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With the automation of chemical plants, oil refineries, etc. instrumentation
plays an increasingly important part. Miniaturization of measuring and
control equipment with retention of properties and increase of reliability
are the factors to which the greatest attention has to be paid. By taking
the example of the well-known and widely used electronic recorder, it will
be discussed how this is possible nowadays by applying new techniques
and components. In Fig. 1 a big recorder and its miniature version are
shown. Dimensions of the big recorder: front 516x434 mm; depth 367 mm;
scale 250 mm. Dimensions of the miniature recorder: front 144 χ 144 mm;
depth 550 mm; scale 100 mm.
The properties of these two types are roughly the same. In order to be
able to discuss how the miniaturization can be realized, the main principles
of the electronic recorder will be dealt with first.

PRINCIPLES

OF E L E C T R O N I C

Measurement of D.C.

RECORDERS

voltages

T o measure D.C. voltages (see Fig. 2) as given by thermocouples, for
example, use is made of a compensator, which is adjusted automatically.
The output voltage V

1

of the Wheatstone bridge, formed by the resistors

Fig. 1.—Electronic recorders.
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Fig. 2.—Automatic voltage
compensator.
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and i? , is opposed to the unknown voltage V . The sum
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voltage V + V is fed into an amplifier A, the amplified voltage operates a
x

x

servomotor Μ—a

two-phase induction motor—which brings the contact Ρ

of the potentiometer R

2

to a position, where V has such a value that V
1

x

+

= 0. This being the case, the servomotor Μ will stop rotating and the
position of the contact Ρ is a measure for the unknown voltage V . With
x

the various resistors R

x

to R

b

it is possible to choose the measuring range:

its span and its zero. T o obtain a critically damped system a tachogenerator
G is mechanically coupled to the servomotor M; the output voltage of the
generator is fed back into the amplifier.
The accuracy of the measurement depends in the first place upon the
stability of the reference voltage V , the supply voltage for the Wheatstone
ref

bridge. This voltage should not be influenced by mains variations, tempera
ture variations, etc.

Measurement of variations in resistance
T o measure variations in resistance, such as appear in resistance thermo
meters, strain gauges, etc., use is made of a Wheatstone bridge, which is
adjusted automatically (see Fig. 3).

Fig. 3.—Automatic Wheatstone
bridge.
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The output voltage V of the Wheatstone bridge formed by the resistors
x

R

l9

R , i? , i? and R —unknown
2

3

4

x

resistance—is fed into an amplifier A; the

amplified voltage operates a servomotor M , which brings the contact Ρ of
the potentiometer R to a position where the bridge is in balance. The posi
2

tion of the contact Ρ is then a measure for the unknown resistance. With
R , R and JR it is possible to choose the measuring

the various resistors R

l9

2

3

4

range: its span and its zero.
The tachogenerator G is used, as already mentioned, to obtain a critically
damped adjustment of the Wheatstone bridge.
The supply voltage V for the bridge might be an A . C . or D.C. voltage and
2

need not be stable.
From the principles discussed above and from Figs. 2 and 3, taking into
consideration the practical use, it can be deduced which components and
parts must be used and which properties they should have.

MAIN

P A R T S OF A N E L E C T R O N I C

RECORDER

In Fig. 4 the miniature recorder is shown without its case, while in Fig. 5
a few parts have been taken out of the chassis in order to make it easier to
distinguish the different items.
Measuring

bridge

This bridge consists of several fixed resistors and a measuring potentio
meter. The accuracy of the measurement depends directly upon the accuracy
and stability of these components. It is relatively easy to manufacture re-

Fig. 4.—Miniature recorder chassis.
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Fig. 5.—Miniature recorder, paper cassette and amplifier taken out.

sistors with a high accuracy and stability better than 0.1 per cent. It is more
difficult to manufacture a measuring potentiometer with a high accuracy
and stability with a very good linearity (0.1 per cent) which does not change
in time. The measuring potentiometer—a round one—can easily be seen in
Fig. 5 (directly behind the scale, top left). T o the right of this potentiometer
is a little box with different resistors. By exchanging this unit, another
measuring range, i.e. different span and zero, can be obtained.

