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Part 1 Basic binary theory and logic circuits

The first part of the digital instrument course deals with
the fundamentals of binary theory and logic circuitry.
The chapter headings are:

Number systems

Boolean algebra

Logic elements

Combinational logic

Bistable elements (flip-flops)

Counters, scalers and shift registers

The circuitry of logic elements

Interfaces and measuring systems
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Part 2 Digital counters and timers

The second part of the digital instrument course deals
with digital frequency counters and timers

The chapter headings are:

Basic counter circuitry

Modes of operation

Plug-in units and special functions

Accuracy



Foreword

This book is part three of our digital instrument course,
based on a training course initially set up for instrument
specialists in our European sales organizations.
Thefirst part covers basic binary theory and logic circuits,
while part two deals with digital frequency counters and
timers.

The present book — digital voltmeters and multimeters
deals with the principles of operation of DVM'’s, and
highlights two application-oriented techniques involving
DVM’s.

A digital voltmeter (DVM) measures analog voltages and
presentsthe result as a decimal figure. The multifunction
version of this instrument, the digital multimeter (DMM),
also measures currents and resistances.

Compared with analog voltmeters and multimeters, the
digital instruments have opened two new dimensions in
measuringtechniques. Firstof all, the accuracy. In analog
displays (in most cases with a moving-coil meter), the
accuracy was limited mainly by the length of the scale
and the ability to read the position of the pointer on the
scale correctly. Use of a decimal display does away with
this resolution problem, as we can extend the ’scale” to
any desired number of decimal digits. In this way full use
can be made of all advances in precision technique, and
DVM'’s with up to 6 digits are now used widely.

A second aspect of these DVM’s is that the conversion of
analog information into a digital form makes it possible to
transport the data over a long distance, to process them
in a computer, store them and compare them accurately
with preset limits, thus opening the way to automation.

Although the first DVM's were rather bulky and moreover
very expensive, they soon became popular. Interaction
between growing demand for these instruments and tech-
nological developments gradually formed the DVM and
the DMM into the popular low-priced precision instru-
ments they are today.

Digital voltmeters still contain some analog circuits in
addition to the purely digital sections. In particular,
operational amplifiers (opamps’’) perform several vital
functions in the analog part of digital voltmeters used for
processing the input signal and it is essential to under-
stand these function before discussing the rest of the
circuitry. Chapter 1 therefore gives some basic informa-
tion on operational amplifiers. The essential part of each
DVM or DMM s still the analog-to-digital converter
(ADC), which will be discussed in chapter 2. Automatic
functions such as autoranging, autozeroing and auto-
matic polarity indication are a logical implementation
of the ease with which the digital information can be
used for various purposes, and will be dealt with in
chapter 3. The analog circuitry that conditions or converts
the incoming signal to the DC voltage needed by the
ADC will receive attention in chapter 4.

Last but not least, we shall see in chapter 5 how the
extremely high accuracies obtainable with a DVM can be
maintained thanks to a knowledge of the error sources
involved.

With the improvements in the performance of the DVM in
terms of higher sensitivity, resolution and accuracy, the
effect on measurements of parasitic signals from the
surroundings came to play a more and more important
role and special measures had to be taken to ensure
reliableresults. One ofthese measuresisproper guarding
and shielding. The techniques involved are dealt with in
chapter 6.

The modern components of today make it a simple matter
to perform true RMS measurements instead of conven-
tional AC measurements, in which the waveform of the
signal isassumedto be sinusoidal. These techniques and
their possibilities are described in the last chapter 7.
We trust that this book will help you to gain the under-
standing of DVM’s you need for your work. It goes without
saying that we would welcome your critisism and com-
ments.







Chapter 1

The operational amplifier

Basic principles

An operational amplifier is an amplifier with a very high
open-loop voltage gain. This gain G can amount to over
100 dB (=10°%), and even reach levels of 107-10°.

The most widely used version of the operational amplifier
in voltmeters is the one with differential input and single-
ended output, the symbol for which is shown in fig. 1.1.

Fig. 1.1. The symbol for an operational amplifier with differential
input and single-ended output

Ry
L
_J
Ry T
h iy
] V,I
Vin Vout
o- O

Fig. 1.2. An operational amplifier used with a feedback loop.
G is "open loop’’ gain of the amplifier

This type of amplifier can be used for several purposes.
Thanks to its very high gain, it is very suitable as a sen-
sitive zero detector and can be used in combination with
a suitable feedback loop as a preamplifier, integrator,
AC-DC converter, impedance transformer or constant-
current source, all functions often used in digital volt-
meters and multimeters.

It is obvious that without the availability of inexpensive
IC operational amplifiers the DVM and DMM never would
have achieved such a widespread acceptance.
To understand the function of the operational amplifier in
its many application we will first have a look at its beha-
viour when used with a feedback loop as in fig. 1.2.
The input marked with a —is called the "'inverting input’’,
as any signal applied to this will appear with opposite
polarity at the output.
As it will be proved later, the input voltage V, is very
small and as the input impedance of the op.amp. itself
can be quite high we may assume that the input current
of the op.amp., i,, is nearly zero.
As a result we state that i, =1,
= Vin Va and iz b Va Rvout
1 2
we may write
Vin _Va L Va —Vout

R, R
Vo = —GV, (G is the open-loop gain, and we are oper-
ating with inverted polarity).

Vout

Asi

1

2

soV,= —

Substituting this in above formula we find

Vin + Vout = _ Vout = &u_!

R, GR, GR, R,

and since G is i/ery high it follows that
ﬁ o Vout

R, R,

and the closed-loop gain

Vout o i

Vi R,

We see that the closed-loop gain depends only on the
ratio of R, and R,, thanks to the high value of the open-
loop gain G.

VDLI!
G
V. is very small (e.g. Vou=10 V and G=10® gives
V.= —0.1V); we may thus say that the inverting input
of this amplifier is 'virtually earthed’’. This also means
that the input impedance of the whole circuit is

Vi g
il R, and hence completely independent of the other

AsV,= —

;
parts of the circuitry.




Applications of the operational amplifier in voltmeters
We now will have a look at some basic voltmeter and
multimeter circuits in which operational amplifiers are
used. Some of them are used in the analog circuitry and
wewillmeetthemagainwhendiscussingthe analog parts.
The others are found in the analog-to-digital converters
dealt with in the next chapter.

Comparator or zero detector

This application of an op.amp. is easy to understand. The
signals to be compared (V, and V;) are applied to the
inputs of the operational amplifier, fig. 1.3.

A

Va
Vout
VB

Fig. 1.3. Operational amplifier used as a comparator or zero
detector

Vout

o= -0

Fig. 1.4. Operational amplifier used as an adjustable gain pre-
amplifier

Because of the high gain of the amplifier a very small
difference in input signal (of the order of 0.1 V) will re-
sultinafull excursion of the amplifier’s output voltage ; so
if V, is only some tenths of a microvolts lower than V,
the output will be fully positive and in the opposite case
(Vaslightly higherthan V) the output will be fully negative.
When Vg is connected to earth the circuit compares V,
with zero, giving a sensitive zero detector which changes
its output polarity when V, passes zero with an error of
only a small fraction of a microvolt.

Preamplifier with adjustable gain
In the formula

Vin | Voui

R, R

1 2

the full output voltage is used for feedback. When only a

fraction R i“ of the output signal is used for feed-

back (see fig. 1.4), the formula becomes

R4
Vi, - R,+R, Vou
R, R,
: V R.tR, R
The closed-loop gain is thus 2% ~ — 2 4. 2
p g Vin R4 R1

8

Attenuation of the output voltage before feedback thus
gives a higher gain. This has the special advantage that
low-ohmic attenuators (of the order of 1 kQ) can be
used, with less risk of noise and hum.

Constant-current source
As we have seen above,
Vin

2 1 R

1

So if we keep V;, and R, constant, the current i, will also
have a constant value, that can be set by the relation be-
tween V,, and R,. This circuit has the advantage that very
low constant currents can be generated; a disadvantage
is that the load has to be floating, fig. 1.5.

___D____

Fig. 1.5. Operational amplifier used as a constant-current source




Integrator

With a capacitor in the feedback loop, the op.amp. can be
used as an integrator, fig. 1.6.

As long as the capacitor C in the feedback loop is not
fully charged, it acts as a DC path and does not change

the characteristics of an op.amp. with feedback loop.
As a result

: _ Vi

2 [ R_1

Because the inverting input is virtually earthed (V, is
very small compared with V, ), the output voltage V,, is
equal to the negative voltage across the capacitor V..

O
S0 © T
i 3 _ l f gt = l E dt. Fig. 1.6. Operational amplifier used as an integrator
C C C |/ R,
oF or in words:

-V, = L J .The output voltage of the operational amplifier is directly

— R,C proportional to the integrated input voltage V..
Questions:

Check the answer(s) you believe to be correct.

Q.1.1. An operational amplifier is an amplifier with
A avery low input impedance A
B a very high open-loop gain B
C aresistor in the feed-back loop C

V,
Q.1.2. In the circuit of figure 1.7. the closed-loop gain G = ou is inde-

in
pendent of the gain of the operational amplifier because:

y—0
Vin Rag] Vout
Fig. 1.7. -Le ‘ 43—
A the input current i is zero A
B the open-loop gain G is very high B
C R, is connected in the feed-back loop C
Q.1.3. In figure 1.7. the closed-loop gain is

A R,/R, A
B R,/R, B
C R/R, G

Q.1.4. The circuit of figure 1.7. may be considered as a constant-current
source for the current through R, because:

AV, and R, are kept constant A
B R, is large compared to R, B
C the input current i, is zero C
Q.1.5. The circuit of figure 1.8. is
Fig. 1.8.
A an integrator A
B a differentiator B
C an adder C

The answers to the problems will be found at the end of the book.
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Chapter 2
The analog-to-digital converter (ADC)

Function of the ADC

The function of the analog-to-digital converter (ADC) in a
voltmeter is to convert the analog input signal (in nearly
all cases a DC voltage) into a discrete number of "'steps”
that can easily be counted and presented in decimal form
on a numerical display.

The steps into which the analog input signal is converted
may be of different natures, e.g. voltage, time or charge,
depending on the type of ADC involved.

In all cases, however, such a step should correspond to
an accurately known voltage.

A good way of determining the value of the step involved
is the standard method of comparing it with an accurately
known reference voltage.

If the step is a DC voltage, this is quite a simple matter.
When the step is of another nature (time, charge, etc),
the comparison can be made by converting the reference
voltage into the same steps with the aid of the same cir-
cuit or an identical one.

This means in fact that in all accurate digital DC volt-
meters, the voltage to be measured is compared with a
reference voltage and the relation between input voltage
and reference voltage is what counts.

Basic principles of the ADC
There are several different principles on Wthh an ADC
can be designed. The most widely used systems are:

Direct compensation

The input signal is compared with an internally generated
voltage, which is increased in steps starting from zero.
The number of steps needed to reach full compensation is
counted.

Voltage-to-time conversion
Both input voltage and reference voltage are converted
into a time and the ratio of the two times is counted.

Voltage-to-frequency conversion

The input voltage is converted into a number of pulses
and the number of pulses in a well defined constant time
is counted.

In this chapter we will discuss some of the basic
circuits used for ADC’s in greater detail.

First of all, however, it is useful to consider what are the
most important points of any analog-to-digital converter
used in digital voltmeters and multimeters.

Requirements on ADC’s in voltmeters and multimeters
There is no single set of requirements which guarantees
optimum performance of ADC’s in all different types of
voltmeters and multimeters. The aspect to which highest
priority should be given depends on the application. For
this reason, the order in which the requirements are men-
tioned below is not necessarily the order of importance
for all applications.

Accuracy

One of the advantages of a digital instrument is the very
high resolution it can give, which can permit a very high
accuracy of appreciable sources of error can be avoided.
The over-all accuracy is mainly determined by the ADC,
so the number of sources of error in this stage must be
keptto a minimum to ensure high accuracy and stability.

Series-mode rejection

All ADC’s described here measure DC voltages. How-
ever, the voltage presented to the input of the ADC is
rarely a pure DC voltage. In nearly all cases, it also con-
tains AC components such as hum and noise.

Now we want the ADC to measure the DC component
only. The AC signal (the series-mode signal) should thus
be rejected. A filter could be used to reject this signal but
has the disadvantage of slowing the instrument down.
Another solution is to integrate the signal over a certain
period of time. If the integration period is long enough
the average AC signal will be nearly zero and a good
series-mode rejection will be obtained (see also the sec-
tion on 'sources of error’’ in chapter 5).

Speed

For normal bench operation, 2 to 3 measurements per
second are quite sufficient, but 10-50 or more measure-
ments per second may be required for applications in
automatic measuring systems. The speed at which the
ADC operates can be limiting in these cases.

11




Kick-back signals and input impedance

The more accurate the measurement the more important
it is that the voltmeter itself does not influence the signal
to be measured. We must thus make sure that the input
impedance is high and that feedback of signals from the
voltmeter to the signal source is really minimum.

(See also the section on "Sources of error’’ in chapter 5)
At the end of this chapter we will compare the degree
to which the above requirements are fulfilled by the dif-
ferent types of ADC's.

The staircase ramp; a simple compensation system
The basic principle of the circuit of fig. 2.1. is that the
input signal V, is compared with an internal staircase
voltage V. generated by a series circuit consisting of a
pulse generator (clock), a counter counting the pulses
and an digital-to-analog converter (DAC) converting the
counter output into a DC signal.

As soon as V, is equal to V, the input comparator closes
a gate between clock and counter, the counter stops and
the counter output is shown on the display.

Comparator

Reset/Start

Fig. 2.1. Block diagram of a direct-compensation ADC

The operating sequences in this circuit is as follows:
The clock generates pulses continuously. At the start of
a measurement (time t,) the counter is reset to zero so
that the output of the DAC is also zero (for a description
of the operating principles of the DAC see chapter 8 in
Part 1 of this course).

If Vi is not equal to zero, the input comparator supplies
anoutput voltage that opens the gate so that clock pulses
are passed on to the counter. The counter starts counting
and the DAC starts to produce an output voltage increas-
ing by a small step at each count of the counter. The
result is a staircase voltage supplied to the second input
of the comparator (see figure 2.2).

