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Preface

As manufacturers of Zener diodes [1] INTERMETALL boasts a tradition
going back 20 years [2], [3]. Taking the first Zeners developed in 1956
(types Z 6, Z 7 and Z 8) as a point of departure, a broadly based program
of Zener diodes for every purpose has grown over the years, supple-
mented and rounded off by the temperature-compensated Zener diode
and by monolithic integrated stabilising circuits.

Without laying claim to completeness, this booklet aims at familiarising
the practising engineer and the student with Zener diodes and stabilising
circuits, offering dimensioning guidelines and suggestions for the solu-
tion of stabilising problems by way of circuit examples.

Data relating to INTERMETALL semiconductors discussed here and con-
tained in the circuit examples will be found in the INTERMETALL Semi-
conductor Summary 1978/79. The supply of INTERMETALL semiconduc-
tors in small and medium quantities is the responsibility of INTERMETALL
distributors. Please address enquiries concerning prices and deliveries
to your local distributor.
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Introduction

1. Introduction
1.1. General

The need to keep the supply voltage for critical parts of a plant or a piece
of equipment constant, irrespective of battery or mains voltage fluctua-
tions and, usually, also irrespective of load variations has been one of
the early requirements of electrical engineering. Two basically different
methods of solving the problem were adopted. There is the direct sta-
bilisation of voltage or current by passive components having a non-
linear characteristic. Alternatively, where the demands and the required
performance are higher, direct stabilisation of voltage or current is
chosen, using active correcting elements which are actuated by a control
amplifier, the latter comprising again a component with non-linear char-
acteristic as a reference voltage source.

1.2. Passive stabilising components
The following components may serve as voltage or current stabilisers
because of the non-linearity of their V// characteristic.

1.2.1. Inductive voltage stabilisers

In the case of inductive voltage stabilisers [4], the non-linear magnetising
characteristic (Fig. 1) of the iron core of saturable reactors is exploited
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Fig. 1: Magnetisation characteristics for transformer sheets [5]
a) Dynamo sheet DIN 46 400 111
b) Transformer sheet DIN 46 400 IV/1.0
c) Oriented silicon iron
d) Material with square magnetisation characteristic (F3)
according to DIN 41 301 (50 % Ni)




Introduction

for stabilising purposes. These devices are suitable for stabilising the
AC mains voltage for low-power loads.

1.2.2. Neon stabilisers
Neon stabilisers [4] are gas discharge tubes with a current/voltage char-

acteristic as shown in Fig. 2, frequently used in thermionic valve equip-
ment for the stabilisation of DC supply voltages, either in direct (passive)

Ignition voltage

/Conduchng voltage

Normal glow discharge ——4

- &<

Preconduction
current

—» ]
Fig. 2: Characteristic of a gas discharge path (schematic)

parallel stabilising circuits (Fig. 3) or in (active) control circuitry — in the
latter case serving as reference voltage source [6].

The conducting voltage of such a gas discharge path is between 70 and
150 V, the ignition voltage amounts to approximately 1.5 times this value.
When the equipment is switched on, the supply voitage + Vg of Fig.3
shouid be at least 50 % higher than the conducting voltage of the sta-
biliser, to enable the latter to ignite. Frequently, multi-path stabilisers,
e. g. STV 280/40, were employed which, in one and the same glass en-
velope, contain four series-connected discharge paths. Thus, stabilised
supply voltages of 70 V, 140 V, 210 V and 280 V were obtained for the
equipment in question. Parallel stabilising circuits — see Fig. 3 — have
a comparatively low efficiency and are not suitable for stabilised voltages
lower than about 70 V. An advantage is the low temperature coefficient
of the conducting voltage — approximately 3 x 10-5/°C.

+ VB
RS
R Fig. 3:
Parallel stabilising circuit
0 with neon stabiliser
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1.2.3. Corona stabilisers

Corona stabilisers [7] resemble neon stabilisers as regards characteristic
and operation, but their conducting voltages amount to several hundred
volts. They operate with currents of only about 50 uA and are employed
for the stabilisation of counter tube supply voltages.

1.2.4. PTC resistors

“PTC resistor” [4] is a generic term for resistors with a (large) positive
temperature coefficient. There are T-PTC resistors, comprising a resist-
ance wire (iron or tungsten), fused into an evacuated or gas-filled glass
envelope, and S-PTC resistors consisting of a semiconductor material,
the latter being available in two variants. Based on silicon, PTC resistors
are being offered which have a comparatively small positive temperature
coefficient extending over a wide range of temperatures [8]. Based on
barium metatitanate, PTC resistors are being manufactured which have
a very large positive temperature coefficient that covers only a narrow
range of temperatures, however.

Iron-hydrogen resistors were of practical importance in the thirties as
biasing resistors stabilising the filament current in universal mains re-
ceivers. Today, they are still used on rare occasions, partly as com-
mercial incandescent lamps, partly as professional PTC resistors in elec-
tronic stabilising circuits, e. g. for amplitude stabilisation in RC genera-
tors [9]. -

1.2.5. NTC resistors

NTC resistors, also referred to as thermistors [8] are resistors having a
large negative temperature coefficient. They are produced from sintered
semiconducting oxides, Although they have a non-linear V/I character-
istic in the static condition [8], they are scarcely used for stabilising pur-
poses.

1.2.6. Zener diodes

Zener diodes have a current/voltage characteristic such as indicated in
Fig. 4 [10]. In its left part, this resembles the characteristic of a neon
stabiliser (Fig.2), the advantage being, however, that the Zener diode
does not require an ignition voltage, so that in a stabilising circuit (Fig. 5)
corresponding to the one shown in Fig. 3, the difference between the
supply voltage Vg and the stabilised voltage may be smaller than in the
case of a neon stabiliser circuit. Zener diodes are manufactured with
operating voltages from about 3 V to 200 V. Apart from direct passive
stabilising circuits such as shown in Fig.5, Zener diodes are frequently
employed as reference voltage sources in active control arrangements.

10
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20V 15 10 5 05 %
L ! \ \ ‘ \ |
-V +V
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300
Fig. 4:
Characteristic of a
-1 400mA silicon power Zerer diode
WV o— T3
Rs
Vi Re Fig. 5:
Parallel stabilising circuit
00— with Zener diode

1.2.7. Silicon diodes or rectifiers, light emitting diodes

Silicon diodes or rectifiers are likewise characterised by a non-linear
characteristic [10], such as shown in Fig. 6. Here, the forward character-
istic (Fig. 6, right) ist used to generate, as shown in Fig.7, stabilised
voltages of about 0.7 V (one diode), 1.4 V (two diodes in series) or 2.1 V
(three diodes in series). For this voltage range, no useful Zener diodes
are available for technological reasons.

Because of their characteristic, light emitting diodes [23] are suitable for
the circuit shown in Fig.7. It is an interesting phenomenon that their
forward voltage exhibits the same absolute temperature dependence as
that of silicon diodes. Since the forward voltage of light emitting diodes
is two to three times as high as that of silicon diodes, their relative tem-
perature dependence (their temperature coefficient) amounts only to half
or one third of the temperature coefficient of the forward voltage in nor-
mal silicon diodes.

1
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Characteristic
-1 of a 1 A silicon rectifier
Vg o—
Rs
¥ Fig. 7:
¥ R, Parallel stabilising circuit
)4 for 2.1 V with three series-connected
0 o—————— silicon diodes

1.2.8. Temperature-compensated Zener diodes, stabiliser diodes

Temperature-compensated Zener diodes type ZTK [11] and stabiliser
diodes, type ZTE are “improved” Zener diodes, developed by INTER-
METALL, for certain voltages and special uses, which are employed in
circuits like that of Fig. 5. They are integrated circuits with two terminals
which, electrically, behave as Zener diodes, but have a lower tempera-
ture coefficient and a lower dynamic resistance.

1.3. Active stabilising or voltage regulator circuits

In many cases, given demands cannot be met by passive stabilising cir-
cuits (Figs. 3, 5 or 7), because the stabilising effect is too weak, dissipa-
tion too high or efficiency too low. In that case, circuit arrangements
such as that shown in Fig. 8 are indicated. Here, the output voltage of the
circuit is maintained at the desired level by the final control element.
The difference between nominal and actual values is boosted by a con-
trol amplifier whose output signal influences the final control element in
the required sense, until the actual value coincides with the nominal

12
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value. Possible final control elements are toroidal variable-ratio trans-
formers, transductors [12], vacuum tubes [6], transistors and possibly
also thyristors or triacs [13]. This book deals only with direct voltage and
direct current control circuits, using a transistor as the final control ele-
ment. Switch-mode controls are not discussed.

Nearly all previously discussed passive stabilisers are usable as a refer-
ence voltage source in Fig. 8, Zener diodes having proved the most popu-
lar stabiliser. For low to medium power applications, integrated regulators
are usually employed today [14] and represent an extremely economical
solution for electronic voltage regulators.

Final
© control o
element
Reference
Input voltage Am) Actual value Output
source plifier
Nominal value
[ —o

Fig. 8: Block diagram of an (active) voltage regulator circuit
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2. Zener diodes and similar components
2.1. Zener diodes [15]
2.1.1. Physical principles

The reverse characteristics of all semiconductor diodes exhibit similarity
of behaviour. The reverse current at first rises only insignificantly with
the rising reverse voltage. It is only when a certain threshold is exceeded
that it rapidly attains high values, especially in silicon diodes. Investiga-
tions by Dr. C. Zener [16], undertaken 40 years ago on breakdown phe-
nomena in a solid dielectric have contributed to the elucidation of the
physical events in this breakdown region. However, the Zener effect does
not determine the characteristic of breakdown voltage above about 5.5. V,
the determining factor under these conditions being, inter alia, the ava-
lanche breakdown effect, according to a theory put forward by McKay
[17].

Fig. 9 is a diagrammatic illustration of the distribution of impurities and
charge carriers in a PN junction to which a reverse voltage has been
applied. The silicon atoms of the monocrystal are not shown in this
drawing. In the N region, the solid plus signs symbolise the donors, e. g.
5-valent antimony atoms, while in the P region the acceptors included
in the silicon lattice — for example, 3-valent aluminium atoms — are re-
presented by solid minus signs. At room temperature, both kinds of
impurity atoms are almost completely ionised, i. e. the amount of freely
moving electrons (thin minus -symbols) in the N region is roughly the
same as that of donors. The same applies to the amount of holes (thin
plus symbols) in the P region. When influenced by a reverse voltage
such as that applied according to Fig. 9a, the holes move in the direction
towards the negative terminal of this voltage and the electrons towards
the positive terminal. In this way, a zone free from moving charge carriers
is created near the border between the P and the N region, and the
ionised impurity atoms fixed in the silicon lattice form a space charge.

In this simplified model, the,fact that it is not possible to produce a PN-
junction as abrupt as shown in the drawing has been neglected. Nor is
the border-of the region vacated by the charge carriers sharply defined:
Due to the fact that the free charge carriers execute a thermal diffusion
movement this limit is rather diffuse. Furthermore, the concentration of
donors is different from that of acceptors in the case of normal diodes.
Finally, a small number of charge carriers is supplied by the silicon
atoms due to thermal ionisation. These electron/hole pairs generate a
small reverse current even with a low reverse voltage.

Notwithstanding these neglected facts, the electrical phenomena which
take place in the depletion layer can be explained with reference to the
drawing of this simplified model.

Plotting the space charge density g, generated by the ionised impurity
atoms, on the positional co-ordinate x, the square wave distribution
shown in Fig.9b is obtained. At larger distances from the PN junction,
an equilibrium has been established between the ionised impurity atoms

14
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N P
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x d)

Fig. 9: Reverse biased PN junction
a) Space charge distribution
b) Space charge density plotted on the positional co-ordinate
c) Field strength at the depletion layer, plotted on the positional
co-ordinate
d) Voltage distribution on the positional co-ordinate.

and the freely moving charge carriers. There is no space charge, in that
case. The resulting field strength may be calculated by integration via
the space charge density (Fig.9c), and the potential distribution by re-
peating the integration (Fig. 9d).

w

Emax = Z_E (1)
w2

v =I& ?)

Equation 1 indicates the maximum field strength at the depletion layer.
w is the width of the region depleted of charge carriers, and ¢ is a con-
stant. According to equation 2, the inverse voltage between the limits of

15
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this zone can be calculated. If w is eliminated from both equations and,
moreover, the charge carrier density q is replaced by the specific resist-
ivity o of the semiconductor material, a far more customary value which
is equal to the reciprocal of the product from charge carrier concentra-
tion (space charge density) and carrier mobility, then we obtain for the
maximum field strength

Emax = V vr (3)
EnQ

It will be seen that the breakdown field strength which, in the case of
silicon, amounts to approximately 500 kV/cm is reached as a result of
increasing the reverse voltage the sooner the more low-ohmic the semi-
conductor material used in the manufacture of the Zener diode. Equa-
tion 2 reveals that the width of the charge carrier depleted zone grows
with the reverse voltage. This effect is exploited in the case of variable
capacitance diodes [18].

Because of the neglected factors, equation 3 does not reveal the relation-
ship between the resistivity of the basic material and the breakdown
voltage accurately; it suggests only the trend. In the table 1, given below,
the resistivities of the basic material and the width of the depleted zone
on breakdown are quoted for several breakdown voltages.

Table 1:
Relationship between the operating voltage, the resistivity of the basic
material and the width of the depleted zone on breakdown.

Operating voltage Resistivity Width of the depleted zone
Vz V o RQ¢cm w pm

35 0.01 0.1

12 0.1 0.6

50 1 4

The varying width of the depletion layer is one of the reasons why the
thermally generated reverse current increases a little as the reverse volt-
age increases in the region below the level of the operating voitage.
Besides, surface contamination contributes to the rise of the reverse
characteristic.

2.1.2. Manufacturing processes

All electrical phenomena connected with the events taking place in the
semiconductor crystal can be influenced within wide limits by varying
the impurity atom concentration (donors or acceptors) on either side of
the PN junction, by varying the thickness of the P-type conductivity and
N type conductivity regions, by varying the crystal area and by selecting
the manufacturing process. Manufacturing processes differ in the way
the desired donor and acceptor concentrations are introduced in the
basic silicon material [10].

16
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Fig. 10: Manufacturing processes for PN junctions
a) Alloying process
b) Diffusion process
c) Planar diffusion process
d) Epitaxial planar diffusion process

In the alloying process (Fig. 10a) a very small aluminium ball or a piece
of aluminium wire is placed upon an N doped silicon wafer. Both these
elements are heated in a furnace to a point slightly above the eutectic
temperature, so that a small region of molten AlSi alloy is produced. On
cooling, this alloy solidifies, producing an aluminium-saturated, re-crys-
tailised P type conductivity zone. The remaining aluminium may be used
as the ohmic P type zone contact. On the back, an ohmic contact may
be obtained by vapour depositing an antimony doped gold layer, which
is alloyed at a temperature of approximately 400 °C, the antimony (Sb)
producing a Si zone of pronounced N type conductivity. The exact posi-
tions, the area and the depth of penetration of a PN junction produced
in this way depend very much on the temperature/time cycle during the
alloying process and are difficult to control accurately. This is why the
alloy technology — originally the only process available — is today used
only in special cases, e.g. in the manufacture of power Zener diodes
with operating voltages below 10 V. Elsewhere it has been superseded
by improved processes.

17
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The solid-state diffusion process, developed later than the alloying proc-
ess, allows a much better control of the impurity atom concentration
profile and thus of the penetration depth of the PN junction (see Fig. 10b).
Monocrystalline N type Si wafers of 5 to 7.5 cm diameter are exposed
at high temperatures (900...1300 °C) to an atmosphere containing a
doping agent (e. g. boron in the shape of BBr3). The impurity atoms are
diffused into the N type silicon, and the penetration depth (1...50 um)
can be controlled very accurately by a careful choice of temperature
and time. However, the area of the PN junction used for the individual
diode cannot be determined by this process. Instead, the Si wafers,
after being provided with ohmic contacts by galvanic or non-galvanic
metallisation or by vapour deposition of suitable metal layers, are divided
into chips of the desired size either by scribing and breaking or by
sawing. In that case, the laterally exposed PN junction must still be
etched and covered. This process is now employed for power Zener
diodes with operating voltages above 10 V.

