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Preface

 

Passive electrical components (resistors, capacitors, inductors, and switches, etc.) and transducers (relays, loudspeakers, ‘phones, and thermistors, etc.) and simple ‘discrete’semiconductor devices such as diodes, transistors, SCRs, and triacs, etc., form the very bedrock on which the whole field of modern electronics is built, and from which all modern electronic circuits (including those using linear or digital ICs) have evolved.  This fully revised and expanded second edition of this information-packed book is a single-volume applications guide to the most popular and useful of these devices, and presents a total of 681 diagrams, tables, and carefully selected practical circuits, backed up by over 86,000 words of highly informative text.  It explains the basic features and important details of modern passive and active discrete components, and shows how to use them in a wide range of practical applications.

The book is aimed directly at those engineers, technicians, students and competent experimenters who can build a design directly from a circuit diagram, and if necessary modify it to suit individual needs.  It deals with its subjects in an easy-to-read, concise, and highly practical and mainly non-mathematical manner.  Each chap-ter deals with a specific type or class of device, and starts off by explaining the basic principles of its subject and then goes on to present the reader with a wide spectrum of data, tables and (where relevant) practical applications circuits.

The book is split into twenty distinct chapters.  The first three explain important practical features of the available ranges of modern passive electrical components, including relays, meters, motors, sensors and transducers.  Chapters 4 to 6 deal with the design of practical attenuators, filters, and ‘bridge’ circuits.  The remaining fourteen chapters deal with specific types of discrete semiconductor device, including various types of diode, transis-tors, JFETs, MOSFETs, VMOS devices, UJTs, SCRs, triacs, and various optoelectronic devices.

Throughout the volume, great emphasis is placed on practical ‘user’information and circuitry; most of the active devices used in the practical circuits are modestly priced and readily available types, with universally recognised type numbers.

Note in this book that the values of resistors and capacitors, etc., are notated in the International style that is now used throughout most of the western world, but which may not be familiar to some ‘hobbyist’readers in the USA. Such readers should thus note the following points regarding the use of the International notation style in circuit diagrams:

(1)  In resistance notation, the symbol R represents units of resist-ance, k represents thousands of units, and M represents millions of units.  Thus, 10R = 10 , 47k = 47k , 47M = 47M .
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(2) In capacitance notation, the symbols µ, n (= 1000pF), and p are
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used as basic multiplier units.  Thus, 47µ = 47µF, 10n = 0.01µF, and 47p = 47pF.

(3) In the international notation system, decimal points are gener-ally not used in notation and are replaced by the multiplier symbol (such as V, k, n, µ, etc.,) applicable to the individual component value.  Thus, 4V7 = 4.7V, 1R5 = 1.5  , 4k7 = 4.7k , 4n7 = 4.7nF, and 1n0 = 1.0nF = 0.001µF.
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1 Passive electrical components guide

 

Modern electronic circuit design is based on the interaction between passive electrical components or transducers and various types of active rectifying, amplifying, or switching devices. The practical electronics design engineer needs a good understanding of all these elements in order to generate truly cost-effective and reliable designs that will continue to function correctly under hostile oper-ating conditions.

This opening chapter takes an in -depth look at the five major types of passive component, i.e., resistors, capacitors, inductors, trans-formers, and switches, and provides the reader with a concise but comprehensive guide to their symbology, pertinent formulae, basic data, major features, and identification codes, etc.

 

Guide to modern resistors

 

Either of two basic symbols can be used to represent a resistor, and Figures 1.1 and 1.2 show their major family ‘sets’. Internationally, the most widely acceptable of these is the ‘zig-zag’ family of Figure 1.1; these symbols may be subjected to some artistic variation, with the number of zig-zag arms varying from two to five. The alterna -tive ‘box’symbols of Figure 1.2 are rarely used outside of Western Europe.