Amplifier
In Fig. 5 the detecting amplifier has been taken out of the chassis and stands
to the right of it. The amplifier should have the following properties.
Input sensitivity, i.e. smallest voltage with which the servomotor should
rotate: in the order of 1 ^ V . This means that noise and drift should be less
than 1 μΥ. When measuring with thermocouples, measuring ranges (spans)
of 100°C or even smaller are sometimes desired. Using the thermocouple
P t - P t R h this means a measuring range of l m V . If a reproducibility of 0.1
per cent is required the input sensitivity of the amplifier should be 1 μΥ.
When measuring with strain gauges measuring ranges of l O m V up to 20
m V are usual if the strain gauge is fully loaded. Very often, however, the
strain gauge is used to measure as small variations as possible; measuring
ranges of 1 m V are then very common. T o obtain a reproducibility of 0.1
per cent again an input sensitivity of 1 μΥ is required.
Frequency of signal.—D.C.

or 50 c/s. Output of thermocouple is a D.C.

voltage. Measuring resistances in a Wheatstone bridge, the supply voltage
mostly will have the frequency of the mains. This has the advantage that no
oscillator is necessary to give the supply voltage for the bridge, but especially
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that this oscillator does not need to deliver the rather high power for the
reference phase of the two-phase induction motor.
Input impedance.—In the order of 1 kQ. It is clear, that it is advantageous
to have as high an input impedance as possible. From a practical point of
view it can be said that in most cases 1 k Q is sufficient.
The internal resistance of a thermocouple is rather low, unless the very
thin integrally sheathed thermocouples—in Europe known by the name
"Thermo coax"—are used. For long distances the resistance of such a
thermocouple might even be something like 1000 Ω . The internal resistance
of

the Wheatstone

bridges used with resistance thermometers,

strain

gauges, etc. is in the order of 1 k Q . This means once again that an input
impedance of the servo-amplifier of 1 kQ is sufficient.
It should be pointed out that as a compensation system is used with a
reproducibility of 0.1 per cent, with an input sensitivity of the amplifier
of 1 ^ V , an input impedance of 1 k Q already allows an external resistance
of about 0.5 kQ per m V measuring range.
Output power.—1 W up to 4 W . The output power needed from the ampli
fier depends upon the servomotor used. Mostly, this power varies from
1 W up to 4 W , with which it is possible to obtain a great positioning force
for the potentiometer and the pointer on the scale.
Maximum

ambient temperature.—About

60°C. For measuring and control

equipment used in industry an ambient temperature of 40°C or even 45°C
is often required. Taking into consideration that industrial equipment is
fully closed and that because of the dissipation in the amplifier an increase
in temperature of 10-15°C might occur, the amplifier should be able to endure
without damage an ambient temperature of 60°C.
Range of input voltages allowing proper

operation

of

amplifier.—When

using a measuring range of 10 mV, for example, the amplifier should have
an input sensitivity of 10 μ\ in order to obtain a reproducibility of 0.1 per
cent. However, the amplifier should also operate satisfactorily with 10 m V .
Mainly, this means that the phase shift in the amplifier should remain the
same. This is necessary as the servomotor—a two-phase induction m o t o r —
is a phase-sensitive device. The phase between the reference voltage and the
voltage from the amplifier should be and remain 90°. A n additional phase
shift in the amplifier results in a dead zone in the indication. Measuring
the output voltage of a Wheatstone bridge with strain gauges in the case of
a fracture in one of the gauges, the output voltage will be half the supply
voltage of the bridge. This means that a voltage of 5-10 V will appear at
the input of the amplifier. Although the proper operation of the recorder is
not important in this case, the phase shift in the amplifier should be small
enough to guarantee the movement of the pointer upscale or downscale in
order to indicate the fracture of the gauges.
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Linearity

and stability of the amplification factor.—As

the amplifier is a

zero-detector these factors have no influence on the accuracy of the instru
ment. The amplification factor only influences the input sensitivity. N o
special attention has to be paid to these properties.
Summarizing, the amplifier should have the following properties: Input
sensitivity, in the order of 1 μΥ;

