error limitations desired . It should be

noted that this system was left floating and was not tied to èxperi-

mental ground.

AC Field Current

Shunt

~~
i
1...

...j 

~~~

;

~~~~~~~5K~~ j lfe1 

—III 
~

I c .iw-i~v
~Power
L~~~~ ~‘‘ “~~

Figure 18. AC field current measurement circuit using AD 52lJ
instrumentation amplifier.

The need for input protection for the amplifiers was reinforced

when after some testing, the AD 521J was suddenly rendered inoperable.

There is no way the exact cause can be determined , but as d iscussed

earl ier, it is possible that a large stray voltage spi ke appeared in

the circuit. Without the protection suggested In Figure 17, the
ampl ifier was destroyed.

- f_ S • —
• -• • ,— -- ,- S~~ •-~--- S S
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• Terminal s were added across the switch connecting the AC generator

field and the exciter. The signal from the exciter has several com-

ponent frequencies present as noted in a previous section. A voltage

divider was developed for use to divide the vol tage down to the allow-

able ±10 V. The divider was set up for 150 V maximum across the ter-

minals. The divider values were 47.42 Kc~ and 3.383 ~ or a ratio of

14:1.

The divider was connected directly to a Datel filter and the out-

put was observed. With the exciter voltage and current at 120 V and

40 amps (maximum rated), the filter output indicated a correct DC

vol tage of 8 V , but fluctuated ±7 mV. The fluctuations appeared to be

of the same frequencies as those found in the investigation of the

inherent exciter frequencies . Even with the ±7 mV fluctuations , the

8 V reading (resulting from 120 V on the exciter) has an error of

less than .1%.

However, s i nce an ampl if ier in the differential mode i s requ ired
for the current measurement c i rcuit, an amplifier in the differential

mode will also be required at the voltage divider to eliminate ground

loop current probl ems and to avoid upsetting the vol tage divider ratio.

The recommended circuit is shown in Figure 2c.

Measurement of AC Voltage and Current

Extensive modification at the AC generator will be required before

observation and examination of the AC signal can be ac ;omplished .

There is no conven i ent point where the transformers can be connected

— 
S - S - 

- -
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into the system. The modification was postponed until a comp lete

proposed system is accepted . The machines will be adapted at that time.

However, from env ironmental studies conducted and from previous

discuss ions , the system shown in Figure 19 is recommended . Utilizing

separate common lines for the potential transformers allows a twisted

pair to be run for all signals. This will reduce loop pickup on the

voltage signals. Placing the voltage divider of the AC vol tage circuit

at the computer will divide the noise voltage as well as the signal volt-

age. Utilizing a “star tree” or “radial” type ground connection will

minimize the signal interactions on the common line. “Radial” or “star

tree” distribution or connection implies that each signa l has its own

line and does not share a line or any portion of a line with another sig-

nal . Th is system is accomp lished if al l lines which mus t be connec ted

together are all connected at a mutual point. This distribution rule

should be observed whenever possible , whether power lines , s ignal lines ,
or ground lines are being cons idered.

Ampl ifiers in the differential mode are shown connected to the

current shunts . The noisy environment and unbalance caused from lead

dress , as noted for the DC current measuremen t, will not permit accurate

• representation of the current with single-ended amplifiers . Also, as

al ready mentioned , single-ended , integrated circuit amplifiers are not

readily available.

Fil ters are shown at the computer locations. Again , due to the

noisy env i ronment, they will be required to fIlter out those noise volt—

ages which have a higher frequency that that of interest (approximately

120 Hz).
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• SYSTEM COMPONENT SPECIFICATIONS -

General

A general rule applied in writing specifications is to require

each tolerance to be restricted by a fac tor of 10, where possible , over

the total tolerance or error desired . In most instances , this will be

sufficient to meet the desired overall criteria when the individual

error terms are summed .

Power Supplies

Two options for selecting power supplies are available. Either

one large power supply can be chosen , which will require l eads to

every component requiring power, or several smal ler suppl ies can be

chosen to prov ide power for each subsec tion. Of course , any combination

between the two extremes is also possible. Due to the distances be-

tween pickup points, and between pickup points and the computer ,

several smaller supplies are desired , wh ich coul d be loca ted where

required. The use of several smaller supplies also el iminates the

possibility of signa l interactions and power supply disturbances unless

the s ignal s are already connec ted on a common bus. In the latter case ,
if practicabl e, a single supply could provide power for all components

on the bus li ne. Aga in, howev er, the “star tree” distributi on should
be maintainec~ as near ly pure as possible.