The most widely used resistance formulae are the simple ‘ohms’ and ‘power’ones listed in Figure 1.3, and the series and parallel ‘equivalents’ones shown in Figures 1.4 and 1.5. These formulae are valid under dc and low-frequency ac conditions only; all practical
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Figure 1.1. Internationally-accepted symbols for various types of resistor and variable potentiometer (pot).
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Figure 1.2. Alternative resistor and pot symbols, popular in many West European countries.
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Figure 1.3 . Basic dc ohms law formulae.

 

Figure 1.4 . Method of calculating combined value of resistors in series.
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Figure 1.5 . Method of calculating combined value of (a) two or (b) more resistors in parallel.
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resistors exhibit a certain amount of inductance and capacitance, which may significantly influence the component’s high frequency impedance.

Precise parameter values can easily be derived from the abo ve for-mula with the help of a calculator. Alternatively, a whole range of values can be quickly found - with a precision better than ten per-cent - with the aid of the nomograph of Figure 1.6 and a straight edge or ruler, which are used in the manner described in the caption; thus, if a 1k0 resistor is used with a 10V supply, a line projected through these two values on the appropriate vertical columns shows that the resistor passes 10mA and dissipates 100mW.

Three basic types of fixed-value resistor are in general use or are likely to be met by practical engineers; these are carbon composi-tion or ‘rod’types, ‘film’types, and ‘wire wound’types.

Carbon composition resistors are now obsolete but are often found in pre-1985 equipment. They consist of a resistive rod (made from a blend of finely ground carbon and insulating/binding resin filler, the ‘mix’of which determines the resistance value), to the ends of which are attached a pair of wire leads; the assembly is protected against moisture penetration, etc., by an insulating coating. Figure 1.7 shows the three most widely used constructional variations of these resistors. In (a) and (b) the leads are axial (are in line with the component’s axis); in (c) they are radial.

The most widely used modern resistors are ‘film’types. These use the basic construction shown in Figure 1.8(a); a resistive film of carbon compound (in ‘carbon film’resistors) or metallic oxide (in ‘metal film’or ‘oxide film’ resistors) is deposited on a high-grade non-porous ceramic rod and electrically connected to a pair of axial leads. The film is then machine-cut to form a helical spiral who’s length/breadth sets the actual resistance value; the final assembly is 4

[image: ]

 

Figure 1.6. To use this nomograph, lay a straight edge so that it cuts any two vertical columns at known reference points, then read off the remaining two unknown parameter values at points where the edge cuts the other two vertical columns.
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Figure 1.7 . Construction of various types of carbon composition (rod) resistor.
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Figure 1.8 . Typical construction of (a) Þlm-type and (b) wire-wound resistors.
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given a glazed insulating coating.

Wire-wound resistors are constructed by winding a spiral of high-quality Nichrome, Eureka, or similar resistance wire onto a ceram-ic former and joining its ends to a pair of external leads, as shown in Figure 1.8(b); if the resulting component is built to exploit it’s inherent ‘precision’, it is then given a normal insulating coating, but if it is built to exploit it’s inherently-high ‘power  dissipation’quali-ties it may be fitted with a heat-dissipating jacket of vitreous enamel, ceramic compound, or solid aluminium.

 

Practical resistor characteristics

All practical resistors have the electrical equivalent circuit of Figure 1 . 9. Each lead exhibits self-inductance (typically 8nH/cm or 20nH/inch), and the resistor body is shunted by stray capacitance (roughly 1pF). The resistor body also exhibits some self-induc-tance; in carbon composition types the inductance is negligible; in ‘film’types it is (because of the spiral form of construction) small, but may be significant at high-frequencies; in wire-wound types the inductance is inherently quite high.

[image: ]

 

Figure 1.9 . Equivalent circuit of a practical resistor.

 

A resistor’s value varies with temperature, with the passage of time, with applied voltage, and with conditions of humidity, etc. The magnitude of these changes varies with resistor type, as shown in Figure 1.10. Here, the ‘temperature coefficient’is listed in terms of both ‘parts-per-million’ (ppm) and ‘percent’ change per degree Celsius/Centigrade. The ‘shelf life change’column list the typical percentage limits of component value change when the component is stored in a stable temperature-controlled environment for one year; this change may be an order of magnitude greater if the com-ponent is stored in a hostile and highly-variable environment, such as in an attic or garden shed.