Input impedance, 1 k Q ; Output power,

1-4 W ; Ambient temperature, 10-60°C; Phaseshift, negligible up to voltages
of 10 times input sensitivity.
6

Servomotor

and generator

This part can be seen in Fig. 5 below the potentiometer. The motor is a
conventional two-phase induction motor; one set of coils is connected to
the output of the amplifier, the other set is connected directly to the mains
with a 90° phase shift. The tachogenerator also consists of two sets of coils;
one set is connected directly to the mains, the other set gives the induced
voltage which is proportional to the speed of rotation. The rotor consists
of an aluminium cup rotating round a fixed iron core.

Supply voltage for the measuring bridge
For measurement of D.C. voltages the supply should have at least a sta
bility of 0.1 per cent with variations of mains supply of + and —10 per
cent and with variations in ambient temperature of + and - 20°C.

Pointer and scale
A n inkpot is fixed to the pointer for recording purposes.
Paper

transport

A motor (under the measuring-range box) drives via a gearbox with which
different speeds can be chosen the paper mounted in the cassette. In Fig. 5
the cassette lies in front of the recorder.
Studying the different parts of the recorder it turns out that the miniaturi
zation depends very much upon what can be achieved in the amplifier
and in the reference voltage for the bridge.
T w o severe problems arise: (7) The miniaturization itself; (2) The tem
perature. Is it possible to restrict the heat dissipation sufficiently to prevent
the temperature in the closed case rising too much and consequently
damaging components?
In the next sections the amplifier and the reference voltage will be discussed
more in detail.
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AMPLIFIER
General
The amplifier is fully transistorized, which has several advantages: (J) low
power consumption; (2) low internal heating up; (5) no high voltages in
amplifier circuit; (4) compact building (printed wiring); (5) long life.
The components as resistors and capacitors can be small; for resistors
the 0.25 W and 0.1 W types can be used, for capacitors the low voltage
types. However, the values of the capacitors must be rather high due to the
lower impedance levels in transistor techniques, and electrolytic capacitors,
which are generally less reliable, have to be used. There are several ways
of avoiding this type of capacitor: direct coupling, transformer coupling,
zenerdiode coupling and decoupling.
In this amplifier the first solution is chosen where possible. Transformer
coupling is difficult with low frequencies and is in contradiction to the requirement of small volumes. Zenerdiode coupling presents rather difficult
matching problems: voltage levels have to be considered, while at the same
time rather high currents are needed (at least 5 m A ) . Decoupling with
zenerdiodes instead of emitter capacitors is possible, but the D.C. feedback
for the temperature stabilization in the conventional way is lost.

Circuit
Input stage
This stage consists of a chopper, input transformer, emitter follower and
two common emitter stages. A circuit diagram is given in Fig. 6.
Description.—The

chopper S converts the small D.C. voltage into a

square wave voltage with a fundamental of 50 c/s; the input transformer—
ratio of transformation ( 1 : 1 ) : 3—enlarges the voltage three times and is
tuned for 50 c/s by a capacitor C \ the emitter follower exhibits a high
x

input impedance and practically does not load the transformer. The two

Fig. 6..—Input stage transistor amplifier.
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Fig. 7.—Input transformer coupling.

common emitter stages are conventional amplifiers. The whole stage is
directly coupled.
chopper, being an electro-mechanical device, is one