These considerations imply that power supplies as listed in

_ _ _ _ _ _ _  - —~~~ — -- -~~ • 
S -
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Tabl e V are des ired. T he rating of eac h supply is dependent on the

amplifiers and the filters chosen for the circuit.

S TABLE V. LISTING OF POWER SUPPLIES DESIRED AND UTILIZAT ION OF EACH.

Total Individual Utilization

1 for the three filters of the AC voltage signals
(the commons are already connected in these
vol tage signals).

3 one for each AC current signal to provide power
for the amplifier and filter of each circuit.

1 for the DC current s ignal amplifier and its
f ilter.

1 for the DC vol tage signal amplifier and its
f ii ter.

Amplifiers

Since a ±15 mV noise signal was noted on the 50 mV current shunt

signal and since an error of .1% is desired (.01% with the specifica-

tion guidel ine) the noise must be reduced ’ to .05 mV (.005 mV). Using

.005 my as the most restrictive tolerance requires that the common

mode rejection (CMR) of the amplifier be 69.5 dB at a gain of one for

the amplifier . Since a gain of 200 is required using the 50 mV current

shunt , 46 dB of CMR must be added which makes the total CMR required

equa l to 115 dB.

Another important specification for this application of the

I • ‘ amplifier is the slew rate (the rate at which the amplifier will respond

from 0 to full scale ratinq). Since step-’ike changes will be applied
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to the AC system, the slew rate required of the amplif iers could be

quite fast. However, observation of data from similar disturbances

indicates that a slew rate of 10 mV/usec will be required for the AC

voltage ant~ 2 mV/usec for the DC voltage. These slew rates are

easily obtainable according to the specification tables of several

instrumentat ion amplifiers. The slew rates required for the currents

of both systems will be less than the voltages. Since the voltage

slew rates are easily obta inable , they should be applied to the

currents also.

Two additional specifications which are important are linearity

and internal noise. Linearity will be important as the resulting sig-

nals from the disturbances may have a considerable range . Internal

noise is important since it is added to the output signal . Each,

individually, should not exceed the .01% tolerance limit.

Temperature variations should not be critical as the temperature

is controlla ble and normal ly would not vary more than 100 F w i thout

control. However, the temperature variation must al so remain within

the .01% tolerance limit.

S Filters -

Two of the main low pass filter types are the Butterworth and the

Bessel Filter. The Butterworth is more accurate if the cutoff

S frequency, is close to the frequency of interest. The response curve

• 
S 

remains linear much closer to 
~c 

than with the Bessel filter. If t

step res ponse Is antic ipated and accurate data of that response is 
‘
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required, then the Bessel fi l ter should be used . The Butterworth

filter has an overshoot response to the step inpu L while the Bessel

does not overshoot and retains an almost equivalent slew rate. Both

type filters produce a considerable phase shift which generally increases

as the number of poles increases . Also , the phase shift of the Butter-

worth filter is greater than the phase shift of the Bessel filter.

The signal of interest will determine which filter should be utilized .

A required feature for all filters in this instrumentation system

is that they have a variable cutoff. This cutoff should range from

DC to 500 Hz (about 10 times the highest frequency of interest).

The fil ters for the DC circuit should have steep cutoff slopes

(4 pole m inimum ) as the signals of interest are close to several fre-

quencies inherent in the machines . This factor also indicates that the

Butterworth filter should be used to obtain a more accurate signal

output. S

Since step-like disturbances are to be applied to the AC portion

of the circuit , a step-l ike response could be anticipated . The Bessel

filters should be utilized in the AC por tion of the c ircuit s ince

they have a superior step input response curve.

The specifications for all filters should meet the .01% error

tolerance individual ly in order to keep the total error budget for the

system within the .1% desired .
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S CONCLUSION

The analys is of the env i ronment, the major equipment , and severa l

measurement circuits has provided criteria for the instrumentation of

a measurement system for the AC generator. The criteria provide guide-

lines for the selection of equ i pmert to be utilized in the measurement

system and for the placement and connection of that equipment.

