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M a n y  t h e  a r e  a v a i l a b l e  t o  c a l i b r a t e  a c  i n s t r u m e n t s ,  b u t  t h e  
venerab le  thermal  t rans fer  method is  s t i l l  the  bes t  fo r  . . .  

High-Accuracy AC Voltage Calibration 

By Fred L.  Hanson 

VERY PRECISE CALIBRATION OF AC INSTRUMENTS 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 1 % 
accuracy region would use a single-frequency ac voltage 

C o v e r :  O s c i l l o s c o p e  p h o t o s  d e m o n s t r a t e  t h e  
t r a n s i e n t - f r e e  s w i t c h i n g  o f  f r e q u e n c y  a n d  v o l t  
a g e  r a n g e s  o f  t h e  H P  M o d e l  7 4 5  A  A C  C a l i b r a  
t o r .  U p p e r  l e f t ,  s w i t c h i n g  f r o m  1 0 0  H z  t o  1 0  
H z  w i t h  s w e e p  a t  0 . 0 2  s / c m .  T r a c e  a t  u p p e r  
r i g h t  s h o w s  s w i t c h i n g  f r o m  1  k H z  t o  1 0  k H z  
w i t h  s w e e p  a t  0 . 2  m s / c m .  A t  t h e  l o w e r  l e f t ,  
t h e  o u t p u t  i s  s w i t c h e d  b e t w e e n  1 0 0  H z  a n d  
1  k H z .  S w e e p  i s  5  m s / c m ;  o u t p u t  i s  1  V  r m s .  
V o l t a g e  s w i t c h i n g  f r o m  1  V  t o  1 0 0  m V  a n d  
back  i s  shown  a t  t he  l ower  r i gh t .  F requency  i s  
80  Hz ;  sweep  speed  i s  20  ms /cm.  

I n  t h i s  I s s u e :  H i g h - a c c u r a c y  A C  V o l t a g e  C a l  
i b r a t i o n ;  p a g e  2 .  E f f e c t s  o f  D i s t o r t i o n  o n  
C a l i b r a t i o n ;  p a g e  6 .  S y s t e m s - O r i e n t e d  D i g i t a l  
P o w e r  S o u r c e s ;  p a g e  9 .  D i g i t a l  V o l t a g e  
Sources  a t  Work;  page  14 .  

source with an absolute accuracy of about 0.2%. This 
single-frequency source (usually around 400 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 400 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 
make possible an accurate high voltage at high frequency. 

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

F i g .  1 .  B a s / c  a c - d c  t h e r m a l  t r a n s f e r  m e a s u r e m e n t  s e t u p .  
B y  a d j u s t i n g  t h e  v o l t a g e s  s o  a  n u l l  i s  o b t a i n e d  f o r  b o t h  
t h e  d c  a n d  u n k n o w n  a c  v o l t a g e s ,  t h e  r m s  v a l u e  o f  t h e  a c  
i s  e q u a l  t o  t h e  k n o w n  d c .  
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instruments in the 1 % area of accuracy. 
Most oscillators have sufficiently low dis 
tortion so that calibration errors are less 
than a few tenths of a percent. With peak- 
responding instruments, however, the error 
due to distortion may become important. 
Distortion of 1% can cause 1% error or 
more. 

High-Accuracy  Technique 
Methods used for calibration to about 

1% are generally not very useful for higher 
accuracies. The basic, most highly regarded 
technique used to obtain ac voltage accuracy 
in  the  0 .01% area  i s  the  thermal  t rans fe r  
method â€” comparing the heating value of a dc current 
to that of an ac current, Fig. 1 . A thermocouple is ther 
mally connected to a heater wire through which the dc 
or ac current flows. The heating value of the applied 
current can then be determined by measuring the emf 
of the thermocouple. If the thermocouple emf is the same 
for both the ac and the dc currents, the heating values, 
and thus the rms values, of the two waves are the same. 
Since voltage level is determined by the heating effect of 
current in a straight piece of wire, the frequency range is 
extremely wide â€” from below 20 Hz to above 500 MHz. 

â€¢â€¢QlWI 

OODD 

F ig .  2 .  Th i s  new  Mode l  745A  AC  Ca l i b ra to r  i s  a  p rec i s i on  
s i g n a l  g e n e r a t o r  d e s i g n e d  t o  p r o v i d e  a c  v o l t a g e s  t o  
+  0 . 0 2 %  a c c u r a c y  a t  m i d b a n d .  F r e q u e n c y  r a n g e  i s  c o n  
t i n u o u s l y  a d j u s t a b l e  f r o m  1 0  H z  t o  1 1 0  k H z .  T h e  p e r c e n t  
e r r o r  s c a l e  e n a b l e s  d i r e c t  e r r o r  m e a s u r e m e n t  w i t h o u t  
t h e  n e c e s s i t y  f o r  c a l c u l a t i o n .  V o l t a g e ,  f r e q u e n c y ,  e r r o r  
r a n g e s  a n d  f r e q u e n c y  v e r n i e r  m a y  b e  p r o g r a m m e d .  

Problems in Thermal  Transfer  Measurement 
The main objection to the use of the thermocouple 

transfer technique is the amount of set-up time required 
for each change in voltage and frequency. In addition, 
the procedure itself is time consuming. 

9 . 9  V O L T  
REFERENCE SUPPLIES 

AND 
SQUARE WAVE 

GENERATOR 

Fig. responsible accu posi t ive and negat ive 9.9-vol t  dc references are responsible for the accu 
r a c y  o f  t w o  M o d e l  7 4 5 A .  T h e  r m s  v a l u e  o f  t h e  s q u a r e  w a v e  p r o d u c e d  f r o m  t h e s e  t w o  
v o l t a g e s  i s  t h e  s t a n d a r d  t o  w h i c h  t h e  o s c i l l a t o r  r m s  v o l t a g e  i s  c o m p a r e d .  O s c i l l a t o r  

ou tpu t  l eve l  i s  co r rec ted  by  t he  AGO s igna l  f r om the  f u l l -wave  demodu la to r .  
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F i g .  4 .  R e f e r e n c e  s t a b i l i t y  c h a r t s  a r e  p l o t t e d  o v e r  a  s i x  
w e e k  p e r i o d  t o  d e t e r m i n e  d e v i a t i o n  i n  p p m  o f  t h e  r e f  
e r e n c e  z e n e r  d i o d e  a n d  t h e  9 . 9  v o l t  p o w e r  s u p p l i e s .  A  
t h r e e - p o s i t i o n  s w i t c h ,  u p p e r  l e f t ,  i s  u s e d  t o  c o n n e c t  t h e  
p l u s  a n d  m i n u s  r e f e r e n c e  s u p p l i e s  t o  a  c a l i b r a t i o n  p o i n t  
p e r m i t t i n g  c a l i b r a t i o n  o f  t h e  i n s t r u m e n t  w i t h  a  d c  v o l t  
m e t e r .  T h e  t h i r d  s w i t c h  p o s i t i o n  e n a b l e s  m o n i t o r i n g  o f  
t he  squa re  wave .  