Components.—The

of the few instruments that can detect microvolts and can be produced in
larger quantities. It has, however, some disadvantages, such as a limited
frequency range and mechanical wear-out of the contacts, resulting in an
increasing contact resistance. The contact resistance, however, does no
harm as a compensation method is used. The noise sets a limit to the mini
mum detectable signal. The input transformer and chopper have good
insulation properties and small capacitive coupling with the amplifier earth,
enabling the input circuit to be used floating.
A s the current in the primary of the input transformer is very low, many
windings have to be used with a mumetal core in order to obtain a high
coefficient

of

induction. The transformer is shielded and the coils are

mounted on opposite parts of the core in order to obtain an α-statical con
figuration

to avoid hum pick-up. The input impedance of the emitter

follower is OL R where OL is the current amplification factor ( α ' = 1/1 — α ) .
e

In Fig. 7 A a possible circuit is given. The tuned secundary of the transformer
is loaded with Rb

Rb

l9

2

and a' R in parallel. Rb
e

x

and Rb

2

can theoretically

be chosen high compared with OL R , but then the temperature stabilization
e

is poor. The formula for the stabilization is
die
dlc

0

where R

p

is the value of Rb

x

l+Re/Rp
l^oc +

and Rb

(1)

Re/Rp

in parallel; S should be as small as

2

possible.
A second method is shown in Fig. lb
transformer is a! R

e

plus Rb

x

and Rb

2

[2, 3]. N o w the total load of the
in parallel. The two bias resistors

can be small for a good temperature stabilization and the parallel resistance
can be neglected compared with oc'R . Example: the value of R
e

e

is 10 k Q
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1
Rc

Fig. 8.—Feedback in common emitter stage.

and Rb = Rb = 1.5 k Ω ad = 30. Consequently, the load for the transformer
x

2

is
ot'Re + %Rb = 300,750 Ω
1

300 k O .

The temperature stabilization is
1 + 10,000/750
1-0.966+10,000/750
The two common emitter stages will now be discussed (see Fig. 8).
The emitter impedance is divided into two parts, a resistor Re

1

resistor Re
Re

2

and a

shunted by an electrolytic capacitor C. The sum of Re and

2

x

is important for the temperature stabilization, formula (1). The value

of the capacitor C must be sufficiently large to shunt Re for A . C . voltages
2

and only Re forms an A . C . feedback. This results in a higher input impe
x

dance (compare emitter follower) but a lower amplification factor. A n
advantage, however, is that the exchangeability of transistors is better.
The input resistance of the transistor itself (hi) may vary within certain
limits; with the use of A . C . feedback, the input impedance is mainly deter
mined by the feedback resistor. Example: h between 1 and 2 k Ω ; variation
x

33 per cent. With α' = 50 and an A . C . feedback resistor of 100 Ω the input
impedance lies between 6 k Ω and 7 kΩ, variation 8 per cent. Stated is an
ad of 50, but also this ad may vary and a selection must take place; but
instead of a selection for h and ad, because of the feedback described
x

above, only a selection of ad is necessary. The transistors in the input
stage are strongly derated. This is done for two reasons: longer life and lower
noise. A s the A . C . input signal can be in the order of 3-5 μΥ derating for
lower noise is not sufficient and also selection for noise is necessary. I
should be noted that the emitter follower gives no voltage gain and so the
second transistor works on the same voltage level.
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Fig. 9.—Input stage with
squarved amplifier.

new design is the squarved amplifier [1], see Fig. 9. It is a

New design.—A

low collector voltage and current device to improve the noise factor. Dif
ficult problems with low power operation are the bias stabilization against
temperature and the change in parameters with time. The base-collector
voltage stabilization of the first transistor is obtained with a high gain feed
back from the base-emitter voltage drop of the second transistor. With
this amplifier a total voltage gain of 1600 can be realized with an input
impedance of 15 kQ. The input voltage can be as low as 1 μΥ

without

selecting transistors.
Interstages
The interstages are of rather conventional design. An.important fact,
however, is the choice of the working point. In Fig. 10 the characteristics
of a P N P transistor are given and the loadline is drawn for a dynamic
resistance R = tgoc. The working point lies in the middle of the inter
d

sections with - V

CE

axis and first part of the base current characteristics.