12

tq = start t2

|
|

Open gate

I
|
J L__— Closed gate

Fig. 2.2. Staircase voltage applied to the second input of a
comparator

This process continues until the staircase voltage is equal
to or slightly greater than the input voltage V,. At that
moment (t,) the output voltage of the input comparator
changes in polarity, so the gate closes and the counter is
stopped. The display unit shows the result of the count.
As each count corresponds to a constant DC step in the
DAC output voltage, the number of counts is directly pro-
portional to V. and hence to V,. By appropriate choice of
the reference voltage on which the step height of the stair-
case voltage depends, each count can represent e.g.
1 mV and a direct reading of the input voltage in e.g.
volts can realized by placing a decimal point in front of
the 10° decade.

The system can be reset by applying a new reset/start
pulse to the counter.

The advantages of this system are:

e Thanks to the compensation the input impedance of
the ADC is high when compensation is reached.

e The accuracy depends only on the stability and accu-
racy of the reference voltage and the DAC. The clock fre-
quency has no influence on the results as the time in
which compensation is reached does not affect the ac-
curacy.

The disadvantages are:

e The system measures the instanteous value of the in-
put signal at the moment compensation is reached. This
means that the reading is rather unstable if the input
signal is not a pure DC voltage (i.e. the system has rather
poor series mode rejection).

e Aslong as full compensation have not yet been reached
the input impedance is low, which can influence the
accuracy.

e The kick-back signal is rather high because of chang-
ing input conditions during the measurement and the risk
of cross-talk from clock pulses to the input.



Successive-approximation method

The successive-approximation ADC works along much
the same line as the staircase ramp system just de-
scribed. The main difference is that the compensation
signalisbuiltup more quickly by starting with higher steps
as long as the difference between input signal and com-
pensation signal is high.

Figure 2.3. shows a simplified block diagram of this type
of ADC.

At the start of a measurement the counters are reset so
thatthe output of the DAC will be zero. The chopper at the
input is alternately connected to V; and V., so when an
inputsignal is applied the chopper output will be a square
wave with an amplitude depending on the difference
between V, and V, (see figure 2.4.).

The pulseshaperconvertsthe positive slope of this square
wave into pulses with an amplitude related to that of the
square wave and this signal is amplified by three ampli-
fiers in series. The resulting signals are shown in figure
2.4.

In the example shown in this figure, at time t, the pulses
applied by the amplifiersto all three decades of the coun-
ter (the 100, 10 and 1 decades) are above the threshold
level of the counters. As a result the counter registers
100+ 10+ 1=111,and consequently the DAC produces an
output voltage of 111 steps.

At t, again 111 steps are added but at t, the amplitude
of the square wave is no longer sufficient to produce a
pulse exceeding the threshold voltage of the 100 decade,
so only the 10 and 1 decade are activated and 11 steps
are added. This continues until at t; only the 1 decade
is activated; this decade is activated up to t,,. So in our
example V, is equal to

2x111=222
+3x 11= 33
+7x 1= 7

262 steps

" By proper choice of the reference voltage, each step can
be made equal to e.g. 1 mV, so if the counter reading is
presented on a display a direct reading of the input vol-
tage in mV is obtained.

The measurement is completed when the best possible
compensation has been obtained, i.e. when the "'1" de-
cade does not change any further after a predetermined
number of chopper cycles (e.g. 5). The next measurement
is started by resetting the counters to zero.

to display

-+

Fig. 2.3. Block diagram of a successive-approximation ADC

Amplifiers

Chopper
output

r,

Output

1 2 13 t4 5 tg t; tg tg tj0 411 U2

e ]

Threshold
level
100 decade

" " “ N __n n_n P

amplifier Aq

Output
amplifier Ay

Threshold
level

Output
amplifier Az

Threshold

TR

Output
DAC

Fig. 2.4. Timing diagram of a successive-approximation ADC
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Advantages and disadvantages
The features of this ADC do not differ much from those of
the staircase-ramp ADC.

" The main difference is that, thanks to the higher steps at
the start of the measurement, this system can operate
faster. This presupposes the use of a solid-state chopper
to permit high-speed switching.

Remark

As with nearly all types of ADC, the successive-approxi-
mation ADC exists in several versions.

In some of these systems the input is compared with the
output of a binary scaler connected to the reference
voltage.

During conversion all bits are compared with the input
voltage one at a time, starting with the most significant
one: the input comparator then supplies an output indi-
cating whether the input amplitude is greater or less than
the output of the digital-to-analog converter. If V, is less
the bit is rejected, if V; the greater the bit is accepted and
stored. To illustrate this, we shall show how a voltage

V,=0.727 V., is measured, (V=1 V).
Bit Equal to Accepted Sum
Most 0.5 Vet yes 0.5
significant
ond +0.25 Vet no 0.5
3rd +0.125 Vief yes 0.625
4t +0.0625 Vg yes 0.6875
5th +0.03125 Vg yes 0.71875
6t +0.015625 Vg no 0.71875
7 +0.0078125 V,ef yes 0.72656

An additional advantage of this version is the constant
conversion time (as all bits have to be scanned in all
cases) and the immediate availability of a serial binary-
coded output.

Variable-frequency method

This analog-to-digital converter makes use of a voltage-
to-frequency conversion, the frequency being measured
with a normal counter, figure 2.5.
Theconversionisrealized by integrating the input voltage
with an operational amplifier (see chapter 1).

As soon as a fixed switching level V, is reached the level
detector passes a command pulse to a switch in parallel
with capacitor C, causing the latter to be discharged; the
switch then opens again and the cycle is repeated. Each
time the switch is closed, the level detector feeds a pulse
to the counter.

14

Fig. 2.5. Block diagram of a variable-frequency ADC

%J V.dt, (see chapter 1) the time t required

to build V.. up to the constant switching level V; is

As V,, =

1
related to V,ast=« Vso the frequency f at which the

switch is closed is f = I-%

t o
By making the right choice of R, C and the switching
level Vs, we can give « such a value that the output is
suitable for direct reading of the input voltage.
Tomeasurethe frequency the counter unit must be started
and stopped by signals supplied by an internal generator,
that are separated by an exactly known time interval T,
figure 2.6.

T T =
>

I T

Input voltage Vi
pulse frequency 3f

Input voltage Vi
pulse frequency f

Fig. 2.6. Timing diagram of a variable-frequency ADC




Advantages and disadvantages

Since measurementis based on an integrating system the
average AC component of the input tends to zero so the
series-mode rejection can be high. Another positive point
is that the pulse output of the level detector can easily be
transferred through a guard without any need for DC
coupling; this system is thus very suitable for use in in-
struments with guarded inputs. From a point of view of
accuracy the system is not so attractive, as too many fac-
tors can influence the accuracy and the stability; e.g.
Ri, C, V, and the time T during which frequency is mea-
sured are of importance for the accuracy.

The high kick-back voltage at the input (due to the fast
discharge of the integrating capacitor) can also be an
objection.

Dual-slope integration

A widely used type of ADC is the dual-slope-integration
ADC, based on integration of the input voltage for a con-
stant time followed by measurement of the time required
to discharge the integrating capacitor with a constant
current. The block diagram of this set-up is shown in
figure 2.7.

Fig. 2.7. Block diagram of a dual-slope-integration ADC

; : / ’
Integration of V; Pe N \ Discharge of C with constant

v/ current obtained with
7 N\ Vreference

Fig. 2.8. Principle of operation of a dual-slope-integration ADC

At the start of a measuring period the logic circuit closes
switch §,, and at the same time starts the timer counting
a fixed number of clock pulses corresponding to atime T.
During time T with V, connected to the operational am-
plifier the input voltage will be integrated in capacitor C,
so atthe end of this period V, is directly proportional to V..
At the end this period the logic now opens S, and
closes S, so that the reference voltage is applied to the
integrator. If we assume that V is of opposite polarity
to V,, it follows that C starts to discharge. As the
reference voltage is constant the discharge slope is
constant too, figure 2.8.

The time t needed to discharge the capacitor completely

is therefore a linear function of the value of V, at the end

of period T and hence of V,.

We can describe this process by the following equations:
T 1

V. (at the end of period T) RiCJo (dt RC T

(Vi is the average value of V, during T)

During discharge time t

-t
Vc = ?‘IC—JDVrefdt = _R;I—CVFEft
or ViT =V 4t
Vi t
Vo, T

The time t is measured by the counter, which is started
immediately after time T is ended and stopped by the
logic when the zero detector indicates that the capacitor
is discharged.

When both tand T are measured by counting pulses from
the same clock the only factor influencing the accuracy
is in fact the reference voltage.

Advantages
The system has excellent series-mode rejection thanks to
the integration over a longer period. This, together with
the fact that the reference voltage is the only source of
error, makes the system suitable for very accurate mea-
surements.
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Delta-pulse modulation-system

A system which is gaining in importance is delta-pulse
modulation. It can be regarded as a mixture of several of
the above-mentioned principles, and has many attractive
features.

The block diagram is shown in figure 2.9.

Fig. 2.9. S_implified block diagram of a delta-pulse-modulation ADC

An operational amplifier measures the difference be-
tweentheinputvoltage V,and the voltage across capacitor
V.. A polarity detector connected to the operational
amplifier controls selector switch S. As long as V, is more
positive then V, switch S is in the upper position and the
positive reference voltage is connected to C. When V, is
negative comparedto V,, Cis connected to ground as S is
inthe lower position. This is a continuous process and as
the gain of the operational amplifier is high V, will always
be nearly equal to V;; in fact the maximum difference will
only be a few microvolt once the steady state has been
reached.

If V, is constant, the charge on capacitor C must be con-
stant too (otherwise V, would change).

In other words, the incoming charge Q;, must be equal to
thedischarge Q,,whenmeasured over a certain period T:

Qin = Qout

Suppose that during this period T switch S is in the upper
position for a time t and consequently in the lower po-
sition for a time T-t; we may thus write:

Vref—vc

Qin = —1t

R and

Ve
Qo = ﬁ (T-t)

and since Qi = Qou,
(Vs — Vo)t =V, (T-t) or
Vi . Vc = -T'-:_Vref

So if we can measure the ratio t/T we also know V, (since
Vit is known).
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Fig. 2.10. More detailed block diagram of a delta-pulse-modulation ADC

Ve t
A
v #

Output
comparator

Pulses to
switch driver
and counter

Fig. 2.11. Timing diagram of a delta-pulse-modulation ADC

The measurement of this ratio is reduced to a simple
digital counting problem with the aid of the circuit of
figure 2.10.

The detector is now a flip-flop that can be set as long as
V>V, and not when V,< V, (resetting is always possi-
ble). This flip-flop operates as a binary scaler and so
produces pulses with a duration equal to the interval
between two clock pulses (as long as V> V,).

These pulses control the switch driver, which brings the
switch to the upper position so that C is charged from
the reference source during these pulses. During the rest
of the time, C is discharged.

After an external command, the timer starts to count a
fixed number, e.g. 4000, of clock pulses. At the same time
the counter is set for counting the output pulses of the
flip-flop. When the timer has reached the end of its count,
the counter is stopped again. If the reading of the counter
is n, this means that the capacitor has been charged
during n out of the 4000 clock intervals



Hence, t=nt and T=4000 t

t

Vi Vref ¥

: = ——or
SOV, T T 4000

.
v ~ 4000
As the maximum value of n in our example is 2000 (which
means that all pulses are passed on to the switch driver),
V.t should be chosen as twice the maximum value of V,
that can be measured on the scale used at that moment.
Figure 2.11. illustrates the operation of this system when
V; is about } of V.

Note

The linear ramps of the sawtooth voltage in fig. 2.11 and the linear
relations in the above calculations are due to the fact that near the
equilibrium of V, and V; the changes in voltage across C are of the
order of microvolts (high gain of op. amp.). Whereas V. and Ve them-
selves may amount to some volts.

Advantages

This system has the same advantages as the dual-slope
principle: since it is an integrating system, it has a good
series-mode rejection; and its accuracy depends only on
the reference voltage. In addition, we may mention that
the design of this circuit lends itself very well to the use
of modern technology such as large-scale integrated cir-
cuits (LSI circuits).

Over-all comparison :
The pro’s and con’s of the different systems are sum-
marized in the following table:

System Accuracy Input Series-mode Kick-back Speed
impedance rejection signals
(SMR)
Staircase ramp (compensation) high (not constant) low medium medium
low to high
Successive approximation (compensation) high (not constant) low low high
low to high
Variable frequency medium limited high high medium
Dual-slope integration high very high high low medium
Delta-pulse modulation high high high low medium
Questions
Check the answer(s) you believe to be correct.
Q.2.1. The accuracy of a staircase-ramp ADC is high because Q.2.4. The dual-slope ADC is widely applied because
A it measures the instantaneous value of A A its accuracy depends only on that of the A
the input voltage B reference voltage B
B the DAC and the reference voltage source are o
B itis fast
the only sources of error C C

C the number of steps in the staircase
ramp can be made very high

Q.2.2. The main advantage of a successive-approximation ADC is

A itis independent of its chopper frequency A

B it has a high series-mode rejection B

C it can operate faster than other ADC’s C

Q.2.3. Which of the following statements concerning the variable-fre-

quency ADC are true?

A  the series-mode rejection can be high| A true/not true

(o]

B the kick-back signals are high true/not true

C the accuracy is only dependent on C true/not true

that of the reference voltage

C it has a high series-mode rejection

Q.2.5. The delta-pulse modulation ADC has the advantage(s) that:

A it gives a high read-out resolution

A
B it has a high series-mode rejection B
C

C its accuracy depends only on that of the
reference voltage

The answers to the problems will be found at the end of this book.
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Chapter 3

Automation in voltmeters

One of the advantages of digital multimeters is their ease
ofoperation. The reading is easy to take and does not lend
itselfto errors of interpretations. Moreover, the number of
ranges is limited because of the ranging in steps of 10
(instead of the,/ 10 steps used for analog instruments).
Demand from users and advances in digital circuitry for
simple forms of computation signalling and control led to
afurther development, in which more and more automatic
functions were incorporated in digital voltmeters.
Nearly all instruments today have automatic polarity dis-
play and automatic decimal point positioning, while many
have auto ranging and auto zeroing too. In this chapter
we will briefly describe the principles underlying these
various automatic functions.

Automatic polarity indication

The polarity indication is generally obtained from the in-
formation in the ADC (analog-to-digital converter). For
integrating ADC’s only the polarity of the integrated signal
is ofimportance. The polarity should thus be measured at
the very end of the integration period (see fig. 3.1.). As
the length of the integration period is determined by
counting a number of clock pulses, it is logical to use
the last count or some of the last counts to start the
polarity measurement. The output of the integrator is then
used to set the polarity flip-flop, the output of which is
stored in a memory until the next measurement is made.