The control of the geometry of PN junctions is improved by several orders
of magnitude in the so-called planar process (1960). A typical example
is shown in Fig. 10c. On the surface of the N type silicon wafer, a SiO;
layer, about 1 um thick, is produced in oxygen at high temperatures. This
layer acts as a mask for the doping agents. By means of a photolitho
process, windows are produced in this SiO; layer through which impurity
atoms are diffused into the N type silicon during the subsequent diffusion
step. With this method, PN junctions with as little as 3 um side length can
be produced. Instead of the SiO; layer, sometimes an Si3N4 layer, or a
combination of both types of layer, is used at present.

A further improvement over the planar diffusion method as regards the
series resistance encountered in the original N type silicon layer (thick-
ness: 100 ... 200 yum) is achieved in the epitaxial process (from the Greek
EPI = upon and TAXIS = arrangement). In this process, a usually high-
ohmic monocrystalline Si layer is deposited in a chemical reaction from
the gaseous phase upon a low-ohmic, likewise monocrystalline silicon
wafer substrate. The further steps of this process are the same as in the

Copper-clad lead a) b)
— &
rs k4 < T
L7 €
y l# | Glass case max.158¢
7| l —o || o
[Z1-Ag contact oy
7
’aﬁ<<3emicondumor chip g3
P r Cathode
¢ . Mark
4 4 ©
K
Copper-clad lead l 059
—j—
Fig. 11: Zener diode in the DO-35 glass case
a) Sectional view b) Dimensional diagram
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planar diffusion process (see Fig. 10d). Today, 0.5 and 1 W Zener diodes
are manufactured by INTERMETALL in planar or epitaxial planar tech-
nology for all voltages.

Fig. 11 shows the construction of a modern 0.5 W Zener diode in the
DO-35 glass case (54 A 2 according to DIN 41 880). With this case, the
U oder S bends, needed for the earlier DO-7 case, are superfluous and
the required contact pressure is produced after fusing by the glass case
when it shrinks during cooling. INTERMETALL power Zener diodes of
the series ZX, with a maximum dissipation of 10 W, are supplied in a
metal case with a threaded stud which enables screw-connection of the
diode to a cooling plate or a heat sink. Fig. 12 shows the construction
of such a diode.

tinned copper wire

———covar tube
_——glass insulator

—~——cap

_——1Z-bend

solder disc

%siumn disc

——solder disc

O/

——tinned base

Fig. 12: Construction of a
power Zener diode

”/hnned copper wire (Series ZX . )

2.1.3. Electrical properties
2.1.3.1. Operating characteristic, temperature coefficient

Since, normally, the forward characteristic of Zener diodes is of no in-
terest, usually only the breakdown or the operating characteristic is indi-
cated in data sheets and books. This is the part of the characteristic,
shown in Fig. 4 in the third quadrant of the co-ordinate system. To sim-
plify the presentation, the drawing of Fig. 4 is turned through 180°, so
that the operating characteristic comes to be situated in the first quad-
rant, see Fig. 13. This drawing shows diagrammatically the operating
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Fig. 13: Operating characteristics of various Zener diodes inthe 4...9V
range, measured by means of pulses at a constant junction

temperature
___ T = 25°C
---- T; = 100°C

plotted under static conditions

characteristics of some Zener diodes at junction temperatures of
T; = 25 °C (solid lines) and T; = 100 °C (dash-lines).

For a proper understanding it is important to note that these character-
istics are valid for a constant junction temperature. In order to plot them,
one of two possibilities may be adopted. Either the Zener diode is fed
with current pulses of short duration and the voltage drop which occurs
each time across the diode is measured. The characteristic is plotted
point by point, without the diode being heated. Alternatively, the charac-
teristic is plotted by means of an electronic curve tracer in single sweep
operation, in which case the current pulse must be sufficiently short if
the junction temperature is not to vary. Plotting the operating character-
istic with direct current produces a curve which, at low currents, is identi-
cal with the characteristic for T; = 25 °C and which, at some current /z
dependent upon the thermal resistance, coincides with the characteristic
for 7; = 100 °C. This is indicated by a dotted line on the right in Fig. 13.

With Zener diodes, functioning with voltages below 6 V, the operating
characteristic shifts to the left with rising temperature — the operating
voltage has a negative temperature coefficient — and, in the case of
Zener diodes functioning with operating voltages above 6 V the tempera-
ture coefficient of the operating voltage is positive. With an operating
voltage of about 5.5 V, the temperature coefficient changes its sign, as is
shown by the curves in Fig. 14. If the inherent differential resistance r;;,
which is a measure of the slope of the operating characteristic, is shown
as a function of the operating voltage (Fig. 15), then this curve exhibits
a pronounced minimum at about 7 V.
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The facts expressed in Figs. 14 and 15, as well as the far more pro-
nounced bend, made apparent in Fig. 13, of the operating characteristic
of Zener diodes with operating voltages above 6 V suggest that the
physical effect responsible for producing the operating characteristic in
Zener diodes with operating voltages below 6 V is different from the one
responsible for producing the operating characteristic in Zener diodes
functioning with operating voltages above 6 V.

With the so-called Zener effect [16], which dominates in Zener diodes be-
lowBV, field emission begins to occur as acritical field strength is exceed-
ed. Valency electrons of the silicon atoms are raised to the level of the
conductivity band, although their energy is less than the ionisation energy
required according to classic observations. However, by resorting to the
equations of quantum mechanics, a certain ionisation prohability can be
computed. It is said that “tunnelling through the potential wall occurs”.
The required ionisation energy decreases with rising temperature. This
is why the above mentioned prohability of the production of free charge
carriers increases with temperature. Since it is only Zener diodes with
operating voltages of less than 6 V that exhibit a negative temperature
coefficient, it is assumed that the Zener effect plays an essential part
only in this region.

The positive temperature coefficient of the operating voltage, which
comes into play at higher levels of this voltage suggests that here the
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so-called “avalanche breakdown” occurs. This phenomenon rests on the
fact that thermally produced charge carriers, always present in the de-
pletion layer, are accelerated by the available field strength to an extent
sufficient for their kinetic energy to ionise silicon atoms. The new car-
riers thus produced are likewise accelerated and, in turn, ionise further
atoms. A chain reaction occurs. The likelihood of this event taking place
increases with the path length of the charge carriers, i. e. the distance
a charge carrier travels on average without colliding with a unit cube.
Owing to the increasing thermal movement of the unit cubes, it decreases
with rising temperature. This produces the positive temperature coeffi-
cient of the operating voltage in the case of avalanche breakdown.

In Fig. 13, the region in which avalanche breakdown dominates (L) is
separated from the region in which the Zener effect (F) operates, by a
border line curve. If it is desired to provide a low cost reference voltage
source without temperature dependence, a Zener diode with an operat-
ing voltage of about 5.7 V may be employed to advantage. Fig. 16 shows
how operating voltage varies with temperature in such a diode and
makes it clear that it is possible, by a suitable choice of the operating
voltage and the operating current, to restrict the operating voltage to
insignificant variations over a wide range of temperatures.

Fig. 17 shows the variation with junction temperature of the operating
voltage of Zener diodes with different operating voltages. As this diagram
shows, the temperature coefficient remains constant over the whole
range of temperatures for Zener diodes functioning at voltages above
7 V, whereas in the case of Zener diodes functioning at lower voitages
the temperature coefficient is dependent on temperature. The straight
line for Vz = 1V belongs to a silicon diode of the ZPD 1 type, operating
in the forward direction.
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Fig. 16: Variation of the operating voltage with junction temperature in
a 5.7 V Zener diode, related to T; = 25 °C
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temperature in the case of a
BZY 25 reference element

For applications in which the temperature dependence of the operating
voltage is required to be very small, INTERMETALL produced so-called
silicon reference elements [20] in the sixties in which the positive tem-
perature coefficient of a 7 V Zener diode is compensated by two such
silicon diodes operating in the forward direction were connected in
series, and all three diodes were thermally coupled in a common metal
case (Fig. 18). An operating voltage of 8.4 V and the temperature de-
pendence of the operating voltage shown in Fig. 19 were the result. The
INTERMETALL designers went still one step further by developing the
reference amplifier, revolutionary at the time (1962), in which one of the
forward diodes, provided for compensating purposes, was formed by the
base emitter diode of a transistor (Fig. 20), so that for application in volt-
age regulator circuits a single component became available which con-
tained in one and the same case the temperature-compensated reference

! Fig. 18:
R S Internal circuit of a BZY 25 reference element
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voltage source and the control amplifier. These reference elements and
reference amplifiers were later superseded by temperature-compensated
Zener diodes of the series ZTK [11], developed towards the end of the
sixties by INTERMETALL, and by the integrated voitage stabilisers [21]
which have meanwhile found wide application.

Reference
amplifier

P Vout

Fig. 20: Schematic of a series voltage regulator circuit
in which a reference amplifier is incorporated

2.1.3.2. Thermal resistance

Since the same conditions apply here as in the case of transistors and
diodes, this section will be brief. With reference to the German standards
DIN 41 785 part 2 and DIN 41 790, we define “thermal resistance” as

Ri,a  Thermal resistance, junction to ambient air

Rinc  Thermal resistance, junction to case or stud

Ris  Thermal resistance, heat sink to ambient air.

These values enable us to calculate whether the diode chip is heated ex-
cessly by the overall dissipation P, encountered during operation. The
relevant equations are explained in section 2.1.5.3. Moreover, the numeri-
cal value of thermal resistance is required if the thermal differential resist-

ance is to be computed from the temperature coefficient ayz (section
2.1.3.3).

2.1.3.3. Differential resistance

The most important property of a Zener diode for the user is the steep-
ness of the operating characteristic (Fig. 13) because the efficiency of the
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stabilising circuit of which the Zener diode forms part depends on this
factor [22]. The slope is expressed in terms of the differential resistance
dVvz

Iz = d—lz (4)

DIN 41 785, part 2, and DIN 41 790 define, first of all, the inherent differen-
tial resistance,

o (Rvz (5)
fi = (SIZ)T;

which can be measured for any point of the characteristic at constant
junction temperature, by setting the bias by means of the operating cur-
rent Iz and by superimposing thereon a low alternating test current at a
frequency of 1 kHz, whereupon the drop of alternating voltage across the
Zener diode is measured. The quotient of voltage drop to test current is
the inherent differential resistance r,;. The 1 kHz test frequency is chosen
such that, due to the thermal inertia of the diode chip no junction tem-
perature variations are generated and, on the other hand, the test result
cannot be falsified by capacitances or inductances within the Zener
diode or in the test set-up. In Fig. 13, the inherent differential resistance
is represented by the slope of the solid and the dashed-line character-
istics and is virtually inversely proportional to the operating current, seé
Fig. 21.

Furthermore, the static differential resistance for changing junction tem-
perature and constant ambient temperature is defined in these stand-
ards. It is of greater importance for the consideration of the stabilising
qualities of a Zener diode than the inherent differential resistance, be-
cause variations of the operating current usually take place so slowly
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that junction temperature varies as well. It is indicated in Fig. 13 by the
dotted characteristic. The following equation applies to the static dif-
ferential resistance [23]

Iz :rzj+rth: (6)

i. e., the static differential resistance is the sum total of the inherent dif-
ferential resistance r;; and the thermal differential resistance r,;. The
latter represents the temperature coefficient of the operating voltage of
the Zener diode and is defined by the equation
AV
Izth = avz * Rina * Vz2 = Ripa - Vz - XT—Z ()
]

wherein
ayz is the temperature coefficient of the operating voltage,
Rira the thermal resistance junction to ambient air.

Unlike the inherent differential resistance, the thermal differential resist-
ance is virtually independent of operating current.

2.1.3.4. Capacitance

As with any other diode, the reverse-biased PN-junction has capacitance
also in the case of Zener diodes [10], [18], such capacitance decreasing
as the reverse voltage rises. The capacitance values for Vg = 1 V and
for Vg = 2 V of Zener diodes comprised in the ZPD series can be gath-
ered from the diagram of Fig. 22.

pF ZPD ...
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— = Vyat Iz=5mA operating voltage
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2.1.3.5. Noise

If the noise voltage measured for an avalanche breakdown Zener diode
(Vz > 7 V) is plotted as a function of operating current, then a curve
with several pronounced maxima is obtained, see Fig.23. At each noise
maximum the current jumps by approximately 100 uA. The mean value
of the duty factor can be varied according to the applied voltage. The
mean frequency depends, among other things, also on the capacities
present in the test circuit.

. W

0!

02 05 1 2 S 10 mA

Fig. 23: Noise voltage of a Zener diode versus operating current

When looking for the cause of this fine structure in the breakdown char-
acteristic, typical for all avalanche breakdown Zener diodes, the fact can
be exploited that light is emitted upon breakdown. This can be observed
it sufficient material above the junction is ground away for the remaining
layer to transmit light. A small number of point-like light sources will be
noticed. They light up one after the other if the voltage is raised. In those
places where avalanche breakdown occurs a physical effect called
“microplasm” is produced. Its structure has not been fully discovered.
Current density in such a microplasm is extremely high and can amount
to 104 A/cm2. :

The noise voltage may be reduced by a factor of 10 if a capacitor of
about 0.1 uF is connected in parallel with the Zener diode. In contra-
distinction from glow tube stabilisers, it is permissible for a capacitance
to be connected in parallel with Zener diodes without initiating sawtooth
oscillations, because the breakdown characteristic does not comprise a
negative portion, apart from the above mentioned fine structure. Besides,
it is possible to prevent the Zener diode from operating in the region of
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the bend in the characteristic where the noise is maximised, if a suf-
ficiently high operating current is chosen. In Zener diodes with operating
voltages below 6 V the above described noise is virtually absent, since
their characteristic in the region of the bend is steady (Fig. 13).

2.1.4. Measuring the operating voltage of Zener diodes

If a current I; traverses a Zener divde, then at constant ambient tempera-
ture the operating voltage changes and approaches a final value asymp-
totically. This voltage changes due to the power dissipated in the junction
which in turn causes a rise in junction temperature. Zener diodes with a
negative temperature coefficient exhibit a voltage reduction, whereas
those with a positive temperature coefficient show a voltage increase on
the application of current. The magnitude of the voltage change due to
intrinsic heat generation can be derived from the relevant curves quoted
in the data book [23]. -

Because it is not feasible to wait during tests until each device has
reached its thermal equilibrium, it is common practice to measure the
breakdown voltage of Zener diodes by application of a pulsating current
of less than one second duration. Under these conditions the junction
temperature remains the same as the ambient temperature. The magni-
tude of the test current used varies from type to type and is quoted in
the data book.

Therefore, designers when devising stabilising circuits and, also, cus-
tomers carrying out acceptance tests on Zener diodes should allow for
the fact that the operating voltage of a device which is at thermal equi-
librium will differ from that quoted in the data sheet. In order to asses
this voltage, take the operating voltage quoted in the data sheet for
T; = 25°C and, using the method indicated in section 2.1.5.2., calculate
the static operating voltage.

