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High-Accuracy Ac voltage calibration

Many techniques are available to calibrate ac instruments, but the
venerable thermal transf er methodis sf// the best for . . .

By Fred L. Hanson

VrRy pnecrsE cALTBRATIoN oF AC TNSTRUMENTS re-
quires measuring equipment accuracy substantially
greater than the required instrument accuracy. Many
factors influence accuracy, including waveform distor-
tion of the ac source and its short-term amplitude stabil-
ity. Calibration techniques vary in complexity and in the
time required to make a measurement. But it does not
necessarily follow that great measurement accuracies
require high cost, complex and tedious procedures.

A simple, direct method of ac calibration in the lTo
accuracy region would use a single-frequency ac voltage

source with an absolute accuracy of about 0.2% . This
single-frequency source (usually around 4OO Hz) should
have voltages available from hundreds of volts rms down
to a few microvolts with enough steps to check ranging
and tracking of a variety of analog voltmeters. With this
source, the voltmeter can be calibrated to well within
specs at mid-frequency. The frequency response of the
instrument under test may then be determined with a
stable, variable-frequency oscillator.

It is not difficult to get 300 volts at 4OO Hz, nor is it
difficult to get 3 volts at 10 MHz. But where high voltage
is needed at high frequencies, it is usually necessary to
use a tuned amplifier. Although it becomes necessary to
readjust the tuning for changes in frequency, it does
makepossible an accurate highvoltage at high frequency.

Distortion of the oscillator waveform is generally not
a significant factor when calibrating average-responding

Cover: Oscitloscope photos demonstrate the
transient-f ree switching of trequency and volt-
age ranges of the HP Model7454 AC Calibra-
tor. Upper lett, switching trom 100 Hz to 10
Hz with sweep at 0.02 s/cm. Trace at upper
right shows switching from 1 kHz to 10 kHz
with sweep at 0.2 ms/cm. At the lower lett,
the output is switched between 100 Hz and
1 kHz. Sweep is 5 ms/cm; output is 1 V rms.
Voltage switching from 1 V to 100 mV and
back is shown at the lower right. Frequency is
80 Hz; sweep speed is 20 msl cm.

Inthis Issue: High-accuracy AC Vottage Cat-
ibrat ion; page2. Eftects of Distort ion on
Calibration ; page 6. Systems-Oriented Digitat
Power Sources, '  page 9. Digi tal  Voltage
Sources at Work; page 14.
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Fig. 1. Basic ac-dc thetmal transler measutement serup.
By adjusting the voltages so a null is obtained for both
the dc and unknown ac voltages, the rms value of the ac
is equal to the known dc.
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instrunrents in thc 1 Vo arca of accuracv.

Most oscil lators have sufficiently low dis-

tortion so that calibration errors arc lcss

than a few tenths of a perccnt' With peak-

responding instrumcnts, however. the error

cluc to distortion may become ir.nportant.

Distortion of 7% can cause 1% crror or

Inore.

High-Accuracy Technique

Methods used for calibration to about

l7o L\re gencrally not very useful for higher

accuracics. The basic, rrrost hishly regardcd

tcchniquc used to obtain ac voltage accuracy

in  t hc  0 .01% a rea  i s  t hc  t he rn la l  t r ans fe r

nrcthocl - conlparing the heating value of a tlc current

to that  of  an ac currcnt .  F ig.  I .  A thern locouplc is  ther-

nr:rl ly conncctccl to a heatcr wire thrtlugh which thc clc

or  ac current  f lows.  The heat ing valuc o l  thc appl ied

currcnt can thcn be dcternrinccl by nreasuring thc cnlf

of  the therntocouplc.  I l  the thern locouplc emf is  the sanic

for  both thc ac and thc c lc  currcnts.  the hcat ing valucs '

and thus thc rnrs vit lues. of thc two waves arc tl.te- sllnle'

Sincc voltirgc levcl is deternlined by thc heating cffcct ol '

currcnt in a straight piecc of wirc. thc frcqucncy range is

cxtremcly wide-from bclow 20 Hz to above 500 MHz'
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F ig .  2 .  Th is  new Mode l  745A AC Ca l ib ra to r  i s  a  p rec ts ron

signal generator designed to provide ac valtages to
| 0.02o/o accutacy at midband Frequency range is con'

t inuously adiustabte from 10 Hz to 110 kHz' The percent

error scale enables direct error measurement without

the necessity for calculat ion. Voltage, Irequency, etror

ranges and frequency vernier may be programmed'

Prob lems in  Thermal  Trans fer  Measurement

Thc  n . ra in  ob jec t ion  to  the  usc  o f  thc  thcrn lc lc t lup lc

t rans fc r  tcchn iquc  is  the  amount  o f  sc t -up  t i r r re  requ i rcc l

fo r  each changc in  vo l tage anc i  f rcqucncy .  In  add i t ion '

l l r c  D r ( ) c c ( l u r c  i t s c l l '  i s  t i t t r e  c ( ) n s u n l i n g
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Fig. 3. Precise posit ive and negative 9.9-volt  dc references are responsible lor the accu'

racy of the Model 7454. The rms value of the squate wave produced l tom these two

voliages is the standard to which the osci l lator rms voltage is compared. osci l lator

output level is correctdd by the AGC signa! f  rom the f ul l-wave demodulator.



Fig. 4. Reterence stabitity charts are ptotted over a six
week period to determine deviation in ppm of the ret_
etence zener diode and the g.g vott powet suppties" A
three-position switch, upper lett, is used to connect the
plus and minus reference supplies to a catibration point
permitting calibration ol the instrument with a dc volt_
meter. The third switch position enables monitoring ol
the square wave.

Thermal reversal error compounds the above prob_
Iem. Thermocouples do not always have the same volt_
age output for both direction of dc current. Therefore,
this error must be averaged out by measuring thermo_
couple emf in both directions. This nearly doubles meas_
urement time. With ac applied, the reversal is fast enough
that thermal inertia prevents dissymmetry of heat distri_
bution along the heater wire.

Switching Transients. With a multi-frequency ac source,
frequency switching can result in significant transients.
Since the most accurate wide-frequency systems use ther_
mocouple transfer as a reference, these switching transi_
ents could result in a burned-out thermocouple.

Distortion. Errors (readings differing from true rms) due
to distortion that are insignificant in the 1 Vo area can
have an eftect when accuracy required is in the 0.OI%
area.1'! Since a truly distortionless waveform is impos_
' 
l;#;', 
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,TVM Rea d inss,' nevrrett'pacr€rd
, 'Which AC Voltmeter,, Hewlett_packard Applicati0n Note 60.

sible, it is necessary to know how much distortion is
tolerable in any given measurement. The same amount of
different-order harmonics can cause different errors.
Too, the relative phase between harmonics and funda_
mental can alter the amount and, in some cases, even the
direction of the error. The type of detector used in the
voltmeter determines the amount of error that a particu_
lar distortion can cause. In other words, the effects of
distortion on high-accuracy measurements are different
for average-reading and peak-reading voltmeters.