Autoranging

The object of autoranging is to geta reading with optimum
resolution under all circumstances, e.g.: 170 mV should
be displayed as 170.0 and not as 0170.

Let us take the example of a 31 digit display, i.e. one with
a maximum reading of 1999. This maximum means that
any higher value must be reduced by a factor of ten be-
fore itcan be displayed, e.g. 201 mV as 0201. On the other
hand, any value under 0200 can be displayed with one
decade more resolution e.g. 195 mV as 195.0. In other
words, if the display does not reach a value of 0200 the
instrument should automatically be switched to a more
sensitive range, and if a value of higher than 1999 is offer-
ed next less sensitive range must be selected.

In general practice the lower limit is taken lower than
0200, e.g. 0180. Otherwise, a voltage exhibiting slight fluc-
tuations around 200 would be displayed successively as
e.g. 199.9, 0200 and 0201, which would be confusing. By
introducing an overlap in the ranges (see fig. 3.2.), we
ensure that all values are displayed in the same range,
in the above example as 0199, 0200 or 0201. Values

around 180 also give a stable display e.g. 1798, 1800
and 1807.

Input signal

'
x( _______________________ DC component
0|
/ Integrated value
[}

ion period

f

Instant of polarity
measurement

Fig. 3.1. The polarity of an integrated signal have to be measured
at the very end of the integration period

ov 1999 mV

0.180 V 1.999 vV

01.80 vV 19.99 Vv
018.0 V 199.9 v

0180 V 1000 V

Fig.3.2. Example of overlapping ranges in autoranging instrument
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The design of an automatic ranging system is indicated in
the block diagram of fig. 3.3. The information contained in
the counter of the ADC yields a control pulse for 'down”
ranging when the count is less than 180 and one for up”
ranging when the count exceeds 1999 units. The up/down
counter of the autoranging circuit reacts to this informa-
tion at the moment that a clock pulse (a pulse at the end
of the measuring period, also used to transfer new data
to the memory) is applied, and the new information is
used to set the range relays via the decoder.

Atthe sametime the decimal point in the display is adapt-
ed to the new range. When more than one range step has
to be made, several measuring periods are needed to
reach the final result.

Decimal point

T 2.000 V

20.00 V

200.0 V

1000 V
Overload

Control
signals
range
relays

Range hold
Overload
2V down

Fig. 3.3. Block diagram of an autoranging system

Integrator

Amplifier

Comparator

Output

Fig. 3.4 Simplified circuit diagram of an autozeroing circuit that
can be used with a dual-slope ADC

Clock pulses, and so autoranging can be inhibited e.g.
by a manual "range hold’’ command, by a signal that
exceeds the maximum range (only for "up’ counts),
and of course by reaching the most sensitive range — but
then only for "down” counts.

Autozeroing

Each user of a voltmeter expects the instrument to indi-
cate zero when the input is short-circuited. In a digital
voltmeter with a maximum reading of 1999, a zero error
of 0.05% of f.s.d. is sufficient to give a reading of 0001.
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For this reason, and in the interests of optimum accuracy
with low-valued readings,azero adjustment is necessary.
To increase the ease of operation, many instruments
contain an automatic zeroing circuit nowadays.

In a system used in several multimeters, the zero error is
measured just before the real measurement, and stored
as an analog signal e.g. in the integrator.

A simplified circuit diagram of a circuit that can be used
for this purpose is given in fig. 3.4. for a dual-slope ADC.
Beforethe real measurementis made, switches S,, S, and
S, are closed for e.g. 50 ms, thus earthing the input,
giving the integrator a short RC time and connecting the
output of the comparator to capacitor C. This capacitor is
now charged by the offset voltages of the amplifier, the
integrator and the comparator; and when switches S, S,
and S, are opened again to start the real measurement,
the total offset voltage of the circuit (=zero error) is
stored in this capacitor, so that the real input voltage is
measured correctly.

The fully automatic instrument

Amultimeterwith automatic polarity indication, automatic
zero correction and automatic ranging (of course coupled
with automatic decimal-point indication) only needs a
signal applied to its input and a command as to what
quantity (e.g. Voc, Vac, | or R) to measure; it does all the
rest itself. All these features can already be found in low
cost instruments such as the Philips PM 2514, an auto-
ranging multimeter which also has facilities for temper-
ature measurement.

The organization of the digital part of a voltmeter

We have seen above how an analog signal can be con-
verted into a digital one, and how some of the functions
of the instrument can be automated with the aid of the
information contained in ADC. We will now study how
the digital part of a typical instrument is organized so as
to produce a display or a digital output signal, (see fig.
3.5.). Before a measurement can begin, the functions of
the instrument must be set; i.e. we must select the
quantity to be measured (e.g. voltage), the ranging mode
(automatic or manual) and the start mode (internal or
with an external trigger signal). This can be done by front-
panel controls, or via a remote-control input. In both
cases, the signals are fed to the "'function control’’ unit,
while the information on ranging is passed to the 'range
control’ unit.

Let us assume that in the instrument in question, the
ADC is of the dual slope integration type, and that a
choice can be made between the following combinations:



Measurements/s Integration time Clock frequency
4 100 ms 200 kHz
20 20 ms 1 MHz
200 2ms 1 MHz

It will be clear that as the number of measurements per
second increases the integration time must be reduced
and that it is useful to increase the clock frequency at the
same time to maintain good resolution. To select the de-
siredcombination, informationonthe number of measure-
ments per second must be fed to the start oscillator and
the clock oscillator.

The latter constantly supplies clock pulses to the pro-
gramming unit, whilethe former is also free-running when
the DVM is set for internal start but waits for an external
trigger signal when the DVM is set for external control.
Let us now follow (with reference to fig. 3.5.) the various
steps involved in the performance of a measurement, for
the case that the instrument is set for autoranging and
external triggering.

An incoming trigger pulse causes the start oscillator to

deliver a pulse to the programming unit, and a measure-
ment is started. The programming unit starts both the
counter and the ADC. The ADC is connected to the input.
The counter counts the clock pulses to determine the
integration time and sends two signals back to the pro-
gramming unit, one just before the end of the integration
period, and the other at the end of this period. The first
signal is used by the programming unit to activate the
polarity detector, which determines the polarity of the in-
tegrated signal, while the second serves to switch the
ADC input from input signal to reference signal. At the
sametime, the counteris resetto zero and starts counting
the down integration time of the ADC until it is stopped
by the zero detector signal of the ADC (see under dual-
slope integration in chapter 2). At that moment, the pro-
gramming unit compares the counter reading with the
autoranging limits, and passes an up or down signal to the
range control if necessary. This unit switches the input
range switches viaarelay andtriggers the start oscillator
for a new measurement in a more sensitive or less sen-
sitive range. In the meantime, the programming unit will
also have reset the counter.

External trigger pulse

Input

Fig. 3.5. The block diagram of an instrument with not too complex an organisation
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This process continues until a measurement has been
made the result of which is within the autoranging limits.
The programming unit then transfers the new data from
the counter to the memory, together with the polarity in-
formation, so as to make them available to the display unit
and the digital output. Finally, the programming unit de-
livers a transfer pulse to the digital output, to "warn’ an
instrument connected to this output (e.g. a printer) that
new data have been made available.

Display devices

The value measured by a digital voltmeter is generally
displayed in the form of a + or — sign followed by a
number of digits with the decimal point at the appropriate
place in between. There are several devices which can
be used to realize such a display, but the most common
ones are:

o Gas-filled decade tubes,

e 7-segment light-emitting-diode (LED) displays, and

e Liquid-crystal displays (LX or LCD).

Gas-filled tubes have been used right from the start in
DVM's, and are still in use because of the nice shape and
high brightness ofthe figures they display. Each of the ten
digit-shaped electrodes in these tubes is connected as a
separate cathode and all have one common anode. By
applying a voltage to the anode and grounding the ap-
propriate one of the cathodes, we cause the correspond-
ing digit to light up. In other words, we need a one-out-of-
ten code for driving this type of display.
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The disadvantages of this type of display are the high
voltage needed (which is a particularly big drawback in
fully transistorized voltmeters), and the rather high
power consumption. Moreover the reading angle (i.e. the
maximum angle between the viewing direction and a per-
pendicular line to the display) is limited, as the display
digits are not coplanar butarranged one behind the other.
Light-emitting-diode (LED) displays and later liquid-
crystal (LX) displays were developed to solve these
problems.

In both types of displays, a digit is built up from a
maximum of 7 segments, see fig. 3.6.

They thus need an n-out-of-7 code to drive them.

The main advantages of an LED display are that all digits
areinone plane, andthatitis an active light source avail-
able in different colours.

Thanks to their physical properties, LX displays have a
very low power consumption;they are thus highly suitable
for battery-operated equipment. A drawback is that they
are not active light sources being dependent on ambient
light or an internal light source, for operation in the re-
flective or transmissive mode.

124456 150

Fig. 3.6. How digits are built up from the seven segments of an LED
or LX display




Both LED and LX displays can be driven by low voltages;
they can thus be connected directly to transistor or IC
circuitry.

This is all the more important since all types of display
need some form of decoding (from BCD to 1 out of 10 or
n out of 7).

Fig. 3.7. A scanning decoder driven circuit for an LED display

The decoder

The decoders and the display driver are generally com-
bined in present-day voltmeter circuitry.

The driver function is only required to adapt the output of
the decoder to the voltages and currents needed by the
display. The decoder function ensures transformation of
the binary output of the counter or memory into a code
suitable for the display. This can be realized by simple
diode or AND-gate matrices. An example of a binary-
to-decimal decoder has been described in Part 1,
Chapter 8 of this course.

Special integrated circuits now contain full decoding and
driving functions.

However, even withthese IC’s a large number of discrete
component and even more interconnections are needed
to drive e.g. a 4%-digit 7-segment display. A scanning
mode of operation is sometimes used to reduce this large
number of connections.

This means that one single decoder-driver is connected
to all display units in parallel. An individual anode switch
for each display unit connects the latter in series with the
supplyvoltage, synchronously with the appropriate coded
data (see fig. 3.7.).

If e.g. the number 347 has to be displayed, the digit 3 in
BCD codeinfirstapplied to the decoder and control line A
is activated; then 4 is applied to the decoder and control
line B is activated; and finally 7 is applied to the decoder
and control line C is activated. The use of this serial-mode
drive is notapparent from the display as long as the repe-
tition frequency is high enough. The brightness of the dis-
play is lower than normal, of course, as the individual
digits are only energized during part of the cycle.

Questions
Check the answer(s) you believe to be correct.

Q.3.1. In an autoranging DVM the ranges overlap in order to ensure:

A a brighter display A

B  a higher resolution B

C a more stable display at the ends of the C
ranges

Q.3.2. Autozeroing is used in a DVM because:

A it gives more accurate results A
B it gives a more stable display B
C it compensates for internal offset errors C

Q.3.3. When the number of measurements per second is increased in
a programmable DVM,

A the accuracy increases accordingly A
B it is useful to increase the internal clock B
frequency to C

C the integration time of the ADC must be
decreased

Q.3.4. LED or LX display units are replacing gas-filled decade tubes
("'nixies”’) because:
A LED displays have a more elegant shape A
B nixies have a higher power consumption B
C nixies require a more complicated driving C
circuit

The answer to the problems will be found at the end of the book.
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Chapter 4

Digital multimeter circuits

As we have seen, an ADC in only capable of handling
DC voltage inputs.

When, as in a multimeter, other quantities such as DC
current, AC voltage and currentand resistance have to be
measured, these quantities first have to undergo analog
conversion to a DC voltage.

Although the subject of analog conversions might be
thought to be a bit outside the scope of a digital instru-
ment course, we need to say a little about these techni-
ques in order to provide a better basis for understanding
the considerations concerning the accuracy of digital
voltmeters given in chapter 5.

(]

Fig. 4.2. An attenuator with an operational amplifier connected as a
variable gain pre-amplifier.

Vin 1kQ

O ™ _ 200 mV o o =

2v |

20V

200V

2000 vV o ©
Qmm

Fig. 4.1. A simple DC attenuator.

DC Voltage attenuator

The DC signals that can be handled by the input of an
ADC are in general limited to less than 10 V. This means
that DC voltages of more than 10 V have to be attenuated
in the input stage of a DMM before they can be passed
on to the ADC. A simple form of attenuator which can be
used for this purpose is shown in fig. 4.1.

In the 200 mV and 2 V settings, the input signal is applied
directly to the ADC. In the other settings, it is attenuated
first. It will be seen that the attenuator offers a fixed input
impedance of 10 MQ in all settings.

A voltage overload device is included in the circuit to
protect it against excessive input voltages.

A second solution which is often used is to employ an
operational amplifier connected as a pre-amplifier with
adjustable gain, as described in chapter 1. The number
of attenuation steps that can be realized in this way is
limited by the dynamic range of the amplifiers; a voltage
divider giving a one-step preattenuation of e.g. 1000: 1
must therefore be included in the circuit to allow the full
range to be covered. An example of such a circuit is
shown in fig. 4.2.
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Fig. 4.3. Current-to-voltage converter.

Current-to-voltage converter

DC currents are converted into voltages by shunts in such
a way that the voltages across the shunt at full range is
the same for all currentranges, and is as low as possible.
To provide overload protection in the lower current
ranges,twodiodesinanti-parallelareadded to the circuit:
before the voltage across the shunt resistors can assume
a dangerous value, one of the diodes starts conducting
and the fuse will blow (fig. 4.3.).

AC-DC converter

Awidelyusedsystemfor AC-DCconversionisthe average
detector described below. More reliable results are given
by a true RMS converter, as the accuracy of the latter is
independent of the waveform (see chapter 7); but this
solution is more expensive. In the average detector, two
diodes D, and D, are arranged in the feedback loop of
an operational amplifier OA (fig. 4.4.).

N in
I_

s (see chapter 1)

:U|<

1
i, passes through R, or R, depending on the polarity of
the input signal, so:

Va=1i,XxR,+0XR, or Vy=0xR,+i,.R;

and when R, and R, are equal, then V, =V, %
1

Vs is thus a linear function of Vi,.

The advantage of this system is that it gives linear detec-
tion from very low AC levels. This can be shown as
follows.

As long as the diodes are cut off, the resistance in the
feedback loop of the amplifier is very high, so the gain
of the circuit is approximately equal to the open-loop
gain and is thus very high too (of the order of 5x107).

The diodes startto conduct atabout 0.5V, i.e. at an input

0.5V

———— 2 10 nV;
open-loop gain

voltage V, of

voltages of or above this value can thus be detected.