If the transistor is overdriven—base current variations very large—then
output current and voltage will be clipped symmetrically and no phase shift

Fig. 10.—Working point of
transistor.
6-60143045 I & Μ
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Fig. 11.—Driver stage.

will appear in the fundamental harmonic of the signal. The position of the
working point, therefore, is very important. Change in position is due to the
collector-base leakage current I o which depends on the junction temperaC

ture.
T w o methods are applied to keep the working point in the correct position: derating and a strong D.C. feedback. Derating limits the internal
dissipation and heating up so that the junction temperature does not rise
much above the ambient temperature. The D.C. feedback stabilizes against
ambient temperature variations.
Driver and output stage
The driver is a common emitter circuit with a transformer in the collector
lead, see Fig. 11. The primary of the transformer is tuned for 50 c/s by a
-Ic
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Fig. 12.—Using unsmoothed D.C. in class B. output stage.
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capacitor C

The secundary of the transformer controls the class Β output

v

stage, which is fed by an unsmoothed rectified A . C . voltage.
most interesting part of this stage is the output circuit.

Description.—The

It will be known that a normal class Β output stage has an efficiency of
78.5 per cent. The circuit chosen here has a higher efficiency and will be
explained with the aid of Fig. 12. A s V is not constant the dynamic loadline
B

moves with time; shown are the lines for three times t

l9

t and t . (The slope
2

3

tgoc is equal to the dynamic resistance R .) The working point at every mo
d

ment is the intersection of the loadline and the control current — I .
B

—I

B

and supply voltage are in phase and —I

B

the working point moves vertically nearly along the —I

c

the collector voltage — V

CE

dissipation P

c

axis. This means

remains small and consequently the collector

In practice with the described circuit, an efficiency

= V xI .
CE

If

increases at the correct rate,

c

of about 90 per cent can be reached.
A s a next step it will be considered what happens when the amplifier
is overdriven. Suppose the control current has a square wave form but the
correct phase. Then the working points lie on the first part of the

—I

B

curves. This situation is not much different from the one described, and
the output current —I

c

is nearly undisturbed.

A control current smaller than needed for full output power, results in
a larger collector dissipation—the maximum value is Ρ
but this does not occur for long periods. Due to the high efficiency the
output stage can be used up to 70°C.
Breakdown protection.—When

a recorder is used as controller, see p. 89,

"Additional features", breakdown protection is very important. Suppose the
temperature of a furnace has to be controlled. The measured temperature is
compared with the desired value and the difference—converted into a vol
tage—operates a relay. This relay forms the power switch of the furnace
and is switched on when the measured temperature drops below the desired
temperature. If in this situation the recorder should fail, the power remains
switched on and the temperature will increase, which might result in dam
aging the furnace. With the breakdown protection in case of a failure the
pointer of the recorder moves upscale which means that the "measured"
temperature is high so the power will be switched off. It will be clear that the
protection has to be inserted in the last stage of the amplifier to obtain the
highest degree of reliability.
In the recorder servomotor and mains transformer are reliable compo
nents and the output stage still works when of one transistor base and/or
emitter leads are broken or collector and base lead are short circuited, there
fore the breakdown protection is introduced between driver and output
stage. This is done by means of a voltage in parallel with the secundary
of the driver transformer, see Fig. 13. The values of the resistors R , 7? ,
2

3
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R

6

Fig. 13.—Output stage.