Note from Figure 1.10 that carbon composition resistors are noisy and have very poor thermal and long-term stability, and are best replaced by ‘film’ types. The best general-purpose resistors are metal film ones, which offer excellent thermal and long-term sta-bility and low noise. Wire wound vitreous (etc.) types offer very high power dissipation, and wire wound precision types offer superb overall stability.
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Resistance value notation

Resistance is measured and denoted in Ohms, which may be abbre-viated to Ohm, R, or Ω. When values of thousands or millions of Ohms are denoted the abbreviations K or k (for Kilohms) or M (for Megohms) may be used; when a denoted resistance value requires the use of a decimal point indicator, the ‘point’may be replaced by the appropriate R, K, k, or M sign. The following examples illus-trate these facts:

0.1 Ohms          =   0.1Ω   or 0R1 6.8 Ohms          =   6.8Ω   or 6R8 120 Ohms         =   120Ω   or 120R 4700 Ohms        =   4.7K   or 4K7 or 4k7 12,000 Ohms       =   12K    or 12k 47,500 Ohms       =   47.5k   or 47k5 1,200,000 Ohms    =   1.2M   or 1M2 22,000,000 Ohms    =   22M

 

Preferred resistance values

By international agreement, general-purpose resistors are made in a number of ‘preferred’nominal values, and the number of values per decade is related to the desired resistance precision. Thus, if a pre-cision of ±20% is specified, the entire spectrum of possible resist-ance values in the 80R to 800R decade can be adequately spanned by just six ‘preferred’resistors with the following nominal values and tolerance ‘spreads’:

100R nominal; ±20% spread = 80R to 120R 150R  “  ;       ±20% spread = 120R to 180R 220R  “  ;       ±20% spread = 176R to 264R 330R  “  ;        ±20% spread = 264R to 396R 470R  “  ;       ±20% spread = 376R to 564R 680R  “  ;       ±20% spread = 544R to 816R

Note that these values increase logarithmically, in increments of about 50%, and that the range of values can be expanded in decade multiples and sub -multiples to span all possible component values. Throughout most of the world this particular set of values is known as the ‘20% tolerance’ series, but in most of Europe is known (because it uses six values per decade) as the ‘E6’series. Several other series are also available in the ‘preferred’ family of resistor values; Figure 1.11 gives details of the most widely used members of the family; this table also applies to the preferred range values of capacitors and so on.

 

Resistor coding

The value and tolerance of a resistor may be marked on the compo-nent’s body either directly (i.e., as 4k7, 5%) or by using some form of easily recognised colour or alpha-numeric code system. The most widely used system is based on the standard and well known ‘black, brown, red, orange, etc.’ colour code system, as shown in Figure 1.12.

Any component value in the E6, E12, and E24 preferred values
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Notes:
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(1) Stability = relative percentage in value per 1000 hours of operation. (2) Grade-1 Hi-stab resistors may be distinguished by a salmon-pink Þfth band or body colour

 

Figure 1.12 . Standard resistor colour code systems and notat i o n s.

 

series can be represented by just two digits and a decimal ‘multipli-er’. Consequently, the value and tolerance of any resistor in these series can be indicated by a four-colour code, with the first three colours indicating the resistance value and the forth indicating the tolerance. On resistors with axial leads this colour code is set in the form of four bands, which are read from left to right as shown in Figure 1.12(a); on resistors with radial leads the code is arranged as

11
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a set of body colours, as shown in (b). Figure 1.13 shows examples of the use of this code.

The basic 4-band colour code system is simple and unambiguous. Note, however, that some resistors use a modified version of this code, with a fifth well-separated band added and used to convey additional information, as shown in (c) and (d). Usually, in Europe, this fifth band is carried on precision Hi-Stab E24 -series resistors only and denotes the component’s temperature coefficient, as shown in column ‘X’of Figure 1.12, but in the U.S.A. it denotes the com-ponent’s specified stability in terms of percentage change in value per 1000 hours of operation, as in column ‘F’.