Thermal reversal error compounds the above prob 
lem. 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 % area can 
have an effect when accuracy required is in the 0.01% 
area.1 - Since a truly distortionless waveform is impos- 

1  B .  M .  O l i v e r ,  ' S o m e  E f f e c t s  o f  W a v e f o r m  o n  V T V M  R e a d i n g s , '  H e w l e t t - P a c k a r d  
J o u r n a l ,  V o l .  6 ,  N o ' s  8 ,  9 ,  1 0 ,  A p r i l ,  M a y ,  J u n e .  1 9 5 5 .  

'  -Wiicr:  AC Vslt-cÃc:, '  Ã¼r.vÃEtt-rackari  AppÃ¼c::! :-  Mete SO. 

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/Â°C), it is necessary to refer frequently 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. 

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

designed to operate in the 0.01 % 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 745A 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 +9.9 and â€”9.9 dc reference voltages. 
These voltages are maintained by an aged zener diode 
held at a temperature of 80Â°C Â±0.1 Â°C. By switching to 
these precise voltages alternately, a square wave is gen 
erated at a 500 Hz rate. 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 Cal ibrat ion 
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 Â±0.001 % . The square wave 
is applied to the input of a magnetic divider with a ratio 
of 9: 1 . The 1 . 1-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 ,uV steps. The magnetic 

F i g .  5 .  I n p u t  w a v e f o r m  t o  t h e  t h e r m o c o u p l e .  T h e  s i n e  
w a v e  i s  t h e  i n s t r u m e n t  o u t p u t ,  a n d  t h e  5 0 0  H z  s q u a r e  
w a v e  i s  t h e  r e f e r e n c e .  W h e n  t h e r e  i s  a n  r m s  d i f f e r e n c e  
b e t w e e n  t h e s e  t w o ,  t h e  t h e r m o c o u p l e  o u t p u t  i s  a  2  H z  
s q u a r e  w a v e  w h o s e  p e a k - t o - p e a k  v a l u e  i s  p r o p o r t i o n a l  
to  th i s  d i f fe rence .  

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 
745 A output voltage. On the 1-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 t ime-sharing amplifier  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- 

F i g .  m a k i n g  i t  o u t p u t  o f  t h e  M o d e l  7 4 5 A  i s  b e t t e r  t h a n  7 0  d B  d o w n ,  m a k i n g  i t  
useful  standard. a low-distort ion osci l lator,  as wel l  as a high-puri ty cal ibrat ion standard. 

© Copr. 1949-1998 Hewlett-Packard Co.



Effects of Distortion on Calibration 
I n  t h e  f i e l d  o f  p r e c i s i o n  m e a s u r e m e n t s ,  t h e  u s e  o f  a n  
a c  v o l t a g e  s t a n d a r d  w i t h  m o r e  t h a n  a b o u t  0 . 5 %  d i s  
t o r t i o n  i s  a v o i d e d  i f  p o s s i b l e .  H i g h  q u a l i t y  o s c i l l a t o r s  
u s e d  a s  s i g n a l  s o u r c e s  r a r e l y  h a v e  h a r m o n i c s  b e y o n d  
t h e  t h i r d  w h i c h  c o n t r i b u t e  a p p r e c i a b l y  t o  c a l i b r a t i o n  
e r r o r .  O n l y  t h e  e f f e c t  o f  s m a l l  a m o u n t s  o f  s e c o n d  a n d  
t h i r d  h a r m o n i c s  n e e d  b e  c o n s i d e r e d  i n  d e t e r m i n i n g  
t h e  e f f e c t s  o f  d i s t o r t i o n .  

Effects of  Harmonics on Average-Responding Meters 
T h e  a c c u r a c y  w i t h  w h i c h  a n  a v e r a g e - d e t e c t i n g  v o l t m e t e r  
w i l l  r e a d  t h e  t r u e  r m s  v a l u e  o f  a  w a v e f o r m  d e p e n d s  b o t h  
u p o n  t h e  a m o u n t  o f  d i s t o r t i o n  p r e s e n t  a n d  u p o n  t h e  p h a s e  
r e l a t i o n s h i p s  b e t w e e n  t h e  f u n d a m e n t a l  a n d  i t s  h a r m o n i c s .  
The  rms  read ing ,  E ,ms ,  fo r  Eh  <  <  E f ,  i s  g i ven  by  

(1) 

w h e r e  E h  i s  t h e  m a g n i t u d e  o f  t h e  h a r m o n i c  a n d  E ,  i s  t h e  
m a g n i t u d e  o f  t h e  f u n d a m e n t a l .  

The  read ing  o f  an  ave rage - respond ing  me te r  i s  una f f ec ted  
b y  t h e  p r e s e n c e  o f  s m a l l  a m o u n t s  o f  e v e n ,  i n - p h a s e  h a r  
m o n i c s ,  s i n c e  n o  a r e a  i s  a d d e d  t o  t h e  w a v e f o r m .  A n  r m s  
r e a d i n g  d i f f e r s  f r o m  t h e  a v e r a g e  r e a d i n g  b y  

'â€ž> ( f )2-  
F o r  a  0 . 1 %  s e c o n d  h a r m o n i c ,  t h e  m a x i m u m  e r r o r  i n t r o  
d u c e d  i s  o n l y  0 . 0 0 0 0 5 % .  S e c o n d  h a r m o n i c s  a r e  u s u a l l y  n o t  
a n  i m p o r t a n t  s o u r c e  o f  e r r o r  i 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 .  

F o r  a  q u a d r a t u r e  p h a s e  r e l a t i o n s h i p ,  t h e  a v e r a g e  v a l u e  
c a n  b e  a p p r o x i m a t e d  b y  E q .  1  a n d  e s s e n t i a l l y  n o  e r r o r  i s  
In t roduced.  

A  w a v e f o r m  c o n t a i n i n g  o d d  h a r m o n i c s  r e s u l t s  I n  c o n s i d  
e r a b l y  m o r e  e r r o r  i n  t h e  r e a d i n g  o f  a n  a v e r a g e - r e s p o n d i n g  
v o l t m e t e r .  E r r o r s  c a u s e d  b y  e v e n  h a r m o n i c s  a l w a y s  r e s u l t  
I n  a  l o w e r  r e a d i n g ,  b u t  e r r o r s  c a u s e d  b y  o d d  h a r m o n i c s  
c a n  r e s u l t  i n  h i g h e r  o r  l o w e r  r e a d i n g s ,  d e p e n d i n g  u p o n  t h e  
p h a s e  r e l a t i o n s h i p  b e t w e e n  h a r m o n i c s  a n d  f u n d a m e n t a l .  