2.1.5. Design of stabiliser circuits with Zener diodes
2.1.5.1. Stabilising factor, source resistance

The equations given below apply under the simplifying assumption that
the differential resistance of the Zener diode is of constant magnitude.
However, since the inherent differential resistance r,; is roughly inversely
proportional to the operating current of the Zener diode — as was pointed
out in section 2.1.3.3. — and the cooling arrangements for the Zener
diode affect the thermal differential resistance, each case needs special
consideration if a realistic value for r, is to be attained. Thus, a value
should be chosen for r;; which relates roughly to the centre of a given
range of operating currents. Another assumption is that Tgmp is of con-
stant magnitude. If this is not the case, then the additional fluctuation of
the operating voltage may be calculated separately by means of the
temperature coefficient.
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Fig. 24:

Parallel stabiliser circuit with
b) Zener diode

a) Circuit diagram

b) Equivalent circuit

Fig. 24a shows the circuit diagram of a simple parallel stabiliser circuit
with a Zener diode, and Fig. 24b the corresponding equivalent circuit in
which the Zener diode is replaced by an ideal voltage source in series
with a resistor. In this diagram, Vzo is the operating voltage of the Zener
diode, extrapolated for zero operating current, and r;, its differential
resistance. Other parameters in this circuit diagram are output voltage
and output current (V.. and [y, respectively), input voltage and input
current (V;, and /;. respectively), and operating current /z and series re-
sistances Rs. The following equations apply

Vin = Vout T As (lout + I7) (8)
and
Vour = Vzo + Iz 1z - (9)

If equation 9 is written in terms of /7 and substituted in expression 8, we
obtain

R
Vin = Vout + lout - Rs + (Vour — Vz0) -r—s (10)
zZy

Assuming /o, to be constant, differentiation yields the smoothing factor

dVi, Rs Rs
G = =1+ -— =
dVout Izy Tzy

(11)

For a given Zener diode, this factor increases with Rs. Even an ohmic
potential divider may have a considerable smoothing factor, but the per-
centage fluctuatior. of input and output voltage is the same. It has there-
fore proved useful to introduce the ratio of the relative values of input
and output voitage changes as the stabilising factor S. From equation 11
we obtain: -

dvin
V[n Rs Vouf Rs Vou!
- = =~ . 12
s dvout ( T Izu ) Vin T'zu Vin ( )
Vour
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The stabilisation factor, unlike the smoothing factor, does not increase
linearly with V;, and Rs, but approaches a finite limit S,,ox which is calcu-
tated as follows: Rs is eliminated from equation 12 by using equation 8:

Vin — Vour . Vin = Vour

— = 13

RS ’uuf + IZ l[n ( )
Vou' v[n - Vou' vou! Vouf Vou' vou')

s = : = 1= 14
Vin + lin = Fay Vin Vin * lin * Fzy Vin (4

By substituting V;, = oc, we obtain

vou'

lin * I'zy

(15)

Smax =

It can be seen that for a given Zener diode and a given load, stabilisation
improves as the input voltage is increased; it should be noted, however,
that the power dissipated in the series resistor rises at a rate higher than
that at which the stabilisation factor is increased. As a sensible compro-
mise between the requirements of good stabilisation and acceptable
power dissipation, it is suggested that the input voltage be made about
two to four times the value of the output voltage. If the internal resistance
of the voltage source Vj, is neglected, we obtain the output resistance of
the circuit illustrated in Fig. 24 from the parallel connection of r,, and Rs:

Fzy * RS
r = - . 16
out 10 T RS ( )

and, by approximation (since, as a rule, Rs > r,,),

Tout =2 I'zy « (17)

2.1.5.2. Operating voltage, operating characteristic

As explained in section 2.1.4. the operating voltage quoted on the data
sheet or in the data book [23] for every type of the Zener diode series is
tested for a test current Iz with pulses of a duration short enough for
the junction temperature of the diode to remain the same as ambient tem-
perature. By the same method the operating characteristics of which
Fig. 25 shows an example are likewise determined point by point. Usually
the temperature dependence of the operating voltage, demonstrated in
Fig. 13, is not expressed in such a family of curves, nor is Fig. 25 suitable
for giving indications of the spread of operating voltages and differential
resistance. This information is contained in the table of data, shown
below by way of example, and in some further diagrams.

With reference to the Zener diode ZPD 10, we shall now discuss a simple
parallel stabilising circuit according to Fig. 24, assuming a nominal input
voltage of 24 V which may fluctuate by + 4 V, and a load resistance R,
in the region of 500 @ ...2 kQ. The admissible power dissipation of the
ZPD 10 is 500 mW.
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Fig. 25: Operating characteristics of Zener diodes (tested with pulses)

The series resistance Rs is subject to two criteria: when the input voltage
Vi, and the load resistance R; are at their lowest an adequate operating
current should still flow through the Zener diode; on the other hand,
when the input voltage and the load resistance are at their highest, the
admissible power dissipation of the Zener diode should not be exceeded.
For the former case we assume a Zener diode operating at the upper
limit of the V7 spread, Vz mex = 10.6 V, considering a minimum operating
current Iz min = 3 MA to be adequate. We obtain the following expres-
sions:

Vin min v max
Iy’n = —RZ_ > IZmin + Ioutmax (18)
N

or, resolved in terms of Rs

v[n min VZ max
Rs < —M—— 19
s 17 min + lout mox ( )

and, substituting numerical values

20V —-106V 94V

3mA T (106V 5000  3mA+aimA 0%

Rs <

The least favourable situation as regards dissipation obtains in the case of
a Zener diode at the lower limit of the spread when Vz i, = 9.4V, for a
maximum input voltage Vinmex = 28 V and a maximum load resistance
R, = 2 kQ. The relationship should be

Vz min - 17 max < Piot, (20)
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Table 2:

Main data of ZPD 1...ZPD 33 Zener diodes

Type Operating Dynamic resistance Temp. coeff. Reverse  Admissible
voltage') @ @ of Oper. volt. voltage Zener current?)
@ Iz=5mA Iz=1mA @ @ @ @
Iz=5mA f=1kHz f=1kHz /z=5mA Ir= Tamb= Tamb=
100 nA 45°C 25°C
VzV rz; Q rz Q ayz 10-4/°C  Vr V IzmA IzmA
ZPD13) 0.7..08 6.5(<8) <50 -26...-23 - 280 340
ZPD 2,7 25..29 75 (<83) <500 -9..-4 - 135 160
ZPD3 28..32 80 (<<95) <500 -9..-3 - 117 140
ZPD3,3 3.1.35 80 (<95) <500 -8..-3 - 109 130
ZPD 3,6 3.4..38 80 (<<95) <500 -8..-3 - 101 120
ZPD 3,9 3.7..41 80 (<<95) <500 —7..-3 - 92 110
ZPD 4,3 4.0.46 80 (<95) <500 —-6..—1 - 85 100
ZPD4,7 4.4.50 70 (<78) <500 -5..+2 - 76 90
ZPD51 48.54 30 (<60) <480 -3..+4 >0.8 67 80
ZPD56 52.6.0 10 (<40) <400 -2..+6 >1 59 70
ZPD 6,2 5.8.66 4.8 (<10) <200 —1..47 >2 54 64
ZPD6,8 6.4..72 45(<8) <150 +2..47 >3 49 58
ZPD7,5 70.79 4 (<7) <50 +3..47 >5 44 53.
ZPD82 7.7.87 45(<7) <50 +4..+7 >6 40 47
ZPD9,1 85..96 48 (<10) <50 +5...+8 >7 36 43
ZPD10 94..106 5.2(<15) <70 +5..+8 >75 33 40
ZPD11 104..116 6 (<20) <70 +5...+9 >8.5 30 36
ZPD12 11.4.127 7 (<20) <90 +6...+9 >9 - 28 32
ZPD13 124..141 9 (<25 <110 +7..49 >10 25 29
ZPD15 13.8..156 11 (<30) <110 +7..49 >11 23 27
ZPD16 153..17.1 13 (<<40) <170 +8...49.5 >12 20 24
ZPD18 16.8..19.1 18 (<<50) <170 +8..49.5 >14 18 21
ZPD20 188..21.2 20 (<50) <220 +8..+10 >15 17 20
ZPD22 208..23.3 25 (<55) <220 +8..+10 >17 16 18
ZPD24 228.256 28 (<80) <220 +8...+10 >18 13 16
ZPD27 25.1..289 30 (<80) <250 +8...+10 >20 12 14
ZPD30 28..32 35 (<80) <250 +8...+10 >22.5 10 13
ZPD33 31..35 40 (<80) <250 +8...+10 >25 9 12

1) tested with pulses

2) Valid provided that the leads are kept at ambient temperature at a distance of
8 mm from case.

3) The ZPD 1 is a silicon diode with operation in forward direction. Hence, the index
of all parameters should be “F” instead of “Z”. Connect the cathode lead to the
negative pole.
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and with equation

Vinmax — VZ min .y

1z max = T out min (21)
we obtain
Vinmax — Yz mi
Vzmin - (%Zmn - ’ouimin) < Pior, (22)
S
hence

> VZ min * vfn max — (VZ min)2

Rs
Pfoi + Vzmin - Ioulmvn

(23)

and, by substituting numerical values
94V-28V — (9.4V)?
500 mW + 9.4V - (9.4 V/2 kQ)

263 VZ-—8VZ  175V?
T 500 MW + 44 mW  0.544 W

Rs >

=322Q.

The series resistance Rs to be selected will have a value of 360 Q, with
a tolerance of * 16 %. It should be rated for the following power dissipa-
tion:

_ (Vin max — Vva’n)2

P R

(24)

or, numerically

{28V — 9.4 V)?

360 Q =096W=1W.

P
Having determined the value for Rs, it is possible to estimate the region
in which the stabilised voltage can be found. For V;, = 20V, Vz = 94 V
at Iz = 5 mA and R, = 500 Q, the Zener diode is traversed by an operat-
ing current of approximately

Vin—Vz Vz
Iz =202 _ 2, 25
z Rs AL (29)
i.e.
vV — 9. 4V
Iz = 20 9.4V 9 =294 mA — 188 mA = 11 mA.

360 Q T 500 Q

This value allows the output voltage V., to be determined if the operat-
ing voltage Vzp, which has been extrapolated for I; = 0, is assumed to
be 9.2 V and the inherent differential resistance for I7 = 5 mA is taken
from Fig.21 to be r,; = 5 Q and the thermal differential resistance is
taken from Fig. 26 to be r;;, = 20 Q (equation 9):

Vour = Vzo+lz-1r,y =92V +11mA-(5Q +20Q)
=92V + 0275V =9475V ~95 V.

If the ZPD 10 device under consideration has an operating voltage of V;
= 10.6 V and if we assume Vz to be 10.4 V and if, this time, we calculate
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Fig. 26: Thermal differential resistance versus operating voltage

not with the previously substituted typical value for r,;, but with a value
three times higher (at the upper limit of the spread, see table 2), and if
we substitute for R, and V;, the upper values of 2 kQ and 28 V respec-
tively, then the Zener diode operates with a current

28V — 106 V 106 V

_ _ — 483 mA—53mA — 43 mA
Iz 360 @ kg — ‘83mA m

and, if we estimate r;; from Fig. 21 to be approximately 6 @, the output
voltage V,, of the stabiliser circuit (Fig. 24) amounts to:

Vour = Vzo + 171,y =104V + 43mA - (6 Q + 20 Q)
=104V + 112V = 1152V = 115 V.

In order to perform an exact calculation, we should now actually re-
calculate the equations for /z, using the values for Vo, = Vz of 9.5 V and
11.5 V respectively, in order to determine the corrected values for V.
However, the improved accuracy of the calculation would be illusory, for
the values for r; used in such a calculation could only be ascertained
approximately.

However, the dissipation of the heat generated in the Zener diode, and
the effect of cooling upon thermal resistance must still be considered.
This will be discussed later on.

Finally, we are concerned with ascertaining the stabilising factor for the
circuit under consideration. For a mean input voltage V;;, = 24 V and a
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mean load resistance R; = 1 kQ, the Zener diode (a typical ZPD 10)
conducts an operating current

o Vin=Vz_ V; _24V-10V_ 10V
z= Rs R, 360 Q 1 kQ

=39 mA — 10 mA = 29 mA.

With this current, the inherent dynamic resistance r;; has a value of typi-
cally 2.5 Q (Fig. 23). Equation 12 reveals the stabilising factor

RS..Vouf _ 360 Q ‘10V
(1+ rm) Vin ~(1+2.5Q+209 24 V

S

(1+16)-042 =7.1.

Thus the stabilising circuit illustrated in Fig. 24 is capable of reducing the
input voltage fluctuations assumed to be 24 V £ 4 V (corresponding to
+ 17 %) to one seventh of 17 %, i. e. £ 2.5 %. This applies to a situation
with constant load resistance and constant ambient temperature. If the lat-
ter fluctuates, too — and this will usually be the case —, then the influence
of ambient temperature on the output voltage V.., can be determined
with the aid of Figs. 14 or 17 or with the aid of the temperature coefficient
quoted in table 2.

From the calculations carried out so far it is apparent that the thermal
differential resistance r,;, is about four to eight times higher than the
inherent differential resistance r;; (depending upon current) and, thus,
has a considerable effect upon the stabilising factor S. It may therefore
be advisable to employ, instead of the 500 mW Zener diode ZPD 10,
a 1 watt Zener diode ZPY 10. The thermal differential resistance r; of
the latter may be calculated for R4 = 130 °C/W and for ayz = 7 - 10-4/°C
according to equation 7:

Fah = ayz - Ria - Vz2 = 7-104°GC-1-130°C/W-100V2 = 9.1 Q,

this being half the value for ZPD 10 (20 Q). An even lower value, i.e.
0.35...5.7 Q (depending upon the size of the cooling area) can be ob-
tained with the power Zener diode ZX 10.

If the operating current of the Zener diode fluctuates rapidly, e.g. as a
result of a 100 Hz hum superimposed upon the input voltage V;,, then
only the inherent differential resistance r;; needs to be substituted in
order to ascertain the stabilising factor, whereby a stabilising factor
roughly eight times higher, i. e. about 56, results for the circuit under
discussion, in relation to the hum voltage.

We conclude this section by stating that there is no simple formula by
means of which all parameters of a stabilising circuit can be calculated
quickly and accurately. Rather, several assumptions have to be made to
begin with, and a Zener diode type must be selected. This is followed
by calculations and by correcting the initial assumptions if necessary,
by recalculating and so forth, until the circuit has been dimensioned and
characterised satisfactorily. Never strive for absolute accuracy, because
all the parameters of semiconductor devices are subject to spread and,
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moreover are frequently dependent on current and temperature. The
result of a calculation is affected at least by those errors which attach
to numerical values substituted in the equations. Besides, it would rarely
be advisable to aim at dimensioning a circuit according to Fig. 22 for
an output voltage of exactly 10 V, because commercial Zener diodes
operate with a voltage tolerance of * 5 %. In order to obtain 10 V exactly
it would be better to employ a 12 V Zener diode ZPD 12 and to set the
stipulated 10 V with the aid of a potentiometer connected to the stabiliser
circuit.

For special applications which do not require devices in large numbers
it would also be possible to buy Zener diodes with closely tolerated
operating voltage e.g. * 2 % or * 1 %. However, since such selection
may necessitate considerable surcharges, it will be advisable to check
in every case whether the setting of the voltage with the aid of a potentio-
meter or the employment of a closely tolerated Zener diode is the more
economical proposition.

2.1.5.3. Power dissipation, thermal resistance, cooling measures

If a Zener diode is biased with direct current, a power dissipation Pjss
occurs in the silicon chip which is the product of operating voltage and
operating current:

Piot = Vz- Iz (26)

By taking suitable measures — chosing a moderate operating current,
an amply rated Zener diode and by taking care to ensure satisfactory
dissipation of heat, by an additional cooling fin if necessary — the de-
signer must make sure that the admissible junction temperature is not
exceeded under any of the possible operating conditions [24], [25], [26].
Quite apart from this, it may be advantageous — as pointed out in the
preceding section — to use a Zener diode of thermally ample proportions
because this increases the stabilising factor.

After ascertaining the worst possible power dissipation encountered
during operation by means of equation 26, it is possible to calculate the
resulting junction temperature by means of the thermal resistance Rina
or Rinc quoted in the data sheet or data book [23]. The junction tempera-
ture becomes

Ti = Tomb + Piot - Rina @7

This expression applies, for example, to glass diodes of the ZPD.. .,
ZPY ... and ZPU... series as well as the power Zener diodes of type
ZX ... without cooling fin. When substituting the value of the thermal
resistance the fact that especially in the case of glass diodes a consid-
erable proportion of the heat generated in the silicon crystal is dissipated
via the connection leads should be taken into account. Therefore, the
thermal resistance effective in the case under consideration depends on
the distance between the case and the point at which the leads are
soldered to an element acting as heat sink, e. g. the circuit board (see
also the curves shown in Fig. 27). The temperature at the soldering point
encountered during operation will also depend on other heat generators
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connected to the circuit board and should be inserted in equation 27 as
the ambient temperature Tome.