Temperature Effects. Because of the high temperature
coefficient of thermocouples (typically greater than 1000
ppm/"C), it is necessary to refer frequentfy to the dc
reference. An arrangement can be devised with two ther_
mocouples subject to the same ambient temperature and
connected so that their outputs are in opposition. One
thermocouple is connected to a stable dc source. and its
output cancels out the emf shift due to temperature
changes. This scheme results in some compensation, but
does not solve the problem entirely.

Automatic Thermal Transfer
The new HP Model 745A AC Calibrator, Fig. 2, is

designed to operate in the 0.01 Vo area. A calibrated ac
output is produced which is compared to a precision ref_
erence twice a second. Output frequency is continuously
adjustable from 10 Hz to 110 kHz in four overlapping
decade frequency ranges. Output voltage can be varied
from 0.1 mV to 109.999 volts in steps of 1 ppm of full
scale over the entire frequency range. Switching transi_
ents are held to insignificant levels.

The automatic thermal transfer method, Fig. 3, de_
veloped for the Model 745,4, overcomes the disadvan_
tages of the classical ac-dc transfer method, and at the
same time maintains most of the advantages. Instead of
making time-consuming plus and minus dc readings and
manually setting the ac, the automatic thermal transfer
circuit makes the comparison twice each second, auto_
matically adjusting the ac output voltage until its rms
value equals that of the reference. The dc reference is
a precision square wave, switching positive and negative
so fast the thermocouple output is equal to the average
for both directions of current. The output voltage is com_
pared with the reference twice a second, and error caused
by thermocouple drift due to temperature is eliminated.

Since the amplifier driving the thermocouple is com_
mon for both the ac signal and the dc reference, its gain
accuracy and gain stability need not be considered. The
amplifier is designed primarily for wide-frequency re_
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sponse, and the system is capable of extremely good ac-

curacy over a very wide frequency range. The greatest

advantage gained is time. The ac-dc transfer measure-

ment is done automatically twice each second; any volt-

age at any frequency can be set' and the ac output

voltage immediatelY follows.

The instrument's accuracy is dependent upon the ac-

curacy of the f9.9 and -9.9 dc reference voltages'

These voltages are maintained by an aged zener diode

held at a temperature of 80oC -+0'1oC. By switching to

these precise voltages alternately, a square wave is gen-

erated at a 500 Hz tate. To avoid errors due to voltage

drops across the switches, all switching takes place within

the feedback loops of the power supplies. Amplitude of

the square wave is large enough so that thermal offset

voltages, noise or other disturbances are insignificant'

Easy Calibration

Provision is made to calibrate the Model 745A using

a dc rather than an ac voltmeter. Advantages include

higher accuracy at lower cost' ease of use, and none of

the uncertainties inherent in ac measurements. A three-

position switch on the reference supply, Fig. 4, permits

reading the voltage of either the plus or minus supplies,

or checking the 500 Hz square-wave output.

The reference square wave thus established is 9'9

volts rms and is accurate to -+0.001Vo.The square wave

is applied to the input of a magnetic divider with a ratio

of 9 : 1 . The 1 . l-volts rms output of the divider is applied

to the input of a 6-place magnetic divider' With this 6-

place divider, the square wave can be adjusted from 1' 1

volts rms to 0.1 volt rms in 1 pV steps. The magnetic

Fig. 5. tnput wavetorm to the thermocouple' The sine
wave is the instrument output, and the 500 Hz squate
wave is the reterence. When there is an tms ditlerence
between these two, the thermocouple output is a 2 Hz

square wave whose peak-to-peak value is proportional
to this difterence.

divider principle lends itself well to design for a wide

frequency range, so the accuracy of the square wave is

maintained.
Using the rms value of the square wave as a reference

a comparison is made with the rms value of the Model

745A output voltage. On the l-volt range, the voltage

at the sense terminals is applied directly to one input of

a time-sharing amplifier, and the reference square wave

is connected to the other inPut.

The input to the time-sharing amplif ier is then

switched from the sine wave to the square-wave refer-

ence at a 2 Hz rate, Fig. 5. The output of the time-

Fig. 6. Harmonic output ot the Modet 745A is bettet than 70 dB down, making it

,"Lfrl r5 a low-distortion oscillator, as well as a high-purity calibtation standard'



Effects of Distortion on Calibration
ln the tield of precision measuremenfs, fhe use of an
ac voltage standard with more than about 0.So/o dis-
tortion is avoided if possible. High quatity oscillators
used as signal sources rarely have harmonics beyond
the third which contribute appreciably to catibration
error. Only the effect of small amounts of second and
third harmonics need be considered in determinino
the effects of distortion.

Effects of Harmonics on Average-Responding Meters
The accuracy with which an average-detecting voltmeter
wil l read the true rms value of a waveform depends both
upon the amount of distortion present and upon the phase
relationships between the fundamental and its harmonics.
The rms reading, E..,, for En ( ( Er, is given by

E,^,_1*"(+) ,  (1)

where En is the magnitude of the harmonic and Er is the
magn i tude o f  the  fundamenta l .

The reading of an average-responding meter is unaffected
by the presence of small  amounts of even, in-phase har-
monics, since no area is added to the waveform. An rms
reading dif fers from the average reading by

For a 0.1olo second harmonic, the maximum error tntro-
duced is only 0.00005%. Second harmonics are usually not
an important source of error in average-reading voltmeters.

In-phase third harmonics (a) add the aiea of an extaa hall_cycle
lo lhe envelope and cause a higher lhan rms reading oi an

. ,  /  E n \ 2
*  

\ h )

For a quadrature phase relat ionship, the average value
can be approximated by Eq. 1 and essential ly no error is
in t roduced.

A waveform conta in ing  odd harmon ics  resu l ts  in  cons id -
erably more error in the reading of an average-responding
voltmeter. Errors caused by even harmonics always result
in a lower reading, but errors caused by odd harmonics
can resu l t  in  h igher  o r  lower  read ings ,  depend ing  upon the
phase relat ionship between harmonics and fundamental.

The max imum area under  the  enve lope (and the  h igher
reading) occurs when the harmonic contr ibutes the area of
an extra one-half cycle to the fundamental.  Subtracting a
one-ha l f  cyc le  resu l ts  in  a  low read ing .  For  smal l  amounts
o f  th i rd  harmon ic  genera l l y  encountered  in  p rec is ion  meas_
urements ,  the  max imum p lus  or  minus  er ro rs  tha t  can
occur  a re

Enor - {! e)J E r

The above equation gives total error, since smalt amounts
of third harmonic have l i t f le effect upon the rms value. A
th i rd  harmon ic  o f  0 .1% o f  fundamenta l  cou ld  cause a
c h a n g e  o f  0 . 0 3 3 %  o f  t h e  a v e r a g e  r e a d i n g ,  b u t  o n l y
0.00005% of the rms value.