P

4

and JR are chosen large and the circuit practically does not load the
5

transformer.
This voltage—always being present—may not influence the accuracy and
must be as small as possible but just sufficient to make the motor run. The
phase of the voltage—in phase or counter-phase with the unsmoothed
D.C. supply—determines the direction of the pointer in case of a failure.
The advantage of introducing the voltage between driver and output stage
is the low power needed.
Power supplies
The amplifier contains three power supplies, two for the amplifier itself
and a third one for the measuring bridge of the recorder. The first supply
feeds the output stage and consists of a Graetz circuit without

filtering,

as described on p. 83. The second supply provides the remaining part of the
amplifier with D.C. power. This supply also consists of a Graetz circuit
but the pulsating voltage is smoothed with a series of capacitors and resistors.
The input stage requires a very good smoothing and therefore a special
circuit is used, see Fig. 14 β.
First, the conventional way of filtering will be considered, see Fig. 14Z>.
The filtering for A . C . voltages is 1/(1 + jcoCR)
across R is ^R

volts. The power loss is l\R.

and the D.C. voltage drop
N o w the circuit of Fig. \4a

will be dealt with. The transistor forms an emitter follower stage, which

Fig. 14.—RC-filter with
transistor.
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Fig. 15.—Reference voltage
circuit with supply.

means that the base voltage is nearly equal to the emitter voltage. The
filtering takes place in the base circuit and when allowing the same voltage
drop, the resistor in the base lead may be increased ad times. The filtering
of A . C . voltage is 1/(1 +jajoc'CR)

and the influence of the capacitor C

is increased with a factor ad. In this case the power loss is odR(I /od)
c

I R/ad.
2

c

2

=

I being about equal to I the power loss compared with the convenc

x

tional method is nearly ad times smaller.

SUPPLY

VOLTAGE

FOR

THE

MEASURING

BRIDGE

A s mentioned on p. 77 for measurement of D.C. voltages the supply should
have a stability of at least 0.1 per cent. In Fig. 15 a circuit is given with which
this stability can be obtained. The rectified supply voltage feeds a Wheatstone bridge, in which one arm consists of a zenerdiode D.
With the resistor R it is possible to balance this bridge for the dynamic
x

resistance of the zenerdiode. This being the case the output voltage of the
bridge does not change with supply voltage variations. The resistance R

L

is the load, which is, e.g., the measuring bridge from Fig. 2. Special precautions have been taken that this load resistance does not vary.
A n advantage of the stabilization bridge from Fig. 15 is that at the same
time the ripple voltage of the rectified A . C . voltage is largely suppressed;
no extra filtering elements are necessary.
A fact that has to be taken into account is the influence of the temperature
on the zenervoltage. In Fig. 16 the temperature coefficient is given as a function of the zenervoltage. For a certain zenervoltage (between 5 and 6 V )
the temperature coefficient is zero. By choosing these diodes it would be
possible to obtain a very high stability with variations of temperature. This
method, however, would be very expensive because of the very large waste
of diodes. Therefore the following solution has been chosen (see Fig. 15):
in series with the load resistance R

L

a copper resistor is inserted and only

zenerdiodes with a positive temperature coefficient are used.
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Fig. 16.—Temperature coefficient against zenervoltage.

If the temperature rises the output voltage of the bridge will increase;
at the same time the resistance of the copper resistor increases and by proper
matching of the zenerdiode (temperature coefficient) and the copper resistor (value) it is possible to obtain almost complete stability with variation
of temperature. In order to obtain a good heat contact between copper
resistor and zenerdiode both components are mounted in a copper block,
at the same time eliminating the effects because of differences in heat
capacity between the two components.
In the way described it is possible to obtain a supply voltage for measuring bridges, which is extremely constant with supply variations and with
temperature variations. Long term experiments have shown that also the
stability with time is excellent. Therefore this supply can be seen as a
reference voltage for D.C. compensators.
The standard cell, which is rather influenced by temperature variations
and from which no current should be drawn, is always a fragile component.
Therefore for future applications the electronic reference voltage is to be
preferred to the classic standard cell.