In the case of power Zener diodes with threaded case (Fig. 12), the total
effective thermal resistance is made up of the inner thermal resistance
Rinc which becomes effective between the chip and the base (or screw)
of the diode case, and the thermal resistance Rys of the cooling fin or
heat sink, which is effective between the point at which the diode is
mounted and the air surrounding the heat sink. In this way, equation 27
is expanded to read:

Ti = Tomb + Piot - (Rinc + Rins) (28)

Under certain conditions, and especially when the Zener diode is mounted
in an isolated position, the total thermal resistance, comprised in paren-
theses, is increased further by the thermal resistance diode to cooling
fin, and in the case of insulated mounting with a mica washer of approxi-
mately 50 um thickness, by approximately 1 °C/W. If the required cooling
fin area is to be calculated when the maximum ambient temperature and
the power dissipation are given, then we obtain from equation 28

Rins = TimTomb _ Rinc (29)

Piot

and the required minimum size of the cooling fin can then be ascertained
from Fig. 28 [23].
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Fig. 27: Fig. 28:
Thermal resistance versus Diagram for ascertaining the
lead length thermal resistance of Al-

cooling fins as a function
of the length of edge, S
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The characteristics are valid for bare, vertically positioned, approximately
square cooling fins with a centrally mounted semiconductor device, in
still air and without additional irradiation of heat. For horizontal arrange-
ments, the calculated area of the cooling fin should be multiplied by a
factor of 1.3. If the cooling fin is blackened, its area may be reduced in
relation to the calculated area by a factor of 0.7.

The above information applies to constant power dissipation and a con-
stant operating current Iz (direct current). There are applications how-
ever, when the operating current is not continuous, the simplest case
being that of a periodic squarewave pulse, for example. Depending upon
the frequency f, and the duty cycle » of such pulses, there are many
cases in which the admissible current rating is much higher than that
stated for the admissible static power dissipation. The operating current
admissible during pulse increases with a decreasing duty cycle. The
thermal capacity of the diode system and the continuous dissipation of
heat prevent the pulsed power dissipation causing unduly high junction
temperatures. The thermal conditions under pulsed loading can be calcu-
lated by means of the family of curves shown in Fig. 29 [23].

From Fig. 29, the “pulse thermal resistance” r;a can be gathered as a
function of the puise duration t, and the duty cycle. For the squarewave
power dissipation P, we obtain a junction temperature

Ti = Tamp + Py Iipa . (30)

Fig. 29:
Pulse thermal resistance
versus pulse duration
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If the pulse mode dissipation P, is superimposed on a continuous power
dissipation Pp, then the expression 30 will have to be expanded to read

Ti = Tamb + Pp - Rina + Pi-I'ha - (31)

The expression

Ti = Tamb + Piot - Rins + Pi+ rinc (32)

applies to a power Zener diode ZX... screw-connected to a cooling
sheet. In this equation Pj. is the mean of the power dissipation P;. If to
this must be added the continuous power dissipation Pp, we obtain

Ti = Tamb + Piot* Rins + Pp - Rinc + P~ Iinc (33)
wherein Py, is the mean value of the total power dissipation.

The pulse thermal resistance ria indicated in Fig. 29, like the static
thermal resistance Ri,a, is dependent on the lenght of the connection
leads between the diode case and the soldering point kept at ambient
temperature. Therefore, the value for rya, derived from Fig. 29, may have
to be corrected according to the curve in Fig. 27.
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2.2. Stabiliser diodes
2.2.1. The structure of stabiliser diodes

For several years, INTERMETALL has supplied two stabiliser diodes with
operating voltages of 1.5 and 2 V at a current of 5 mA, carrying the type
designations ZE 1,5 and ZE 2 (in a plastic case, see Fig. 30). These were
in fact two (three) series-connected diode chips, operating in the forward
direction, which were comprised in a drop-shaped plastic case. As men-
tioned before in section 1.2.7., stabiliser diodes of this type were em-
ployed for stabilising voltages below 3 V, since for this range useful
Zener diodes were not available.

Fig. 30:
Stabiliser diode ZE 1,5 or ZE 2
in a plastic case (1966 . ..1974)

In the meantime, INTERMETALL has developed and marketed an im-
proved series of “"stabiliser diodes” by launching the type ZTE 15...
ZTE 5,1 series of “stabiliser diodes”. These devices, which are supplied
in a glass case DO-35 (Fig.11), are in fact integrated analog circuits.
Fig. 31 shows the internal circuit of types ZTE 1,5 and ZTE 2, and Fig. 32
shows that of types ZTE 2,4...ZTE 5,1. From Fig. 31 can be gathered
that the internal circuit of types ZTE 1,5 and ZTE 2 is extremely simple,
i.e. a Darlington circuit, the operating voltage being equal to the sum
of the two or three base emitter voltages, i. e. approximately 1.4 V and
2.1 V respectively. In order to achieve higher operating voltage, it would
be possible to combine a suitably increased number of transistors to form
a Darlington circuit; however, another circuit — Fig. 32 — has proved
more economic and technically more advantageous.

The circuit of Fig. 32 consists of an adjustable reference voltage source
comprising T3, Ry and R3 [27], [28], which is followed by the Darlington
circuit made up of transistors T1 and T2. This circuit is applicable to all
the types ZTE 2,4...ZTE 5,1. Besides, these types are also diffused
together. The desired operating voltage is then set in common for all
elements of a wafer by adjusting resistor R; by means of the aluminium
wiring. The advantage of an adjustable reference voltage source is
brought about by the fact that any desired operating voltage can be set
by adjusting Rs3, whereas in a circuit according to Fig. 31 only integral
multiples of 0.7 V are feasible.

A common feature of both the circuits of Fig. 31 and Fig. 32 is the addi-
tional diode connected in antiparallel configuration to the forward bias.
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Fig. 31:
Internal circuit of
ZTE 1,5 and ZTE 2

Fig. 32:
Internal circuit of
ZTE2,4...2ZTES51 |

This diode produces a well defined behaviour in the reverse direction,
i. e. the behaviour of a forward biased diode. This is why ZTE stabilising
diodes resemble normal Zener diodes also in the reverse direction.

2.2.2. Data of stabiliser diodes ZTE 1,5...ZTE 5,1

The table given below contains data of the ZTE type series.

Table 3:

Main data of the stabiliser diodes ZTE 1,5...2ZTE 5,1

Type Operating Dynamic permissible
voltage resistance operating current
@ Iz=5mA @ lIz=5mA @ Tamb=25°C")
VzV r;i @ Iz max. mA

ZTE 1,5 1.35...1.55 13 (< 20) 120

ZTE 2 20 .23 18 (< 30) 120

ZTE 2,4 2.2 ..2.56 14 (< 20) 120

ZTE 2,7 25 ..29 15 (< 20) 105

ZTE 3 28 .32 15 (< 20) 95

ZTE 3,3 3.1 .35 16 (< 20) 90

ZTE 3,6 34 .38 16 (< 25) 80

ZTE 3,9 3.7 ..41 17 (< 25) 75

ZTE 4,3 40 .46 17 (< 25) 65

ZTE 4,7 44 .50 18 (< 25) 60

ZTE 5,1 48 .54 18 (< 25) 55

) Valid provided that the leads are kept at ambient temperature at a
distance of 8 mm from case.
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A comparison with the data of the ZPD series, contained in table 2
(page 32) shows that the inherent differential resistance of the ZTE diodes
is considerably lower. From the operating characteristics of Fig. 33 this
becomes also apparent if a comparison with Fig. 25 is made. A striking
feature of table 3 is the comparatively large negative temperature coef-
ficient of the operating voltage. However, that which seems a disadvan-
tage to begin with proves an advantage, as will now be explained with
reference to Fig. 34 (see also Fig. 26 for comparison). In Fig. 34, the two
components of the static differential resistance r,,, the inherent differen-
tial resistance r,; and the thermal differential resistance r;, are shown.
If r;j and r,, are added according to equation 6, in order to obtain r,
then we obtain, as the sum total of a positive (r;;) and a negative (rz)
resistance, the difference of the two numerical values and thus an
especially low value for r,,, which usually determines the stabilising fac-
tor. Below, a numerical example:

At Iz = 5 mA, a Zener diode ZPD 4,7 has a static differential resistance
of

Py = T2 T =70Q —17Q =683Q~70Q,

i. e., the inherent differential resistance (gathered from table 2) of 70 @
is so large that the thermal differential resistance (obtained from Fig. 26),
which amounts to about — 1.7 Q can be neglected. For the stabiliser
diode ZTE 4,7, on the other hand, we obtain at/z = 5 mA

Fao =1z T 1 =18Q —-13Q =5Q.
This considerable advantage of the ZTE 4,7 applies only at constant

ambient temperature. If the latter fluctuates, the temperature-dependent
variations of the operating voltage are greater in the case of the ZTE 4,7

mA ZTEY5 . 5)
50 == w T I T
ZTE1S 27 |3 -]3,313,6 39 |43 |47 |ZTES) l
I R - ] '
)

T

T
il
1l +
I
JI7

3 4 5 T eV
e - Vy

<
|
\

I 30

o

—
l}
| |
|

ol /i
0

Fig. 33: Operating characteristics of the ZTE diodes (tested with pulses)
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than in the case of the ZPD 4,7, and one will have to decide whether in
that case the employment of the ZPD 4,7 is perhaps more advantageous,
notwithstanding the high inherent differentiai resistance. In this context,
Fig. 35 shows also the dependence of inherent differential resistance on
the operating current. Otherwise, the explanations given in section 2.1.5.
apply also to the ZTE diodes.
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2.3. Temperature-compensated Zener diodes

Attempts were made at an early stage to replace by Zener diodes the
standard cells [29] then used as voltage reference sources. These cells
were heavy and expensive and of limited usefulness. In 1960, INTER-
METALL presented the silicon reference elements BZY 22...25 [20]
which, at best, operated with a temperature coeffizient of the operating
voltage ayz < 10-5/°C for a current of 5 mA. The operating voltage
amounted to 8.4 V. However, the manufacture of these reference ele-
ments was very labour-intensive, so that in 1967 the time was considered
ripe for integrated components, i.e. temperature-compensated Zener
diodes. At first, INTERMETALL put the ZTK 33 on the market [30] which
was developed specifically for stabilising the tuning voltage of diode
operated TV tuners [18]. Later developments resulted in a whole series
of temperature-compensated Zener diodes, comprising the types ZTK
68...ZTK 33.

2.3.1. Methods of temperature compensation

It will be gathered from Fig. 17 that temperature compensation of the
operating voltage of Zener diodes, achieved by the series connection of
forward-biased silicon diodes makes sense only if the temperature coef-
ficient of the Zener diode is independent of temperature, i. e. if the char-
acteristic of AVz versus T; in Fig. 17 is a straight line. This is the case for
Vz > 6 V [20]. There are essentially three methods of temperature com-
pensation which are shown diagrammatically in Fig. 36 [11].

Fig. 36a shows a series circuit of discrete semiconductor components
such as were used in these reference elements. The operating character-
istic of this circuit arrangement differs only little from that of a simple
Zener diode, but suffers from the disadvantage of a relatively high in-
herent differential resistance, since the resistance values of the several
diodes are added to each other. The thermal coupling between the
diodes, and thus the dynamic component of the temperature compensa-
tion is not particularly good.

Improved properties can be achieved with discrete semiconductor com-
ponents in circuit Fig. 36b which contains a shunt transistor that may also
be designed as a Darlington circuit. Due to the current gain of the tran-
sistor, a small inherent differential resistance is achieved in this arrange-
ment. Here, too, bad thermal coupling is a disadvantage.

The best method is the integration of the shunt transistor circuit, as
outlined in Fig. 36c. Here, the shunt transistor ensures that the inherent
differential resistance remains very low, and since the complete circuit
can be accomodated on an extremely small 0.5 x 0.5 mm?2 silicon chip,
good thermal coupling between all components is ensured. In Fig. 36c,
the Zener diode is realised by the emitter diode of a transistor operating
under reverse breakdown conditions, with an operating voltage of ap-
proximately 6 V.

The operating characteristic of the circuits illustrated in Fig.36b and ¢
differs in one significant respect from that of a conventional Zener diode
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(Fig. 36a). There is no sudden rise in current when the voltage applied to
the circuit terminals in Fig. 36¢c reaches the breakdown level of the emitter
diode of the transistor acting as a Zener diode. Instead, it rises accord-
ing to a characteristic which takes resistor R into account. It is only when
base current begins to flow in the shunt transistor as a result of the volit-
age increasing further that the characteristic rises steeply and merges
into the actual operating region.

'2.3.2. The construction of ZTK diodes

All temperature-compensated monolithic integrated Zener diodes of the
series ZTK 6,8...2ZTK 33, developed by INTERMETALL, are based on
the simple shunt transistor circuit of Fig.36c. In devices designed for
higher output voltages than 7 V, several transistors operating as Zener
diodes are connected in series each of which, in theory, has to be tem-
perature-compensated by means of one or two forward-biased diodes
connected in series thereto. Instead of such diodes, the ZTK diodes
comprise a so-called “adjustment stage” of a kind already described
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Fig. 36: Methods of temperature compensation
a) Series circuit of several discrete diodes
b) Circuit with Zener diode and shunt transistor,
made up of discrete semiconductors
¢) Monolithic integrated circuit with Zener diode and shunt
transistor
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Fig. 37: Adjustment stage

briefly with reference to Fig. 32. Fig. 37 illustrates once more the circuit
diagram of such an adjustment stage [27], [28] to which the following
expression applies, provided the transistor operates with a sufficiently
high current gain.

V = Vg (34)

If the base emitter voltage Vg changes as a result of temperature varia-
tions, the voltage V also changes, according to the following expression:

dv R; + Ry dVae _

a1 T R; d7

(35)

for in a monolithic integrated circuit the ratio of resistors is virtually
independent of temperatyre. With the aid of this adjustment stage, a volt-
age V is produced which may be any desired — not necessarily integral —
multiple of a base emitter voltage Vg, its temperature coefficient being
equal to the temperature coefficient of the base emitter voltage of a tran-
sistor. This ensures a temperature compensation more accurate than
that achievable by means of several diodes in a simple series circuit in
which fractions of Vgg cannot be realised.

Referring to type ZTK 22, the internal circuit of a ZTK diode (Fig. 38) will
now be discussed. Two transistors operating as Zener diodes, each with

Fig. 38: Internal circuit of the ZTK 22
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(Fig. 36a). There is no sudden rise in current when the voltage applied to
the circuit terminals in Fig. 36c reaches the breakdown level of the emitter
diode of the transistor acting as a Zener diode. Instead, it rises accord-
ing to a characteristic which takes resistor R into account. It is only when
base current begins to flow in the shunt transistor as a result of the volt-
age increasing further that the characteristic rises steeply and merges
into the actual operating region.

2.3.2. The construction of ZTK diodes

All temperature-compensated monolithic integrated Zener diodes of the
series ZTK 6,8...ZTK 33, developed by INTERMETALL, are based on
the simple shunt transistor circuit of Fig.36c. In devices designed for
higher output voltages than 7 V, several transistors operating as Zener
diodes are connected in series each of which, in theory, has to be tem-
perature-compensated by means of one or two forward-biased diodes
connected in series thereto. Instead of such diodes, the ZTK diodes
comprise a so-called “adjustment stage” of a kind already described
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Fig. 36: Methods of temperature compensation
a) Series circuit of several discrete diodes
b) Circuit with Zener diode and shunt transistor,
made up of discrete semiconductors

c) Monolithic integrated circuit with Zener diode and shunt
transistor

45



Temperature-compensated Zener Diodes

Fig. 37: Adjustment stage

briefly with reference to Fig. 32. Fig. 37 illustrates once more the circuit
diagram of such an adjustment stage [27], [28] to which the following
expression applies, provided the transistor operates with a sufficiently
high current gain.

R + Ry

R
V:vBE-T_vBE-(1+Rf) (34)

If the base emitter voltage Vge changes as a result of temperature varia-
tions, the voltage V also changes, according to the following expression:
dv Ri + Ry dVge |

daT = R; “adr (35)

for in a monolithic integrated  circuit the ratio of resistors is virtually
independent of temperatyre. With the aid of this adjustment stage, a volt-
age V is produced which may be any desired — not necessarily integral —
multiple of a base emitter voltage Vg, its temperature coefficient being
equal to the temperature coefficient of the base emitter voltage of a tran-
sistor. This ensures a temperature compensation more accurate than
that achievable by means of several diodes in a simple series circuit in
which fractions of Vgg cannot be realised.