For odd harmonics higher than the third, the half-cycle
contr ibution becomes less, and the error decreases as the
order of harmonic increases. Eq. 2 can be rewrit ten

Erro, - l!
- 

l lEt

where n is the order of the odd harmonic.

Effects of Harmonics on Peak-Responding Meters
For peak-responding voltmeters, the maximum error wi l l
occur when the phases of the wave components are such
that a peak of the harmonic coincides with a peak of the

average-responding meter, while an out ol phase harmonic (b)
tesulls in a lower than rms reading.

-



f u n d a m e n t a l .  T h e  m a x i m u m  m a g n i t u d e  o f  t h e  p l u s  e r r o r
(h igher  than rms va lue)  w i l l  be  the  same regard less  o f  the
order  o f  the  harmon ic .  For  smal l  amounts  o f  d is to r t ion .  the
m a x i m u m  a m o u n t  o f  e r r o r  i s  p l u s  o r  m i n u s  t h e  a m o u n t  o f
d is to r t ion  d i rec t l y .

A  lower  than rms read ing  occurs  when the  peak  o f  the
harmon ic  i s  in  phase oppos i t ion  to  the  peak  o f  the  funda-

m e n t a l .  A s  t h e  o r d e r  o f  t h e  h a r m o n i c .  a n d / o r  t h e  a m o u n t  o f
d is to r t ion  inc reases .  peaks  are  fo rmed ad jacent  to  the  peak

of  the  fundamenta l .  The meter  w i l l  respond to  these ne igh-
bor ing  peaks .  As  the i r  ampl i tude inc reases ,  the  meter  e r ro r
approaches tha t  o f  the  max imum (h igher - than- rms)  read ing .

shar ing anrpl i f ic r  is  appl icc i  to  a 50 nrs t i r l rc-const t l l l t

t l rernrocouple.  Thc t l tcrntocouple heatcr  is  at  s t tc l t  l t

te  nrpcraturc that  thc output  c l l t f  o l  thc t l tcr l t t t tcot rp lc  is

about  7 nrV.  I f  thc rnrs valuc of  thc s inc u ' l tvc is  c l i lTcrcr t t

i ronr  thnt  of  thc squarc wave.  thc r t r - r tpLt t  cnt l '  o l  thc

thcrrnocouplc r i ' i l l  changc cach t i r t tc  t l rc  t in tc-shl t r i r tg

arnpl i l ier  swi tchcs.  I f  thc s ine u 'avc at t r - l  sc l t larc rvavc d i l -

fcr  by 0.01o,1 .  t l . rc  output  o l  thc tht ' r t l tocotrp lc  
" r i l l

changc  by  1 .4 , , ,V  a t  a  2  Hz  r i r t c .  l r o l l on i l t g  t l t c  t hc r t t t o -

couplc is  an ac a l l rp l i f ic r  c lcs igr tcr l  to  rurrp l i l 'v  only  th is

2 Hz s ignal .  and ignorc anv dc c l r i l t  o l  t l rc  thct ' t t tocot tp lc .

I ts  output  is  dcn ' roc lu latcc l  ancl  thc rcsul t ing c lc  r - rscc l  to

contro l  the vol tagc lcvc l  o l  thc osci l l t r tor .  l tnc l  th i ts  t l tc

output  vo l tagc of  the Mor lc l  7454' .

Thc gain of  th is  fccc lback loo; . r  is  l (X)  d l l .  s( )  r r rv

changcs in  ampl i f ier  gain or  osc i l la tor  outpt t t  r l rc  rc-

c luccd by l0 ' .  On thc l - r 'o l t  range.  thc rnrs vol tagc at

thc output  is  nra inta inct l  csscnt ia l ly  cqual  to  thc rnrs
." 'o l tauc of  the square \ \ 'avc at  the out ; lu t  of  thc 61lacc

nrasnet ic  d iv ic ler .
Aclc l i t ional  vo l tagc rangcs are obta incd by usrr ru l r  sct

of  t ransfornrcrs to t ransfornr  t l tc  vo l tage on thc output  of

thc poi . l 'er  anrp l i f ic r  to  that  rcc lu i red for  any of  thc s ix
vol tagc rangcs.  The accuracy of  the 1-vol t  rangc is  c lc-

pcnclcnt  only  upon thc accur i icy and stabi l i ty  of  thc c lc

vol tagcs nraking up thc squarc wirvc.  Since thc rnagnct ic

c l iv iders are not  subject  to  thc r l l i i t  ( ) r  tc l rPcrature ef -
fccts  as rcs is t ivc d iv ic lers.  thcy havc no cf lcct  upon thc

accuracy of thc l-volt ran-{c.

Accurircy of thc other vclltage rangcs is affectccl lry

output attcnuators as well as thc dc refcrcncc volta-qc.

Iror this reason. all thc ran-rles fronr 10'"'olts down use
inc luct ivc d iv idcrs,  so that  problcrrs  c luc to tcn lpcraturc

changcs ancl  long- terrn dr i f t  are e l inr inatcd.  
' l - l rc  

l (X)-

vol t  range d iv ider  is  not  lnagnct ic  becausc of  physical

s ize l imi tat ions.  A precis ion rv i rc lound rcs is t ivc r l iv idcr

is usccl on the 100-volt rangc (and on a soon-to-ltc-

available 1000-volt rangc). and is clcsigncd so it can be

calibratccl with clc. Thus. it is pctssible to sct the ratio

of  th is  d iv idcr  to  wi th in 10.00 l%, which woul t l  bc cx-

t rcnre ly  d i f f lcu l t  wi th ac measurenrcnts.  Af tcr  c lc  c l l l ibra-

tion of the attenuators and thc 9.9-volt t 'efcrence sup-

plies. it is only neccssary to chcck frcqucncy rcsponsc on

the I ,  l ( ) .  100 anci  ( fu turc)  1000-vol t  ran{cs for  cont-

p lc tc  cal ibr t r t ion.

Osci l la tor

Essent ia l ly  a syrr thesizcr  typc,  thc osci l la tor  uscd in

the 7454.  uscs a d iode r ing as a l ina l  r l t ixcr .  rcsul t ing

in an output voltagc with extrentcly lorv clistortion. Total

E f l e c t  o l  e y e n  h a r m o n i c s  o n  a v e r a g e - r e a d i n g  v o l t m e t e r s  ( C u r v e

2 ) ,  a n d  o n  p e a k . r e a d i n g  v o l t m e t e r s  ( C u r v e  1 ) .

Ef fec t  o t  odd harmon ics  on  average- read ing
2 , 3 , 4 ) ,  a n d  p e a k - r e a d i n g  v o l l m e l e r s  ( C u r v e

vo l tmeters  (Curves
1 ) .