R2

——

»  » DCoutput

Fig. 4.5. Resistance-to-voltage converter.

Fig. 4.4. An average detector as AC-to-DC converter.
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Resistance-to-voltage converter

Resistances are measured by passing a constant current
through the unknown resistance R, and measuring the
voltage across it. A possible circuit is given in fig. 4.5.
As very high resistance ranges would require very low
currents with this set-up, an alternative version can be
used making use of the fact that the gain of the opera-
tional amplifier depends on the ratio R,/R, (see fig. 4.6.).
Now the input voltage is constant (fixed current through

fixed resistance), while the output voltage is R, \% i.e.

1
proportional to R, and the proportionality constant here
is far lower than in fig. 4.5.



R1

DC output
b

100

Fig.4.6. Resistance-to-voltage converter for very high resistance ranges.

Fig. 4.7. HF-to-LF converter.

HF-to-LF converter

For the sake of completeness, we will close this chapter
with a description of a system that can be used to
permit HF measurements; such a system is used e.g. in
the Philips Multimeter PM 2527.

The DMM circuitry which we have describing so far is
not suitable for the measurement of very high-frequency
voltages. However, this problem can be got round in an
elegant way with the aid of the circuit of fig. 4.7.

The input HF signal and an internally generated 100 kHz
signal are compared after detection in the HF probe. The
resulting difference signal is fed to the DC amplifier,
whose output is used to control the amplitude of the
100 kHz signal. As the loop gain is high, the amplitude of
the resulting 100 kHz signal is virtually the same as that of
the original HF one. All we now have to do is to measure
the amplitude of the LF signal in the normal way in the LF

measuring circuit. Linear measurements are obtained
from a level of some mV.

Questions:
Check the answer(s) you believe to be correct.
Q.4.1. Figure 4.8 shows a full-wave rectifier circuit. The diodes have a

forward voltage drop of 0.5 V; they will therefore start to conduct
at an input voltage V;, of:

A 50mV
B 1 uVv B
C 65 uv C
10 K
10 K
— i Vout
0

Fig. 4.8.

Vout

Fig. 4.9.
Q.4.2. The resistance-to-voltage converter of figure 4.9 is used to
measure:
A high resistances A
B low resistances B
C both Aand B C

The answers to the problems will be found at the end of the book.
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Chapter 5

Accuracy of digital voltmeters

Introduction

One of the main features of digital voltmeters is their high
accuracy under optimum measuring conditions, ranging
from 0.1% to 0.001% depending on technology and price
class. Before discussing the various factors which can in-
fluence this accuracy, it is useful to consider how pre-
cisely the accuracy of such an instrument is specified.
Letus take the example of a 4% digit DVM with a specified
accuracy of:

+0.05% of reading £0.02% of range.

When we speak of a 4} digit instrument, we mean that the
maximum reading is 19999. The +£0.02% of range in the
above expression is thus equivalentto £4 inthe last digit.

Atthe top end of the range, the maximum error will hence
be 0.05% of 19999+ 4=14 or 0.07%. At the lower end
of the range, just before we switch to a more sensitive
range, however, the maximum error is:

0.05% of 2000+4=5 or 0.25%.

In general, moreover, the accuracy is specified for cer-
tain standard operating conditions, of which the tempera-
ture is the most important.

A typical specification in this respect is:

e Reference temperature 23°C + 1°C

e Temperature coefficient 0.005% of reading/°C

This meansthatifthe instrumentis used ona summer day
with an ambient temperature of 34°C, an additional error
of (34—24) x0.005% =0.05% can be expected.

The maximum over-all error in our example will then be
0.12% at the top end of the range and 0.30% at the lower
end.

Another point included in the specification is often the
long-term stability, i.e.the possible additional error due to
aging effects. This could be specified as:

Long-term stability =0.01% of reading over 90 days.

In this case, we add 0.01% to the over-all error if our in-
strument was last calibrated about three months ago.
It is coming to be general practice to indicate a recali-
bration period instead of the long-term stability; the latter
then has to be incorporated into the accuracy under
standard conditions. Inourexample, the over-all accuracy
would then be specified as:

Accuracy = +0.06% of reading £0.02% of range.
Recalibration period 90 days.

In the above examples, we calculated the worst-case
error we can expect when we apply a voltage from a
standard DC generator to the input of the voltmeter.
However, it should be realized that, using a DC standard,
measuring conditions are more or less ideal, since:

e the source impedance is low

e there is no common-mode or series-mode signal

In general, however, measurements are not made under
such ideal conditions. We will now consider what effect it
has on the behaviour of the instrument if the source im-
pedance is notvery low or series-mode or common-mode
signals are present. The influence of the offset current,
which is related to that of the source impedance, will also
be discussed.

Sources of error in DC voltage measurements

Load error

The source impedance has the same effect on the
accuracy of a digital voltmeter as on an analog one. If
we want to make full use of the accuracy of digital
equipment we should realize that a ratio of 1:1000
between the source impedance and the input impedance
of the voltmeter will double the error of an 0.1% in-
strument. Hence, an input resistance of at least 10 MQ
is a must for a digital voltmeter.
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Offset-current errors

Ideally, we would like the input of a voltmeter to be a
true ’one-way’’ device so that there is no feed back from
the voltmeter into the measuring circuit.

In practice, however, a small current does flow from the
instrument in the measuring circuit we call this the
offset current. The offset current is only an important
source of error when measurements are made in high-
ohmic circuits. Let us take the example of a 1 nA offset
current passing through an impedance of 100 MQ. The
result is a voltage drop of 100 xV, or an error of 10
in the last digit of an instrument with 10 ¢V resolution
see fig. 5.1. We should note that offset current of 1 nA
isasmallone. In some cases, the value will be far higher.
Another problem is that the offset current is generally
temperature-dependent. Itis usually possible to compen-
sate for this current at a given temperature, but com-
pensation over the whole range of possible ambient
temperature is very difficult.

It should be realised that a high input impedance in an
electronic multimeter or electronic voltmeter is only use-
ful if the offset current is very low. Otherwise, the
influence of the offset current can be far higher than that
of the load.

Circuit
to be Voltmeter

|

!

|
measured | input

|

loffset = 1nA

100 M2)|

Fig. 5.1.

Series-mode errors

It often happens that the DC signal we want to measure
also has an AC component, which is known as the "'series
mode’’ signal. How can we get rid of this series-mode
error? One way would be to filter the AC component out;
butthis method has the disadvantage that the response to
a change in the DC component is slow. The best solution
for use in multimeters is the integrating analog-to-digital
converter. By integrating the AC signal over a complete
number of periods, we ensure that the resultant AC signal
is zero.

The extent to which the AC signal (series-mode signal) is
rejected by an instrument is expressed in terms of the
series-mode rejection ratio (SMRR), which is generally
somewhereintherange between100:1(40dB)and 1000 : 1
(60dB). Asthe SMRR is frequency-dependent, it is gener-
ally quoted at a specified frequency.
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Series-mode are theoretically completely rejected by
integrating DVM’s at frequencies for which the integration
time is equal to a multiple of the period. For example,
series-mode signals of 50 or 60 Hz (with a period of 20
and 162 ms, respectively are rejected very well with an
integration period of 100 ms.

At intermediate frequencies, the SMRR is appreciably
lower, but increases with increasing frequency. This is
of vital importance, as at the low end of the frequency-
scalethefundamentalsand harmonics of mains frequency
are the most important sources of error, while random
noise has mainly higher-frequency components, so that
both interference signals are well rejected by an inte-
grating ADC. Fig. 5.2 illustrates this.

Rejection indB ————»

T T T 2 ; T oie
60 100 500 1000

Interference frequency in Hz — g

Fig. 5.2. SMRR as function of frequency in an integrating analog to
digital converter.

Common-mode errors

Common-mode voltages are those voltages which ap-
pear on both sides of a signal line with respect to a
common reference point, generally the common earth
point. The common-mode rejection is generally specified
separately for DC and AC voltages, and in most cases
for an unbalance of 1 kQQ. The common-mode rejection
for DC depends mainly on the insulation between the
"low’ and voltmeter ground. As can be seen in fig. 5.3,
the voltage between high and low of the instrument’s
input is equal to the voltage drop across the 1 kQ
unbalance resistance, which forms a voltage divider
together with the insulation resistance between "low”
and ground. If the insulation resistance is increased,
the voltage across the 1 kQ resistor will be lower,
and so will the input voltage of the voltmeter; so
good common-mode rejection is highly dependent on the
insulation resistance between "'low’’ and ground.
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Fig. 5.3. Input circuitry of a DVM, showing the common-mode voltage
Vem.

The capacitance between ’low’ and ground is also of im-
portance for AC voltages so it will be clear that the com-
mon-mode rejection is frequency-dependent. For good
common-mode rejection for AC signals the capacitance
between ''low’ and ground should be as low as possible.
In general, this capacitance is given a value of the order
of 1.5 nF — also for safety reasons. With this capacitance
it is possible to obtain a common-mode rejection ratio
(CMRR) for AC of about 50 dB at 50 Hz. If much higher
CMRR’s for AC are required, guarding techniques have
to be used; see chapter 6.

The error caused by an AC common-mode signal in DC
measurementsisnegligible. While the resulting AC signal
at the input may be quite appreciable, the series-mode
rejection of this signal leads to an over-all rejection of up
to over 100 dB.

Sources of error in other than DC voltage ranges

The above considerations apply to DC voltage measure-
ments. As far as digital multimeters are concerned, we
also have to consider the accuracy of the other ranges.
Becauseallparameters measured are firstconverted into
DC voltages and each of these conversions involves a
slight additional error, the accuracy for all other quan-
tities will in general be less than for DC voltages.

In DC current measurements, it is the effect of the shunts
that gives the additional error. First of all, the accuracy
of the shunt resistance must be taken into consideration.
Accuracies of better than 0.1% can be obtained, but are
expensive. The temperature coefficient of this resistance
also has a direct influence on the accuracy.

Secondly, the voltage drop across the shunt can also
cause appreciable errors.

Let us suppose that a current of 150 mA flows from a
12 V supply source in the measuring circuit. The load re-
sistance of the power supply is thus 80 Q.

To measure the current, we insert the multimeter shunt
into the measuring circuit. We assume this shunt to have
a resistance of 1 Q in the 200 mA range (this is a normal
value). As a result, the current will change from 150 mA
to 12V/81Q ~ 148.1 mA, which involves an error of more
than 1.2%. For this reason, it may be more accurate to
measure in the 2 A range (where a shunt resistance of
0.1 Q would be normal), which only gives an additional
errorofabout0.12%. Theoretically, nottaking other errors
into account, this input current of 150 mA would give the
following readings on a 4% digit display:

e 148.14 mA in the 200 mA range.

e 0.1498 A in the 2 A range.

The measurement of AC currents involves a double con-
version, from current to voltage and then from AC to DC,
each conversion giving rise to an additional error.

In addition, it should be noted that shunts generally have
a limited frequency range because of parallel parasitic
capacitances and series parasitic inductances, and are
certainly not suitable for the higher current ranges at
frequencies above some kHz.

The additional error in resistance measurement depends
mainly on the accuracy and stability of the measuring
currentthrough the resistance to be measured. Stabilized
current sources can be constructed with reasonable ac-
curaciesinthe mA and A ranges, but difficulties increase
rapidly in the nA range. If we take 2 V as the maximum
permissible voltage across the resistance to be meas-
ured, this means that the current in the 200 k€2 resistance

range will be no more than 2V
200 kQ

while in the 20 MQ range it will be 100 nA, and 1 nA in
the 2 GQ range.

This is why the accuracy of resistance measurements
falls off rapidly in the MQ ranges; it will be clear that the
1% accuracy at 2 GQ as specified for e.g. the Philips
PM 2527 is an exceptional achievement.

= 10 pA,

AC-DC conversion errors

The accuracy of AC voltage measurements depends in
practice only on the accuracy of the AC-DC converter.
The type of converter used is most important in this con-
nection. Most multimeters on the market use average
voltage detectors as described in chapter 4.

As long as purely sinusoidal signals are measured, ex-
cellent result can be obtained. However, with distorted
signals this system can give rise to significant errors.
True RMS AC-DC converters are thus to be preferred for
high accuracy. Full details on the advantages of true RMS
conversion are given in chapter 7.

31




T
T

1
T
1

T

I

IR IR DR RRRA

JL
1T

T

1 DR
TR

-

T

T

RN ETRRRRIRRRR LD R OO

THIT

TR

T

i
T

T

L

T

LT

THHTE
T

0 Hz 20 50 100 Hz

Fig. 5.4. Fréquency characteristic of a DVM.

T
LI s

T

T

kHz 10 kHz 100 kHz

Frequency range

While the bandwidth of an oscilloscope is nearly always
specified for a 3 dB drop in gain, no common standard
exists for multimeter frequency ranges. A frequency
range as illustrated in fig. 5.4. could be specified as e.g.
Accuracy 0.2% of reading +£0.1% of range at reference
frequency of 1 kHz.

Bandwidth:

46 Hz to 22 kHz for accuracy 0.2% of reading £0.1% of
range.

40 Hz to 25 kHz for accuracy 0.5% of reading £0.1% of
range

20 Hz to 55 kHz for accuracy 3% of reading +0.1% of
range

Itis essential notto compare frequency figures only but to
do this in combination with the accuracy specification.

Noise

Another source of error which is encountered mainly at
the lower end of the ranges is noise. Generation of noise
can be limited but never completely avoided. For ex-
ample, the thermal noise of the input resistance gives
rise to an error voltage in the AC ranges at open input.
Fortunately, the influence of these noise voltages is
slight. It can be estimated from the formula:

V=/R—&

whereVisthe voltage applied to the input, Ris the reading
displayed and S is the error voltage of the instrument at
thesame sourceimpedance as the circuitto be measured.
With source impedance up to 10 kQ2, most AC ranges will
not give more than 1% of range end value error voltage.
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At a reading of 10% of range, this means that the error
due to noise is of the order of 0.5% of reading de-
creasing to 0.005% at full scale.

Conclusions

We have seen that the accuracies obtained in measuring
practice depend not only on the specifications of the in-
strumentbutalsoon a number of secondary error sources
in the measuring instrument or in the circuit under test.
The secondary errors can make up a large part of the
total error, especially when the intrinsic accuracy of the
instrument is high. Fortunately, most of these errors are
strongly dependent on the source impedance; as long as
this impedance is less than 10 kQ, their influence is fairly
limited. For source impedances above 10 kQ2, however,
we certainly have to take the additional errors into ac-
count. We may state as a general rule that if laboratory
DC measurementare performed with an average error of
about 0.1t0 0.2%, the technicians are doing an excellent
job. For AC measurements, it is difficult to obtain an
average error of less than 1%.