In the E96 series, any value can be represented by three digits and a decimal multiplier. Consequentl y, the value and tolerance of any resistor in this series can be indicated by a five-band colour code, in which the fifth band indicates the component’s tolerance, as shown in    Fi g u re     1.12(e).     Thus,     the     sequence     orange-bl a c k-wh i t e-b r ow n-b r own  indicates  a  3k09,  ±1%  resistor  va l u e . Superficially, this 5-band system may seem unambiguous, but in practice great confusion can result if a resistor using a true 5-band system is mistaken for one using a modified 4/5-band colour code; thus, a 2% component marked red-red-orange-gold-red with a true value of 22R3, may be mistaken for a 22k, 5% resistor with a 50ppm/ °C temperature coefficient or 0.1% stability factor if read as a 4/5-band component.

[image: ]

 

Figure 1.13 . Examples of resistor values, using 4-band or 4-colour coding.

 

Regarding alpha-numeric resistance-coding, the two most widely used of these systems are shown in Figures 1.14 and 1.15; each of these systems may be subject to some detail variations. In the Figure 1.14 system the component value is printed in normal alpha-numeric terms (e.g., as 3k3 or 3.3kΩ, etc), and the tolerance
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Figure 1.14. Typical alpha-numeric resistor-coding system. 12
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is denoted by a direct indication (such as 5%) or by one of the five code letters listed. Thus, a 47 Ω 5% resistor may be notated 47RJ, for example.

The alternative system of Figure 1.15 uses a purely numeric three-digit coding system in which the first two numbers equal the first two digits of the resistor value, and the third gives the number of zeros to be added to those two digits. In some variations of this system the component’s tolerance may also be indicated, in the same ways as in Figure 1.14; thus, the notation 100J indicates a 10R, 5% resistor.
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Figure 1.15. Typical numeric resistor-coding system.

 

Variable & preset resistors (ÔpotsÕ)

Nowadays, these components are universally known as potentiome-ters or ‘pots’, although the name ‘potentiometer’ was originally coined to describe an early ratiometric type of voltage-measuring instrument. A modern pot is the equivalent of the 3-terminal resis-tive unit shown in Figure 1.16(a), in which a resistive track is formed between pins 1 and 3, and electrical access to any point on the track can be made via a movable wiper that is in contact with pin 2. Practical pots come in a variety of shapes and sizes, but the best known is the ‘rotary’ type shown in Figure 1.16(b), in which the wiper (pin-2) moves towards pin-3 when the spindle is rotated clock-wise (CW) and towards pin-1 when it is moved counter clock-wise (CCW).

[image: ]

 

Figure 1.16 . Symbolic representation (a) and typical appear-ance (b) of a modern potentiometer.

 

A pot can be used in any of four basic ways, as shown in Figure 1.17. It can be used as a variable resistance that either increases or decreases in value when the wiper moves CW by using the connec-tions of (a) or (b), or as a fully-variable attenuator or potential divider in which the output either increases or decreases when the slider moves CW by using the connections of (c) or (d).
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Figure 1.17. A potentiometer can be used as a variable resistor [(a) or (b)] or as a fully-variable attenuator [(c) or (d)].
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When the design of a resistance-connected rotary pot is such that its resistance value varies in direct proportion to the angular movement of its control shaft it is said to have a ‘linear law’. Rotary pots can be designed with a variety of different ‘laws’, and the four most popular of these are depicted in Figure 1.18; the ‘S’-law type gives a semi-linear response. Rotary pots are often produced in ‘ganged’ form, with a single shaft controlling several pot wipers.
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Figure 1.18 . Resistance/rotation laws for four types of poten-tiometer.
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Some pots, known as ‘slide’types, have a linear element, and some (known as ‘multi-turn’pots)  have a helical track that needs several control-shaft rotations to make the wiper span its full length. Preset pots are often called ‘trimpots’, and have a linear law.