S P E C I F I C A T I O N S
HP Model 7454
AC Calibrator

VOLTAGE:  spec i l i ca t ions  by  lhe  Na l iona l  Bureau o t  S tand-

a r d s .
COUNTER OUTPUT: r6ar-panel f requency counler outpul,

2.2 V +20o/",  protecled against shod circui ts.

REMOTE PROGRAMMING

Requ i rementa
FANGES

O U T P U T  V O L T A G E  R A N G E S : 6 . a n g e s *  w i t h  l 0 %  o v e t r
range as  to l lows:

Less  lhan 4000 lo  g round

Open ci .cui t  vol lage <5 V
Short c ircui t  current 2 mA.
Maximum vo l tage on  program

i  
mins  l jne  a t  c losure  0 .8  V .

,  
sorabir i ly 

l

O 100000 trV to 1 099999 mV in I  nanovol l  s leps I
1.00000 nV lo 10 99999 mV in I0 nanovolr  sreos 

]
10.0000 mV to 109.9999 mV in 100 nanovolt  s leosl

0.100000 V to 1.099999 V in 1 microvolt  steps

1.00000 V to 10.99999 V in 10 microvolt  s leps

1 0  0 0 0 0  v  t o  1 0 9 . 9 9 9 9  v  i n  1 0 0  r r c , o v o t r  s l e p s  
l

OUTPUT FREOUENCY RANGES:  con l inuous ly  ad lus lab le

t rom 10 Hz to  110 kHz ln  4  decade ranges w i lh  10%

E R R O R  M E A S U R E M E N T : 2  r a n g e s  w i t h  z € r o  c e n l e r  d i a l ,

1 0 . 3 %  o r  t 3 % .

PERFORMANCE RATING

ACCUFACY:  accuracy  ho lds  lo r  a  90-day  pe f iod  and is  met
a f t e r  a  1 - h o u r  w a r m u p  p e r i o d  s l  2 5 ' C : t 5 . C  w i l h

< 9 5 %  R . H .

t C o m p a n i o n  
a n p l i f i e r  p r o v i d i n g  a  1 0 0 0  V  r a n g e  t o  b e  a n n o u n c e d .

Frcquency :  j . zok  o f  se t l ing ,  r i0 .2% o f  fu l l  sca le .
Er ror  Measurement :  I  (0 .5% o l  se t t ins  +  o .so l .  o l  ranse)

I E I I P E R A T U R E  C O E F F I C I E N T i

Vo l lage:  l :0 .0003% of  se l t ing  per  'C  f rom 0 'C to  +55"C.

Frequency :  10 .05% of  range per  'C  J rom 0"C to  +55"C.

VOLTAGE STABIL ITY:  S tab i l i l y  me i  a f te r  1 -hr  warmup
per iod  a t  cons tan t  tempera ture  w i lh  <95% R.H.

Long-Tefm:  10 .01o lo  o l  se t t ing  fo r  6  mo.

Shor t -Term:  lO.OOzoh o l  se i t ing  Jor  24  h f .

OUTPUT CHARACTENISTICS

TOTAL DISTORTION AND NOISE:  : ! (0 .05% o f  ser t ing  +

10 rV  over  100 kHz Bandwid th)  on  a ' l  ranges .

TOTAL DISTORTION,  Cyc le io -cyc le  lns tab j l i t y ,  and No ise :

Wi l l  cause < :10 .005% of  e r ro r  when used to  ca l ib ra te

an average- respond ing  or  l rue  rms- respond in9  ins t ru -

m e n l  f r o m  1  m V  t o  1 1 0  V .

M A X I M U M  C A P A C I T I V E  L O A D :  1 0 0 0  p F  o n  a l l  r a n g e s .

OUTPUT TERMINALS:  h igh  and low outpu t  le rmina ls  can

be i loa ted  1500 V dc  sbove chass is  g round.

1 0  m v

1 0 0  m v

1 0  v

1 0 0  v

G E N E R A L

POWER REQUIRE|TENTS: 115 or 230 V :110ol. ,  50 Hz to
400 Hz, 70 W nominal,  100 W maximum.

W E I G H T :  n e t  6 5  l b s  ( 2 9 , 3  k g ) i
shipping 75 lbs (33,8 kg).

PRICE: HP 745A, S4500.

M A N U F A C T U n I N G  D I V I S I O N :  L O V E L A N D  D I V I S I O N
P.O. Box 301
815 Foui leenth Street S.W.
Loveland, Colorado 80537

20 Hz to 50 Hz

2 0  k H z  t o  1 1 0  k H z

10 Hz to 20 Hz

+{0-02"/ .  ot  sel t ino
i  o.oozy" ot ,"nq" + ro rv)

{ 0 . 0 5 %  o l  s e t i n o
; o.oo5% ot ranqe + 50 rV)

a(0 .2  % o f  se t l ing

+ 0 .005% of  rango +  50  pV)

+ 1  V l o  + 1 0 V D C

5009 - 10 k9
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output distortion of the instrument, Fig. 6, shows that

the error introduced in an average responding voltmeter

is less than 50 ppm. Frequency range switching within

the oscillator is electronic rather than mechanical, which

gives an essentially transient-free waveform when chang-

ing frequency ranges (see cover). When a change in fre-

quency requires a change in output transformers, there

is a slight transient, but never enough to harm delicate

devices connected to the output.

Electronic frequency range switching enables easy
programming of the oscillator. A closure to ground on

the appropriate programming pin selects the frequency

range. The vernier frequency is also programmable by
applying a dc voltage to a programming pin or by a se-
lected resistance to ground at the same pin.

Fred L. Hanson

Fred Hanson received his Bachelor
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Electr ical Engineering from Utah
State University in '1962 and 1963.
He joined Hewlett-Packard in 1963
and worked on the Model 74' lA
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development of test equipment for
cal ibrat ion of the ac converter in
the  Mode l  741A.  Th is  ass ignment
led to development of the Model
745Afor  wh ich  he  became
des ign  leader .

Production Line Uses

With the ability to make a highly accurate ac calibra-

tion in a relatively short time, the Model 7454 is espe-
cially suited to production line testing. Especially skilled

operators are not required. A percent-error readout elim-
inates time-consuming error calculations, and is valuable

where large numbers of instruments are calibrated. Cali-
bration error is displayed directly in percent of setting,
with a resolution of 0.001%.

Programmability

Many applications of the Model 7454 in automated
systems are possible because of its remote programming

capability. Voltage, frequency and percent-error may be
remotely programmed by transistor or switch closures to
ground. Output frequency may be varied with an adjust-
able analog voltage, or programmed by switching resis-
tances to sround.
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Systems-Oriented Digital Power Sources
Designed specif ically to be programmed by a computer, this new
digital power supply is tailor-made for automatic tesf sysfems.

By Brett M. Nordgren

Tnr rRENo rN TESTTNG ToDAy IS To AUToMlrIoN. More
and more frequently, instruments are being called upon
to operate as parts of large systems, usually computer-
controlled. Most of these systems require one or more
voltage sources which are capable of being programmed
by the computer.