The environment definitely can be categorized as noisy , composed
of relatively high el ectric and magnetic noise levels which will hinder

the acquisition of accurate sampled signals. A considerabl e amount of

power lead coupling capacitance and machine lea kage resistance causes

numerous and sometimes unexpected probl ems such as unbalanced voltages

and voltage spikes when switches are closed . As a result , over-vol tage

S protect ion must be prov ided for any el ement whi ch has an integrated

c ircuit and wh ich interfaces direc tly with the machine circuits . The

amount of magnetic noise pickup will require that twisted pair l eads be

run where possible. In addition , all low level (mV) signals will have

to be amplified as soon as they are acquired to minimize the effect of

the magnetic pickup on the signal voltage. All voltage divider net-

~~rks should be placed at the termination of the transmission of any

high level voltage signal to improve the signal to noise ratio. S

Since truly single-ended amplification systems are not readily

available , several Instrumentation amplifiers wil l be required . The

S unsuccessful attempt to fabricate these amplifiers with an adequate

CMR Impl ies tha t amplifi ers will have to be purchased . Specifications

S ~~~~~~~~~~~~~~~~~~~ • - -~~~~~~~~~~~~~~~~~~
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for the instrumentation amplifiers have been discussed.

The high level of noise picked up and also generat~d by the

exciter indicates that variable cutoff filters are desirabl e for all

signal circuits and should be placed in the circuit immediately prior

to the computer terminal. The f ilters in the DC portion of the system

will need to be multipl e pol e (4 pol e minimum) Butterworth filters

while those in the AC portion should be Bessel filters .

Mul tipl e power supplies are recommended to reduce the possibl e

ground ioop signal interactions. In addition , convenience of connection

will be achieved and numerous additional l engths of l ead cabl e will be

eliminated . S

All of the purchased component (amplifiers , filters , etc.)

specifications should individuall y remain within the .01% error

criterion. The noise level s present will ma ke the error budget critical .

It may not be physically possible to find components which will keep

the total error budget within the .1% desired . This will depend on the

• economic constraints imposed for the development and construction of

the measurement system.

Before the project can be continued , considerabl e modification of

the AC d istribution systen of the AC generator will be required to

accept the instrumentation transformers and the test leads.

• I
____ 

S 

S
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APPENDIX I

Definit ions

1. Ex per imental ground

2. Coninon of the immediate circuit -
~~~~~

-

3. Micro u

-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ S ~~~~~~~~~~~~~
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APPENDIX II

FILTER CONNECT IONS AND SPECIF ICATIONS
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Formula for cutoff frequency

R~K~2) + 1
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f
~

(Max)

S where 
~~~ 

(Max) = 500
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S 
APPENDIX III 

S

INSTALLED EQUIPMENT LAYOUT AND CABLE LAYO UT FOR MAGNETIC
PICKUP MEASUREMENT
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S APPENDIX IV

INVESTIGATION OF INHERENT FREQUENCIES OF THE AC GENERATION SYSTEM

Trial 1. Exciter: V 130 vol ts, C = 39 amps
Measured at input to filter .

Frequency (Hz) % of full scale

945 100
119 40

Note: 119 Hz was now set as the 100% reading
29.5 7
59 8
88 5
119 100
185 5
235 8
350 8
470 5 5
595 4

Trial 2. Exciter : V = 65 volts , I = 21 amps
Measured at input to filter
Co~rrnent: as V decreases , tooth ripple decreases

Frequency (Hz) % of full scal e

31 28
62 10
92 4
122 100
186 5
210 0.5
242 4
310 - 0.5
360 10
490 1
610 .3
720 5
965 98

_ _ _ _  — ~~~~~~~~~~~ ~~~~~~~~~~~~ - - — - 5-- 5- 
-
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Trial 3. Exciter : V = 130 volts , ( = 20 amps
Measured at input to fi l ter
Comment: tooth ripple back to its origina l value

Frequency (Hz) % of full scale

121 19
955 100

Note: 121 Hz was now set as the 100% reading
30.5 14
62 13 (±3 , fluctuates)
90 3

121 100
185 5
241 18
360 12
482 9

Trial 4. All machines off and the switch closed
Measured at input to filter

Frequency (Hz) % of ful l scale

62 100
185 24
310 6

S • _-__~~-~-~~~~ 
- - ..- -‘- 

- -~
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APPENDIX V

INSTRUMENTATION AMPLIFIER SPECIFICATIONS (AD 521J)

“~~
—

~~r~ ~~~~~~~~~
~~~~~~~~~ 

g 
~~~~~~~~

(typical @ VS = ±15V, R~ = 2k~2 and IA = 25°C unless otherwise specified)

MODEL ADS2IJ

GAIN
Range (For Specified Operation . Note I.) I to (000
Equation C = R~,R~ V/V

Error from Equation (±0 .25—0.004G)%
Nonlinearity (Note 2)