The pros and cons of digital voltmeters

We will conclude this chapter of the digital instrument
course with a brief survey of the strong and weak points
of digital voltmeters.

There are several reasons for choosing a digital meter
for a given measuring application. The main ones are:
e The high accuracy that can be obtained (notwithstand-
ing the limitations discussed above).

e The unambigious reading obtained, which is very use-
ful when large series of measurements have to be per-
formed or technicians without a great deal of training
have to carry out the measurements.



e The high resolution (1 partin 10° or 10* or even better),
which is particularly useful for the measurement of small
differences or stabilities.

e Thepossibility of full automation, making measurement
a simple touch-and-look operation.

e Last but not least, the possibility of using these in-
struments (when provided with a digital output) in auto-
matic test systems for data acquisition or even more
complex data handling.

On the other hand, there are a number of application for
which digital equipment is less suitable:

e When high-sensitivity measurements have to be made,
e.g. under 1 mV for AC and under 100 iV for DC, noise
and drift will cause the last digit of the display, and
possibly even the last but one, to fluctuate a lot; it is diffi-
cult to estimate an average reading under these condi-
tions.

e Adjustment of the reading to certain value, and in par-
ticular to a minimum or maximum, is by no means easy
with a digital instrument.

In these two cases, a good analog instrument makes the
operation much easier.

The introduction of micro-processors in digital volt-
meters may eventually provide a solution for these two
problems, apart from the many other undoubted advan-
tages micro-processors have to offer.

Questions
Check the answer(s) you believe to be correct.
Q.5.1. A 41-digit autoranging DVM has a specified accuracy of +0.05%

of reading £0.02% of range. Its maximum range is 2000 V.
When a voltage of 220 V is measured, the overall accuracy will be

A 0.07% A
B 0.23% B
C 051% C

Q.5.2. What is the load error when the voltage across a 5 kQ resistor is
measured with a 43-digit DVM with an input impedance of 10 MQ ?

A 0.01% A
B 0.02% B
C 0.05% C

Q.5.3. A DVM measures the current through a 1000 Q resistor, with
the range selector of figure 4.3. set to 200 mA. The error intro-
duced by connecting the meter in series with the resistor is

A 1 % A
B 01 % B
C 0.01% C

Q.5.4. Which of the following statements are true?
A DVM has the following advantage(s) over an analog voltmeter:

A a higher resolution can be obtained A |true/not true

B  voltages below 100 iV can be
measured with greater accuracy

C it is more convenient for monitoring C
the adjustment of a voltage to a
maximum or minimum value

B [true/not true

true/not true

The answers to the problems will be found at the end of the book.
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Chapter 6

Guarding techniques

Introduction

Measuring systems involving instruments such as digital
voltmeters and recorders with accuracies of around 0.1%
or even better must be designed with great care to keep
parasitic voltages and other electrical noise out of the
system. For example, the recorder PM 8222 has a guaran-
teed accuracy of 0.25%. When this instrument is used with
afull-scale deflection of 1 mV, a parasitic voltage of 10 iV
(which can easily arise in the measuring system unless
special precautions are taken) represents an error of 1%,
thus completely annulling the high accuracy which is one
of the main features of this instrument.

Fig. 6.1. A conducting link between the ''Lo’" and "+’ terminals used to
ensure safe earthing of the housing in a PM 2434 DC microvoltmeter

One of the main sources of parasitic voltages in meas-
uring systems is the mains voltage, and in this chapter
we shall discuss mainly means of reducing errors due
directly or indirectly to the mains voltage. There are
two main methods of eliminating these errors: the use of
isolating transformers and the shielding of leads. The
shielding of leads helps to keep out induced parasitic
voltages. This form of "electrical environmental pollu-
tion” has assumed considerable proportions now that so
much electrical power equipment discharges its operat-
ing current to earth.

However, the use of shielding techniques and isolating
transformers can itself lead to errors in the measuring
system. The main purpose of this chapter is to explain
how this can come about, and how guarding systems can
be intelligently designed on this basis to keep out para-
sitic voltages.

Distinction between safety guard and signal ground
Many instruments have three input terminals, marked
“High”, ”’Low’ and "Earth” or "+, " —"and "’ L". The
“Low” or " —"' terminal is the signal ground. Both the
biassing voltages and the voltages to be measured in the
instrument are related to this. The terminal marked "L "
is the safety earth; all external metal parts of the in-
strument are connected to this point, which is in its turn
connected to the earth lead of the AC mains cable.

In a proper installation this earth connection ensures
that none of the conducting parts of the instrument which
personnelorotherpeople could touch canrise in potential
above the safety margin (42 V) with respect to earth. A
metal link is often provided between the "’ —"' (or ""Low"’)
and L " terminals (fig. 6.1.). The signal 'common’’ point
is then earthed. If the instrument in question has the only
connection to earth in the measuring system, measure-
ments can be performed in a straightforward way. How-
ever, measuring errors may occur in cases where the de-
vice under test has also a connection to earth. (See the
section "’Ground loops and ground currents’’ next page).
The terminals Lo’ and’ L’ must now be disconnected.
The instrument’s cabinet is of course still connected to
earth, so that the system is still electrically safe, but the
above-mentioned errors are eliminated because the
"common’’ is floating with respect to earth. The reason
for this will be considered in the next section.
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Ground loops and ground currents

We all know that the metallic cabinet of electrical equip-
ment should be earthed as mentioned above, to ensure
electrical safety. In power installations, the earth connec-
tion may be obtained by driving a copper or iron rod into
the ground to a depth of 10—100 feet beneath the surface.
The depth will depend on the local conductivity of the soil,
which is subject to seasonal variation.

If one rod does not give a sufficiently low earth spread
resistance, a systemofrods connected byacopper ground
bus can be used. The required value of the earth spread
resistance depends on the maximum current which may
be obtained from the power system in use. In any case,
possible defects in the equipment should not lead to a
voltage exceeding 42 V between the metallic housing of
an instrument and earth.

Sometimes the iron rods of a reinforced concrete struc-
ture are welded together and connected to special con-
ducting rods to give the required low earth spread re-
sistance. A metallic underground water piping system
also provides good contact with earth and is probably the
best solution for the earthing of measuring instruments
and similar equipment, if available.

As we mentioned in the introduction, considerable
ground currents may be expected as a result of the dis-
charge of current from power systems to ground. It is very
difficult to evaluate these currents and no satisfactory
methods of measurements have been developed to date.
Most of the data available are average values taken over
a period of time because of the complexity of parameters
such as soil resistivity, soil moisture, depth of the elec-
trodes, weather conditions etc.

Now, when two points in e.g. a measuring system are
connected to earth, we get what is known as a "'ground
loop” formed by the part of the measuring system be-
tween the two points and the soil between the two earth
points. Fig. 6.2 shows an example of such a ground loop
formed between an earthed transducer and an earthed
measuring instrument which are connected by relatively
long cables. R, and R, represent the cable resistances.
Thetransducer might be athermocouple or a strain gauge
connected to an earthed object, while the instrument can
be a strip chart recorder, an impedance bridge, an
oscilloscope or a data acquisition system.

The earth currents and the soil resistivity create a virtual
voltage source E,,, causing a current to flow through the
measuring set-up. The measures to be taken in order to
avoid or to reduce the effect of this current will be dis-
cussed below.

An analogous situation arises in a measuring installation
consisting of different instruments mounted in a 19” rack.
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Fig. 6.2. Formation of a ground loop
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Fig.6.3.Conversion of acommon-mode voltage into a series-mode
voltage

A current flow through the rack via the signal ground
terminals of the instruments, no matter whether the latter
are connected to earth or not. If such a current does
exist it is very likely to be coupled back into the circuit by
means of resistive or capacitive coupling or electromag-
netic induction. The current loop formed in this way is
commonly called a ""ground loop” too. The precautions
which may be taken to reduce errors due to this type of
ground loop will also be discussed below.
Summarizing, we may state that accurate measuring
systems must be designed to reduce or eliminate errors
due to:

e 1. ground currents flowing below the surface of the
earth and

e 2. ground currents associated with the measuring
set-up itself.



Common-mode and series-mode voltages
Common-mode voltages are those voltages which appear
on both sides of a signal line to a common reference
point, normally the common point or earth. As already
mentioned above, they can be coupled to the measuring
set-up in a resistive, capacitive or electromagnetic way.
Such common-mode voltages can give rise to ''series-
mode’’ (normal mode) voltages in a measuring system.
There are the series-mode voltages that really concern
us, because they can lead to measuring errors.

The conversion of a common-mode voltage into a series-
mode voltage is illustrated in fig. 6.3. In this measuring
set-up a ground current flows in the low-ohmic circuit
ABCD due to the common-mode voltage E_,. However,
a small current also flows through the transducer im-
pedances Z, and Z,6 of the measuring instrument.
(AEFCD). Because Z,, is generally very high (> 10° Q),
the current through AEFCD will be much smaller than
that through ABCD (Z,< 1 kQ). A voltage will thus exist
between the points E and B due to the difference in loop
currents originating from E.,. This voltage can be con-
sidered as being in series with the voltage which we
intended to develop in the transducer, and has thus re-
ceived the name ’’series-mode voltage’’ (also called
"'normal-mode voltage”’).

It is this series-mode voltage which causes us most
concern, since it directly influences the accuracy of the
measuring system. We will see that there are means
available (filtering, integrating) for solving this problem
to a great extent.

Both in fig. 6.2 and fig. 6.3 the source of E,, is a differ-
ence in potential between the two earth points; this kind
of common-mode voltage is therefore referred to as an
earth common-mode voltage. It is generally related in
frequency to the mains power supply.

Fig. 6.4. Another kind of common-mode voltage source

Fig. 6.4 illustrates another kind of common-mode voltage
source. Here the resistance bridge is fed by a voltage
source E one terminal of which is earthed. The bridge
could be of a normal resistance type but could also be a
configuration of transducers. With one terminal of the
supply voltage earthed, the bridge points A and B are ata
potential of E/2 above ground. Thus the common-mode
voltage at the input terminals of the amplifier is E/2. The
power supply for the bridge is generally DC, but AC bridge
supplies do exist too. This type of common-mode voltage
is referred to as a transducer common-mode voltage. At
the present state of the art, amplifiers and similar circuits
will reject DC common-mode voltages up to 100-120 dB,
but the possibility of error from this source should be
borne in mind when extremely accurate measurements
are to be made.
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Fig. 6.5. Induction of a system common-mode voltage

The last type of common-mode voltage to be mentioned
here is the system common-mode voltage, which is mag-
neticallyinducedinaclosed loop inthe measuring system
by an alternating (stray) magnetic field. Fig. 6.5 gives an
example of a measuring set-up in which a system com-
mon-mode voltage may arise. The set-up is basically the
same as in fig. 6.2, but in order to avoid earth common-
mode voltages in the measuring system, the signal com-
mon points are combined in the system common point
which is earthed at the transducer earth point. It will be
clear that a voltage may be induced in the closed loop
shown in the figure by a magnetic field B. The induced
voltage is proportional to the flux density, the rate of
change of flux and the circuit area. Therefore, the larger
the area the more susceptible the system will be to
magnetically induced common-mode voltage.
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Keeping parasitic voltages out of measuring leads
Once we know the origin and kind of parasitic voltages
likely to influence a measuring system, it will not be too
difficult to understand the steps to be taken to reduce
their effect. The two main methods used are shielding the
signal path against intrusion of a parasitic voltage, and
isolating this voltage from the signal path.

We shall first discuss some consequences of shielding
a cable, and then the use of transformers to avoid hum
in the measuring circuitry.

Shielding techniques

Shielding may be necessary to keep parasitic signals out
of certain areas in low-level instrumentation. Before we
can shield effectively against these signals, we have to
know whetherthey are induced by electrostatic or electro-
magnetic fields. Electrostatic fields form a more common
threat to electronic instrumentation, but are simpler to
shield against: a metal housing will shield an instrument
effectively against electrostatically induced currents be-
cause they flow through the surface. A braided copper
sheet is most commonly applied for shielding cables,
although aluminium foil is becoming increasingly im-
portant.

High-permeability ferromagnetic materials are the best
shield against magnetic flux. These shields are for
instance used round CRT's in oscilloscopes. The higher
the permeability of a magnetic shield the better. Nickel-
iron alloys have relative permeabilities in the range from
10 000 to 100 000.

Shield
Measuring
instrument

Floating
transducer T B

Fig. 6.6. Introduction of common-mode current Icm in signal path
due to incorrect grounding of shield

Regardless of the type of shield used, it is possible to
cause more noise in the signal lines by improper ground-
ing of the shields than would be present without shield-
ing. Some examples will be given here. In fig. 6.6
a common-mode current |, is introduced in the signal
path by capacitive coupling to the shield which is con-
nected to earth both at the transducer side and at the
instrument housing. The transducer is floating here.

Measuring
instrument

=

=

Fig.6.7. A better way of grounding the measuring set-up of Fig. 6.6

Figure 6.7 gives a better solution in this case, with an
eathed transducer and a floating instrument. When the
transducer consists of an ungrounded bridge configura-
tion the whole bridge may be shielded and earthed.

In many signal transport configurations, line amplifiers
have to be used to keep the signal at a proper level. In
case of a single-ended amplifier, the system should be
shielded as shown in fig. 6.8.

Measuring

Single ended instrument
amplifier '—_——_
=\ ™ A\ )
P 1 = 1) |
_J / \Z " J
l i No connection

=

Fig.6.8. The right way to ground a measuring set-up with a single-
ended amplifier
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It will be seen that the amplifier is not connected to the
shield. However, there are rightand wrong ways of apply-
ing this shielding technique. Fig. 6.9 shows one of the
wrong ways. Obviously, the two ground-loop currents can
introduce series-mode voltages in the measuring chain
by capacitive coupling.