Specifically to meet the needs of the systems environ-
ment, we undertook development of a di_eitally progrant-
mable power supply which would combine all the ele-
ments required to take a digital signal from a computer
and produce a 50-watt output to a load. The result is
Model 61304 Digital Voltage Source, Fig. 1. The new
instrument is basically a high-speed solid-state digital-to-
analog converter followed by a bipolar dc power ampli-
f ier .  I t  a lso has s ignal -condi t ion ing and data-storage

circuits, current-limiting circuits, and gate and timing

circuits which facilitate communication with the com-
puter. Easy accommodation to a variety of computers

was an integral design requirement.

With all of these elements in one
instrument  designed for  systems
operation, the systems designer no
longer has to combine several differ-

ent devices which in all probability

were not optimized either for systems
operation or for operation together.

One of the principal reasons for
automatic testing is high-speed oper-
ation. Recognizing this, we empha-
sized speed in the design of the new
digital voltage source. Its output volt-
age can be programmed over its full
range in less than 100 microseconds.
10,000 voltage changes per second
are possible. The data storage circuits
in the voltage source also contribute
to overall system speed and effi-
ciency. These circuits hold the input
data so the computer doesn't have to

Fig. 1. f'/ew Modet 6130A Digttat Vottage Source is specilicalty designed
for computer programming. tt has tour-digit accuracy and resolution
and takes /ess fhan 100 ps to change output voltages. lt can supply up
to !50 volts af 0 to 1 ampere. A low-powered version, Model 69334

Digitallo-Analog Converter, takes only 20 ps to change voltages.

keep transmitting the data while slower circuits are re-
sponding to it. Thus the computer uses less time in data
transmission and has ntore time for other operations.

Isolation is another important systems requirenrent
designed into the new voltage source. Frequently it isn't
possible to have the output grounded to the same point
as the input data signals. Therefore, we have providcd
circuits which isolate the input from the output.

Model 6130A Digital Voltage Source accepts four-
digit BCD or fifteen-bit binary input data, and supplies
up to +50V at one ampere. It can sink up to 500 mA.

High-Speed D-A Converter

The functions of the new digital voltage source can be
divided into five groups (see Fig. 2). The circuits cor-
responding to each group are on a single plug-in card.

The heart of the instrument is the digital-to-analog
converter, which takes digital input information and con-
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verts it into an analog reference signal, accurate to within
five parts in 10r of its maximum value. This reference
signal drives the precision power amplifier. The D_A
converter output is connected to the summing point of
the power amplifier, which is a virtual short circuit.
Thus the short-circuit output current of the D-A con_
verter is the reference signal that drives the amplifier.

D-A converters contain a series of switches which are
activated by the input data bits. The switches act on a
resistance network which produces an outpur propor_
tional to the numerical value of the input information.
In the new digital voltage source the resistance networks
are 1R-2R ladders, Fig. 3.

The switches in the new instrument are saturated
transistors. They give a speed improvement of two orders
of magnitude over relay switches, yet maintain overall
accuracy within -+0.01Vo. Careful choices of semicon_
ductors and bias conditions were needed to satisfy both
of these requirements.

The digital voltage source can be built to accept either
binary-coded-decimal (BCD) or binary inputs. When the
input is in BCD form, four ladder networks are used,
each containing four bits. Their outputs are weighted
in powers of ten.

When the input is straight binary, again four ladders
are used, three containing four bits and one containing
three bits, and the weighting is in powers of sixteen. If
a single chain of fifteen bits were used for binary inputs,
voltage drops in the ground lead of the ladder network,
caused by the base currents of the transistor switches,
would result in error-producing interactions between the
lower-weighted bits and the higher-weighted bits. Group_
ing the input data into sets of bits reduces these inter-
action errors, and makes adjustment easier as well.

Bipolar D-A Converter Output
The D-A converter accepts either a positive or a nega_

tive input number and supplies a corresponding positive
or negative output. To make the circuit bipolar in this
way, an unusual design approach was taken. Because
they use linear networks, D-A converters are fundamen_
tally unipolar. This means that the output signal of a
D-A converter always becomes larger as the numerical
magnitude of the digital input increases. But when the
input calls for a negative sign, the converse must occur
if the D-A converter is to be bipolar. We found that the
least space and expense would be required if we let
digital integrated circuits take most of the burden of
polarity changing. Here is how it works. Suppose the
input consists of four decimal digits and one sign bit. A

negative sign bit causes the digital circuits to convert the
input number into its nines complement; that is, _(N)
is converted into (.9999 -N). The negative sign bit also
turns on an accurate current of -.9999 mA. This is
added to the D-A converter output. Thus the analog out_
put is (.9999 -N) -.9999, which is -(N), as desired.

Polarity changing is easier for the binary input option.
Negative binary numbers are commonly represented by
the two's complements of the corresponding positive
numbers, so no complementing need be done by the
digital voltage source. It is only necessary to switch on
an appropriate current offset for negative numbers.

To maintain accuracy over a range of environmental
conditions, the voltage-reference diode in the D-A con_
verter of each instrument is individually biased for mini_
mum temperature coefficient. All critical resistors are
low-temperature-coefficient types, some having TC,s of
2 ppm per degree C, some 5 ppm per degree C, and some
i ppm per degree C.

Input-Output lsolation Needed
Anytime that digital voltages are used to program a

power supply, there should be no connection between
the LO output terminal of the power supply and the
ground point of the digital inputs. Such isolation is nec_
essary for a number of reasons. First of all, the power
supply must be able to operate with its LO output con_

Fig. 3. fhis is the 1R-2R tadder used tor digitat-to-
analog conversion in the Model 6150A Digital Vottage
Source and the Model 6953A Digita!-to-Analog Con-
verter. Transistor switches are used, giving a speed
improvement ol more than 100 over relays. Each instru-
ment has tour of these ladderc.
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inputs respond to dc levels. Dc coupling of the data

makes it possible to limit the input bandwidth in par-

ticularly noisy environments. This could not be done if,

for example, pulse transformers were used to obtain

isolation and the data transmitted as pulses'

Storage lmproves ElficiencY

Instead of requiring data to be present at all times at

the input, all input lines are connected to integrated-circuit

storage buffers. This allows the computer to transfer

data to the voltage source and then go on to other tasks

without having to maintain the input signal' The com-

puter simply transmits the data and, over a separate line,

a gate pulse which causes the data to be transferred into

the storage buffers. This system also allows 'party-line'

operation, in which one set of data lines feeds several

voltage sources. Each voltage source has its own gate-

pulse line, and the computer sends a gate pulse only to

the unit for which the data is intended.

Besides their storage function, the storage buffers offer

additional advantages. First, the gate pulse which causes

new data to be transferred into the storage buffers can

be, and is, delayed for 5 ps from the arrival of the data.

This allows all input lines to settle and eliminates errors

due to crosstalk. Data can be carried over ordinary

twisted-pair cables without difficulty. Second, since the

storage bufiers immediately precede the D-A converter,

they ensure that all data bits reach the D-A converter

almost simultaneously, regardless of variable delays in

the input circuits and data lines. Since the slewing capa-

bility of the power amplifier is 4 volts per microsecond,

sub-microsecond variations in the delays encountered by

different bits could result in programming transients of

over a volt, if there were no storage. For example, when

programming from 7 volts to 8 volts, if the '8'bit arrived

before the '41 '2i and'1' bits disappeared, the output

would momentarily be trying to go to 15 volts. Storage

prevents this.