T h e  m a x i m u m  a r e a  u n d e r  t h e  e n v e l o p e  ( a n d  t h e  h i g h e r  
r e a d i n g )  o c c u r s  w h e n  t h e  h a r m o n i c  c o n t r i b u t e s  t h e  a r e a  o f  
a n  e x t r a  o n e - h a l f  c y c l e  t o  t h e  f u n d a m e n t a l .  S u b t r a c t i n g  a  
o n e - h a l f  c y c l e  r e s u l t s  i n  a  l o w  r e a d i n g .  F o r  s m a l l  a m o u n t s  
o f  t h i r d  h a r m o n i c  g e n e r a l l y  e n c o u n t e r e d  i n  p r e c i s i o n  m e a s  
u r e m e n t s ,  t h e  m a x i m u m  p l u s  o r  m i n u s  e r r o r s  t h a t  c a n  
o c c u r  a r e  

E r r Â ° r  -  (2) 

The  above  equa t i on  g i ves  to ta l  e r ro r ,  s i nce  sma l l  amoun ts  
o f  t h i r d  h a r m o n i c  h a v e  l i t t l e  e f f e c t  u p o n  t h e  r m s  v a l u e .  A  
t h i r d  h a r m o n i c  o f  0 . 1 %  o f  f u n d a m e n t a l  c o u l d  c a u s e  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% o f  t he  rms  va lue .  

F o r  o d d  h a r m o n i c s  h i g h e r  t h a n  t h e  t h i r d ,  t h e  h a l f - c y c l e  
c o n t r i b u t i o n  b e c o m e s  l e s s ,  a n d  t h e  e r r o r  d e c r e a s e s  a s  t h e  
o rde r  o f  ha rmon i c  i nc reases .  Eq .  2  can  be  rewr i t t en  

E r r o r  ~  - % -  -  n E ,  
w h e r e  n  i s  t h e  o r d e r  o f  t h e  o d d  h a r m o n i c .  

Effects of  Harmonics on Peak-Responding Meters 
F o r  p e a k - r e s p o n d i n g  v o l t m e t e r s ,  t h e  m a x i m u m  e r r o r  w i l l  
o c c u r  w h e n  t h e  p h a s e s  o f  t h e  w a v e  c o m p o n e n t s  a r e  s u c h  
t h a t  a  p e a k  o f  t h e  h a r m o n i c  c o i n c i d e s  w i t h  a  p e a k  o f  t h e  

V  

I n - p h a s e  t h i r d  h a r m o n i c s  ( a )  a d d  t h e  a r e a  o f  a n  e x t r a  h a l f - c y c l e  
t o  t h e  e n v e l o p e  a n d  c a u s e  a  h i g h e r  t h a n  r m s  r e a d i n g  o f  a n  

a v e r a g e - r e s p o n d i n g  m e t e r ,  w h i l e  a n  o u t  o f  p h a s e  h a r m o n i c  ( b )  
r e s u l t s  i n  a  l o w e r  t h a n  r m s  r e a d i n g .  
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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 i g h e r  t h a n  r m s  v a l u e )  w i l l  b e  t h e  s a m e  r e g a r d l e s s  o f  t h e  
o r d e r  o f  t h e  h a r m o n i c .  F o r  s m a l l  a m o u n t s  o f  d i s t o r t i o n ,  t h e  
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 i s to r t i on  d i r ec t l y .  

A  l o w e r  t h a n  r m s  r e a d i n g  o c c u r s  w h e n  t h e  p e a k  o f  t h e  
h a r m o n i c  Â ¡ s  i n  p h a s e  o p p o s i t i o n  t o  t h e  p e a k  o f  t h e  f u n d a  
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 i s t o r t i o n  i n c r e a s e s ,  p e a k s  a r e  f o r m e d  a d j a c e n t  t o  t h e  p e a k  
o f  t h e  f u n d a m e n t a l .  T h e  m e t e r  w i l l  r e s p o n d  t o  t h e s e  n e i g h  
b o r i n g  p e a k s .  A s  t h e i r  a m p l i t u d e  i n c r e a s e s ,  t h e  m e t e r  e r r o r  
a p p r o a c h e s  t h a t  o f  t h e  m a x i m u m  ( h i g h e r - t h a n - r m s )  r e a d i n g .  

E f f e c t  o f  e v 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 ) .  

E f f e c t  o f  o d d  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 s  
2 ,  3 ,  4 ) ,  a n d  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 ) .  

sharing amplifier is applied to a 50 ms time-constant 
thermocouple. The thermocouple heater is at such a 
temperature that the output emf of the thermocouple is 
about 7 mV\ If the rms value of the sine wave is different 
from that of the square wave, the output emf of the 
thermocouple will change each time the time-sharing 
amplifier switches. If the sine wave and square wave dif 
fer by 0.01%, the output of the thermocouple will 
change by 1 .4 /â€¢ ,V at a 2 Hz rate. Following the thermo 
couple is an ac amplifier designed to amplify only this 
2 Hz signal, and ignore any dc drift of the thermocouple. 
Its output is demodulated and the resulting dc used to 
control the voltage level of the oscillator, and thus the 
output voltage of the Model 745A. 

The gain of this feedback loop is 100 dB, so any 
changes in amplifier gain or oscillator output are re 
duced by 105. On the 1-volt range, the rms voltage at 
the output is maintained essentially equal to the rms 
voltage of the square wave at the output of the 6-place 
magnetic divider. 

Additional voltage ranges are obtained by using a set 
of transformers to transform the voltage on the output of 
the power amplifier to that required for any of the six 
voltage ranges. The accuracy of the 1-volt range is de 
pendent only upon the accuracy and stability of the dc 
voltages making up the square wave. Since the magnetic 
dividers are not subject to the drift or temperature ef 
fects as resistive dividers, they have no effect upon the 
accuracy of the 1-volt range. 

Accuracy of the other voltage ranges is affected by 
output attenuators as well as the dc reference voltage. 
For this reason, all the ranges from 10 volts down use 
inductive dividers, so that problems due to temperature 
changes and long-term drift are eliminated. The 100- 
volt range divider is not magnetic because of physical 
size limitations. A precision wirewound resistive divider 
is used on the 100- volt range (and on a soon-to-be- 
available 1000-volt range), and is designed so it can be 
calibrated with dc. Thus, it is possible to set the ratio 
of this divider to within Â±0.001%, which would be ex 
tremely difficult with ac measurements. After dc calibra 
tion of the attenuators and the 9.9-volt reference sup 
plies, it is only necessary to check frequency response on 
the 1, 10, 100 and (future) 1000-volt ranges for com 
plete calibration. 

Oscillator 
Essentially a synthesizer type, the oscillator used in 

the 745A uses a diode ring as a final mixer, resulting 
in an output voltage with extremely low distortion. Total 
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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  7 4 5 A  
A C  C a l i b r a t o r  

RANGES 
O U T P U T  V O L T A G E  R A N G E S :  

r a n g e  a s  f o l l o w s :  
r a n g e s  w i t h  1 0 %  o v e r -  

O U T P U T  F R E Q U E N C Y  R A N G E S :  c o n t i n u o u s l y  a d j u s t a b l e  
f r o m  1 0  H z  t o  1 1 0  k H z  i n  4  d e c a d e  r a n g e s  w i t h  1 0 %  
over lap.  

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 e r o  c e n t e r  d i a l .  
Â±0.3% or  Â±3%.  