Referring to type ZTK 22, the internal circuit of a ZTK diode (Fig. 38) will
now be discussed. Two transistors operating as Zener diodes, each with

Fig. 38: Internal circuit of the ZTK 22
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an emitter to base breakdown voltage of approximately 9 V, are available.
To the 18 volts thus obtained must be added a base emitter voltage of the
Darlington stage amounting to approximately 1.3 V. This results in 19.3 V,
and the residual 2.7 V are taken over by the adjustment stage. For the
ZTK 22, a circuit arrangement comprising three transistors acting as
Zener diodes would also be feasible, but in this case each of them
should have an emitter to base breakdown voitage of 6 V.

The circuit arrangement of Fig. 38 is characterised by a special feature:
The collectors of all transistors are at common potential. This does away
with the need for electrical separation of the collectors by means of
so-called isolation channels. The resulting structure of the ZTK diodes is
thus considerably simplified, see Fig.39. The chip has an area of ap-
proximately 0.5x 0.5 mm?2, so that it can be easily accommodated in a
glass case DO-35 (Fig. 11). A special advantage gained with this small
glass encapsulation is the extremely short thermal run-in time of only
20 s, this being an important factor when the stabiliser is employed for
the tuning voltage of TV tuners.

Fig. 39: The chip of a ZTK diode, magnification approximately 200 times

P B T e

47



Temperature-compensated Zener Diodes

2.3.3. Data of the ZTK diodes ZTK 6,8...ZTK 33
The table below contains the most important data of the ZTK series.
Table 4:

Main data of the temperature compensated Zener diodes ZTK 68...
ZTK 33

Type Operating Dynamic maximum
voltage resistance operating
at/z = 5 mA at [z = 5mA current') at

Tamp = 45 °C
‘ VzV rQ Iz mA

ZTK 6,8 64...71 10 (< 25) 36

ZTK 9 9...10 10 (< 25) 27

ZTK 11 10...12 10 (< 25) 19

ZTK 18 16...20 11 (< 25) 13

ZTK 22 20...24 11 (< 25) 10

ZTK 27 24...30 12 (< 25) 8

ZTK 33 (== TAA 550) 30...36 12 (< 25) 7

admissible junction temperature T 150 °C

admissible storage temp. range Ts —20...+150 °C

Temperature coefficient ayz —2(=10...+5)1 105/°C

of the operating voltage

at/z = 5mA * 0.5 mAin the

range of Tamp = 20...60°C

Thermal run-in time tn 20 ?) s

Thermal resistance Rina < 047" °C/mW
Junction to ambient air

1) Valid provided that leads are kept at ambient temperature at a distance
of 8 mm from the case.

2) At the end of this time AVz has reached 90 % of its final value AVzmax
AV zmax = | Vz(a) — Vz(0) i

where Vz (0) = Vz in the instant of turn-on
and Vz (a) = Vz at thermal equilibrium.

A comparison with the simple Zener diodes of series ZPD, listed in table2
on page 32, shows that types ZTK 8...ZTK 33 have an inherent differ-
ential resistance which is much lower, and all ZTK diodes a much lower
temperature coefficient of the operating voltage. This can also be ascer-
tained from Figs. 40 and 41.

A mathematical comparison of types ZPD 33 and ZTK 33 illustrates the
'advantage of the ZTK diode. According to equation 6, the ZPD 33 at
Iz = 5 mA offers a static differential resistance of r,y = rz; + rzn =
=40Q + 3002 =340 Q.
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Fig. 41: Temperature coefficient of the operating voltage of ZPD and ZTK
diodes

The values for r;; ahd r.1, were taken from table 2 and Fig. 26 respectively.
If we assume a supply voltage of 60 V and a load current of 2 mA, then,
with /z = 5 mA, the series resistance in the circuit arrangement of Fig. 24 is
Vin—Vz 27V

=— =39k

Rg= —n—"Z
s /z+louf 7 mA

and the stabilising factor according to equation 12, is

Rs). vz (1+ 39009). BY o

Vin 340Q ) 60V

zu

S:(1+
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For the ZTK 33, we obtain from equation 7 the thermal differential resist-
ance

Izth = ayz - Ripa -Vz2 = — 2+ 10-5/°C - 400 °C/W - 1090 V2,

and

Ty =Tz Tz =10Q —87Q =13Q

and the stabilising factor is

Rs)Vz ( + 39009) 33V

Vin 13Q ) 60V

= 1650 .

S=(1+

Izy

Thus, S is 240 times higher than in the case of the ZPD 33! In both cases
the calculation was based on typical values and no worst-case calcu-
lations were carried out.

It only remains to see by what amount the voltage in the circuit arrange-
ment of Fig. 24 under consideration varies as a result of a 25 °C change
of temperature. In the case of the ZPD 33, the temperature coefficient of
the operating voltage avz = 9- 10-4/°C and the operating voltage varies by

AVz; = A Ti-avz-Vz, (36)

which, in numerical values, reads
AVz =25°C-9-104°C-33V = 074V

or, relatively, +2.5 %.

In the case of the ZTK we obtain

AVz = 25°C - (—2-10-5/°C) - 33V = —0.0165 V

or, relatively, —0.05 %. Even if, according to a worst-case consideration
the extreme spread of the temperature coefficient (—10...+5 - 10-3/°C)
were taken into account, the least favourable variation of the operating
voltage to be anticipated would, in relative terms, be —0.25 %, i. e. still
better by one order of magnitude than in the case of the ZPD 33.

50



Temperature-compensated Zener Diodes

51



Monolithic Integrated Voltage Regulators

3. Monolithic integrated voltage regulators [14]
3.1. General

The historic development of semiconductor devices used for the stabili-
sation of direct voltages has followed the logical path from the Zener
diode [15] via the monolithic integrated temperature-compensated Zener
diode [11], the monolithic integrated voltage regulators with external
power transistor to the three terminal monolithic integrated, overload
protected voltage regulators now offered with the INTERMETALL series
TDD 1605 . .. 1624 for stabilised voltages from5 V to 24 V.

The advantages of this new series are: A minimum of additional com-
ponents and compact design. The employment of a transistor case
produced in large quantities (Fig. 42) made it possible to realise a
favourable price. ,,On-card regulation“ has become possible, i.e. the
voltage regulator can now be installed directly in situ — on the individual
printed circuit board. This, in turn, brings other advantages, e. g. with
regard to power dissipation and in case of failure, because only a single
small sub-assembly has to be investigated. Besides, troubleshooting is
made easier, and this applies also to automatic troubleshooting proces-
ses — a method used more and more frequently in connection with colour
television receivers.
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She M o6 Plastic case, similar to 34 A 3
v Pin 2 (GND) is connected to the

cooling fin.
Weight approx. 1.5g Dimensions in mm

3.2. Voltage regulators of the series TDD 1605... TDD 1624
3.2.1. Construction

This series of integrated voltage regulators was developed with a view to
cater, with one economical device, for the largest number of applications
in the medium current range. It comprises regulators for output voltages
of 5V,6V,85V,10V,12V, 15V, 18 V and 24 V. The types having output
voltages of up to 12 V are designed for output currents /., of at least
500 mA, whereas in the case of types with higher output voltages the
output current decreases because of power dissipation, down to 200 mA
in the case of the 24 V type. Output voltage tolerance is + 5% throughout.
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To safeguard a monolithic voltage regulator against destruction or dam-
age from the load side, there are actually four methods which can be
employed individually or in combination: 1) simple current limitation,
2) thermal protection, 3) retrograde current limiting and 4) current limi-
tation depending upon the voltage drop. The factor common to all these
methods is that the stabilised voltage is recovered after the overload has
been eliminated, without any additional external action being necessary.

For the INTERMETALL voltage regulators of the TDD 16. .. series, over-
load protection with retrograde current limiting characteristic [31] was
chosen. This principle whose characteristic appears in diagrammatic
representation in Fig. 43 produces, within the working range, the same
behaviour as simple current limitation. However, when overloading occurs
it offers the considerable advantage of lower power dissipation. The
characteristic is unequivocal, that is to say, within the relevant range,
independent of the input voltage. This type of overload protection is
mainly used in stabilisers of medium power at currents of up to approxi-
mately 0.5 A. It offers the advantage that the internal resistance of the
power supply unit is not of critical importance, always provided it is
small enough.

To illustrate the power dissipation in the regulator, the power dissipation
during normal operation and the power dissipation under short-circuit
conditions have been entered in Fig. 43 in the shape of shaded areas.
In addition, Fig. 43 shows the hyperbolic power dissipation curve for
normal operation. If heat dissipation has been dimensioned for normal
operation, only those parts of the characteristic can be exploited which
are situated to the left of hyperbola 1. Hence, loading with a resistance
of a value between Ry; and Rz is prohibited. For R; < Ry2, the permitted
zone is entered again, and in the case of a full short circuit, power dissi-
pation is even considerably lower than permitted. If total overload pro-
tection is desired, the cooling arrangement must be devised according
to hyperbola 2. In that case, the whole stabiliser characteristic will be
to the left of hyperbola 2, i. e. the power dissipation for all the conceiv-
able operating points is of equal or lower value.

v
R
Vin AN TN “~ L1
P, Normal operation
% “ Vour= f o)
- N Hy!1
Vout
A Short . Hy 2
‘@t circuit
RL?
} | -
lshurt Iop Imax ]out

Fig. 43: Characteristic of a voltage regulator with overload protection by
retrograde limiting characteristic
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In order to make economical manufacture a practical possibility, the
same crystal topology is used for all types of the TDD 16... series and
the desired output voltage is set by adjusting a resistance matrix by
means of the aluminium wiring.

The working of a regulator will now be described with reference to the
block diagram of Fig. 44. A temperature-compensated reference voltage
for the stabilising circuit is generated by means of a combination of
diodes and Zener diodes. The control amplifier compares the desired
value (reference voltage) with the actual value (output voltage, or part
thereof) and, with its output signal, actuates the correcting element, i. e.
the series transistor. Across the measuring resistor Ru, a voltage pro-
portional to the output current is derived which, via an amplifier, effects
current limiting with a retrograde characteristic.

Reference
voltage
source

Fig. 44: Block diagram of the integrated voltage regulators TDD 16. ..

3.2.2. Data for voltage regulators TDD 1605...TDD 1624

Fig. 45 shows the schematic connection diagram, Fig. 46 the schematic
characteristic and Fig. 47 the application circuit of integrated voltage
regulators TDD 1605...TDD 1624. Their data are given in the table
below.

VDu1

Fig. 45: Schematic connection diagram of the voltage regulators
TDD16...

54



Monolithic Integrated Voltage Regulators

T

I 3short

Fig. 46: Schematic characteristic of voltage regulators TDD...

§F &

Fig. 47: Application circuit of voltage regulators TDD 16. ..

Table 5:

Data for voltage regulators TDD 1605 ... TDD 1624

All voltages are referred to pin 2.

Maximum ratings

Input voltage

TDD 1605...TDD 1618 Vi 351) \

TDD 1624 Vi 40 \

Temperatur of chip T; 125 °C

Characteristic at Tc = 25°Cand V; = (V3 + 5V)

Type Stabilized Maximum Onset of Output
voltage load current resistance
tol. £5%  current limiting
V3V —I30p MA = I3max MA  AV3/Al3 mQ

TDD 1605 5 500 1000 75

TDD 1606 6 500 1000 75

TDD 1608 8.5 500 1000 75

TDD 1610 10 500 1000 100

TDD 1612 12 500 1000 100

TDD 1615 15 400 800 150

TDD 1618 18 300 600 150

TDD 1624 24 200 400 200

1) Upon request all types are available with an admissible input voltage
of 40 V.
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Voltage tolerance at — /s = 10 mA AV3 t5 %
Stabilizing factor at f = 100 Hz AVy/AVs > 200
Temperature dependence AV3 104 1/°C
-of the output voltage ATc - V3

No-load current consumption I1e 7 mA
at/3 =0

Short-circuit current — I3 short 50 mA
required longitudinal voltage Vi >25 \"

at — Iz3op

Thermal resistance

Chip — cooling fin Rinc 10 °C/W
Chip — ambient air Rina 70 °C/w

3.3. The car voltage regulator TCA 700 X
3.3.1. Demands placed upon this device

The integrated voltage regulator TCA 700 X was specially designed for
stabilised power supplies of motor vehicle instrumentation systems (e. g.
fuel or water temperature indication). Since operating conditions in a car
are completely different from those obtaining in television receivers or
similar equipment, the TCA 700 X had to be developed on completely
different lines from the TDD 16.. series. The TCA 700 X, being intended
for vehicles with a 12 V electrical supply system, delivers a stabilised
output voltage of 10 V. In view of the low voltage drop it is not feasible
to isolate the IC from the voltage peaks superimposed on the vehicle's
supply voltage by means of an RC or an LC network. Therefore, the
TCA 700 X had to be dimensioned in such a way that it is not damaged
by these voltage peaks.

3.3.2. The TCA 700 X — design considerations

The peaks encountered in supplies aboard a vehicle are caused by the
interruption of currents flowing through inductances. They have an EMF
of several hundred volts and a short-circuit current of a few ampeéres [32].
One way to safeguard a device to which current is applied from such a
source is a power mismatch. In other words, it will be necessary either
to provide a device whose blocking voltage is higher than the voltage
peaks encountered, or it will be necessary to short-circuit the voltage
peaks while keeping the voltage drop as low as possible.

Since reverse voltages of several hundred volts can hardly be realised
in bipolar technology while currents of several hundred ampéres can be
handled quite easily, a decision in favour of shorting the voltage peaks
was made when developing the TCA 700 X. In order to accomplish this,
a circuit with Zener characteristic is arranged parallel with the input of
the actual voltage stabiliser, which circuit has a turn-over voltage of 24 V.
In the reverse direction, this protective circuit behaves like a diode with
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low bulk resistance, which is capable of absorbing peak currents of up to
15 A (e-function with = = 1 ms). The voltage regulator and the protective
circuit are comprised in one and the same chip, a considerable part of
the chip surface being occupied by the protective circuit. The voltage
regulator is designed for a load current of 220 mA, operates with an out-
put voltage of 10 V £0.225 V and is provided with a current limiting
arrangement with retrograde characteristic.

Since the integrated Zener diodes cannot be manufactured with a suf-
ficiently close voltage tolerance, the exact output voltage must be set by
an individual adjustment process which is carried out in common for all
the ICs on one wafer. To this purpose, a finely stepped potential divider
is provided on the crystal a part of which is at first short-circuited by the
wiring. On each finished wafer containing several hundred ICs, a few
spatially distributed ICs are measured according to a predetermined
pattern, and the result is evaluated in a computer. The latter determines
the appropriate etching process for each wafer, and the correct output
voltage on the chip is set during this etching process by means of the
aluminium conductors. This method is possible owing to the fact that
the voltage tolerances of the Zener diodes on the same wafer differ only
very little from one another.

3.3.3. Technical data of the TCA 700 X
The TCA 700 X is contained in a plastic case similar to 34 A 3 (Fig. 42).

Its data are listed in the table below. Fig. 48 shows the connection
schematic of the TCA 700 X.

Table 6:
Data of the car voltage regulator TCA 700 X

All voltages are referred to pin 2.

Maximum Ratings

Input voltage

continuously V3 —-05...+16 V
pulsed, max. 1 s V3 20 \
pulsed, max. 0.1 ms with R; = 100 Q V3 200 Vv
Input current, pulsed, decaying —1I3 15 A
according to an e-function withz = 1 ms

Junction temperature T; 125 °C
Storage temperature range Ts —~40...+125 °C

Recommended Operating Conditions
Load resistance Ri/2 > 455 Q
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Characteristics at Ryns = 20 °C/W1), Tamp = 25 °C
Stabilized voltage

atVs =12...16 V, 7 9.775...10.225 V
Ry = 455...330 Q

atV; =115V, Ry = 455 Q Vi > 9.65 \'
atV; =108V, Rys = 455Q Vi > 8.95 \'}
Temperature dependence of the AV

stabilized voltage at V3 = 13.5V, il +1 mV/°C
Ry =70Q ATc

Current limiting starts at h > 220 mA
Current consumption at /; = 0 I3 8 mA
Thermal resistance Rinc <10 °C/W

junction to cooling fin

1) Rus is the thermal resistance between cooling fin and ambient air.