Transducer

Line M i
Transducer BNCirype amplifier in:tars:v::gt
Zin
77777777777777777777777 - P
g ! Loop 1 ; I Loop 2 .
lote s e R | e T : o
i Ecm Ecm =
Fig. 6.9. An incorrect application of the principle of Fig. 6.8
Tnsoi Line Measuring
nsolated amplifier instrument
n

/

in

IlJ_rj
Oy
.
L

L
Only earth

hl e

[ | !

| | |
VS [

connection in

signal path
Fig. 6.10. A correct application of the principle of Fig. 6.8

A correct way of connecting the shield for this set-up
is given in fig. 6.10. Although all instrument housings are
earthed for safety reasons, no ground current can flow
because the only point where the shielding has been Primary Measuring

& i ¥ power source instrument
earthed is at the instrument side. — —_—

Power isolation

Thefirststepinreducing parasitic voltages derived direct-
ly from the mains supply is to apply a power isolation
transformer. Such a transformer is built into most instru-
ments. The reason for this is illustrated in fig. 6.11. The
instrument is connected to the mains via a 3-core cable.
Ofthe two leads carrying the power current, one is called
the neutral lead and is connected to earth at the primary
powerdistribution point such as a step-down transformer.

Load

J Neutral Cabinet » | r %

Safety ground =
e Instrument ground

Fig. 6.11. The reason why a power-isolation transformer is in-
cluded in most measuring instruments (see text)
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However, the safety guard wire is also earthed at the
same pointto which all metal housings are connected via
the third lead of the mains cable. This provides a low-
ohmic path to earth for currents caused by insulation
breakdown, accidental shorts etc. A common-mode vol-
tage can be formed between this power ground and the
instrument ground when the two ground systems are con-
nected, and this may give a large amount of hum in the
equipment.

A power isolating transformer can eliminate most of this
common-mode voltage. The shields around the primary
and secondary windings are connected to one side of the
winding, so that stray capacitances between the windings
and the shields are eliminated at one end. Moreover, a
large capacitance is achieved between the shield and the
cable core, giving a low-impedance path for the common-
mode generator E.,. The secondary shield is often con-
nected to a centre tap of the secondary winding, fig. 6.12.
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Fig. 6.12. Principle of shielding a measuring instrument with a
power-isolation transformer
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Fig. 6.13. Application of the shielding principle of Fig. 6.12 in
the digital multimeter PM 2421
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Note that this also reduces the stray capacitances be-
tween the primary and secondary windings to a value of
the order of 0.1 pF, while without shielding the capacitive
coupling between the two windings may be of the order
of 2000-5000 pF. Figure 6.13 shows how this principle is
applied in the PM 2421 digital multimeter. The specifica-
tions for this instrument are:

Cap. mains-L, : 50 pF (C, in fig. 6.13)

Cap. L,-chassis: 1,5 nF (C, in fig. 6.13).

It will be clear that 50 pF gives quite good separation be-
tween the mains and the measuring circuitry.

When even more stringent input specifications (in par-
ticular better separation between measuring circuitry and
mains)are needed, asolutionlike that shown in figure 6.14
is required. This is used in Philips’ multipoint recorder
PM 8235. An extra transformer T, has been added here
to reduce the influence of the mains. One of the second-
ary windings of T, is used to feed a 100 kHz oscillator
which forms part of the measuring system. The output of
amplifier A is fed to the remaining (less sensitive) part of
the instrument’s amplifier via a galvanically separated,
light-coupled diode device. A floating guard, which may
be connected to an extra terminal on the instrument, is
placed around the input amplifier A and its supply unit to
eliminatetheinfluence of external parasitic voltages. This
set-up gives an AC common-mode rejection ratio (CMRR)
of 126 dB for the mains frequency.

Common-Mode Rejection Ratio (CMRR)

So far we have been considering how to reject parasitic
voltages enteringthe measuringinstrument. However, the
shielding at the instrument side can also be designed
so as torimprove the CMRR. This will be explained with
reference to figures 6.15 and 6.16, in which practical
values ofthe impedances are assumed. The instrument is
a DVM, the input amplifier of which is floating, i.e. it has
no galvanic connection to earth. However, although there
is no direct connection between the input amplifier and
ground, an AC common-mode current |, will cause a
series-mode voltage across R; via a ground loop through
C,.
Example: If C,=10 000 pF and R, = 1000 Q2 then the follow-
ing calculation can be made

1
X, = o7t C,
If we neglectthe currentthrough the very high input impe-
dance of the input amplifier (see also Fig. 6.3.), then the

part of E,, which appears across R, as series-mode
voltage can be calculated to be

~ 300 kQ at 50 Hz
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Fig. 6.14. Application of the shielding principle of Fig. 6.12 when more stringent input requirements have to be met as in the multipoint

recorder PM 8235
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Fig. 6.15. The CMRR of this measuring set-up can be improved

by reducing the value of C,
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Fig.6.16. The CMRR of the set-up of Fig. 6.15 can be improved still
further by inclusion of a second guard

i T
t O Rt+Xe
For E.. 3 V we find
1

—3V=10 mV
300

Va

Ve, =

So in this particular case C, and R, determine the ampli-
tude of the series-mode voltage. The floating input thus
reduces the interference only to the extent that

= ——— js large compared with R,.
s = Sutb g ? g

1
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In DC voltmeters, integration techniques and filtering can
reducethe series-modevoltage. Ifthe DVMin question has
been designed to measure AC voltages, the above 10 mV
will be added directly to the display as an error. The
Common Mode Rejection Ratio (CMRR) is therefore de-
fined as the ratio of the measuring error due to the com-
mon-mode voltage and the common-mode voltage itself:
E

cm

wMAR = E,, measured

or in dB

cm

In the above example E., measured is 10 mV and
E.. =3V, so

CMRR = 20 log :2(())—0 ~ 50 dB

From this example we see the important fact that the
CMRR depends on:

e the frequency of E.,

e the value of C,

¢ the transducer impedance R,

Thus is not sufficient only to specify a CMRR of 50 dB.
The conditions under which the CMRR has been defined
must also be stated. These conditions are generally stan-
dardized e.g. by the International Electrotechnical Com-
mittee (IEC, subcommittee 13B, draft April 1972, section
23.5).

Floating guard

It will be clear from the previous section that one way of
improving the CMRR is to increase the value of X; or, in
other words, todiminish C, in figure 6.15. A second guard
in the DVM improves the above result very appreciably,
seefigure 6.16. (Inthis way we obtain much the same con-
figurationasinfigure 6.14.) The measuring cable of figure
6.16 has been provided with a shield, which is connected
to the guard at the instrument side and to earth at the
transducer side.

The common-mode voltage E., will again produce a
current I.,,. At the connection of the transducer tip and
shield this current I, will split up in two parts:

e one part will flow via the shield and C, back to E.,
without effecting the measurement and

e the other part will flow through the lower R, the L,
terminal C, and C, back to E .
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Because I R; is very small compared with E., (owing to
the impedances in this loop), only a very small voltage is
developed across both plates of C, which are thus at
approximately the same potential. Hence the current
through C, will be very small. This means that the
effective capacitance of C, will be of the order of mag-
nitude of some pF, although C, itself can be as high
as some nF. Compared with the value of 10 nF in the
above example this means an improvement of another
60 dB for C, =10 pF.

One could consider this effect in a slightly different way:
the guard is connected via the shield to the same poten-
tial as the L, terminal via R, so that no current will
flow through the capacitance between L, and GUARD (C,).
It should be borne in mind that both the above consi-
derations are only valid as long as R, < X, . Thus we must
keep the impedance between L, and GUARD high; it
would be wrong to reduce this impedance on the grounds
that there is no current through it anyhow.

In figure 6.16. the effective capacitance between L, and
EARTH is symbolized by C, andis in the range of 0.5-5 pF.
The capacitance between GUARD and EARTH is of the
order of some nF.

It is obvious that the capacitances C,, C, and C, in
figure 6.16. are bypassed by the insulation resistances. A
complete equivalent circuit is given in figure 6.17.

The practical values of the impedances have been taken
from the DC DVM PM 2441 with only one exception:

C,=C,s =3 pF

With the values given in the figure, we can calculate the
series-mode voltage developed across R..

. - 1

For S0 Hz: X, = sox700x 10—
thus X, <R, and X, <R, at mains frequency.

For X, we find X., ~1 GQ which is still much smaller
than 60 GQ the insulation resistance between L, and
EARTH. So we can calculate I, from the capacitances
only.

Now, again neglecting the current through R;, of the
input amplifier and bearing in mind that no current flows
through C,, we find a series-mode voltage V, developed
across R, of :

L
"ORA+X,

With R,=1 kQ and X, =1 GQ we find a CMRR for
50 Hz of

CMRR = 20 log

x 4.5 MQ

Eem

R+ X,

H

~ 120 dB
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Fig. 6.17 Equivalent circuit of the set-up of Fig. 6.16.
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Note: If we did not have the guard connection, then we
would have to reckon with a current through C, and C, in
series (x> 480 pF) and the CMRR would be 76 dB.

For DC the common-mode current which influences the
measurements flows through R, andR,. With the values of
figure 6.17 it can be calculated that for DC the CMRR will
be as high as 155 dB. This is due to the high insulation
resistance of 60 GQ compared with an R, of 1 kQ.

Why are these figures of such importance? As already
stated in connection with fig. 6.15, the instrument in use
may be a DVM. When this instrument has an accuracy of
0.001% or less and a resolution of 1,V then a DC series-
mode voltage of 50,V is extremely important, because the
last two digits are meaningless when the DVM is used in
its lowest range of 1 V. An effectively guarded system,
though expensive, is thus essential for high accuracy and
resolution in low-level measuring instruments.

An AC series-mode voltage also influences an extremely
accurate reading of the DVM. But as the AC common-
mode voltage is generally at mains frequency, it depends
onthe nature ofthe voltmeter's analog-to-digital converter
to what extent this small error can be further reduced
(see chapter 2).

Doubly-shielded cables

The floating shield may also be used the other way round:
in order not to load a signal source when an AC voltage
has to be measured accurately. Then the principle in-
dicated in figure 6.18 is used. Via the input amplifier the
floatinginnershieldofadoubly-shielded probe cable of an
AC voltmeter is brought to exactly the same potential as
the voltage E to be measured. C, is thus made ineffective
because no current will flow through it. The capacitive
load of the cable is now formed by C,, but the current
through it is delivered by the input amplifier via its output
A and not flowing through R, thus causing no series-
mode error. Obviously the input resistance of the am-
plifier is very high.

Doubly shielded probe cable

Amplifier

x1 «

¥

Fig. 6.18. Principle of double shielding of a probe cable
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An application

To demonstrate the importance of a good guarding tech-
nique, an example is given below.

Figure 6.19. shows an automatic measuring set-up con-
sisting of a scanner PM 2460/2461, a DVM (PM 2442) and a
printer (PM 2466), which can be used to measure voltages
at ndifferent points (up to 1000). The voltage at each point
is connected to the respective input of the scanner,
channel 1...n. Depending on the setting of the control
unit the channels are scanned one by one after a start
command. First the GUARD is connected to the DVM by
a 3-pole relay. 1 ms later the control unit energizes the
2-pole relay so that now H, and L, are connected to the
DVM. An adjustable time (between 5 and 50 ms) after the
latter relay contacts have closed, the control unit supplies
a start pulse to the DVM. As soon as a channel is
measured, the DVM generates a command for the printer
to print out the measured value.

During printing, the printer supplies a HOLD OFF signal
to the scanner, causing the relays to be de-energized
whilethe scanner is clocked to switch on the nextchannel.
As soon as printing is finished, the HOLD OFF signal
changes state and the relay contacts of the next channel
are closed, depending on the setting of the control unit.
Note the extra precautions taken to ensure a good
GUARD connection. It would be much easier and cheaper
to use only the 2-pole relay, but then the guards (shield-
ings) of all the measuring points would be connected to-
gether at the scanner side. Itis clear from the above that
this procedure would simply be asking for measuring
errors. The 3.03 kQ resistor in the guard line of the relay
unit PM 2461 has been used for current limitation in case
of different common-mode voltages at the measuring
points.

Hold off

Channel identification (3 x 4 bits)

Printer

PM 2466 i

Print

ERL inpuy o—» Control unit Start DVM
PM 2460 Trigger output
—o
Controlling 1 Controlling 2-pole relay
3-pole relay 11 — Result
ol AN ‘I\
: |~ DVM
L | |
Channel 1 g ‘1\ N ™ pm2a41
Guard | S{_ — Guard
. LI
——l— 3.03K
H‘._._L|\_.
|
5
Channel n { 2 ‘|\———
l
Guard _‘\
Relay unit PM 2461

Fig. 6.19. An example of proper shielding of an automatic measuring set-up
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Questions

Check the answer(s) you believe to be correct.
Q.6.1.

The common-mode voltage E,, of fig. 6.20 is converted into a
series-mode voltage because

Measuring
instrument

A points A and B do not have the same potential | A

oe)

B the transducer impedance Z; >the cable

resistance R,

C the measuring instrument’s input impedance
Zin >(Z1+R))

Q.6.2. The common-mode voltage at both input terminals of the opera-

tional amplifier in fig. 6.21 is

R R
/ Vout
R 2R
$——©
Fig. 6.21
A Evolt A
B E/2 volt B
C E/3volt C

Q.6.3. The bridge voltage in fig.6.21 above is E=3 V.
The CMRR of the op-amp for DC is 100 dB. With the Wheatstone

bridge in equilibrium, the output voltage V,; is

A 0V
B 10uV B
C 15V C

Q.6.4. The influence of Ey, in the measuring circuit of fig. 6.22 can be
eliminated by:

) Cable
- V Shield [— resistance Rq < 19 Measuring
transducer * instrument
2 1
b i —bJ
| Ry
=—C Zin
| R
% L {
- -
L 7
—————————— ey
= Ecm E—
Fig. 6.22
A disconnecting the shield from earth at the
transducer side
B disconnecting the shield from the instrument B
C making the instrument’s input impedance G

Zin=x%

Q.6.5. In the DMM of figure 6.23 the stray capacitance between the L
terminal and the cabinet is specified as < 2.6 nF. The transducer
impedance is 1 kQ2. The CMRR for AC measurements in a country

with 60 Hz mains supply will be

Cabinet
Transducer v
2; DMM

Fig. 6.23
A 50 dB A
B 60 dB B
c 80 dB o]

The answers to the problems will be found at the end of the book.
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Chapter 7

AC and RMS measurements

Introduction

Practically all AC voltage and current measurements to-
day are performed with electronic instruments which in
factmeasure eithertheaverage or the peak value ofa sine
wave, whiledisplaying the RMS value. There is no harmin
this as long as we are dealing with pure, undistorted
sinusoidal waveforms. Unfortunately, however, sine
waves are generally distorted in practice, which causes
the above-mentioned instruments to have a faulty read-
out. This is one of the reasons why the RMS meter was
developed. This chapter gives the why and wherefore of
conventional AC measurements and the definition of
RMS; an interpretation of instrument specifications as
regards RMS measurements and some applications of
such measurements will be dealt with.