P E R F O R M A N C E  R A T I N G  
A C C U R A C Y :  a c c u r a c y  h o l d s  f o r  a  9 0 - d a y  p e r i o d  a n d  i s  m e t  

a f t e r  a  1 - h o u r  w a r m u p  p e r i o d  a t  2 5 Â °  C  Â ± 5 *  C  w i t h  
< 9 5 %  R . H .  

'Companion ampli f ier providing a 1000 V range to be announced. 

V O L T A G E :  s p e c i f i c a t i o n s  b y  t h e  N a t i o n a l  B u r e a u  o f  S t a n d  
ards. 

F requency :  Â±2% o f  se t t ing .  Â±0.2% o f  fu l l  sca le .  
E r r o r  M e a s u r e m e n t :  ^ _ ( 0 . 5 %  o f  s e t t i n g  +  0 . 5 %  o f  r a n g e )  

T E M P E R A T U R E  C O E F F I C I E N T :  
Vol tage: -*-0.  0003% of set t ing per Â°C from O'C to + 55Â°C. 
Frequency: Â±0.05% of range per Â°C from 0Â°C to + 55Â°C. 

V O L T A G E  S T A B I L I T Y ;  S t a b i l i t y  m e t  a f t e r  1 - h r  w a r m u p  
p e r i o d  a t  c o n s t a n t  t e m p e r a t u r e  w i t h  < 9 5 %  R . H .  
L o n g - T e r m :  Â ± 0 . 0 1 %  o f  s e t t i n g  f o r  6  m o .  
S h o r t - T e r m :  + 0 . 0 0 2 %  o f  s e t t i n g  f o r  2 4  h r .  

OUTPUT CHARACTERIST ICS 
T O T A L  D I S T O R T I O N  A N D  N O I S E :  - . ( 0 . 0 5 %  o f  s e t t i n g  +  

1 0  / / V  o v e r  1 0 0  k H z  B a n d w i d t h )  o n  a l l  r a n g e s .  
T O T A L  D I S T O R T I O N ,  C y c l e - t o - c y c l e  I n s t a b i l i t y ,  a n d  N o i s e :  

W i l l  c a u s e  <  Â ± 0 . 0 0 5 %  o f  e r r o r  w h e n  u s e d  t o  c a l i b r a t e  
a n  a v e r a g e - r e s p o n d i n g  o r  t r u e  r m s -  r e s p o n d  i n g  i n s t r u  
m e n t  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 .  
O U T P U T  T E R M I N A L S :  h i g h  a n d  l o w  o u t p u t  t e r m i n a l s  c a n  

b e  f l o a t e d  Â ± 5 0 0  V  d c  a b o v e  c h a s s i s  g r o u n d .  

C O U N T E R  O U T P U T :  r e a r - p a n e l  f r e q u e n c y  c o u n t e r  o u t p u t ,  
2 . 2  V  1 * 1 2 0 % ,  p r o t e c t e d  a g a i n s t  s h o r t  c i r c u i t s .  

R E M O T E  P R O G R A M M I N G  

GENERAL 
P O W E R  R E Q U I R E M E N T S :  1 1 5  o r  2 3 0  V  Â ± 1 0 % ,  5 0  H z  t o  

4 0 0  H z .  7 0  W  n o m i n a l .  1 0 0  W  m a x i m u m .  
WEIGHT:  not  65 IDS (29,3  kg) ;  

sh ipp ing  75  Ibs  (33 ,6  kg) .  

PRICE: HP 745A,  $4500.  

M A N U F A C T U R 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 Four teenth  St ree t  S .W.  
Love land ,  Co lo rado  80537  

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  rece i ved  h i s  Bache lo r  
o f  Sc ience  and  Mas te r s  deg rees  i n  
E l ec t r i ca l  Eng inee r i ng  f r om  U tah  
Sta te  Un ivers i ty  in  1962 and 1963.  
He  j o i ned  Hew le t t -Packa rd  i n  1963  
and  wo rked  on  t he  Mode l  741A  
A C - D C  D i f f e r e n t i a l  V o l t a g e / D C  
S tanda rd .  He  a l so  wo rked  on  
deve lopmen t  o f  t es t  equ ipmen t  f o r  
ca l i b ra t i on  o f  t he  ac  conve r te r  i n  
t he  Mode l  741A .  Th i s  ass ignmen t  
l ed  to  deve lopmen t  o f  t he  Mode l  
7 4 5 A  f o r  w h i c h  h e  b e c a m e  
d e s i g n  l e a d e r .  

Product ion Line Uses 
With the ability to make a highly accurate ac calibra 

tion in a relatively short time, the Model 745A 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%. 

Programmabil i ty 
Many applications of the Model 745A 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 ground. 
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Systems-Oriented Digital  Power Sources 
Des igned  spec i f i ca l l y  to  be  p rogrammed by  a  compute r ,  th i s  new 
d i g i t a l  powe r  supp l y  i s  t a i l o r -made  f o r  au toma t i c  t es t  s ys tems .  

By Bret t  M.  Nordgren 

THE TREND IN TESTING TODAY IS TO AUTOMATION. 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 digitally program 
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 6130A 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 
fier. It also has signal-conditioning 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 

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

Isolation is another important systems requirement 
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 provided 
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 Â±50V at one ampere. It can sink up to 500 mA. 

High-Speed D-A Conver ter  
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- 

Fig. designed New Model 6130A Digital Voltage Source is specif ical ly designed 
f o r  c o m p u t e r  p r o g r a m m i n g .  I t  h a s  f o u r - d i g i t  a c c u r a c y  a n d  r e s o l u t i o n  
a n d  t a k e s  l e s s  t h a n  1 0 0  / i s  t o  c h a n g e  o u t p u t  v o l t a g e s .  I t  c a n  s u p p l y  u p  
t o  Â ± 5 0  v o l t s  a t  0  t o  1  a m p e r e .  A  l o w - p o w e r e d  v e r s i o n ,  M o d e l  6 9 3 3  A  

D ig i t a l - t o -Ana log  Conver te r ,  t akes  on l y  20  /Â¿s  to  change  vo l tages .  
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Fig.  6130A Vol tage p lug- in cards hold most  of  the c i rcui t ry  of  the Model  6130A Dig i ta l  Vol tage 
S o u r c e .  B a s i c a l l y  a  D - A  c o n v e r t e r  f o l l o w e d  b y  a  p r e c i s i o n  p o w e r  a m p l i f i e r ,  t h e  v o l t a g e  
s o u r c e  c i r c u i t s  h a s  i n p u t - t o - o u t p u t  i s o l a t i o n  w h i c h  b r e a k s  g r o u n d  l o o p s ,  s t o r a g e  c i r c u i t s  

w h i c h  p r e v e n t  t r a n s i e n t s  a n d  i m p r o v e  n o i s e  i m m u n i t y ,  a n d  c u r r e n t - l i m i t  c i r c u i t s .  
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verts it into an analog reference signal, accurate to within 
five parts in 105 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 output 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 Â±0.01%. 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. 