MEASUREMENT

OF

DIFFERENT

PHYSICAL

QUANTITIES

Measurement of temperature with a thermocouple
Cold junction

compensation

When using thermocouples it is necessary to correct for the temperature
of the cold junction (see Fig. 2). Especially when recording temperatures on
a chart or when controlling the temperature it is necessary to correct automatically for the temperature of the cold junction. This can be done by
measuring the temperature of the cold junction with a resistance thermometer, e.g., a copper resistance. In Fig. 2 V is the unknown voltage, given
x

by the thermocouple or rather the voltage, corresponding to the difference
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in temperature between the hot junction

and the cold junction ( i ) ,
2

points A and B, where the thermocouple wire or the compensation leads are
connected to the recorder.
Suppose the cold junction temperature is 0°C; with a hot junction tempera
ture t the servo-system is in balance with contact Ρ of potentiometer R
x

2

in

position 7\.
If the cold junction temperature rises to t

29

the output voltage of the

thermocouple decreases and the contact Ρ will arrive in position Γ , which
3

means that the indication is too low. This error can be decreased or eli
minated by choosing for R

A

a copper resistor—a resistance thermometer—

which is put at the place of the cold junction. If the cold junction tempera
ture rises, the resistance of the copper resistor will increase, which means
that the contact Ρ on potentiometer R will move in the direction of position
2

7\. By choosing the correct value for the copper resistor R± it can be
achieved that the contact Ρ arrives exactly at point T

l9

which means that the

effect of the cold junction has been compensated for. Instead of adapting
the value of the copper resistor R± to the thermocouple used and the mea
suring range desired, it is of course also possible to take a fixed value for
the resistor i? and to match the other resistors of the Wheatstone bridge
4

(R

l9

R , R and R ) to the copper resistor R±. This has the advantage that the
2

s

5

resistor i? can be mounted at the connection terminals A and B, conse
4

quently no exchanging is necessary, while at the same time the volume
and the heat capacity of R^ have got well-defined values.
Thermocouple fracture

safety device

A s thermocouples are rather fragile elements it is necessary, especially
when the recorder is combined with a controller, that the pointer moves
automatically downscale or upscale, according to the application, when the
thermocouple breaks. This safety device (see Fig. 2) can be obtained with
a voltage V

(of about 1 V ) , which is connected with the thermocouple

2

via a high resistor R6 (e.g. 1 Μ Ω ) . Under normal conditions the resistance
between points A and Β will be very small (e.g. 5 Ω ) and the voltage on the
thermocouple, given by V

2

will be very small t o o ; with the given values:

5 μ¥. If the thermocouple breaks, the resistance between A and Β will be
very high and consequently the voltage between A and B. A s a result,
the pointer of the recorder will move up or downscale according to the
polarity of

V.
2

Measurement of temperature with a resistance

thermometer

One of the problems is to correct for or to eliminate the influence of cable
resistance, especially of variations in cable resistance. This can be done by
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ν

-

Fig. 17.—Operation of vibrating capacitor for high input impedance with transistors.

applying a three lead system; one side of the supply voltage for the bridge
is connected directly to the resistance thermometer (see dotted line in
Fig. 3). In this case the connection leads to the resistance thermometer are
part of two adjoining arms of the Wheatstone bridge and the effect of cable
resistance variations will be greatly diminished.
Measurement of

P-H

The major problem is to obtain an input impedance for the amplifier
which is extremely high ( Ι Ο

14

Ω ) . For a transistor amplifier this is a very

difficult problem; a solution is found, however, by applying a special type
of vibrating capacitor (see Fig. 17). The conventional way of using a vi
brating capacitor for obtaining a high input impedance is given in Fig. 17 a,
where R