Hidden errors in conventional AC measurements

The method used for measuring alternating voltages in
conventional electronic instruments is based on the as-
sumption that only sine waves have to be dealt with. Be-
cause of the well defined shape of the sine wave, we can
derive its RMS value from either the peak value or the
average value, which are easier to measure. We see,
fromthetextinfigure 7.1., that if we detect the peak value
of a sinusoidal voltage with a peak detector, we simply
have to multiply by 0.707 to know the RMS value. The
basic circuit of a peak detector is shown in fig. 7.2. Since
the diode D is in the feedback loop of the operational
amplifier, the forward voltage drop is divided by the open-
loop gain. Once the diode is conducting the output voltage
is multiplied by R,/R,=0.707 so the detected DC vol-
tage E., across C is equal to the RMS value of the
input E;,.

Fig. 7.1. Sine wave.
Mathematical calculations (see Appendix) show that if the amplitude
of a sine wave is 1, then its RMS value is 1/7/2 ~ 0.707.

If amplitude=1, then the average value of a half period=2/n.

707

r
—J
Rq
1 k@2
Ein 2
R2 " * $—0 Eout
Cha=
Fig. 7.2. Basic circuit of peak detector
2.22 kQ
I )
J
Rq
_ ko
Ein0—| }—e— D > 100 k2
+
Ry Eout

L o

Fig. 7.3. Basic circuit for averaging 1/2 sine wave

A basic averaging circuit is shown in figure 7.3. It con-
tains the same rectifying circuit as in figure 7.2. but now
C is fed via a large resistor R,; these two together form
an integrating circuit. As we see from figure 7.1, the
average value of half a sine wave is 2/n times the am-
plitude, so if we integrate half a sine wave over a whole
period, the average will be half of this value, or ¥ X 2/n=
1/n times the amplitude. Since the RMS value is 1/V2
times the amplitude in this case we have to multiply by
a factor

A
1/n V2
As in figure 7.2, in figure 7.3 this is performed by R, and

R,. Note that for a voltmeter which is designed to respond
toafull-waverectifiedsinewave, this factor becomes 1.11.
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Which systematic errors can be hidden in these
measuring systems?

Itwill be clear from figure 7.4. thatin the presence of noise
an AC voltmeter responding to the peak value of the
input signal will give a measuring result equal to the am-
plitude of the sine wave plus that of the noise. If for
instance the noise is +1%, the error of the measuring
result will also be +1% ; so measuring this with a digital
instrument of 0.1% accuracy makes the last 2 digits
meaningless.

On an oscilloscope, 1% noise is hardly visible, since 1%
of say a 5 cm peak-to-peak display is only 0.5 mm which
appears merely as a slightly thicker trace on the screen.
An instrument responding to the average value of the in-
put signal will display the correct value of sine wave in
the presence of noise, since the noise will be averaged
out. Of course, if we wantto measure the noise accurately
the RMS meter is the only possible choice: since the noise
represents a certain power, an RMS meter will display
the value of the signal plus noise applied to the input
terminals.

Another type of 'noise"” frequently met with is spikes
superimposed on the mains voltage. It will be clear from
figure 7.5 that a peak-responding instrument will give
enormous errors here. These spikes can occur when
someoneinthe neighbourhoodiscontrolling mains power
by means of thyristors.

Fig. 7.4. Sine wave with noise.
The peak value of the noise is added to that of the sinusoidal voltage
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Fig. 7.5. Spikes on mains voltage

Some function generators on the market produce a sine
wave which is shaped from a triangular wave by a diode-
resistor network. If not compensated for, a small residue
of the triangle appears just at the peaks and troughs of
the sine wave (see fig. 7.6). Although the distortion factor
of the sine wave generated can be specified very low, a
peak-responding AC voltmeter will react to this residual
triangle, resulting again in a faulty display. It goes with-
out saying that the average-responding AC voltmeter will
hardly react to this distortion.

—_—

Fig. 7.6. Possible waveform from function generator




With harmonic distortion, the read-out of an average-
responding and a peak-responding voltmeter can vary
quite widely, depending on the circumstances. Figure 7.7
shows a distorted sine wave, composed of a fundamental
plus its third harmonic with a relative amplitude of 10%.
The two components are shown separately in figure 7.8.
Given the phase shift shown in figure 7.8, it will be clear
that an average-responding voltmeter will display the
value of the fundamental only, since the third harmonic
averages out. A peak-responding voltmeter will give a
slightly higher value than the amplitude of the funda-
mental.

Fig. 7.7. Distorted sine wave with third harmonic

Fig. 7.8. Components of distorted sine wave of Fig. 7.7

—<

Distorted
waveform

Fig. 7.9. Fundamental+ 10% third harmonic,; 3rd harmonic has
a 90° phase shift with respect to that of Fig. 7.8

On the other hand, if the phase shift is as given in figure
7.9, itwill be clear that this distortion of the waveform will
lead to large errorsin the reading. The average-respond-
ing voltmeter will give about 3% more than the funda-
mental and the peak-responding meter about 10% less.
So, depending on the waveform and the type of meter
used, we can expect errors of anything up to +10% for
the same amount of distortion. We shall see later on that
the RMS voltmeter givesthe correctreading in both cases.

The meaning of RMS

Definition :

The EFFECTIVE or RMS VALUE of a voltage of any wave-
form is defined as being the value of a DC voltage which
will produce the same amount of energy in the same time.
e Asalreadystated inthe captiontofigure7.1.,itis known

that the RMS value of a sinusoidal voltage is\/iz times

the peak value or 2—\1/—§times the peak-to-peak value.

e Weallknowthatany periodic waveform can be express-
ed as the sum of an (infinite) series of sine waves, i.e. a
fundamental with the same period as the waveform plus a
series of higher harmonics. For example the waveform of
figure 7.10 can be expressed as

v=v, sinwttv,sin2w t+v,;sin3w t+...

Now let us denote the RMS values of the successive har-
monics by V., V,, V,, etc.

e We all know also that the power P developed in a
resistor R by a DC voltage V¢ is given by

_ Vi

R

P
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1 period

Fig. 7.10. Periodic waveform

e By definition, the complex waveform of figure 7.10 will
develop a total power in R determined by its value:
VfRMS

R
Ifwe resolvethe waveformoffigure7.10intoits harmonics,

then the RMS value of each harmonic will contribute its
power to R, so the total power can also be expressed as

o PR
R R R

VZHVEHVEE
R

P =

P =

P =

As these two expressions must be identical, we may write
Vams = V2+V2+V2+
or

Ve = VEHNE N2+ .,

If v were to contain a DC component too, its power has
to be added as well, so that the total power in this case
becomes

% VNN + .,

Pl o0 e

R R
whence
Vous = Voo + VB V224,
or

Vs =of Ve T VE+HVEHYEL .,

For a more detailed mathematical treatment see the Ap-
pendix.
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Fig. 7.11. Sinusoidal voltage

1

Fig. 7.13. Sine wave superimposed on DC level Vpc= —V,



Examples
The RMS value of the sinusoidal voltage of figure 7.11 is

v
W il
RMS % 2
or 5
v
V2 —_ P
RMS 2

If, however, the sinusoidal voltage is superimposed on a
DC voltage V¢ (figure 7.12) then the RMS value becomes
V2
V%MS = VZDC + 2
2
or
Vaws =y VZDC + 1EV§

Note that Vpc can be either positive or negative for the
same value. If, for instance, Voc = —V, (fig. 7.13) the RMS

value becomes:

V2
V%wns == N>+ ?p
or

Vams =V, /372 2122V,

This last example makes it clear that we cannot just add
the DC component and the RMS value of the AC com-
ponent to get the overall RMS value.

The RMS detector in the PM 2527 digital multimeter
The operation of the RMS converter in our PM 2527 is
based onthe principle mentioned in the previous section:
the power developed by a DC voltage is compared with
that developed by the input voltage.

Figure 7.14 gives the circuit diagram, as designed in our
Research Laboratory at Eindhoven and further developed
in the Almelo factory.

Theconverter consists of two identical integrated circuits,
IC, and IC,, each consisting of a resistor and a transistor,
R,-TS, and R,-TS, respectively. Resistor R, is heated up
by the inputvoltage V,, while R, is heated up by the output
voltage of differential amplifier A. In each IC the temper-
ature rise is measured by the transistor and the two tem-
peratures are equalized by the control function of am-
plifier A. If transistor TS, is heated up by R, the current
through itincreases and the voltage at the inverting input
of amplifier A decreases. This will result in a higher out-
put voltage, causing R, to be heated up. This in its turn
causes an increase in the current through TS,, reducing
the voltage at the non-inverting input of amplifier A and
hence the output voltage. When balance is reached, the

DC voltage from A equals the RMS value of the input
voltage, because R, is equal to R,.

Toensure thatthe IC’s are as nearly identical as possible,
twoadjacentonesfromthe same slice are selected during
manufacture. They are notseparated until they are mount-
ed on a small glass plate that serves for thermal insula-
tion (see figure 7.15).

ThelC’saresubsequently putinto one housing to equalize
the influence of the ambient temperature.

{e}

x
3
o

Vout

Fig. 7.14. Basic circuit diagram of the RMS converter in the PM 2527

Fig. 7.15. Photograph of the RMS converter in the PM 2527
The glass plate measures about 2 <3 mm, the chips about 1x0.5 mm
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RMS specifications

AC-DC coupling

We see from figure 7.14 that the input voltage can be DC,
while the output voltage always is DC. Basically, this cir-
cuit is thus a true RMS-to-DC converter. If, however, the
converter is preceded by an AC-coupled preamplifier the
system as a whole is AC-coupled (see figure 7.16).

e Lower frequency limit

Referring to the description of the operation of the RMS
converter given above we see that at a certain instant
equilibrium is reached so that V,.=Vsus. Because the
heating process inthe IC’'stakes some time, as all heating
processes do, equilibrium is only reached after about
1sec. If now a frequency of 0.1 Hz is applied to the input,
the system will continuously vary V.. in an attempt to
make it equal to the input voltage, and no stable output
will be obtained. This is why the lower frequency is set at
30 Hz: a variation with this frequency is too fast for the
thermal system, so a stable output is obtained.

Note that this will also be the case with a DC-coupled pre-
amplifier; strictly speaking, therefore, the specification
should then read:

Frequency range: 30 Hz—100 kHz + DC.

e Upper frequency limit

This limit is set by the preamplifier and IC, in figure 7.14,
i.e.the inputsystem as a whole. The upper frequency limit
becomes important when we consider the number of har-
monics needed to approximate to an arbitrary, periodical
waveform within the limits set by the specified accuracy.
If for example we want to measure the RMS value of a
square-wave of ideal shape, i.e. with rise and fall times
equal to zero (figure 7.17) we need a series of 395 harmo-
nics before the RMS sum of all the harmonics is equal to
99.9% of the theoretical value. So, if the frequency of the
square-wave is 50 Hz (period 20 ms), we need a band-
width of 20 kHz for an intrinsic error of 0.1%...

But this is theory!

In practice, the rise and fall times are finite so that about
20 harmonics are sufficient for a proper approximation in
95% of the cases. In figure 7.17 this would mean that a
10-90% rise time of 2% of the period time can be ap-
proximated by 19 harmonics within 0.1%.

Also thyristor power-control circuitry generates wave-
forms with extremely short rise and fall times, but
fortunately stray capacitancesin the surrounding circuitry
or built-in filters suppress all the higher harmonics.
Moreover the basic frequency is generally 50 (60) Hz or
100 (120) Hz so that here again the specified 100 kHz
bandwidth of the PM 2527 will be more than sufficient.

Maximum
value Vmax

Fig. 7.18. Pulse with crest factor of 2.4

Preamplifier

c

Inputo——{

Output

Fig. 7.16. AC-coupled system
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Accuracy

This depends on linear operation of the RMS converter.
If the non-linearity of this converter is 0.1% then together
with the surrounding electronics it will give a specified
accuracy of 0.2% for the lower frequencies (up to 40 kHz
for the PM 2527). At higher frequencies the stray capaci-
tances of the preamplifier and attenuator become impor-
tant and the specified accuracy will decrease slightly
(0.5% up to 100 kHz for the PM 2527).

It is for this reason that the display of the PM 2527 shows
only 4 digits for AC measurements since the 5th digit is
meaningless at this accuracy.



Crest factor (CF)

The crestfactor of an alternating voltage is defined as the

Vmax

ratio of the maximum value to the RMS value,
RMS

For example, if the waveform is a pulse as in figure 7.18,
the RMS value can be calculated (see Appendix) to be:

TD
T="T
Since T,=0.15T (see fig. 7.18) we find for the crest factor

VRMS . Vmax

Vmax
CF = =

VRMS

[T—0.15T
0.15T
Note that this pulse is averaged around zero (AC

coupling). If the same pulse were to be clamped at zero
(fig. 7.19), then it can be shown that

~ 2.4

T
Vaus = Vinax ?p
and the crest factor CF becomes

i
L
VHMS Tp

This example shows the importance of a proper choice
between DC and AC coupling, and explains why the de-
finition of the crest factor is based on the maximum value
of the voltage. As far as the instrument is concerned, this
specification is determined by the ratio of the dynamic
range of the input amplifier (which depends on its supply
voltage) to the RMS voltage at the input of the converter
giving maximum output. If the amplitude of the input vol-
tage giving maximum converter output exceeds the dy-
namic range of the input amplifier, the latter clips off the
peaks of the input voltage and only part of the (distorted)
input voltage is measured.

GOF =

v Maximum

T value V'max

—>t

Fig. 7.19. Pulse clamped at zero

NOTE

The crest factor of 2.4 for the PM 2527 is specified for a
full-range display of 1999. Some manufacturers specify a
full range of 999 with 100% overrange up to 1999. If a crest
factorof5atfull range is specified under these conditions,
this refers to a full range of 999. For a full-range display
of 1999, one needs twice the input voltage, so with the
same input amplifier with the same dynamic range the
crestfactor will be reduced by a factor of two, i.e.to 2.5 in
the present example. This must be borne in mind when
reading the specifications.

RMS and TRUE RMS

As it will be clear by now, the DC component of a signal
also contributes to the RMS value, so only in those cases
where we have DC coupling can we really measure the
true RMS value of the complete signal.