Bipo lar  D-A  Conver ter  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, â€” (N) 
is converted into (.9999 â€” N). The negative sign bit also 
turns on an accurate current of â€”.9999 mA. This is 
added to the D-A converter output. Thus the analog out 
put is (.9999 â€” N) â€”.9999, which is â€” (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 
1 ppm per degree C. 

Input-Output  Isolat ion 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- 

F i g .  3 .  T h i s  i s  t h e  1 R - 2 R  l a d d e r  u s e d  f o r  d i g i t a l - t o -  
a n a l o g  c o n v e r s i o n  i n  t h e  M o d e l  6 1 3 0 A  D i g i t a l  V o l t a g e  
S o u r c e  a n d  t h e  M o d e l  6 9 3 3 A  D i g i t a l - t o - A n a l o g  C o n  
v e r t e r .  T r a n s i s t o r  s w i t c h e s  a r e  u s e d ,  g i v i n g  a  s p e e d  
i m p r o v e m e n t  o f  m o r e  t h a n  1 0 0  o v e r  r e l a y s .  E a c h  i n s t r u  
ment  has  four  o f  these  ladders .  
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M a y  b e  c o m b i n e d  i n t o  o n e  i n s t r u m e n t ,  
a s  i n  H P  6 1 3 0 A  D i g i t a l  V o l t a g e  S o u r c e  

DIGITAL-TO- 
ANALOG 

CONVERTER 

G r o u n d  L o o p  

A n a l o g  _  

H v v  

I so la t ion  b reaks  g round loop  a t  po in t  X .  

F i g .  4 .  W h e n e v e r  a  p o w e r  s u p p l y  i s  p r o g r a m m e d  d i g i  
t a l l y ,  t h e r e  s h o u l d  b e  n o  c o n n e c t i o n  b e t w e e n  t h e  g r o u n d  
o f  t h e  d i g i t a l  i n p u t s  a n d  t h e  g r o u n d  o f  t h e  a n a l o g  o u t  
p u t .  W i t h o u t  i s o l a t i o n ,  s m a l l  v o l t a g e  d r o p s  i n  t h e  p o w e r  
s u p p l y  l e a d s  c a n  c a u s e  l a r g e  c i r c u l a t i n g  g r o u n d - l o o p  
c u r r e n t s .  I n  t h e  n e w  d i g i t a l  v o l t a g e  s o u r c e s ,  i s o l a t i o n  i s  
p r o v i d e d  b y  o s c i l l a t o r s  w i t h  t r a n s f o r m e r - c o u p l e d  o u t  
pu ts ,  one  fo r  each  i npu t  da ta  b i t .  

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 

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 Improves Ef f ic iency 
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 ,/i.s 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 buffers 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 1 volts to 8 volts, if the '8' bit arrived 
before the '4| '2; and T bits disappeared, the output 
would momentarily be trying to go to 15 volts. Storage 
prevents this. 

React ive  Loads  Not  A  Prob lem 
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 101". and the open-loop gain of the 
amplifier is greater than 104. Gain crossover is at 50 kHz, 
so the lolloil must be contiulled up to 5 MHz. 

12 
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Power supplies have to be able to operate with re 
active loads. Inductive loads present no problem, but 
capacitance added to the load adds an additional pole 
to the feedback-loop characteristic of the power ampli 
fier. When the open-loop gain is high, the additional pole 
may give the amplifier a tendency to oscillate. We have 
found that open-loop output impedance is a critical fac 
tor â€” the lower it is, the less the tendency to oscillate. 
To allow capacitive loads to be tolerated by the new 
digital source, its open-loop output impedance is de 
signed to be of the order of two ohms. This shifts the 
troublesome pole to a very high frequency where it does 
no harm. Capacitances of 1 ,/iF can be driven without dif 
ficulty; even with this large a capacitance the output volt 
age will not overshoot its programmed value more than 
5%. (With resistive loads overshoot is less than 0.1%.) 

Overcurrent  Protect ion  Also  Programmable  
To protect the load device in the event that it draws 

more current than anticipated, and to protect the voltage 
source against accidental short-circuiting of its output 
terminals, the instrument contains two separate current 
limiting circuits. One circuit limits the current to 1.1 
amperes to protect the power-output transistors. The 
other circuit is a programmable trip circuit which shuts 
off the bias voltages to the output stages when an over- 
current condition is detected. Current limits of 20 to 
1000 mA can be programmed. This circuit acts within 
5 //s to raise the output impedance to 20 kQ, thus limiting 
the current to a safe level. Should the load be one that 
must be allowed to draw an initial heavy transient cur 
rent, the disconnect reaction can be delayed by as much 
as 2 ms by adding a capacitor to rear-panel terminals. 

( c o n t i n u e d  o n  b a c k  c o v e r )  

H P  6 1 3 0 A  o r  6 9 3 3 A  O U T P U T  C I R C U I T  

F ig .  sou rces  be  and  ou tpu t  c i r cu i t s  o f  t he  new  d ig i t a l  vo l t age  sou rces  a re  des igned  to  be  
eas i l y  op t i ons .  t o  accommoda te  a  va r i e t y  o f  da ta  sou rces .  He re  a re  some  o f  t he  op t i ons .  
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Digital Voltage 
Sources at Work 
M o d e l  6 1 3 0 A  D i g i t a l  V o l t a g e  S o u r c e  c o m b i n e s  i n t o  
o n e  i n s t r u m e n t  t h e  f u n c t i o n s  n e e d e d  f o r  o p e r a t i o n  a s  
a  c o m p u t e r - c o n t r o l l e d  p o w e r  s u p p l y  i n  a n  a u t o m a t i c  
t e s t  s y s t e m .  H e r e  a r e  s o m e  s y s t e m s  w h i c h  i l l u s t r a t e  
i t s  capab i l i t i e s  and  poss ib i l i t i e s .  

Semiconductor  Test ing  
T e s t i n g  s e m i c o n d u c t o r  d e v i c e s  w i t h  a u t o m a t i c  s y s t e m s  i s  
a l r e a d y  a  w a y  o f  l i f e  i n  t h e  e l e c t r o n i c s  i n d u s t r y .  T h e  n e w  
d i g i t a l  v o l t a g e  s o u r c e  c a n  p l a y  s e v e r a l  i m p o r t a n t  r o l e s  i n  
t h e s e  s y s t e m s  ( s e e  F i g .  1 ) .  

P r o g r a m m a b l e  v o l t a g e  s o u r c e s  a r e  m o s t  c o m m o n l y  u s e d  
t o  s e t  t h e  b i a s  c o n d i t i o n s  f o r  t h e  d e v i c e  b e i n g  t e s t e d .  F r e  
q u e n t l y  t h e s e  c o n d i t i o n s  m a y  h a v e  t o  b e  c h a n g e d  f o r  e a c h  
m e a s u r e m e n t ,  p e r h a p s  a s  m a n y  a s  2 0  o r  3 0  t i m e s  f o r  o n e  
c o m p l e t e  t e s t .  H e r e  t h e  s p e e d  o f  t h e  n e w  p o w e r  s u p p l y  i s  
v a l u a b l e ,  b e c a u s e  i t  a l l o w s  t e s t s  t o  b e  c o m p l e t e d  i n  l e s s  
t i m e .  I t  a l s o  r e d u c e s  t h e  e q u i p m e n t  r e q u i r e d ,  s i n c e  i t  c a n  
d o  t h i n g s  t h a t  o t h e r w i s e  w o u l d  r e q u i r e  2 0  o r  3 0  s e p a r a t e  
p o w e r  s u p p l i e s .  