1

C

2

is a series resistor, R

is the input impedance of the amplifier,

2

is the vibrating capacitor, C

x

is a blocking capacitor with a very high

insulation resistance.
The voltage across R

2

is proportional with jwC R /(l
1

this will be maximum if ωϋ^ >1
2

2

- rjwC R )
J

1

2

and

or i ? > l / i o C , From this formula it
2

1

can be seen, that if it is possible to increase the frequency with which the
capacitor is vibrating, it is possible to decrease R , thus to work with a lower
2

input impedance of the amplifier. For this purpose a special capacitor has
been developed; between two fixed plates a third plate can vibrate, thus
forming two vibrating capacitors. The distances are very small and high
frequencies can be obtained. It should be pointed out that choosing a high
capacitor C —in which case the condition R >l/coC
x

2

1

is fulfilled too—is

not possible because of practical reasons. The leakage in the capacitor
should be extremely small while at the same time the volume of the capacitor
should be as small as possible. This can only be realized with e.g. a ceramic
capacitor of a low value (e.g. 50 p F ) . One part of the double vibrating
capacitor ( Q in Fig. 176) is part of an oscillator circuit. The secondaries
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(T

2

+ Γ ) of the transformer form together with the capacitors C
3

and C

x

2

a bridge. The output voltage of this bridge is fed back to the base of the
transistor T

s

and oscillations can take place. The design of the oscillator

is such that the frequency can be in the order of \ Mc/s. Because of the
voltage on the capacitor there will be a force on the plates(f= \

V (dC/dx).
2

Suppose the capacity C increases; in the case of C < C this will decrease
x

x

2

the output of the bridge. Consequently the supply voltage for the bridge
will decrease; the force on the capacitor will decrease and the capacitor
Q decreases. This increases the output of the bridge, etc. In this way the
vibrating capacitor gets into resonance with a frequency of about 6 Kc/s
for a certain construction. In Fig. 17 c the voltage on the collector of the
transistor is shown; a \ Mc/s voltage modulated with 6 Kc/s. The second
part of the vibrating capacitor is used in the circuit of Fig. 17 a with a fre
quency of 6 Kc/s. Advantages of this system are:
7. High input impedance ( Ι Ο

14

Ω ) obtainable with a low amplifier input

impedance (2 Μ Ω ) . Therefore a transistor amplifier can be used.
2. N o interference from driving voltage; the \ Mc/s signal can be filtered
very easily.
3. High working frequency (6 Kc/s) which is very favourable for the
transistor amplifier.
4. High conversion efficiency.
5. Small dimensions.

ADDITIONAL

FEATURES

The great advantage of an automatic electronic compensator is that a
sufficient torque is available for operating additional components. A s such
can be mentioned:
( A ) A second potentiometer mechanically coupled with the measuring
potentiometer. With this potentiometer it is possible to operate: (7) A u t o 
matic controllers or alarm-devices; (2) Slave

instruments—instruments

which are positioned at a distance (telemetering); (3) Electronic analogueto-digital converters; (4) in fact by putting a very stable D.C. voltage on the
second potentiometer an excellent drift-free D.C. amplifier can be obtained.
Voltages of e.g. 5 m V can be amplified with a factor 10,000; drift < 1 μ\.
( Β ) A coded disc mechanically coupled with the servomotor. In this way
analogue-to-digital conversion can take place in an electro-mechanical way.
( C ) Mechanical contacts (e.g. microswitches). In this way alarm points
or on-off control can be obtained.
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CONCLUSION
From the experiments and the experience gained it turns out that the
miniaturization of accurate measuring and recording equipment for in
dustrial use is possible. By using special components like transistors,
zenerdiodes, vibrating capacitors etc. the same properties as in the conven
tional big instruments can be obtained. In several cases even better pro
perties can be achieved. Elimination of the standard cell as a reference
unit is possible. High input impedances can be realized also with transistors.
The maximum permitted ambient temperature is in some cases for the
miniature equipment already higher than for conventional equipment with
valves. The use of silicon transistors will open new prospects for the future.
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