Three basic classes of pot are in general use. ‘Carbon’pots use a resistance track made of carbon composition in either solid or film form. ‘Cermet’pots use a resistance element formed from a ceram-ic base, coated with a metal-oxide film-type track, and have far better stability and durability than carbon types. ‘Wire-wound’pots have a track made from resistance wire, and are useful in applica-tions calling for a low resistance or high power-dissipation capabil-ity.

 

Guide to modern capacitors

Internationally, the most widely used set of basic capacitor symbols is that shown in Figure 1.19, in which the capacitor’s plates are rep-resented by a pair of parallel lines, but in North America a different set of symbols (in which one plate is shown curved) is used, as shown in Figure 1.20.

[image: ]

 

Figure 1.19. Widely-accepted symbols for various types of capacitor.

 

In its simplest form, a capacitor consists of a pair of parallel con-ductive plates, separated by an insulating layer of dielectric materi-al. The device’s capacitance value (C) is proportional to the area of the plates (A) and to the relative dielectric constant (K) of the insu-lator, but is inversely proportional to the thickness (t) of the dielec-tric, as shown by the formulae of Figure 1.21.

Figures 1.22 and 1.23 show the basic formulae used to calculate the effective value of several capacitors wired in series or parallel.

The reactance (X) of a capacitor is inversely proportional to fre-quency (f) and to capacitance value. Figure 1.24 shows the formu-la that relates these parameters to one another. Precise parameter values can easily be derived from these formulae with the help of a

15
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Figure 1.20 . North-American symbols for various types of capacitor.
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Figure 1.21 . Basic capacitance formulae.

 

Figure 1.22 . Method of calculating combined value of (a) two or (b) more capacitors in series.
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Figure 1.23. Method of calculating value of capacitors in para llel.
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Figure 1.24. Capacitive reactance formulae.
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calculator. Alternatively, a whole range of values can be rapidly found - with a precision better than twenty percent - with the aid of the nomograph of Figure 1.25 and a straight edge or ruler; to use this chart in this way, simply lay a straight edge so that it cuts two of the C, f, or X columns at known reference points, then read off the remaining unknown parameter value at the point where the straight edge cuts the third column. This chart can also be used to find the approximate resonance frequency (f) of an L-C network, by using the straight edge to connect the L and C columns at the appro-priate ‘value’points and then reading off the ‘f’ value at the point where the edge crosses the f column.

The simplest type of capacitor consists of a pair of conductive plates separated by a dielectric material, as shown in Figure 1.26; if the plates are rectangular the capacitor is known as a plate type, as in (a), and if they are circular it is known as a disc type, as in (b). The capacitance value is proportional to the area of the plates and to the ‘permittivity’ (the dielectric constant) of the dielectric, but inversely proportional to the dielectric thickness, as shown by the formulae of Figure 1.21. A dozen or so different basic types of dielectric are in common use, and the approximate permittivity values and electrical strengths of these are listed in Figure 1.27.

To give the reader a ‘feel’ of the practical meaning of the above data, take the example of a simple capacitor with a plate area of 1 square cm. If it uses an air dielectric and a spacing of 0.5 mm., it will have a capacitance of 17.7pF and a breakdown value of 262V. Alternatively, a polyester dielectric may be used; this material is strong but flexible and may be very thin; if it has a thickness of only 1 mil (0.04 mm or 0.001 inch), which is equal to about half the thickness of a human hair, the capacitance value will be 730pF and the breakdown value will be 250V. Again, a ceramic dielectric may be used; this material is rigid and brittle, and thus needs to be rela-tively thick; for example, if a 1 mm high-K ceramic dielectric with a permittivity of 10,000 is used the capacitance will be 88.5nF and the breakdown value 5000V.
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Figure 1.25 . This chart can, with the aid of a straight edge, be used to Þnd the reactance of a capacitor or inductor, or the reso-nant frequency of an L -C network;see text for explanations.
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Figure 1.26. Basic construction of various types of capacitor.
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In practice, simple disc and plate capacitors are readily available with values ranging from below 2.2pF to about 100nF. Larger values can be obtained by ‘stacking’la yers of plates and dielectrics, as shown in Figure 1.26(c); this multi-layer or monolithic technique enables maximum values of about 1µF to be created, using an eleven-plate construction.