3 1 Vout
TCA 700 X

Input 2 Output
0

Fig. 48: Connection schematic of the TCA 700 X car voltage regulator

3.4. Cooling of integrated voltage regulators

Fundamentally, the explanations given in sections 2.1.3.2. and 2.1.5.3.
apply also in this context. In many cases the dissipation of heat through
the IC case alone will not be adequate. The device will have to be screw-
connected to a cooling fin or a heat sink, the cooling fin conveying the
heat to the ambient air. The minimum size of the cooling fin is calculated
as follows, on the basis of the power dissipation encountered in opera-
tion. Power dissipation can be calculated from the equation

Prot = (Vi = V3) - It + Vi - Iigy (37)

where

Vi is the maximum input voltage (for the maximum load current /;)
Vs the stabilised voltage

I the maximum load current to be encountered

hqv the quiescent current consumption

The indices 1and 3 apply to voltage regulators of the TDD 16.. series. For
the TCA 700 X, the subscripts 1 and 3 should be interchanged. The re-
" quired thermal resistance of the cooling sheet or heat sink will then be

Ty' - Tamb

Rips = — Ric. (38)
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Numerical values for aluminium cooling fins may be gathered from the
diagram of Fig. 28. Instead of a cooling fin it would also be possible to
provide a heat sink consisting, for example, of an aluminium profile.
The construction is considerably simplified if the stabiliser is screw-
connected to the thermally conductive chassis. Since the negative ter-
minal of the regulator is connected to the cooling fin, it will be necessary,
in the exceptional case of the negative terminal not being connected to
the chassis, to mount the regulator with an insulation, e. g. by means of
an interposed mica washer. It should be remembered, however, that this
will increase the thermal resistance.
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4. Application circuits
4.1. Circuit arrangements with Zener diodes, ZTE and ZTK diodes

Since ZTE and ZTK diodes are in the same category as simple Zener
diodes as regards their application, the circuit arrangements described
here are valid for Zener diodes as well as for ZTE and ZTK diodes. It
should be noted, however, that the temperature compensated ZTK diodes
are specified for Iz = 5 mA and that they are temperature compensated
for this current. Therefore, it is essential for them to operate at this
current level.

4.1.1. Parallel stabiliser circuits

Fig. 49 shows the basic circuit for the employment of a Zener diode in a
parallel stabiliser circuit. Via a series resistance Rs, the Zener diode is
connected to the input voltage Vi, and the stabilised output voltage Vout
derived across the Zener diode. The calculations for this circuit were
explained in section 2.1.5. There is no objection to connecting several
Zener diodes in series, in order to obtain a higher voltage with tappings,
if necessary. By an appropriate choice of Zener diodes, such a series
circuit may produce stabilisation of a much higher quality than a single
diode having a higher Zener voltage. Example: A ZPD 30 diode has an
inherent differential resistance of 35 Q (table 2) at /7 = 5 mA and a
thermal differential resistance of 230 Q which, together, results in a static
differential resistance of 265 Q. On the other hand, three ZPD 10 diodes,
together, have an inherent differential resistance of 15.6 Q at Iz = 5 mA,
and a thermal differential resistance of 60 € which, together, results only
in about 75 Q instead of 230 Q. Here, then, a series circuit produces an
effect similar to that described towards the end of section 2.1.5.2. and
achieved by choosing a Zener diode of higher power capability.

Fig. 49: Parallel stabiliser circuit

If the stabilising factor of the basic circuit (Fig. 49) is inadequate, it is
possible, in some cases, to achieve a better result by means of a two-
stage circuit (Fig. 50). While the stabilising factor, being the product of
the stabilising factors of the several stages, is comparatively high in
relation to the fluctuations of the input voltage, it can only be usefully
exploited if the junction temperature of the second Zener diode is con-
stant. This necessitates a constant load current and constant ambient
temperature, or a constant load current and the employment of a ZTK
diode in the second stage.
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Fig. 50: Two-stage parallel stabiliser circuit

4.1.2. Bridge stabilisers

Considerably better stabilisation factors than those attainable with the
basic Zener diode circuit of Fig. 49 can be obtained with bridge circuits
(Figs. 51...53). In fact, if r;, the differential Zener diode resistance, were
constant and the bridge accurately balanced, then the stabilisation factor
would be infinite. However, the differential resistance decreases as the
diode current is increased. Hence the bridge is usually adjusted in such
a way that balance conditions obtain only in the centre of the desired
operating range. Under these conditions an increase in input voltage
causes the output voltage to increase initially and then, beyond the bal-
ance point, to decrease. If the stabilisation factor is measured for a small
input voltage swing about a mean input voltage, it will be found that, as
the mean input voltage is varied from low to high values, S is initially
positive and increases until the balance point is reached when it becomes
+ oo; S then changes sign and slowly decreases in magnitude from — oo
downwards.

If the stabilisation factor is measured by determining the ratio of maxi-
mum input change to maximum output change and the signs are disre-
garded, then, for the usual £ 10 % input variation, a stabilisation factor
of the order of several hundred can be expected. To balance the bridge,
an AC voltage should be superimposed on the DC supply and the resist-
ive bridge arms adjusted for minimum AC output. A better balancing
method, which also takes the thermal part of the Zener diode differential
resistance into account, is to switch the DC bridge input between two
levels. In this case, output readings should be taken only after the circuit
has reached thermal equilibrium.

In the bridge circuit of Fig. 51, the load is situated in the diagonal of the
bridge which consists of a Zener diode and three resistors. The latter
should be dimensioned such that, with the bridge operating in the centre
of the desired stabilisation range, the condition R;/r, = R2/R3 is met.
The differential output resistance of this circuit is approximately r; + R3;
the output voltage is equal to the diode Zener voltage minus the voltage
drop across R3.

+ O

-0

Fig. 51: Bridge stabiliser circuit with one Zener diode
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The circuit shown in Fig. 52 is particularly useful as a low voltage stabi-
liser, the output being approximately equal to the difference of the output
voltages of the two Zener diodes and the differential output resistance
approximately equal to r;; + r,2 + R3. The bridge should be balanced in
the centre of the desired stabilisation range, so that Ry/r,; = Ra/(R3 + r;2) .
Resistor A3 can be omitted if slight differences in the currents passed
by the two bridge arms are acceptable, or if the differential resistance
values of the two diodes are approximately equal.

+ O

-0

Fig. 52: Bridge stabiliser circuit with two diodes, for a small output voltage

The circuit according to Fig. 53 is recommended when the difference
between input and output voltage is only small. The operating voltages of
the Zener diodes should be closely matched; the same applies to the
values of resistors R; and Rz. They should be chosen in such a way that
with the bridge operating in the centre of the stabilisation range, they
have the same value as the differential resistance of the Zener diodes.
The value of resistor Rs should be dimensioned such that sufficient cur-
rent can flow through the diodes at minimum input voltage, but not so
low that at maximum input the Zener diodes are overloaded.

Fig. 53: Bridge stabiliser circuit with two Zener diodes

4.1.3. Voltage stabiliser circuits with Zener diode and transistor

Parallel stabiliser circuits according to Fig. 49 can be designed economi-
cally and efficiently only for low loads. Where high loads are involved it
is an advantage to “relieve” the Zener diode with a transistor, i. e. the
major part of the power dissipated in the stabiliser circuit in the form
of heat is generated in a transistor, not in the Zener diode. The degree
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of stabilisation that can be achieved by means of the circuits described
below is better than in the case of simple parallel stabiliser circuits.

The output power obtainable from the simple Zener diode shunt stabiliser
according to Fig. 49 can be increased by applying the stabilised Zener
diode output voltage to the base of a power transistor and taking the
final output from the emitter of this transistor (Fig. 54). The stabilisation
factor of this circuit is determined by the ratio R;/r,. Resistor Rz is merely
included to reduce transistor dissipation. The output voltage is equal to
the operating voltage of the Zener diode minus the transistor base emitter
voltage; the differential output resistance is approximately (r; + hie)/hee.

R .
R>

Vm RI Vuut

e | o -

Fig. 54: Simple series stabiliser with transistor and Zener diode

Figs. 55 and 56 show shunt stabilising circuits with Zener diode and
power transistor. The output voltage of the circuit arrangement of Fig. 55
equals the sum of the Zener diode operating voltage and the base emitter
voltage of the transistor. The resistor in the collector circuit of the tran-
sistor may prove useful, in order to reduce the dissipation of the tran-

ro— 1 ‘ o+
Rs
IL'
Yin Yout
-0 o-

Fig. 55: Shunt stabiliser circuit with Zener diode and transistor, output
voltage equals operating voltage of the Zener diode

Fig. 56: Shunt stabiliser circuit with Zener diode and transistor, output
voltage greater than operating voltage of the Zener diode
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sistor. The Zener diode only supplies base current to the transistor. In
the circuit arrangement of Fig. 56, the output voltage

R; + R;

Vour = (Vz + Vag) R ,

(39)

i. e, it is larger than the operating voltage of the Zener diode. The resis-
tor Rz is of comparatively low value and is preferably trimmed empirically
in such a way that the stabilisation factor becomes infinite in the centre
of the working range. If R3 is chosen too high, the output voltage will
decline as the input voltage rises. The emitter current of the power tran-
sistor passes through the Zener diode. For this reason, usually a power
Zener diode will be required. Capacitor C shunts the output of the circuit
and, due to the Miller effect, operates with a capacitance increased by
the current gain of the transistor.

4.1.4. Current stabilising circuits with Zener diode and transistor

In the stabiliser circuits described so far the intention was to keep the
output voltage constant, and, as far as possible, to do so independently
of input voltage and load resistance. This required that the source resist-
ance at the output of the stabiliser should be as low as possible. The
opposite applies to the current stabilisers described below — the aim
being to keep the output current constant, independently of input voltage
and load resistance. Consequently, the source resistance at the output
ought to be high. Fig. 57 shows the schematic of a constant current
source. Its output current is

| Vz — Vge
out = T

(40)
For the stabilisation of the output current in the case of input fluctuations,
the ratio R;/ry, is of prime importance. The source resistance at the out-
put, in general terms, is

Ri-R
’oul=’_i (41)

T2y
This simple constant current source forms the basis of a multitude of
similar convenient circuit arrangements [4]. Below, a few more current
stabilising circuits will be described [9].

—0-———
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t
R, ™ e ‘

—_——

fzu N R,

Fig. 57: Schematic of a constant current source
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The circuit arrangement of Fig. 58 differs from that of Fig. 57 mainly in
that the output current /,,; can be adjusted by means of potentiometer P1.
Potentiometer P2 enables the stabilisation factor dV;,/d/.,: to be adjusted
to infinity in the centre of the working range.

Flg. 58: Adjustable constant current source

If two constant current sources of the type shown in Fig.57 are connected
in parallel, then a two-terminal circuit with current stabilising properties
(Fig. 59) is formed which draws a constant current over a wide range of
voltages applied to it. Without resistors P and R; the two-terminal device
would have to be triggered into conduction by the application of a current
pulse to one of the bases. This is because the collector current of one
transistor is the base current of the other and vice-versa — a condition
which must be artificially induced by the application of an external signal.
The presence of a resistor R; (approx. 1 MRQ) ensures that this happens
automatically. Whether R; is used or not, the preset control P is impor-
tant; without it an increase in terminal voltage would result in a slight
current rise. This can be compensated by means of potentiometer P. If P
is reduced below the optimum value giving maximum current stabilisation,
then the two-terminal device exhibits a resistance characteristic which,
under certain conditions, is negative. The lower limit of the usable range
of the two-terminal constant current circuit is determined by the value
2 Vz, and the upper limit by the vaiue Vz - (P/R; + 2) and by the maximum
collector voltage of the transistors.

Fig. 59: Constant current two-terminal circuit
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4.1.5. Alternating current circuits with Zener diodes

A number of circuit arrangements has been proposed in the case of which
one or more Zener diodes limit the amplitude of an alternating voltage.
Thus, Zener diodes have been employed in the circuits of Figs. 60 and 61
in connection with a rectifier circuit, in order to obtain from a fluctuating
mains AC voltage a constant direct voltage [9].

In Fig. 60, a capacitor is used as a series “dropper” for the Zener diode
in connection with a half-wave rectifier circuit. In the forward direction,
the Zener diode forms the alternating current path via the input capacitor
and, in the reverse direction, it limits the voltage across the charging
capacitor. This circuit arrangement is very useful in generating the sup-
ply voltage for semiconductor circuits with low current consumption
directly from the AC mains. The resistor limits the charging current surge
of the series capacitor upon switching-on to a value not detrimental to
the diodes. It should be noted that the absence of a line transformer
constitutes an electric shock hazard.

0—:!—_|_

v V * Vour
Vi
1
O -0

Fig. 60: Stabilising half-wave rectifier circuit

Fig. 61 shows the circuit arrangement of a stabilising rectifier bridge.
This circuit can be simplified considerably by designing the mains trans-
former as a leakage-reactance transformer in which case the required
series resistance would be accommodated in the transformer as a power
saving reactance. The voltage across the reservoir capacitor is limited
to a value equal to the difference between the operating voltage of the
Zener diodes and the forward voltage of the conventional diodes. The
operating voltages of the two Zener diodes should be identical.

o

out

Fig. 61: Stabilising rectifier bridge
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In the circuit arrangement of Fig. 62, two Zener diodes with identical
operating voltage are series-connected back to back and linked to an
alternating voltage source via a series resistance which may also be a
capacitive or an inductive reactance. In this way, a symmetrical trape-
zoidal output voltage is obtained. Its peak value is stabilised. It equals
the sum of the forward and the Zener voltage. if the input voltage
fluctuates, the steepness of the trapezoidal slopes and, thus, the form
factor and the RMS value of the output voltage also vary, however. There-
fore, this circuit is only suitable for applications in which the RMS value
is of no importance, e. g. as a calibrating source for oscilloscopes.

[ O
i
aw N
4
1 0

Flg. 62: Symmetrical limiter circuit

Fig. 83 shows an improved variant of the circuit arrangement of Fig. 62.
‘The transformer secondary is provided with a tap (Fig. 63a) and the
circuit thus modified to form a bridge. At low input voltages the output
then has the near-trapezoidal shape shown in Fig. 63b, the input sine
wave being clipped to Vg (the sum of forward and Zener voltage). The
compensating voltage appearing at the lower portion of the secondary
coil is small. If the input voltage increased considerably, a virtually
square output voltage would be obtained in the absence of the compen-
sating coil, with the peak value Vg, its RMS value being considerably
higher than in the case of the trapezoidal voltage according to Fig. 63b
whose peak value is likewise Vg. However, the compensating coil will
now produce the “bucking” voltage indicated by a broken line (Fig. 63c),
so that the RMS value of the output voltage (solid line) remains virtually
constant, provided the number of turns in the compensating coil is ade-
quate. This circuit is suitable, for example, for stabilising valve filament
voltages in precision measuring apparatus.

The simple limiting circuit of Fig. 62 suffers from the disadvantage that
in order to obtain good symmetry, the Zener diodes must be quite closely
matched. Such diodes are, however, virtually unobtainable in large quan-
tities. Nevertheless, a square or trapezoidal wave form of good symmetry
is often required for calibration purposes (e.-g. in oscilloscopes). The
problem can be solved by shunting a Zener diode across the DC terminals
of a bridge rectifier (Fig. 64). When the input goes positive with respect
to zero, current passes from terminal 1 via a series resistor R and the
diodes D2, D1 and D5 to the zero line, and when it goes negative it
passes from zero, via diodes D3, D1, D4 and resistor R, back to terminal 1;
the Zener diode consequently always carries a reverse current. This has
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g. 63: Stabilising the RMS value of an AC voltage
a) Circuit diagram
b) Output wave form at low input voltages
c) Output wave form at high input voltages

the effect of clipping the output voltage V.. to a value determined by
the series circuit of the forward voltages of two diodes and the operating
voltage of the Zener diode, both in the positive and in the negative
direction, i. e.

+ Vour = Vip2 + Vz + Veps (42)
and
—Vout = Vip3 + Vz + Vip 4 (43)

By properly choosing operating point and operating voltage for the Zener
diode it is possible to attain a certain degree of temperature compen-
sation of the output voltage.
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Fig. 64: High symmetry AC stabiliser with only one Zener diode

4.1.6. Limiting and protective circuits

In the circuit arrangements described below, overvoitages which may
occur in certain cases are limited by Zener diodes and rendered harmless
as far as the protected part of the circuit is concerned. First, let us deal
with the limiting of inductive overvoltages which are encountered when
interrupting the current passing through inductances. If, in the circuit
arrangement shown in Fig. 65, the current in the relay coil is interrupted
by the switch, then, in the absence of a Zener diode, an inductive extra-
voltage would be produced in the relay winding which, depending on the
current interrupted, inductance and capacitance, would amountto several
times the battery voltage Vg and would thus endanger the switch and the
coil insulation. The Zener diode shunting the relay coil operates with
a voltage approximately two to five times the battery voltage and limits
the inductive extra-voltage to a value harmless in regard to the contact
and the coil insulation; moreover, it produces a controlled speedy drop
out of the relay.