An RMS voltmeter which only has an AC-coupled input is
thus not a TRUE RMS meter — since we can never deter-
mine with this instrument whether a DC component is
present in the input signal or not.

Two simple examples

1-CREST FACTOR OF SINE WAVE
A sinusoidal voltage of amplitude V, (=V,,) and hence

\Y;
an RMS value of—% has by definition a crest factor CF of
V

Vo —_ /2=1.4 (see figure 7.20)

Fig. 7.20. The crest factor of a sine wave is 1.4
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2-CREST FACTOR OF SQUARE WAVE

Since the RMS value is obtained by summing the squares
of the component voltages, it makes no distinction be-
tween positive and negative values; it will thus be clear
that the RMS value of a pure 1/2 T square pulse equals
the peak value V, (see figure 7.21), so by definition the
crest factor

CF = Ve
VRMS
Note that here the average is zero (AC coupling). If the
square wave is clamped to zero, this is equivalent to
adding a DC voltage of V, to it (figure 7.22). In this case
Vaws = 172/2. V] and the crest factor CF becomes

A
VRMS
Some more practical examples will be dealt with below

e 1,

CF=

=J2=14

v * »
T P AL _{_z_ﬂt

Fig. 7.22. A clamped square wave has a crest factor of 1.4

RMS measurements in practice

Crest factor of pulses
Infigure 7.19 itwas shown that for a clamped pulse to zero
the crest factor CF is

CF= V/ T

and for an averaged pulse around zero

—_—

1T=T;
= y (OSSR
v T
(see also Appendix)
Ifwe consider the above expressions we can plotthe crest

factor CF versus the duty cycle z of a pulse waveform. For
the pulse averaged around zero we get
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CF

[T—g
CF = \/

and for the clamped pulse

oF = 1
a

with o =duty cycle.

These functions are plotted in Fig. 7.23.

Pulse averaged around zero

Pulse clamped to zero

+

" 4 + 4 4
0.1 0.2 03 0.4 05 0.6 0.7

0.8

0.9

P
Fig. 7.23. Crest factor C versus duty cycle x of a pulse waveform

1

Fig. 7.24. 1 kHz sine wave with 6% distortion




Distorted sine wave

Figure 7.24 shows the experimental set-up used for meas-
uring a distorted sine wave. The measured distortion was
6% and although the trace looks like a sine wave to the
eye, the difference in read-out speaks for itself.

From this example it will be clear that only the RMS
metergives the right answer when measurements have to
be made on distorted sine waves.

We saw in connection with figures 7.7 and 7.8. that 10%
harmonic distortion can give a measuring error of about
3% withan average-responding AC voltmeter. Figure 7.25
plots some measuring errors for the 3rd, 5th and 7th
harmonics over a wider range of distortion.

Switched sine wave

Switched sine waves are often encountered in power con-
trol; and since power is involved, RMS measurements
are very important. Here again, (see figure 7.26) the
average-responding AC meter will give rather large
errors. It would take us beyond the scope of this book
to give an analytical calculation of the error, but the
results of such a calculation are plotted in fig. 7.27. We
see that for «=0.1 (10% cut off) the error is already
about 2%. The photograph of fig. 7.28 gives an actual
set-up used for measurements on switched sine waves:
a 3-phase primary-controlled high voltage generator is
being tested before delivery.

Another interesting question is how much of the sine
wave we can switch off before we reach the limiting crest
factor (2.4 for the PM 2527).

—»t
=il
0 =L TN
"2 2
Fig. 7.26. Switched sine wave
0 01 02 03 04 05 06 07 08 09 1
—c

50T

100 i % error

Fig. 7.27. Percentage error indicated by an average-responding
voltmeter as function of the switched-off part o of a sine wave

% error

5+

a4+ n=3

3+

n = harmonic number
24
n=5
1+
n=7
% distortion
—>
" =g Nci — " 4
0 10 20 30 40 50

Fig. 7.25. Error made in measuring distorted sine wave with
an RMS calibrated average-responding AC meter

system

55




10 + T Crest factor

—_—

o 0.1 0?2 03 04 05 06 07 08 09 1

Fig. 7.29. Crest factor as function of »= switched-off part of the
sine wave.

Figure 7.29 shows the plot of the crest factor as a func-
tion of o for this case. We see from this that we can
switch off about 60% (~ 110°) of the sine wave before the
crest factor of the rest reaches 2.4.

Fig. 7.30 gives a visual impression of what this means.

Full-wave rectified sine wave

If we remember the theory of RMS given above, it will be
clear thatthe RMS value of a full-wave rectified sine wave
equals that of the sine wave itself. So if the amplitude is 1
(fig.7.31), the RMS value is 1/2=0.707. This is the TRUE
RMS value.

An AC-coupled instrument will subtract the DC content of
this waveform, according to the rule

V7RUE RMs :\/V%C +ViCRMs'

or

Vacrms = \/VZTRUE RMS — Vz;ac

The average value is 2/n (see fig. 7.1.), so

Vacrus :\/%—4/752
It follows from this that

RAGTY =/ 3/ (3 —4/n*) = 2.29760
VACRMS
Thus we can state to within an accuracy of 0.1% that
Vrruerms = 2.3 Vacrus
Forthe AC-coupled PM 2527 this means for full-wave rec-
tified sine waves we can simply multiply the measured
result by a factor of 2.3 in order to know the TRUE RMS
value and the resultremains WITHIN THE INSTRUMENT’S
ACCURACY SPECIFICATIONS.
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—— Degrees

Fig. 7.30. Switched sine wave the crest factor of which is 2.4.

—_—

4
N

Fig. 7.31. For a full-wave rectified sine wave, Vrrue pms =2.3 X Vacrms

Noise measurements

It will be clear from what has been said above that an
RMS voltmeter is pre-eminently suited for the measure-
ment of noise voltages. The PM 2527 is even better suited
than an RMS meter: single-scan measurements can be
performed by pushing the START tumbler switch to the
MAN (manual) position. When the button is released it
flips back to the EXT position. In this way a stable read-
out is obtained, while in the AUT position (automatic) the
read-out will vary with the noise.

Figure 7.32 also illustrates the rule of the thumb that the
peak-to-peak value of a noise voltage is about 7 to 8 times
the RMS value. The noise voltage covers practically the
entire screen, i.e. the peak-to-peak noise voltage is about
7-8 V (oscilloscope setting 1 V/div.) while the reading
displayed on the PM 2527 is about 1 V.



The crest factor also has to be taken carefully into ac-
countwhennoise measurementsare made. It follows from
the above rule of the thumb that the crest factor for noise
voltages will be 3.5to 4, so we cannot measure noise with
full-range read-out using the PM 2527. But as already
mentioned above, when we use half the full range we can
count with twice the specified crest factor (2 x2.4=4.8)
so that figure 7.32 does show the proper result.

Fig. 7.32. Measuring noise with the PM 2527. The oscilloscope is set to
a vertical sensitivity of 1 V/gjy

Appendix

Mathematical aspects of RMS

If we apply a voltage to a resistor R, the resistor will be
heated up, as we all know. The amount of energy E in-
volved was first measured by JOULE, who found the re-
lation:

2

v
AE = — At
R

For the discussion of voltages which vary with time, we
choose the time At short; for an infinitesimally short time
dt the amount of energy dE may be written:

dB =2 g
R

The total amount of energy developed as heat in the re-
sistor between t=0 and t=T is thus:

1 T
= —| wv2dt
£ =),
For a DC voltage V¢ this expression leads to
V2
E = Ybe
R T

If we now define the EFFECTIVE or RMS VALUE of a
voltage v as being the value of the DC voltage which
would produce the same amount of heat in a certain time,
then it follows from the last two expressions that

107, Ve
A dt = ¢ 71
Jo” R

Now by definition Vpc = Vgus, SO that
T

J v2dt = V2ysT
0

= /lJ.T v2dt
VT

0

or

VRMS
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Examples e Pulse (see figure 7.34):

« Sine wave (see figure 7.33 or figure 7.1): For a waveform that is symmetrical around zero, we may
v =V, sinwt wT=2n write:
—— VoTp = (Voo = V) (T—Tp)
V2 il ) 4
Ve = —"J sinwtdt
i PRI
pp T—Tp P
< T
Vaws = Vp \/%Jo (3 — % cos 2wt)dt Now the RMS value of v becomes
1T
/1 1 T Vaus = VW
Vavs =V, T [%t—%z sin Z/)tJO 0
T T
104 Vaws = :I‘-D Vpdt + J (Vpp—Vp)zdt:|
Veaws =V, T (zT] 0 Ty
V 1., Tp T
— i s Zt
Vaus = _% Vams T [th ' * M =N) TJ

as stated in figure 7.1. for V,=1

1
VRMS = \/T [ngp+ (vpp_vp)z(T_Tp)]

with V,, = ]

-y - T-T,

Vs

— <

1 T \2
Mo = V/—T [vsTp 4- (T—_"?) V2 (T—Tp)]

v=Vpsinwt

’ T2 ; Voye =V, /T2
>t RMS p T_Tp

as stated in connection with figure 7.18 for Vo=V,

Questions
ol i iod is:
TN T—— Q.7 The averige value of a sine wave over a whole period is
A 142
. A
B 0
B
C 2/n c
Q.7.2. The circuit of fig. 7.35 is:
=
Ry
1} B D
| | 1 p o e als gk
| Tg. | T-Tp ! Fig. 7.35. 1
e = == e
I 5 t
e > A  a fullwave rectifier A
B

; . B  a halfwave rectifier
Fig. 7.34. Pulse wave of which the average value is zero c

C an averaging circuit
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Q.7.3.

Q.7.4.

Q.7.5.

Q.7.6.

Q.7.7-

Q.7.8.

Q.7.9.

Q.7.10.

For a distorted sine wave the components of which are given
in fig. 7.36, an average-responding RMS voltmeter will display
a voltage which is:

Fig. 7.36.

A too high A
B correct B
C too low C

A peak-responding voltmeter receiving an input waveform as
shown in fig. 7.36 will display a voltage which is:

A too high A
B correct B
C toolow C

The theoretically true RMS value of a sine wave superimposed
on a negative DC voltage is:

A higher than

B the same as B
C lower than

the RMS voltage of the sine wave alone C

The true RMS value of a sinewave voltage of amplitude
Vp=4/\ 2 V superimposed on a DC voltage V=3 V is:

A 5V A
B &/2V B
c Z/2V C
Basically, the RMS converter part in the PM 2527 is:
A a true RMS-to-DC converter A
B an AC-coupled RMS detector B
C an averaging circuit C

An AC-coupled RMS voltmeter displays:

A the DC component of the signal A
B the true RMS value B
C the RMS value Cc
If we connect an AC-coupled amplifier in front of an RMS
converter the crest-factor specification will be:
A higher than A
B the same as B
C lower than
that of the RMS converter alone. C

The RMS value of a square-wave voltage averaged around zero
with a peak value of Vo =1V (see fig. 7.37) is:

A 142 A
B 1 B
c /2 c

Q.7.11.

Q.7.12.

Q.7.13.

Q.7.14.

Q.7.15.

Q.7.16.

Q.7.17.

Fig. 7.37.

If only the amplitude of a pulsed waveform decreases, then
the crest-factor:

A decreases A
B remains the same B
C increases (¢}

If the duty cycle of pulse clamped to zero decreases, then
the crest-factor of the pulse:

A  decreases A
B remains the same B
C increases C

If we decrease the duty cycle « of a pulse clamped to zero from
nearly 100% to 25% of its initial value and we measure still in the
same RMS voltmeter range, the read-out will be multiplied by:

A 2 A
B 1 B
c 4 c

Let us suppose that a given RMS voltmeter has a 100% over-
range facility, permitting readings up to 200% of the specified
full scale. Its crest-factor is specified at full range (100%).
With a 200% read-out, the maximum permissible crest-factor of
the signal is the specified crest-factor multiplied by:

A 2 A
B 2 B
& 2 c

The theoretical TRUE RMS value of a full-wave-rectified sine
wave is:

A higher than A
B the same as B
C lower than

that of the original sine wave itself C

The AC-coupled digital RMS multimeter PM 2527 displays the
RMS value of a full-wave-rectified sine wave

A  too high A
B correct B
C too low

compared with the theoretical value C

For a noise voltage we may write: V, ,:Vpys=8

For a correct reading on the PM 2527 with a crest-factor of
2.4, the indicated value should not exceed the following per-
centage of full range:

A 30% A
B 60% B
C 66.7% C
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Answers to questions

Chapter 1
A11 B
A12 AandB
A13 B
A14 AandC
A15 A

Chapter 2
A21 B
A22 C

A.2.3 A true
B true
C not true

A24 AandC
A25 BandC

Chapter 3

A31 C

A32 AandC
A33 BandC
A34 B

Chapter 4
A41 C
Ad42 A

Chapter 5

A51 B 0.05% of reading is 0.11 V and 0.02% of range is 0.40 V,

together 0.51 V or 0.23% of 220 V.
A52 C
A53 B

A54 A true
B not true
C not true
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Chapter 6
A6.1 C

AB.2
A6.3
A6.4
A.6.5

W > W O

Chapter 7
A71 B
A72 B
A73 B
A74 A

A75 A

A76 A

AT7
A7.8
AT7.9
A.7.10
A7.11
A.7.12
A.7.13
A7.14

O W o oo >» O >»

A.7.15 B
A.7.16
A7.17 B

(¢}

'
Xe = 27 x26%10-"x60 =
SO

1 MQ

1 E

cm

Vat = 797000 Fem ¥ 1000

E
CMRR = 20 log——= — dB

cm measured
=60 dB
(see also text referring to fig. 6.15).

positive and negative parts are equal.
one diode, no series resistor.
second harmonic averages out.

combining the two components gives an amplitude > 1 for
part of the waveform.

the DC voltage contributes to the power as the square of its
value.

for Vp=4\/5 volt, Vgys=4 Vi 50 Vqys for the combined
signal is /32 +42=5

both DC and AC signals heat up the input resistor.

the DC component is not displayed.

the pulses are not clamped, but averaged around zero.
RMS value =peak value.

crest value depends only on duty cycle.

crest factor is Vv/;

RMS value is peak value times\/’;

for the same dynamic range of the input amplifier, the read-
out can only be increased by increasing the duty cycle, thus
decreasing the crest factor.

voltages are squared in RMS calculations.
DC power is subtracted.
Vp =1%Vpp so crest factor is 4, and 2.4/4=0.6.
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