T h e  d i g i t a l  v o l t a g e  s o u r c e  c a n  a l s o  b e  u s e d  t o  s e t  t h e  
s u p p l y  v o l t a g e s  f o r  i n t e g r a t e d  c i r c u i t s  u n d e r g o i n g  t e s t s .  
W o r s t - c a s e  c o m b i n a t i o n s  c a n  b e  p r o g r a m m e d  r a p i d l y .  T h e  
v o l t a g e  s o u r c e ' s  f r e e d o m  f r o m  p r o g r a m m i n g  t r a n s i e n t s  i s  
i m p o r t a n t  i n  t e s t i n g  c i r c u i t s  l i k e  t h i s ,  s i n c e  t h e y  c a n n o t  
t o l e r a t e  v o l t a g e s  t h a t  e x c e e d  t h e i r  r a t i n g s ,  e v e n  b r i e f l y .  

F o r  s o m e  c i r c u i t s ,  t h e  d i g i t a l  v o l t a g e  s o u r c e  c a n  b e  u s e d  
t o  g e n e r a t e  i n p u t  s i g n a l s .  F o r  e x a m p l e ,  i t  i s  p o s s i b l e  t o  
d e t e r m i n e  t h e  s w i t c h i n g  t h r e s h o l d s  o f  d i g i t a l  c i r c u i t s  q u i t e  
a c c u r a t e l y  b y  p r o g r a m m i n g  a n  i n p u t  s t a i r c a s e  w a v e f o r m  
w h i c h  h a s  s t e p s  o f  o n e  m i l l i v o l t .  F o r  g o / n o - g o  t e s t s ,  p u l s e s  

l e s s  t h a n  1 0 0  p s  w i d e  c a n  b e  g e n e r a t e d  w i t h  a m p l i t u d e s  
a c c u r a t e  w i t h i n  Â ± 1  m V .  T h e  c u r r e n t - s i n k i n g  c a p a b i l i t y  o f  
t h e  n e w  v o l t a g e  s o u r c e  p e r m i t s  i t  t o  s i m u l a t e  a  v a r i e t y  o f  
l o g i c  d r i v e r s ,  i n c l u d i n g  t h e  c u r r e n t - s i n k i n g  t y p e s  w h i c h  
g r o u n d  t h e  i n p u t  t e r m i n a l  o f  t h e  l o g i c  c i r c u i t  a n d  d r a w  
c u r r e n t  o u t  o f  i t .  I t s  c u r r e n t - l i m i t i n g  c i r c u i t s  a r e  a l s o  i m p o r  
t an t  he re ;  t hey  have  cu r ren t - l im i t  se t t i ngs  o f  20  t o  1000  mA,  
a n d  c a n  q u i c k l y  r e c o g n i z e  a b n o r m a l  c o n d i t i o n s .  

Waveform Generat ion  
G e n e r a t i o n  o f  a r b i t r a r y  w a v e f o r m s  b y  t h e  d i g i t a l  v o l t a g e  
s o u r c e  i s  e n t i r e l y  f e a s i b l e  b e c a u s e ,  w i t h  i t s  d a t a  r a t e  o f  
1 0 , 0 0 0  w o r d s  p e r  s e c o n d ,  i t  c a n  r e s p o n d  t o  1 0 , 0 0 0  v o l t a g e -  
c h a n g e  c o m m a n d s  p e r  s e c o n d  f r o m  t h e  c o m p u t e r .  S u c h  
w a v e f o r m s  c o u l d  b e  a n y t h i n g  f r o m  a  s i m p l e  s t a i r c a s e  f u n c  
t i o n  t o  a  d i g i t a l l y  a p p r o x i m a t e d  r a n d o m  n o i s e  f u n c t i o n .  A n  
e x a m p l e  o f  a  w a v e f o r m  g e n e r a t e d  b y  t h e  v o l t a g e  s o u r c e  i s  
s h o w n  i n  F i g .  2 .  T h i s  3 5 - H z  w a v e  w a s  s y n t h e s i z e d  w i t h  
3 6 0  s t e p s  p e r  c y c l e .  T o  s y n c h r o n i z e  t h e  o s c i l l o s c o p e  o b  
s e r v i n g  t h e  w a v e f o r m ,  a n  i n i t i a l  s p i k e  5 0 V  h i g h  a n d  6 0  / Â ¡ s  
l o n g  w a s  p r o g r a m m e d .  

Systems Test ing 
C h e c k o u t  o f  l a r g e  e l e c t r o n i c  a n d  e l e c t r o m e c h a n i c a l  s y s  
t e m s ,  s u c h  a s  m i g h t  b e  f o u n d  i n  a i r c r a f t  o r  i n  s p a c e  h a r d  
w a r e ,  i s  f a c i l i t a t e d  i n  s e v e r a l  w a y s  b y  u s i n g  d i g i t a l l y  p r o  
g r a m m e d  p o w e r  s o u r c e s .  A  c u r r e n t  a p p r o a c h  t o  s y s t e m  
c h e c k o u t  i s  t h e  c o n c e p t  o f  ' s t i m u l u s - r e s p o n s e '  t e s t i n g ,  i n  
w h i c h  a  c o n t r o l l e d  s t i m u l u s  s i g n a l  i s  i n t r o d u c e d  i n t o  a  
s y s t e m  f o r  t h e  p u r p o s e  o f  o b s e r v i n g  i t s  r e s p o n s e  a n d  e v a l  
u a t i n g  i t s  p e r f o r m a n c e .  W i t h  i t s  5 0 - w a t t  o u t p u t  c a p a b i l i t y ,  
t h e  d i g i t a l  v o l t a g e  s o u r c e  c a n  d r i v e  s m a l l  m o t o r s ,  s i m u l a t e  
s u p p l y  v o l t a g e  v a r i a t i o n s ,  a c t  a s  a n  a c t i v e  l o a d ,  a n d  g e n e r  
a t e  p r o g r a m m e d  s t i m u l u s  w a v e f o r m s .  I t  c a n  a l s o  s t i m u l a t e  
c l o s e d - l o o p  c o n t r o l  s y s t e m s  w i t h  r e a l i s t i c  i n p u t  w a v e f o r m s ;  
f o r  e x a m p l e ,  t o r q u e  m o t o r s  c a n  b e  a t t a c h e d  t o  t h e  o u t p u t  

F i g .  1 .  S e m i c o n d u c t o r  T e s t i n g  
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o f  a  s e r v o  p o s i t i o n i n g  s y s t e m  a n d  b e  d r i v e n  w i t h  t h e  a i d  o f  
a  d i g i t a l  s o u r c e  t o  s i m u l a t e  e x p e c t e d  l o a d i n g  t r a n s i e n t s .  
M a n y  o f  t h e s e  t r a n s i e n t s ,  s u c h  a s  w i n d  l o a d i n g  o f  a n  a i r  
c ra f t ' s  con t ro l  su r f aces ,  a re  l ow - f r equency  wave fo rms  wh i ch  
a r e  d i f f i c u l t  t o  g e n e r a t e  o t h e r  t h a n  d i g i t a l l y .  