.o—o/j
M

Fig. 65: Zener diode, as a contact protection diode.

In all three variants of the circuit arrangement illustrated in Fig. 66, the
transistor is protected against damage caused by the inductive extra-
voltage produced on the interruption of collector current. In Fig. 66a, an
ordinary silicon diode causes the current to decay in the relay winding
and limits the voltage at the collector to the value Vs + approx. 1 V. The
dropout time of a relay with such a free-wheeling diode is quite long.
In the circuit of Fig. 66b the transistor is protected by a Zener diode
whose operating voltage should be higher than the supply voltage Vs,
but smaller than the maximum collector voltage of the transistor. The
drop out time of the relay decreases with the rising operating voltage
of the Zener diode, as related to the supply voltage. This necessitates
a suitably voltage-proof transistor. For instance, it would be possible to
select Vcgg = 3 Vs, and Vz = 2 Vs, or in order to achieve an even quicker
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Fig. 66: Protection for a switching transistor with inductive load
a) by means of a free-wheeling diode
b) by means of a Zener diode, connected to the negative terminal
c) by means of a Zener diode, connected to Vs

relay drop out, Vcep = 4 Vs and Vz = 3 Vs. The circuit arrangement
shown in Fig. 66¢c has the same effect as that of Fig. 66b, exept that the
limiting Zener diode, rather than being connected to the negative termi-
nal, is here connected to the supply voltage Vs. This has the advantage
that the power converted into heat in the Zener diode after the blocking
of the transistor is smaller in comparison to that of Fig. 66b. So, in some
cases, the circuit requires only a small Zener diode. The additional diode
is required to prevent the Zener diode from short-circuiting the relay coil
when the transistor conducts current.

The circuit arrangement shown in Fig. 66 is suitable, in all three variants,
not only for protecting switching transistors driving a relay, but likewise

for amplitude clipping and demagnetisation of the primary coil of a
pulse transformer, see Fig. 67.
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Fig. 67: Amplitude clipping at the primary of a pulse transformer

Whenever an appliance or a circuit component is sensitive to over-
voltages on the supply line and must therefore be protected, the employ-
ment of one of the following circuits is recommended. In its simplest
form, shown in the circuit arrangement of Fig. 68, the operating voltage
of the Zener diode is chosen slightly higher than the supply voltage Vs,
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by approximately 10...20 %. This constitutes an effective protection of
the load.

so—
1
Load to be
€ N protected
_o ]

Fig. 68: Protection of a DC load

In cases where the load consumes more power, the circuit arrangements
of Figs. 54 and 55 may be used for this purpose. A particularly effective
circuit arrangement for major loads is illustrated in Fig. 69. This type
of protective circuit, known as a “crowbar” circuit, enforces the separation
of the load from mains in that the thyristor fires when the condition of
response is reached (Vs > Vz) and short-circuits the supply line, where-
upon the fuse responds. The thyristor must be dimensioned for the short-
circuit current of the current supply.

+ O

Si

v 4 Load to be
8 protected

-0

Fig. 69: “Crowbar” circuit

For AC loads, the circuit of Fig. 70 is provided. Two Zener diodes, series-
connected with opposite polarity, clip the voltage peaks superimposed
on the supply voltage. In Fig. 70a, the protection has been arranged on
the primary of the mains transformer and is thus effective for all loads
supplied from the secondary coils. In Fig. 70b, only the endangered loads
connected to the secondary coils are protected. This may produce the
advantage that the leakage inductance of the transformer has a current
limiting effect and, therefore, the resistor indicated by broken lines may
in some cases be omitted.

“IE BT

Fig. 70: Protection of an AC load

‘I/TN‘

t\J

71



Application Circuits

4.1.7. Various circuit arrangements featuring Zener diodes

In this section, attention will be drawn to several applications of different
type which do not tall within the scope of any of the preceding sections.

In the circuit arrangement of Fig. 71, a Zener diode has been employed
as a means for overload protection or final range compression in a
moving coil instrument. If the resistor R;3 is short-circuited, the current
passing through the meter is proportional to the input voltage, as long
as the latter does not exceed the Zener voltage. As soon as this is the
case, the current through the instrument does not increase further, and
the needle remains in its end position. The resistor R; causes the final
range of the meter to be compressed by an amount which increases
with a decrease in the value of R3. The ratio of the scales on both scale
portions will then be (R; + r;)/(R; + Rs + r,), provided that R, or the
instrument resistance is large in comparison with all the other resist-
ances.

Fig. 71: Zener diode as overload protection or for compressing the final
range of measuring instrument

Fig. 72 shows a circuit arrangement for compressing the initial range of a
measuring instrument. If resistor Ry is omitted, current will flow in the
measuring instrument only when the input voltage exceeds the Zener
voltage, the initial range being completely suppressed. if it is only de-
sired to compress the initial range, then the Zener diode may be shunted
by a resistor R,. For small input voltages the series resistance R; + R;
is decisive for the scale dimension, and for large input voltages the
resistance R; + r,. The parallel circuit of R; and r, may normally be
neglected.

Fig. 72: Initial-range compression for a measuring instrument
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In valve amplifiers, the required negative grid bias is normally produced
in that a resistor is included in the cathode lead of the valve, said resistor
being shunted by a capacitor, so as to avoid negative feedback of the
alternating voltage signal. In amplifiers for very low frequencies, this
capacitor must be rather large. In DC amplifiers, negative feedback at
the cathode resistor cannot be avoided at all. In either case, a Zener
diode can be used to advantage for producing the grid bias, as has been
shown in Fig. 73.

Fig. 73: Producing the grid bias of a valve by means of a Zener diode

If the supply voltage in electronic equipment is to be reduced for a part
of the circuit, this can be done by means of Zener diodes. In Fig. 74, for
example, the driver transistor which precedes the final transistor has a
smaller collector breakdown voltage compared with the final transistor.
So, its supply voltage is reduced to tolerable limits by the Zener diode.

+

Fig. 74: Zener diode as a series resistance with constant voltage drop

Zener diodes can also be used as coupling elements in amplifiers if
there is a potential difference between the output of one stage and the
input of the following stage. In Fig. 75 a frequent application of this kind
is illustrated. A power transistor must be coupled to a Schmitt trigger.
Due to the common emitter resistance of the Schmitt trigger transistors,
the collector voltage of the second transistor is higher than the base
emitter voltage of the following power transistor, even if the second tran-
sistor is fully saturated. A Zener diode, therefore, is ideally suited as a
coupling element.
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+ 0

Fig. 75: Zener diode as a coupling element in a switching amplifier

Figs. 76 and 77 show how a Zener diode can be used as a threshold
element in voltage monitors. Fig. 76 is an overvoltage monitor system
whose lamp will light up when the voltage V exceeds the sum total of
Zener voltage, gate trigger voltage of the thyristor and the voltage drop
across the series resistor, if only for a brief period:

V> V; +Vgr + ler - Rs. (44)

F

-0

Fig. 76: Overvoltage monitor circuit

When the key is depressed the thyristor blocks and the circuit is again
ready to operate. The circuit of Fig. 77, due to the interposed inverting
transistor, operates in the opposite sense: The thyristor ignites and the
lamp lights up when the voltage V, even briefly, falls below the sum total
of Zener voltage, base emitter voltage of the transistor and voitage drop
across the series resistor.

Networks made up by several Zener diodes with identical or even with
staggered operating voltages may serve to simulate non-linear functions
electrically. Thus, by means of the circuit arrangement according to
Fig. 78a, the curve Vo, = f (Viy) will be approximated by polygonal plott-
ing. A reverse characteristic of such a curve can be obtained by the cir-
cuit arrangement of Fig. 79.
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Fig. 78: Function generator
a) Circuit diagram
b) possible characteristic curve
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Fig. 79: Function generator
a) Circuit diagram
b) possible characteristic curve

4.2. Voltage regulator circuits

The hitherto described stabilising circuits are designed either for small
power operation or merely for low to medium demands on stabilisation
factor, generator resistance and temperature coefficient. When dealing
with higher powers and higher demands, one of the voltage regulators
described below will have to be employed. At first a few basic circuits
will be discussed, to be followed by a number of circuit examples.
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4.2.1. Basic voltage regulator circuits

The circuits described in this and the following section are elementary
circuit arrangements in which the components are not dimensioned and
no filter or decoupling capacitors are specified. In practice, it will always
be necessary to shunt the output terminals with a small capacitor so as
to keep the output impedance for high frequencies low. Moreover, a ca-
pacitor for the attenuation of any oscillating tendencies will be required
in the control amplifier.

Already in the early days of semiconductor electronics, two basic cir-
cuits were developed for electronic voltage regulators which circuits
even today serve as the basis for most voltage regulating circuits [33].
Fig. 80 shows the first such circuit in which transistors of the same con-
ductivity type are being used. The reference voltage source is here the
Zener diode to which the controlled output voltage is fed and to which
the emitter of the control amplifier transistor T2 is connected. A voltage
proportional to the output voltage is supplied to the base of T2 via the
potential divider Rs/R4. The final control element, i. e. the series tran-
sistor T1, is driven by the collector of the control amplifier transistor.
This circuit, in the form described here, is suitable for a fixed output volt-
age, although this voltage is adjustable within certain limits by varying

Fig. 80: Voltage regulating circuit with transistors of identical
conductivity type

the potential divider R3/Ry4. If, with decreasing input voltage, the difference
Vin — Vour is allowed to shrink considerably, the dimensioning of R; be-
comes problematic in which case the variants described below are re-
commended. On the other hand, it will always be advisable to keep this
difference as small as possible because the heat dissipated in the series
transistor T1 is a direct function of this difference. The output voltage
Vout is approximately

R3 + R4

Vout = Vz - Ra

{45)

The circuit arrangement of Fig. 81 features one NPN and one PNP tran-
sistor and works in a manner similar to the above described circuit. Here,
the base current for the series transistor T1 is not derived from the input
side via resistor Ry, as in Fig. 80, but from the output side via the control
amplifier transistor T2, so that the difference V;, — V,,; may assume very
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low values, down to the saturation voltage of the series transistor T1. The
arrangement is short-circuit proof, for when the output is shorted the
control amplifier transistor T2, and therefore also the series transistor T1
are blocked. The output voltage can only be varied within certain limits,
in the same way as in the circuit of Fig. 80, by varying the potential di-
vider R3/R4, and is approximately

R3 + R4
R3 '

Vour = Vz - (46)

Fig. 82: Improvement to the circuit of Fig. 80, due to the constant current
source 22, T3, R;

The following circuit details improve the properties of the circuits shown
in Figs. 80 and 81 [4]. For example, it may be of advantage to replace
the resistor R; of Fig.80 by a constant current source Z2, T3, R, as
shown in Fig. 82. Even connecting R; (Fig. 80) to an auxiliary voltage can
improve the circuit properties and facilitate the dimensioning of R;
(Fig. 83). It may be advisable to stabilise the auxiliary voltage by means
of a Zener diode Z2. Furthermore, in the circuit arrangements according
to Figs. 80...83 it is often advantageous to substitute a cascade circuit
for the series transistor T1, if the circuit is to be devised for a major load
current. The electrical behaviour of the Darlington circuit of Fig. 84a as
well as the Lin circuit of Fig. 84b is the same as that of an NPN transistor
of high current gain. ’
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.
Vaux Rs x22
o o4
R, m [T]Rz R;
Vin Vour
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Fig. 83: Improvement to the circuit of Fig. 80 by means of an auxiliary
voltage stabilised by Z2

—— T ————

Fig. 84: Cascade arrangement of two transistors, in order to achieve high
current gain -
a) Darlington circuit (NPN version)
b) Lin circuit (NPN version)

While a series regulator circuit according to Fig.80 or 81 develops a
much better performance than a simple stabilising circuit such as illus-
trated in Fig. 49 or Fig. 54, its stabilisation factor is only of finite magni-
tude and the generator impedance at the output is not zero. Two simple
steps can bring about a considerable improvement. The stabilisation
factor can be considerably increased or even overcompensated so that
it goes negative if the circuit of Fig. 80 is expanded by a resistor Rs, see
Fig. 85. This resistor enables feedforward control in that a part of the
fluctuating input voltage is fed to the input of the control amplifier. The
feedforward control system using the resistor R in Fig. 86 applies a volt-
age proportional to the load current to the input of the control amplifier
whereby the generator impedance at the output can be adjusted to zero.

The circuit arrangements of Figs. 80 to 86 feature no particular details
which would ensure the independence of the output voltage from tem-
perature. The elements responsible for temperature dependence of the
output voltage in these circuits are the Zener diode acting as a reference
voltage source and the base emitter diode of the control amplifier tran-
sistor T2 if, as can be assumed, the resistors R3 and R4 have the same
temperature coefficient. The temperature coefficient of the operating
voltae of the Zener diode essentially depends on the proper choice of
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Fig. 85: Improved stabilisation factor, due to feedforward control via Rs

ViN
Rl g,
o o-

Fig. 86: Reduction of the generator resistance at the output, due to feed-
forward control via Rg

this diode, as has already been pointed out in section 2.1.3.1. The base
emitter voltage of the transistor depends on temperature in the same way
as the forward voltage of a silicon diode, i. e. —2 mV/°C.

In the circuit shown in Fig. 80, the output voltage can be made largely
independent of temperature if a 6.2 V Zener diode is chosen, e. g. type
ZPD 6.2. From Fig. 17 it can be gathered that the two temperature de-
pendent voltage variations roughly compensate each other. This does
not apply to the circuit of Fig.81, since the operating voltage of the
Zener diode and the base emitter voltage of the transistor in Fig. 80 are
added to, and in Fig. 81 subtracted from, one another. Therefore, if a
certain temperature compensation is desired for the circuit of Fig. 81,
a Zener diode with negative temperature coefficient should be used, for
example ZPD 3.6 (see Fig. 17).

An independent choice of the voltage of the reference voltage source
becomes possible when a temperature-compensated Zener diode is em-
ployed and the simple control amplifier T2 (Fig. 80 ... 86) is replaced by
a differential amplifier with two transistors (T2 and T3) such as shown
in the basic circuit of Fig. 87. The electrical properties of the differential
amplifier can be considerably improved if the (amply dimensioned) re-
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Vaul

ZTK‘,,ﬂ

-o——

Fig. 87: Improving the circuit of Fig. 80 by a ZTK diode and
a symmetrical differential amplifier

sistor R¢ is replaced by a constant current source according to Fig. 57.
Alternatively, a resistor of much higher value may be used for Ry if a
negative auxiliary voltage is provided for feeding it (see Fig. 88).

The basic voltage regulator circuits hitherto discussed are designed for
fixed output voltages, or output voltages which can only be adjusted over
a small range. If the latter is to be adjustable from zero right through to
its maximum value, a circuit arrangement similar to that of Fig. 87 is
recommended to which must be added the above mentioned negative
auxiliary voltage, however. In the circuit arrangement of Fig. 88, the
potential drop across potentiometer P, produced by the collector current
of transistor T4 represents the reference value. It is continuously variable
between zero and full output voltage. Transistor T4 and the Zener diode Z1
form a constant current source according to Fig. 57. The stability of the
output voltage V.. is a direct function of the output current stability of
the constant current source, and it will therefore usually be advisable
to pre-stabilise the auxiliary voltage V.., as has been indicated by a
dotted line in the diagram. Moreover, the employment of a Zener diode
ZPD 6.2 as diode Z1 gives the smallest temperature dependence of the

+0 —0 +
1
R
V; 72
mn T2 T3 aut
. ¢ o -
|
b
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|
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Ry | Rs
co—{I 1+

Fig. 88: Voltage regulator with variable output
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output voltage. The potentiometer P should be a precision potentiometer
with low temperature coefficient. Interchanging the differential amplifier
transistors T2 and T3 permits the circuit arrangement according to Fig. 88
to be constructed according to the principle underlying Fig. 81. For the
series transistor T1, a PNP transistor will then have to be provided.