F~ G< 1000 01% max
Gain Temperatur e Coeffic ient . ~~ ±0.05G)pprn/’C

OVIPLTT CHARACTERISTICS
Rated Output tIOV , SIOmA mm
Output at Maximum Operating Tempcraturr t IOV@ ImA mis
Impedance 0.lfl S

DYNAMIC RESPONSE 
-

Small Signal Bandwidth (±3dB)
C - i  >2MHz
6=10 300kHz
6-100 200kHz
6= 1000 40kHz

Small Signal. ti•0% Flatness S

C — i  75kHz
C — l a  26kHz

S 
G=1 00  24kHz
6-1000 

5 
6kHz

Full Peak Response (Note 3) 100kHz
Slew Ra re , F~~G~~ I000 10v/jisec
Settling Time tany b y  step to within lOrn V of Final Value )

G- I  7)25cc
C- Ia Sparc S

S 6.100 bOpiec
6— 1000 3Spsec

Different ial Overlo ad Recovery (±30V Input to within
iOmV of Final Value) (Note 4)

6-1000 SOgisec S

Common Mode Step Recove ry (30V Input to within
lOmV of Final Value) (Note S) -

G-I000 10113cc
VOLTAG E OFFSET (may be nulled )

Input Offset ~ oItage (V011) 3mV max (2mV ty p)
vs . Temperature ISpVPC max (7p~’PC ty p)
vs. Supp ly 3pV1%

Output Offset Voltage (V0~~) 400rnV max (200ir.V typ)
vs. Temperature 4O0gVf~C mat (i5011Vfc ty pi
vs. Supp ly (Note 6) 0.00SV~,,~ /%

INPUT CURRENT S
Input Bias Current (either inp ut) SOnA max S

vs. Temperature lnAPCmax
vs Supply 2%/V

Input Offset Current • 2OnA mix
vs. Temperature 

- 
2SOpAfl C mat

INPUT
S Oiffete~ t iaI Input Impedance (Note 7) 3 a I0’Diul .SpF

S Comm on Mode Input Impedance (Notc 8) 6 a bO~ °1)IILOpF
Input Voltage Range for Specified Perfornw ttc e t ’OV
Maximum Vol tage without Damage ‘c Unit , Power ON

or OFF Differential Music (Note 9) WV
Vo tage it either input (Note (0) V1 ill SV

I Comm ’,n Mode Rejec tion Ratio , DC to 61)11! with )kfl
source unbalanc e S

6 1  70.1F m~n ( ’ 4 J B t y p )
C • 10 9051) I l l  “ ~~ “ I~
(. • 1000 t I l l • S S ’~ 

SS 5~~ 5 S

S I • — 1000 1 1111 5 1 5  ~ S S I I’ •II~- ‘ • •~

~~__:_
_ S _ _ S  . S
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NOISE
S Voltage RTO(p-p)l)2 0 1Hz to l0} Iz (Note 10) ~/(0.5G)’ • (l50) 5 pV

R/IS RTO. (0Hz to 10kHz ‘~4iiG)~ +

Input Oirrent . rrne, IOIlz to 16kHz bSpA(r ms)
RE FERENCE TERMINA L

Bi*s Current 3M
Input Resistanc e IOMfZ
Voltage Range cloy
Ga in to Output

POWER SUPPLY 
- S

Operating Voltage Range ±5 to ±18
Quiescent Supply Current 

— 
SmA max 

-
TEMPERATURE RANGE 

S

Specif ied Performan ce Ot o +70 C
Operating . -25 so .sf C
Storage - -65 to ,150 C - -

PRICE
((-24) 112.75
(25-99) 110.20
(100-999) 88.50

+IN~UT~~~ ~~JGAIN

B
GAIN L.~ 

SCALE

-seu-r j~ 
—•-

~~ 

12 SENSE

FFUT
E~ \A0523 / ~~ jnEF

- V~~~ \/ ~~~SCALt

OFFSET 
Cs~MP.

OUTPUT [7 ~_l 
~JV+

S TOP VIEW

- 
S

GAIN TRIM

• 
10

15k

- 14
Ii

Ri *0521 OUTPU1
2 II

S

-IN OUTPUT

COMMON

S 
I
i

-~~ 5 -5 -~~ S
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S APPENDIX VI

TRANSFORMER CONNECT iONS FOR CAPACITANCE MEASUREMENT

To Measurement

‘Bridge
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