Optimizing Bias 
A n  i n t e r e s t i n g  a p p l i c a t i o n  f o r  t h e  d i g i t a l  v o l t a g e  s o u r c e  
c a m e  a b o u t  a s  a  r e s u l t  o f  a  p r o b l e m  w h i c h  a r i s e s  i n  i t s  o w n  
m a n u f a c t u r i n g  p r o c e s s .  T h e  v o l t a g e  r e f e r e n c e  d i o d e  i n  
e v e r y  i n s t r u m e n t  m u s t  b e  b i a s e d  a t  p r e c i s e l y  t h e  p r o p e r  
c u r r e n t  t o  o b t a i n  m i n i m u m  t e m p e r a t u r e  c o e f f i c i e n t .  F i n d i n g  
t h i s  c u r r e n t  i s  a  p r o c e s s  o f  e d u c a t e d  g u e s s i n g .  I t  r e q u i r e s  
va r y i ng  t he  d i ode  t empe ra tu re ,  obse rv i ng  t he  ou tpu t  vo l t age  
va r i a t i on ,  ad jus t i ng  the  d iode  cu r ren t ,  and  then  t r y i ng  aga in .  

A  r o u g h  m a t h e m a t i c a l  m o d e l  o f  t h e  d i o d e ' s  v o l t a g e -  
t e m p e r a t u r e - c u r r e n t  r e l a t i o n s h i p  c a n  b e  d e r i v e d .  N o w  a  
c o m p u t e r  c a n  s e t  t h e  t e m p e r a t u r e  a n d  t h e  b i a s  c u r r e n t s ,  
u s i n g  a  M o d e l  6 1 3 0 A  V o l t a g e  S o u r c e  a s  t h e  b i a s  s u p p l y  
( s e e  F i g .  3 ) .  T h e  d i o d e ' s  v o l t a g e  c h a n g e s  a r e  m e a s u r e d  b y  
a  d i g i t a l  v o l t m e t e r  a n d  t r a n s m i t t e d  t o  t h e  c o m p u t e r ,  w h i c h  
c a l c u l a t e s  i t s  b e s t  g u e s s  o f  t h e  c o r r e c t  b i a s  c u r r e n t  o n  t h e  
b a s i s  o f  t h e  m a t h e m a t i c a l  m o d e l .  A f t e r  a  f e w  t r i e s ,  t h e  o p t i  
m u m  c u r r e n t  i s  a r r i v e d  a t  a n d  r e c o r d e d .  T h e  c o m p u t e r  a l s o  
k n o w s  t h e  s u p p l y  v o l t a g e  a n d  c a l c u l a t e s  t h e  v a l u e  o f  t h e  
b i a s  r e s i s t o r  n e e d e d  t o  s e t  t h e  b i a s  c u r r e n t  t o  t h e  p r o p e r  
v a l u e .  T h e  t e s t  t a k e s  t w o  m i n u t e s ;  i t  w o u l d  t a k e  3 0  i f  d o n e  
manua l l y .  

Process Control  
D i r e c t  d i g i t a l  c o n t r o l  o f  p r o c e s s i n g  p l a n t s  i n v o l v e s  n u m e r  
o u s  i n t e r f a c e s  b e t w e e n  t h e  c e n t r a l  p r o c e s s  c o n t r o l l e r  a n d  
pe r i phe ra l  dev i ces .  One  such  i n te r f ace  i s  encoun te red  when  
d i g i t a l  s i g n a l s  a r e  u s e d  t o  o p e r a t e  m o t o r s  o r  p r o p o r t i o n i n g  
va l ves .  He re  t he  a im  i s  t o  cause  a  r esponse  wh i ch  i s  p ropo r  
t i o n a l  t o  t h e  m a g n i t u d e  o f  t h e  d i g i t a l  s i g n a l  a p p l i e d .  T h e  

d i g i t a l  v o l t a g e  s o u r c e  c a n  d e l i v e r  u p  t o  5 0  w a t t s  f o r  s u c h  
a p p l i c a t i o n s .  I t s  i s o l a t i o n  b e t w e e n  i n p u t  a n d  o u t p u t  a l l o w s  
t h e  d a t a  a n d  l o a d  c i r c u i t s  t o  h a v e  d i f f e r e n t  g r o u n d  p o t e n  
t i a l s  i f  n e c e s s a r y .  

Calibration 
T o  c a l i b r a t e  d i g i t a l  i n s t r u m e n t s ,  i t  i s  o f t e n  b e s t  t o  u s e  
d i g i t a l  d e v i c e s .  F o r  i n s t r u m e n t s  n e e d i n g  c a l i b r a t i o n  s i g n a l s  
a c c u r a t e  t o  w i t h i n  1  m V ,  t h e  n e w  d i g i t a l  v o l t a g e  s o u r c e  c a n  
b e  u s e d  i n  a  c o m p u t e r - c o n t r o l l e d ,  c l o s e d - l o o p  t e s t  s y s t e m  
( s e e  F i g .  4 ) .  T h e  c o m p u t e r  p r o g r a m s  t h e  v o l t a g e  s o u r c e ,  
a n d  t h e  s o u r c e ' s  a n a l o g  o u t p u t  i s  a p p l i e d  t o  t h e  i n s t r u m e n t  
b e i n g  t e s t e d ,  w h i c h  m i g h t  b e  a  d i g i t a l  v o l t m e t e r ,  a  d i g i t a l  
p a n e l  m e t e r ,  o r  a n  a n a l o g - t o - d i g i t a l  c o n v e r t e r .  T h e  c o m  
p u t e r  t h e n  m o n i t o r s  t h e  i n s t r u m e n t ' s  r e s p o n s e  a n d  c o m  
p a r e s  i t  w i t h  t h e  n u m b e r  t h a t  w a s  p r o g r a m m e d .  D o i n g  t h e  
t e s t  d i g i t a l l y  a v o i d s  t h e  d i f f i c u l t i e s  i n h e r e n t  i n  w o r k i n g  w i t h  
s m a l l  d i f f e r e n c e s  b e t w e e n  a n a l o g  v o l t a g e s .  

F i g .  3 .  O p t i m i z i n g  B i a s  

F i g .  2 .  W a v e f o r m  G e n e r a t i o n  F ig .  4 .  Ca l ib ra t ion  
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( c o n t i n u e d  f r o m  p a g e  1 3 )  

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  Compat ib i l i ty  
Since the digital voltage source can be expected to 

have to operate with many different digital data sources, 
it has been designed to be easily modified to accommo 
date a variety of input-signal levels and polarities. 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 21 16A, 2115A. or 2114A computers, there is 
an accessory kit consisting of cables, connectors, and 
interface cards which plug into the computer. 