Reaclive Loads Not A Problem

The accurate reference signal from the D-A converter

goes directly to the power amplifier. To preserve the

accuracy of the reference signal, large amounts of nega-

tive feedback are used in the amplifier circuits. The input

stage of the power amplifier is a high-gain differential-

pair transistor circuit. This is followed by six more stages

of gain before the output stage. The current gain of the

active devices is 10'0, and the open-loop gain of the

amplifier is greater than 10*. Gain crossover is at 50 kHz,

so the rollofi must be controlled up to 5 MHz'

1 2

Fig. 4. Whenevet a power supply is programmed digi-

tatly, therc shoutd be no connection between the gtound

of the digitat inputs and the ground ot the analog out-

put. Without isolation, small voltage drops in the power

suppty leads can cause large circulating ground-loop

cunents. ln the new digital voltage sources, isolation is

provided by osciltators with translormet-coupled out-

puts, one tor each inPut data bit .

nected to some point which is not at ground potential'

However, the digital input information is usually referred

to ground. If the LO output terminal were common with

the input ground, and then were connected to a load

terminal which is not at ground potential, a short circuit

would exist between the data ground and the load term-

inal. To prevent this, isolation is needed.

Furthermore, even when the input and output are

referred to the same point, isolation is needed to break

ground loops (see Fig. 4). Suppose that the system is

being programmed by a computer. The data voltages in

a computer are referred to the computer chassis, which

is grounded. Even if the load is also grounded, stray ac

magnetic fields can cause large ripple currents to cir-

culate in the ground leads. The dc voltage drop in the

power leads can also cause large circulating currents. By

breaking the ground loop, isolation eliminates these

currents.
Finally, isolation prevents potentially destructive cur-

rent surges which would otherwise occur if some point

in the load circuit should be unintentionally grounded.

In the new digital voltage source, isolation is achieved

by using small transformer-coupled 10-MHz oscillators,

one per bit. The input signals turn on appropriate oscil-

lators, and the RF transformer outputs are rectified, fil-

tered, and sent on to the following digital circuits. An

important advantage of this design is that the digital



Por.vcr supplies har,c to be able to operate with re_
act ivc loads.  Indr . rc t i l 'c  Ioacls  present  no problcnt .  but
crpacitancc acldccl to thc loacl aclcls an adclit ional polc
to thc fecclback-lcio;r cltaracteristic of thc po,"vc-r anipli_
l icr .  Whcn the open- l t top uain is  h igh.  the ac lc l i t ional  pole
rr ra l t  g ive the anrpl i l ier  a tcnclcncy to osci l la tc .  We har ,c
1'ouncl t lrat opcn-krop output intpeclancc is a crit ical fac_
1i lp  -  thg lo* .cr  i t  is .  thc less the tcndt-ncy to osci l la te.
To allorv capacitir. 'c loacls ttt bc tolcr:rtccl by thc neu,
digital soulcc. its opcn-loop output intpecltrnce is cJe_
sicnecl  to  bc of  thc orc lcr  of  t ivr - r  ohnts. ' l -h is  shi f ts  the
troublcsonrc polc to a vcry high frcqr-rcncy where it clocs
no harnt .  Capirc i tances of  I  , ,F can be dr i r , .en u, i thout  d i l_
f icu l ty :  evcn rv i th  th is  larse a capaci tance the output  vo l t_
agc r,i ' i l l  not overshoot its prograrlnrecl valuc ntore than
5%.  (W i th  r cs i s t i vc  l oads  ove rshoo t  i s  l ess  t han  0 .  l ? i . )

Overcurrent Protection Also programmabte

Tb protcct the loacl device in the event that it draws
nrorc currcnt than anticipated. ancl to protect the voltage
sourcc agalnst accidcntal short_circuiting of its output
ternr inals .  thc inst runtcnt  conta ins two separate current
l inr i t ing c i rcu i ts .  C)nc c i rcu i t  l imi ts  the current  to  l . l
anrpcres to protcct  the powcr_output  t ransis tors.  The
other  c i rcu i t  is  a prorranrr lable t r ip  c i rcu i t  which shuts
ofl thc bias voltages to the output stagcs u,.hen an over_
currcnt  condi t ion is  c letccter . l .  Current  l i rn i ts  of  20 to
l (X)0 ntA can bc prograntmecl .  This  c i rcu i t  acts r i , i th in
-5 , , r5 {e ra ise thc output  inrpeclancc to 20 kt t .  thus l i r r r i t ing
the current to a safe levcl. Shoulcl the loacl be one that
nrust be allowed to clrau' an init ial heavy transient cur_
rcnt. the disconnect reactiorr can bc clclayccl by as nruch
as ? nts by adcl ing a cupaci tor  to  rear_pancl  terminals.

(continued on back cover)

PROGRAMMER HP 61304 or 6933A tNpUT C|RCU|T HP 6130A or 6933A OUTPUT C|RCUIT

Fig.  5.  lnput  and oulput  c i rcul ts o l  the new dig i tat  vol tage sou/ces are designed to be
easi ly  modi f ied to accommodate a var iety of  data sources.  Here are some of  the oDt ians.
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Digital Voltage
Sources at Work
Model 6190A Digital Voltage Source combines into

one instrument the tunctions needed for operation as

a computer-controlled power supply in an automatic

fest system. Here are sorne systerns which illustrate

its capabi lities and possibi/itles'

Semiconduclor Testing
Testing semiconductor devices with automatic systems is

already a way of l i fe in the electronics industry'  The new

digital voltage source can play several important roles in

these systems (see Fig. 1).

Programmable voltage sources are most commonly used

to set the bias condit ions for the device being tested. Fre-

quently these condit ions may have to be changed for each

measurement, perhaps as many as 20 or 30 t imes for one

complete test. Here the speed of the new power supply is

valuable. because i t  al lows tests to be completed in less

time. l t  also reduces the equipment required, since i t  can

do things that otherwise would require 20 or 30 separate

power supplies.

The digital voltage source can also be used to set the

supply voltages for integrated circuits undergoing tests'

Worst-case combinations can be programmed rapidly. The

voltage source's freedom from programming transients is

important in test ing circuits l ike this, since they cannot

tolerate voltages that exceed their rat ings, even brief ly '

For some circuits, the digital voltage source can be used

to generate input signals. For example, i t  is possible to

determine the switching thresholds of digital circuits quite

accurately by programming an input staircase waveform

which has steps of one mil l ivolt .  For go/no-go tests, pulses

less than 100 ps wide can be generated with ampli tudes

accurate within i1 mV. The current-sinking capabil i ty of

the new voltage source permits i t  to simulate a variety of

logic drivers, inctuding the current-sinking types which

ground the input terminal of the logic circuit  and draw

current out of i t .  l ts current- l imit ing circuits are also impor-

tant here; they have current- l imit sett ings of 20 to 1000 mA,

and can quickly recognize abnormal condit ions'

Waveform Generalion
Generation of arbitrary waveforms by the digital voltage

source is entirely feasible because, with i ts data rate of

10,000 words per second, i t  can respond to 10'000 voltage-

change commands per second from the computer'  Such

waveforms could be anything from a simple staircase func-

t ion to a digital ly approximated random noise function' An

example of a waveform generated by the voltage source is

shown in Fig. 2. This 35-Hz wave was synthesized with

360 steps per cycle. To synchronize the osci l loscope ob-

serving the waveform, an init ial  spike 50V high and 60 ps

long was programmed.