4.2.2. Overload protection for voltage regulator circuits

In view of the fact that semiconductor components comprise a very small
crystal with extremely small thermal time constant, the series transistor
in the voltage regulator circuits described in the previous section are
at risk under overload or short-circuit conditions at the output. Ordinary
fuses usually react only when the transistor has already been damaged,
and it is therefore advisable at any rate to provide electronic overload
protection. By using a resistor in the negative lead it becomes possible
to expand the circuit arrangement of Fig. 80 into a short-circuit proof
arrangement. The first variant is shown in Fig. 89. This circuit comprises,
in addition, transistor T3 which remains blocked during normal operation.
If, due to an excessive ioad current, the potential drop across Rg rises
to about 0.6 V, T3 starts to conduct and thus reduces the base current
of T1. The arrangement acts as a current limiter, as has already been
discussed in section 3.2.1. Under short-circuit or overload conditions,
the series transistor is subject to high thermal stress and will have to be
dimensioned accordingly. After the removal of the overload or short-
circuit condition, the output voltage is restored automatically.

+ O —0 +
h
Ry R3 R,

T2
Vin | N Vout

T3

Ry

. s
-o ‘ ﬁr 0-

Fig. 89: Circuit arrangement of Fig. 80, with additional output
current limiter

As far as the thermal dimensioning of the series transistor is concerned,
it would be convenient to block this transistor entirely if an overload or
a short-circuit condition occurs, so that an output current would not flow
any longer. This is made possible by the circuit arrangement illustrated
in Fig. 90. The latter is based on the elementary circuit of Fig. 81 which
has been expanded by the automatic turn off consisting of transistors
T3...T5. When the potential drop across resistor Ry, which is propor-
tional to the load current, exceeds the base emitter threshold of transistor
T3 (about 0.6 V), collector current begins to flow in this transistor, and
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thus base current in transistor T4. The coliector current of T4 increases
the base current of T3. Due to this feedback, the bistable trigger consist-
ing of transistors T3 and T4 is rendered conductive, whereby the auxiliary
transistor T5 is rendered conductive at the same time and the base of
T2 approaches zero potential. As a result, transistor T2 of the control
amplifier and series transistor T1 are blocked, and an output current
does not flow any longer. By disconnecting the supply voltage V;, the
bistable trigger T3, T4 returns to the blocked condition, and the circuit
is again ready to operate.

13 []R, []RZR r 15 []%s
—

Ry
- ‘QE O -

Fig. 90: The circuit arrangement of Fig. 81, with an additional
overcurrent cutoff

A circuit arrangement whose working principle can be gathered from
Fig. 91 operates in a similar way [31]. In contrast to the previously de-
scribed circuit of Fig. 90 it may prove advantageous that, after eliminat-
ing a short-circuit at the output, the supply voltage need not be turned
off because this circuit arrangement will return to the normal operating
condition automatically. Fig. 92 shows the characteristic of this circuit.
If the output current /oy max is exceeded as a result of too small a load
resistance, the output current jumps to /o and the output voltage as-
sumes a value between zero and Vor which depends on the given load

Fig. 91: Circuit according to Fig. 81, with additional built-in overcurrent
cutoff, retrograde current characteristic and automatic voltage
restoration
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Fig. 92: Schematic characteristic according to the circuit of Fig. 91

resistance. If the load resistance rises, so that the product Ry * [iport €X-
ceeds the value Vo4, the output voltage jumps back to its nominal value.

With reference to Fig. 93, a further version of overload protection will
now be shown. Here, a planar thyristor is used as the cutoff element [34].
When the potential drop across the resistor R4 exceeds the ignition volt-
age of the thyristor (approx. 0.7 V) due to overloading, the thyristor fires
and thus grounds the base of the series transistor T1, so that the latter
is blocked. A brief interruption of the supply voltage V;, renders the cir-
cuit operational again, after the overload has been removed.

‘0 o+
T2

Vin E x Vout
p L]~

g S—
. .

Fig. 93: Circuit of Fig. 80 with additional built-in overcurrent cutoff by
means of a thyristor

4.2.3. Circuit examples for voltage regulators

Whereas in the two preceding sections elementary circuits were pre-
sented which, when applied in practice, will have to be dimensioned
according to given requirements, we shall now present a number of
dimensioned circuits, well proven in practical operation [9].

Fig. 94 shows a simple series stabilising circuit according to Fig.54 in
which a Lin circuit (see Fig. 84b) has been employed as series transistor.
For an input voltage range of 15 V % 20 %, the output voltage is ap-
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proximately 6 V, and a maximum output current of 1 A is admissible.
Measurements of the source impedance at the output revealed:

2 Q in the range /oyt = 0...50 mA

0.1 Q in the range /oy = 50...500 mA

0.02 Q in the range I,y = 05...1A

The stabilisation factor S at /,,+ = 0.5 A is greater than 50. Transistor T2

requires a heat sink or a cooling sheet with a maximum thermal resist-
ance of 15 °C/W.

:1011 Vou{

Y, ZPD 68 _IL_WH

+

O+

Fig. 94: Simple series stabilising circuit for6 V, 1 A

The voltage regulator of Fig. 95 is designed for an input voltage range of
17...22 V and supplies an output voltage of 12 V for a maximum load
current of 2 A. It corresponds to the elementary circuits of Figs. 85 and 86,
i.e. it comprises two feedforward circuits. By means of the 100 kQ
potentiometer the stabilisation factor is adjusted to its maximum value.
By means of the variable 0.15 Q resistor the source impedance at the
outpout can be set to a minimum and the output voltage set to a nominal
value by means of the 250 Q potentiometer. The series transistor 2 N 3055
requires cooling means having a thermal resistance of not more than
5 “C/W and a star-shaped cooling element must be fitted to the BC 140.
Maximum ambient temperature is 45 °C at full load.

2N 3055
+0- ’ O +
6,8k [10K 1 | [560
[]s‘sk
. - V.
Vo [Bok BC 140-6 Se0 | out
== 1004

BC 170 B ZPD62
560 AN
015,
-0 gz 0 -

Fig. 95: Voltage regulator circuit for 12V, 2 A
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Fig. 96 shows a short-circuit proof voltage regulator based on the prin-
ciple of the diagram shown in Fig. 81, designed for an output voltage of
24 V. Input voltages of —27...—36 V are admissible. The maximum
output current at which the output voltage breaks down may be roughly
calculated by using the following equation:

hee © (Vour — V.
Ioulmax = FE_(ORU'—Z) (47)

wherein hge is the current gain of the power transistor, taking into ac-
count the 3.9 k2 base-emitter resistance. By means of the 250 Q potentio-
meter the output voltage is adjusted, and by means of the 1 kQ potentio-
meter the cutoff current. The latter is of the order of 1 A.

+ O

Fig. 96: A short-circuit proof voltage regulator for 24 V,
lout = approx. 1 A

-0

Fig. 97: Voltage regulator with small residual voltage, for 9 V, 50 mA

The voltage regulator circuit of Fig. 97 likewise resembles the elementary
circuit of Fig. 81, but is equipped with a differential amplifier similar to
the circuit arrangement of Fig.87. The most important feature of this
circuit is that it is conceived fo a very small difference between the input
voltage Vi, and the output voltage V... The input voltage range is 10 ..
14 V, and the output voltage 9 V, with an admissible load current of
50 mA.

In the circuit arrangement of Fig. 98, the output voltage can be set to
within 6 and 15 V, and the admissible load current is 0.6 A. The input
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voltage may fluctuate between 20 and 22 V. An overload cutoff circuit
according to the method illustrated in Fig. 93 is provided. Thyristor
BRX 44 ignites when the voltage drop across a 1 @ resistor exceeds the
value of about 1 V and will then ground the base of the Darlington series
transistor, so that the latter is blocked. This condition is preserved until
the thyristor is extinguished by an interruption of the supply voltage V;,.
The 1 Q resistor in the negative lead, moreover, effects feedforward con-
trol according to the principle illustrated in Fig. 86, and this produces a
very low source impedance at the output.

2N 3055

i BCI718 Yout
¥ BRX 44 A
ZPDSI 2N 68n []G'Bk T
LK T 1
o — o

Fig. 98: Voltage regulator with electronic overcurrent cutoff for6...15V,
06 A

A critical design problem arises if a voltage stabilising circuit is expected
to produce a stabilised voltage of 1.15 V when it is fed from a monocell
which, during operation, decays from a maximum of 1.8 V down to 1.2 V.
Demands of this kind are made in connection with electronic watches.
INTERMETALL has developed the circuit shown in Fig. 99 for this kind of
application. Here, the reference voltage source is the base emitter path
of transistor T2 which, via transistor T1, controls the series transistor T3.
Taking into account the product of the current gain of transistors T1 and
T3. the 1 MQ base resistor of transistor T1 is dimensioned such that the
series transistor T3 is fully saturated when transistor T2 does not con-
duct current. When the output voltage has reached its desired value, a

Fig. 99: Voltage regulator for a low battery voltage,
output voltage 1.15 V, output current 5 mA
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collector current flows in T2 which reduces the base current of tran-
sistor T1 to such an extent that the output voltage remains constant at
1.15 V. The reference voltage is the base emitter voltage of transistor T2
amounting to about 420 mV for a collector current of about 1 uA. Accord-
ing to the potential divider ratio R;/R3, an output of 1.15 V is achieved.
This voltage is kept stable for load currents up to about 5 mA. If resistor
R; is reduced, higher load currents become admissible. The source re-
sistance at the output is about 1...2 Q. A variation of input voltage in
the region of 1.2...1.8 V causes the output voltage to vary by about
70 mV.

Conventional series regulators are unable to cope with an appreciable
back EMF for reverse current produced by the load. If the emitter of the
series transistor used in the regulator is directly connected to the output
(see Fig. 80), then this transistor is likely to be damaged whenever the
back EMF exceeds the output voltage by more than the maximum permis-
sible emitter base voltage of the series transistor (usually 5...7 V). The
internal resistance of the supply source to reverse currents is very high.
Shunt stabilisers, on the other hand, whilst not suffering from the same
disadvantage, pass a continuous quiescent shunt current of the same
order of magnitude as the output current. The combined circuit shown
in Fig. 100 largely overcomes both these disadvantages. In principle it
is very similar to a transformerless output stage familiar from audio
engineering, and consists, in the main, of a Darlington pair formed by
transistors T1 and T2. A stabilised voltage derived from Zener diode
ZPD 5.6 is applied to the base of T1. The series-connected stabiliser
diode ZTE 1.5 compensates the base emitter voltages of T1 and T2, so
that the output voltages V., is roughly equal to the voltage across the
Zener diode and has a low temperature coefficient. Furthermore, a PNP
parallel transistor T3 is provided. The common bias of the complemen-
tary transistors T2 and T3 is determined by the voltage drop across diode
BA 170 and the 100 @ potentiometer. The quiescent current through tran-
sistors T2 and T3 is set to about 10 mA by means of the potentiometer.
Under normal conditions the circuit functions like any conventional series
regulator and passes a quiescent current of 10 mA. If, however, a back
EMF is applied to the output, then the emitter potentional of transistor T3

Fig. 100: Combined series and shunt regulator circuit for 5.6 V, + 200 mA
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goes positive, its conductivity rises, and a current passes, via T3, to the
zero terminal. Each of the output transistors T2 and T3 should be fitted
with a heat dissipator. The range of input voltages is 12 V £ 20 %, and
the output voltage is 5.6 V. Load currents of up to 200 mA at the output
are admissible in both directions.

The next circuit diagram (see Fig.101) illustrates a voltage regulator
similar to that of Fig. 88, its output voltage being adjustable between zero
and 15 V. The admissible output current is 1.5 A and the rated input volt-
age between 17 and 20 V. The negative auxiliary voltage should be be-
tween 16 and 20 V. A Lin circuit similar to that shown in Fig. 84 ist in-
corporated to act as series transistor and behaves like a high gain PNP
transistor. For an ambient temperature of 45 °C the 2 N 3055 requires a
cooling sheet having a thermal resistance of no more than 3.5 °C/W and
a star-shaped heat dissipator must be fitted to the BC 360. The stabilisa-
tion factor of the circuit is approximately 100, and the source resistance
at the output approximately 50 mQ.

2N 3055
O O+
+17..20V
270
360-10
Vin £50 Vout
2+BC1718 25k
O.C O -
560 ‘GmA
ZPD82 X 15k 9 BC171B
ZS‘ZPD 56
500
-16..20v_330 470
o—{ 1} ¢

Fig. 101: Voltage regulator circuit for0...15V, 1.5 A

4.2.4. Circuit examples for voltage regulators with integrated circuits

The monolithic integrated voltage regulators developed by INTERMETALL
have already been discussed in section 3. Below, a few application cir-
cuits will be described. The standard application circuit has already been
illustrated in Fig. 47. The capacitor at the output may be omitted in
most cases, unless a small output resistance is required, especially at
high frequencies. If the charging capacitor of the power supply unit is
physically separated from the voltage regulator, an additional capacitor
of about 1 uF, directly at the regulator input, will be needed.

Additional external circuitry enables voltage regulating circuits to be
constructed with the ICs of series TDD 1605... TDD 1624 which deliver
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Vin 1 3 Vout

quiescent
current

Fig. 102: TDD 16.., used as a voltage regulator with adjustable output
voltage

a higher voltage than that for which the IC is rated. Fig. 102 shows the
simplest solution, although in this case the quiescent current from ter-
minal 2 of the integrated voltage regulator flows into the potentional
divider and influences the output voltage. The expanded circuit of Fig. 103
does not suffer from this disadvantage.

Vin N 3 Vout
——o— TDD6....

2

0

Fig. 103: The circuit of Fig. 102, its function improved

In the circuit of Fig. 104 the integrated voltage regulator is used in the
construction of a constant current source. The output current /o, is cal-
culated from the equation

Va2

+ 1o (48)

lout =

and, if a variable resistor or a potentiometer is used for R, is continuously
variable.

Vin !

Fig. 104: Constant current source with TDD 16. .
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4.3. Laboratory power supply unit with voltage and current regulation

Shortly before this book was published, instructions for building a labo-
ratory power supply unit were published [35] which, over the range of
0...30 V, operates with a continuously variable output voitage and a
maximum load current of 2 A. This circuit arrangement incorporates
overload protection and permits selection of two operating modes, i. e.
cutoff upon overioading or current limiting. The current limiter is de-
signed in such a way that within the range of current stabilisation, the
output current is kept constant in the same degree as the output voltage
in constant voltage operation.

The circuit (Fig. 105) contains three light-emitting diodes (LED) which
indicate the mode of operation. The switch S2 enables changeover be-
tween the operating modes “current limiting” (position 1) and “cutoff”
{position 2). In position 1, the circuit operates below the current set by
means of P3, acting as a constant voltage source (the green LED lights
up), and above the set current the red LED lights up to indicate constant
current operation. When switch S2 is set to 2, then, during normal opera-
tion, none of the LEDs will light up: It is only after a cutoff due to over-
loading that the yellow LED lights up. If switch S2 is changed over to
position 1, the power supply is rendered operative again, after discon-
nection due to overloading.

Coarse and fine adjustment of the output voltage is possible by means
of potentiometers P1 and P2 respectively. In the constant current mode,
coarse adjustment of the output current is possible by means of switch
S1 in the ranges 0...0.2 A and 0...2 A, whereas it is continuously
variable by means of potentiometer P3. The series transistor is made up
by two power transistors 2 N 3055, connected in parallel, each of them
being mounted on a heat sink having a thermal resistance of not more
than 2 °C/W. If an output current of 1 A is sufficient, one of the two
series transistors may be omitted. The driver is also a 2 N 3055 because
this type of device is robust and less expensive than similar, possibly
smaller, power transistors. It may be mounted on the heat sink of one
of the series transistors.

The current range is set by means of the 2.5 kQ trimming potentiometer,
and the voltage range by means of the 1 kQ trimming potentiometer. In
order to measure the output voltage, a voltmeter with 30 V f. s. d. may be
shunted across the output terminals. In order to measure the current,
a moving coil instrument may be connected in parallel with the shunt of
4.7 Q, its full scale deflection being set by means of a series resistance
to 1.02 volts.
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