Low-Power  Vers ion  
The same digital, circuitry that is used in the Model 

61 30A 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 Â±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-limiting circuits. The low-power version can 
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N e w  P r o v i d e n c e - B e r k e l e y  H e i g h t s ,  
N .J .  Jaycees ,  and  he  i s  work ing  fo r  
h is  M.S.  degree  in  e lec t r i ca l  
e n g i n e e r i n g  a t  S t e v e n s  I n s t i t u t e  
o f  T e c h n o l o g y .  

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  

D i g i t a l  V o l t a g e  S o u r c e  
D U A L  R A N G E  D C  O U T P U T :  

- 10  lo  +  10  V  dc  (1  mV inc rements )  a t  0  to  1  A .  
- 5 0  t 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 U R R E N T  S I N K I N G :  
T h e  a b i l i t y  t o  a b s o r b  e n e r g y  f r o m  t h e  l o a d  r a t h e r  t h a n  

supply  i t  is  def ined as  current  s ink ing.  This  occurs  when 
c u r r e n t  i s  f l o w i n g  i n t o  t h e  p o s i t i v e  t e r m i n a l  a n d  o u t  o f  
t h e  n e g a t i v e  t 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 f  u p  t o  
500 mA current sinking.  

C U R R E N T  L I M I T :  
20  50 .  70 .  100 .  200 .  500 .  700 .  o r  1000  mA w i th  an  accuracy  

01 5% 
Cur ren t  l im i t  opera tes  in  bo th  the  source  and  s ink  modes -  

L O A D  R E G U L A T I O N :  
F o r  B  l o a d  c u r r e n t  c h a n g e  e q u a l  t o  t h e  c u r r e n t  r a t i n g  o f  

the supply.  
10 -Vo l t  Range:  02  mV 
50-Vol t  Range:  2  mV.  

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 e  v o l t a g e  f r o m  1 0 3 5  t o  1 2 6 . 5  V a c  

10-Volt  Range:  0 .2  mV.  
50-Vol t  Range:  2  mV 

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  o n  1 0  V  r a n g e .  5  m V  p - p  o n  5 0  V  

r a n g e  a t  a n y  l i n e  v o l t 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  
rating 

I N P U T / O U T P U T  D A T A  R E Q U I R E M E N T S :  
B C D  o r  b i n a r y  f o r m a t .  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  t h e  d a t a  f o r  t h e  M o d e l  6 1 3 0 A  a r e  s e l e c t e d  b y  t h e  
customer.  

>  99 .9% of  programmed va lue ,  us ing 

T E M P E R A T U R E  C O E F F I C I E N T :  
O u t p u t  c h a n g e  p a r  d e g r e e  C  c h a n g e  i n  a m b i e n t  t e m p e r a  

ture fol lowing 30 minutes warmup. 
10-Volt Range: Less than 100 ^V/Â°C. 
50-Volt Range: Less than 500 /iWÂ°C. 

ACCURACY AND RESOLUTION: At 25Â°C Â±10Â°C 
50-Vol i  Range:  10 mV 
10-Volt  Range: 1 mV. 

P R O G R A M M I N G  S P E E D :  
T ime required to  a t ta i  

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

t han  100  n9 .  
Vol tage Data  Transfer  Rate:  Greater  than 10 .000 words/s  
Current Limit:  Less than 2 ms. 
Vol tage Range:  Less than 2 ms.  

T R A N S I E N T  R E C O V E R Y  T I M E :  
L e s s  t h a n  3 0 / i s e c o n d s  i s  r e q u i r e d  f o r  o u t p u t  v o l t a g e  r e  

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

PRICE:  JO4-6130A.  BCD format .  Inter faces wi th HP computers 
2114A.  2115A and 2116A.  $1500.  
J O 5 - 6 1 3 0 A .  B i n a r y  f o r m a t .  I n t e r f a c e s  w i t h  H P  c o m p u t e r s  
2114A.  2115A and  2116A.  $1500 .  

H P  M o d e l  6 9 3 3 A  
D ig i ta l -To -Ana log  Conver te r  

D C  A N A L O G  O U T P U T :  
- 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 0  m A .  

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  Â¿iV  for  a  change in  l ine  vo l tage  f rom 103 .5  
to 126.5 Vac.  

R I P P L E  A N D  N O I S E :  
Less  than  1  mV p -p  a t  any  l ine  vo l tage  and  load  cond i t ion  

within rating. 
TRANSIENT  RECOVERV T IME:  

Less  than  10  / is  is  requ i red  for  output  vo l tage  recovery  to  
w i t h i n  1 0  m V  o f  t h e  p r o g r a m m e d  v o l t a g e  f o l l o w i n g  a  
change in  output  current  of  10 mA.  

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  t h a n  5 0  < i V  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  t e m p e r a t u r e  f o l  
lowing  30  minutes  warmup.  

A C C U R A C Y  A N D  R E S O L U T I O N :  - 1 m V a t 2 5 = C  - 1 5 = C .  
P R O G R A M M I N G  S P E E D :  T i m e  r e q u i r e d  t o  a t t a i n  9 9 . 9 %  o f  

programmed value.  
O u t p u t  V o l t a g e :  - 1 0  V  t o  + 1 0  V  o r  + 1 0  V  t o  â € ” 1 0  V  i n  

less than 20 MS. 
V o l t a g e  D a t a  T r a n s f e r  R a t e :  G r e a t e r  t h a n  5 0 . 0 0 0  w o r d s / s .  

I N P U T / O U T P U T  D A T A  R E Q U I R E M E N T S :  
BCD or  b ina ry  fo rmat .  The  inpu t /ou tpu t  cod ing  and  l eve ls  

o f  t h e  d a t a  f o r  M o d e l  6 9 3 3 A  a r e  s e l e c t e d  b y  t h e  c u s  
tomer 

PRICE:  J02-6933A.  BCD format .  In ter faces wi th  HP Computers  
2114A.  2115A and 2116A.  S1200 .  
J 0 4 - 6 9 3 3 A .  B i n a r y  f o r m a t .  I n t e r f a c e s  w i t h  H P  C o m p u t e r s  
2114A.  2115A and  2116A $1200 .  

A C C E S S O R Y  A V A I L A B L E  F O R  M O D E L S  6 1 3 0 A  A N D  6 9 3 3 A :  
P O C K E T  P R O G R A M M E R :  M o d e l  1 4 5 3 3 A .  $ 9 7 .  P o c k e t - s i z e  

swi tch  box .  su i tab le  for  manual ly  programming a l l  input  
funct ions  o f  Models  6130A and 6933A.  

M A N U F A C T U R I N G  D I V I S I O N :  
H P  H A R R I S O N  D I V I S I O N  
100 Locust  Avenue 
Berke ley  He ights .  New Jersey  07922  
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