Relatively large values of capacitance (up to about 10µF) can be created by using lengths of flexible foil instead of plates, and rolling these and two layers of dielectric into the form of a tight swiss -roll, as typified by the layered foil type of construction shown in Figure 1.26(d). A modern variation of this concept uses the metallised film technique shown in Figure 1.26(e), in which the foil is replaced by a metallic film that is deposited directly onto one side of the dielec-tric; a non -metallised margin is left at one edge of each dielectric, to facilitate the making of external connections during the manu-facturing stage.

Irrespective of the basic type of construction used, the completed fixed-value capacitor is always given some form of protection against environmental contamination, either by coating it with lac-quer, dipping it in resin, or encapsulating it in some type of plastic or metal jacket.
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Figure 1.27 . Dielectric constants and breakdown voltages.
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Electrolytic capacitors

Very large values of capacitance (up to about 100,000µF) can be created by using an ‘electrolytic’technique in association with the Figure 1.26(d) layered foil form of construction. In aluminium oxide electrolytics the two foils are made of high-purity aluminium; one of these (the cathode or ‘negative’foil) is used directly, but the other one (the anode or ‘positive’foil) has its surface covered with a thin insulating film of aluminium oxide; this film, which may be only 0.01mil thick, forms the dielectric. The two foils are separated by a layer of tissue that is soaked with an electrolyte which, being an excellent conductor, operates in conjunction with the plain foil to form the true cathode of the final capacitor. Note that, thanks to this conductive electrolyte, the effective thickness of the capacitor’s dielectric is equal to the thickness of the aluminium oxide film on the anode foil, and is independent of the actual thickness of the electrolytic layer.

Because of the thinness of their oxide film, electrolytics can provide very high capacitance density. An aluminium oxide type with a 2cm × 100cm foil size and a 0.01mil oxide thickness will, for example, have a capacitance of about 35µF. A tantalum oxide type using a similar form of construction and the same dimensions would have a capacitance of about 120µF. These values can be increased by a factor as high as four by chemically etching the aluminium foil prior to the forming process, thus greatly increasing the foil’s effec-tive surface area.
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The anode foil’s oxide film is formed by using the foil as one of the electrodes in an electrolysis bath; when a DC voltage is first applied to this electrode it conducts readily, and as it passes current the film of highly resisti ve oxide begins to form on its surface; as the film builds up its resistance progressively increases and thus reduces the current and the rate of deposition at a proportionate rate, until the film reaches ‘adequate’ thickness. Consequently, this ‘forming’ process results in a capacitor that inherently passes a significant leakage current when in use. Typically, in aluminium oxide elec-trolytic types, this leakage value is roughly equal to  -

I   = 0.006CV µA L

where C is in µF and V is in volts. Tantalum oxide electrolytic capacitors have far lower leakage currents than aluminium oxide types.

 

Practical capacitors

All practical capacitors have the electrical equivalent circuit of

Figure 1.28(a), in which C represents pure capacitance, R repre-S sents dielectric losses, R represents parallel leakage resistance, L PS the inductance of electrode foils, etc., and L the self-inductance of  L

the component’s leads (about 8nH/cm or 20nH/inch). At high fre-quencies this circuit simplifies into the series resonant form shown

in (b). Note that the resonant frequency (f ) of a large electrolytic R may be only a few kHz, while that of a small ceramic type may

reach hundreds of MHz (Figure 1.29shows typical f values of sev-R eral ceramic capacitors with specific total lead lengths). Also note

that a capacitor’s impedance is capacitive below f , resistive at f , R R and inductive above f , and that an electrolytic’s impedance may R

thus be quite large at high frequencies, preventing it from removing spikes or transients from supply lines, etc.