Systems Testing
Checkout of large electronic and electromechanical sys-

tems, such as might be found in aircraft or in space hard-

ware, is faci l i tated in several ways by using digital ly pro-

grammed power sources. A current approach to system

checkout is the concept of 'st imulus-response' test ing, in

wh ich  a  cont ro l led  s t imu lus  s igna l  i s  in t roduced in to  a

system for the purpose of observing i ts response and eval-

uating i ts performance. With i ts S0-watt output capabil i ty,

the digital voltage source can drive small  motors, simulate

supply voltage variat ions, act as an active load, and gener-

ate programmed st imulus waveforms. l t  can also st imulate

closed-loop control systems with real ist ic input waveforms;

for example, torque motors can be attached to the output

COMPUTER

Fig. l. Semiconduclor Tesling
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of a servo posit ioning system and be driven with the aid of
a digital source to simulate expected loading transients.
Many of these transients, such as wind loading of an air_
craft 's control surfaces, are low-frequency waveforms which
are dif f icult  to generate other than digital ly.

Oplimizing Bias

An inieresting application for the digital voltage source
came about as a result of a problem which arises in i ts own
manufacturing process. The voltage reference diode in
every instrument must be biased at precisely the proper
cur ren t  to  ob ta in  min imum tempera ture  coef f i c ien t .  F ind ing
this current is a process of educated guessing. l t  requires
varying the diode temperature, observing the output voltage
var ia t ion ,  ad jus t ing  the  d iode cur ren t ,  and then t ry ing  aga in .

A rough mathematical model of the diode's voltage_
temperature-current relat ionship can be derived. Now a
computer can set the temperature and the bias currenrs,
using a Model 6130A Voltage Source as the bias supply
(see Fig. 3). The diode's voltage changes are measured by
a digital voltmeter and transmitted to the computer, which
calculates i ts best guess of the correct bias current on the
basis of the mathematical model. After a few tr ies, the opti_
mum current is arr ived at and recorded. The computer also
knows the supply voltage and calculates the value of the
bias resistor needed to set the bias current to the proper
value. The test takes two minutes; i t  would take 30 i f  done
manua l ly .

Process Gontrol
Direct digital control of processing plants involves numer_
ous interfaces between the central process control ler and
peripheral devices. One such interface is encountered when
digital signals are used to operate motors or proport ioning
valves. Here the aim is to cause a response which is propor_
t iona l  to  the  magn i tude o f  the  d ig i ta l  s igna l  app l ied .  The

digital voltage source can del iver up to SO watts for such
applications. l ts isolat ion between input and output al lows
the data and load circuits to have dif ferent ground poten-
t ials i f  necessary.

Calibrat ion

To cal ibrate digital instruments, i t  is often best to use
digital devices. For instruments needing cal ibrat ion signals
accurate to within 1 mV, the new digital voltage source can
be used in a computer-control led, closed_loop test system
(see Fig. 4). The computer programs the voltage source,
and the source's analog output is appl ied to the instrument
being tested, which might be a digital voltmeter, a digital
panel meter, or an analog-to-digital converter. The com_
puter then monitors the instrument's response ano com_
pares i t  with the number that was programmed. Doing the
test digital ly avoids the dif f icult ies inherent in working with
small  dif ferences between analog voltages.

COMPUTER

Fig .  3 .  Opt im iz ing  B ias

COMPUTER

Fig. 2. Waveform Generation
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Fig .  4 .  Ca l ib ra t ion



(continued trom page 13)

For complete safety, the output is automatically

shorted when the unit is disconnected from the computer,

and there are no harmful output transients when power

is turned on or off.

Input Compatibil i ty

Since the cligital voltage source can be expected to

have to operate with many different digital data sourcesl

it has been designcd to be easily modified to accommo-

date a variety of input-signal levels and polarit ies. Most

special requirements can be met by modifying one, or at

most two, plug-in circuit boards' Examples of input-

circuit options are shown in Fig. 5.

To interface the digital voltage source to the Hewlett-

Packard 2116A.2115A. or  2114A computers,  there is

an accessory kit consisting of cables, connectors, and

interface cards which plug into the computer.

Low-Power Version

The same digital. circuitry that is used in the Model

6130A Digital Voltage Source is also used in a low-power

unit, Model 6933A Digital-to-Analog Converter. In

place of the power amplifier, this instrument has an inte-

grated-circuit operational amplifier which provides an

output of -+10V at currents up to 10 mA. The opera-

tional amplifier is self-protected against short circuiting

of its output, so the low-power instrument needs no

current- l imi t ing c i rcu i ts .  The low-power vers ion can

Brett Nordgren graduated from

df q' 3:J:::,',J:","J:ll'1":?ft:1,xft",
iG--*." "1 He joined the HP Harrison Division

'fffl Q;i1,,, :ff:lg::ffifii3';::T1""
tV q{ , , ' i f f iht responsibi l i t ies have beent ? qry -. i$GH& responsibi l i t ies have been

Y .*;*roryn the 6e20A rv,"t"l9:Jlb':lof :nd "

Brett M. Nordgren

series of high-stabi l i ty Power
supp l ies .  Cur ren t lY  he  is  Pro jec t
leader  fo r  the  6130A Dig i ta l  Vo l tage
Source and the 69334 Digital-to-
Ana log  Conver te r .

Brett has several patents Pending
on swi tch ing  c i rcu i ts  and Power
supp ly  des igns .  He is  a  member  o f
Tau Beta Pi, he is act ive in the
New Providence-Berkeley Heights,
N.J .  Jaycees ,  and he  is  work ing  fo r
h is  M.S.  degree in  e lec t r i ca l
eng ineer ing  a t  S tevens  Ins t i tu te
o f  Techno logy .

make 50,000 voltage changes per second, five times as

many as the Model 6130A'
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S P E C I F I C A T I O N S
H P  M o d e l  6 1 3 0 A

Digi tal  Voltage Source

DUAL NANGE DC OTJTPUT:
-  1 0  t o  +  1 0  V  d c  ( 1  m v  i n c r e m e n t s )  a t  0  t o  1  A -
- 5 0  l o  + 5 0  V  d c  ( 1 0  m V  i n c r e m e n t s )  a t  0  t o  1  A

C I J R R E t r T  S I N X I N G :
The abi l i ty to absorb energy l rom lhe load rather than

s u p p l y  i t  i s  d e l i n e d  a s  c u r r e n t  s i n k i n g  T h i s  o c c u r s  w h e n

curreni is l lowinq into lhe posit ive lerminai and out ot

l h e  n e g a t i v e  l e r m i n a l .  M o d e l  6 1 3 0 A  i s  c a p a b l e  o l  u p  l o

5 0 0  m A  c u ( e n l  s i n k r n g

C U R R E N I  L I M I T :
20, 50, 70, j00, 200, 500 700, or 1000 mA wi lh an accuracy

ol sryo.
C u r r e n t  l i m i t  o p e r a t e s  i n  b o l h  t h e  s o u r c e  a n d  s i n k  m o d e s

LOAO REGULATION:
F o r  a  l o a d  c u r r e n l  c h a n g e  e q u a l  l o  l h e  c u r r e n l  r a t i n g  0 1

t h e  s u p P l y .
1 0 - V o l t  R a n g e r  0 . 2  m V .
5 0 - V o l t  R a n g e i  2  m V .

L I N E  R E G U L A T I O N :
F o r  a  c h a n g e  i n  l i n o  v o l t a g e  f r o m  1 0 3 . 5  t o  1 2 6 . 5  V a c

1 o - V o l l  R a n g e : 0 . 2  m V .
5 0 - V o l l  R a n o e : 2  m V .

R I P P L E  A N O  N O I S E :
Less than 1 mV p-p on 10 V range, 5 mV p-p on 50 V

r a n g e  a t  a n y  l i n e  v o l l a g e  a n d  l o a d  c o n d i l i o n  w i t h i n

r a l i n g .

B C D  o r  b i n a r y  f o r m a t .  T h e  i n p u l / o u t p u i  c o d i n g  a n d  l e v e l s

o l  the  da ta  {o r  the  Mode l  6130A are  se lec ted  by  the

I E M P E R A T U R E  C O E F F I Q I E N T :

O u t p u t  c h a n g e  p e r  d e g r e e  C  c h a n g e  i n  a m b i e n t  l e m p e r a '

tu re  to l low ing  30  minu ies  waamuP

1o-Vo l l  Range:  Less  than 100 PVloC

50 Vo l t  nange l  Less  than 500 PVloC

ACCURACY AND RESOLUTION:  A t  25oC -1OoC

5 0 - V o l t  R a n g e : 1 0  m V

1 o - V o l t  R a n g e : 1  m V

P R O G N A M M I N G  S P E E D :

T ime requ i red  to  a t ta in  99  9o /o  o l  p rogrammed va lus '  us rng

a  r e s i s l i v e  l o a d .

V o l t a g e :  - 5 0  V  t o  + 5 0  V  o r  + 5 0  V  l o  - 5 0  V  I n  l e s s

lhan 100 ps .

Vo l tage Data  Trans fer  Rate :  Greater  than 10  000 words /s '

Cur ren t  L imi t :  Less  than 2  ms

Vol lage Range:  Less  than 2  ms

T N A N S I E N T  R E C O V E R Y  T I M E :

Less  ihan 3o tseconds js  requ j red  to r  ou ipu t  vo l lage re_

c o v e r y  t o  w i t h i n  0 . 1 %  o l  t h e  r a n g e  s e l t l n g  f o l l o w i n q  a

change in  ou tpu t  cur ren t  equa l  to  the  cur ren l  ra t ing  o l

t h e  s u p p l y .

PRTCE:  J04-6130A.  BCD to rmat .  In le r laces  w i lh  HP computers

2 1 1 4 A ,  2 1 1 5 A  a n d  2 1 1 6 A . 9 1 5 0 0 .

JO5-6 i3OA.  B inary  lo rmat  ln ledaces  w i th  HP computers

2 1 1 4 A , 2 1 1 5 A  a n d  2 1 1 6 A .  $ 1 5 0 0 .

HP Model 6933A
Digital-To-Analog Converter

DC ANALOG OUTPUT:
-10  1o  +10 V dc  (1  mV increments )  a t  0  to  10  mA

S H O R T  C I R C U I T  P R O O F

L I N E  R E G U L A T I O N :

Less  than 200 !V  lo r  a  change in  l ine  vo l tage l rom 103 5

t o  1 2 6 . 5  V a c .

R I P P L E  A N D  N O I S E :

L e s s  t h a n  1  m V  p - p  a t  a n y  l i n e  v o l l a g e  a n d  l o a d  c o n d i t i o n

w i t h i n  r a t i n q .

T R A N S I E N T  R E C O V E R Y  T I M E :

Less  lhan 10  ps  is  requ l red  lo r  ou lpu t  vo l tage recovery  lo

w i t h i n  l 0  m V  o f  l h e  p r o g r a m m e d  v o l l a g e  l o l l o w i n q  a

c h a n q e  i n  o u t p u t  c u r e n i  o f  1 0  m A .

T E M P E R A T U R E  C O E F F I C I E N T :  L E S S  I h A N  5 0  P V  O U t P U t

change per  degre€ C chang6 in  ambien t  tempera ture  lo l -

l o w i n g  3 0  m i n u t e s  w a r m u P

A C C U R A C Y  A N D  R E S O L U T I O N :  t l  m V  a l  2 5 o C  a l 5 o C

PROGRAMMING SPEEO:  T ime requ i red  lo  a l la in  99 '97 '  o r

p r o g r a m m e d  v a l u e ,

O u l p u l  V o l t a g e :  - 1 0  V  t o  + 1 0  V  o r  + i 0  V  t o  - 1 0  v  i n

less  than 20  rs .

Vo l lage Oata  Trans ter  Rat6 :  Greater  than 50  000 words /s

INPUT/OUTPUT DATA REOUIREMENTS:

8 C D  o r  b i n a r y  l o r m a l .  T h e  i n p u t / o u t p u t  c o d i n g  a n d  l e v e l s

o f  the  da la  fo r  Mode l  6933A are  se lec ted  by  lhe  cus-

PRICE:  J02-69334.  BCD lo rmat .  In te i laces  w i th  HP Compulers

2 1 1 4 A . 2 1 1 5 A  a n d  2 1 1 6 A .  $ 1 2 0 0 .

J04-6933A.  B inary  to rmat  ln tedaces  w i th  HP Computers

2 1 1 4 A , 2 1 1 5 A  a n d  2 1 1 6 A .  $ 1 2 0 0 .

ACCESSORY AVAILABLE FOR MODELS 6130A AND 5933A:

POCKET PBOGRAMMERT Mode l  14533A,  $97-  Pocke i  s ize

s w i t c h  b o x ,  s u i l a b l e  l o r  m a n u a l l y  p r o g r a m m i n g  a l l  i n p u t

f u n c t i o n s  o t  M o d e l s  6 1 3 0 A  a n d  6 9 3 3 4

H P  H A R R I S O N  D I V I S I O N

100 Locus t  Avenue

Berke ley  He igh ls ,  New Jersev  07922
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