At low frequencies a capacitor’s self -inductance has little practical
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Figure 1.28. The full equivalent circuit (a) of a capacitor can be simpliÞed to (b) at high frequencies, or to (c) at low-value Þxed fre-quencies.
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Figure 1.29. Typical self-resonant frequency of ceramic (disc or plate) capacitors.
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effect, but R   and R cause a finite shift in the capacitor’s volt-S P

age/current phase relationship; this same phase shift can, at any given frequency, be emulated by a single ‘lumped’resistor in series

with a pure capacitor, as in Figure 1.28(c). The ratio between R and S X (the pure reactance) is known as the ‘D’ or ‘loss factor’ of a capacitor, and indicates the component’s purity factor; the lower the ‘D’ value, the better the purity.

A capacitor’s value varies with temperature, with the passage of time, and with frequency and applied voltage. The magnitude of these changes varies with capacitor type, as shown in Figure 1.30. The following notes explain the most important features of the var-ious capacitor types.

 

Silver mica

These capacitors have excellent stability and a low temperature coefficient, and are widely used in precision RF ‘tuning’applica-tions.

 

Ceramic types

These low-cost capacitors offer relatively large values of capaci-tance in a small low-inductance package. They often have a very large and non-linear temperature coefficient; in high-K types this is often so massive that it is specified in terms of percentage change in capacitance value over the device’s full spread of thermal working limits (typically -55 to +85°C). They are best used in applications such as RF and HF coupling or decoupling, or spike suppression in digital circuits, in which large variations of value are of little impor-tance.

 

ÔPolyÕtypes

Of the four main ‘poly’ types of capacitor, polystyrene gives the best performance in terms of overall precision and stability. Each of the others (polyester, polycarbonate, and polypropylene) gives a 22
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roughly similar performance, and is suitable for general-purpose use. ‘Poly’capacitors usually use a layered ‘swiss-roll’form of con-struction; metallised film types are more compact that layered film-foil types, but have poorer tolerances and pulse ratings than film-foil types. Metallised pol yester types are sometimes known as ‘greencaps’.

 

Electrolytic types

These offer large values at high capacitance density; they are usual-ly polarised and must be installed the correct way round. Aluminium foil types have poor tolerances and stability, and are best used in low-precision applications such as smoothing, filtering, energy storage in PSU’s, and coupling and decoupling in audio cir-cuits. Tantalum types offer good tolerance, excellent stability, low leakage, low inductance, and a very small physical size, and should be used in all applications where these features are a positive advan-tage.

 

Capacitance value notation

The basic electrical unit of capacitance is the Farad, but in electron-ics the microfarad (µF) is used as the basic practical unit of meas-urement and equals 0.000 001 Farad. The µF is divisible into multi-decade sub -units of nanofarads (nF) and picofarads (pF), in which 1pF equals 0.000 001µF, and 1nF equals 0.001µF (equals 1000pF).

Capacitors are readily available in the standard E6, 20% (100, 150, 220, etc.) and E12, 10% (100, 120, 150, 180, 220, etc.) range of pre-ferred values. The component’s value may be denoted in a variety of ways, as illustrated by the following examples;

0.1µF    = 100nF.

6.8nF    = 6n8        =    0.0068µF    =    6800pF. 220pF   = 0.22nF.

4.7µF    = 4µ7        =    4700nF.

 

Capacitance coding

On most modern capacitors the component’s nominal value and tol-erance is, where space permits, printed in clear and reasonably unambiguous terms such as 4n7, 10%, or 68nF, 5%, etc; if the value is given in purely digital form, such as 120 or 4700, this indicates the value in pF. Often, the capacitor is also marked with its speci-fied working voltage, such as 63V (or 63U), 100V (or 100U), etc.

Up until the late 1980’s the values (in pF) of tubular-ceramic and some polyester capacitors were often marked by a colour coding system, as shown in Figure 1.31. Thus, a ceramic dot-coded 680pF, 5% capacitor would be coded blue-grey-brown-green, and a poly-ester 470nF, 10%, 400V capacitor would be coded yellow-violet-yellow-white-yellow. This system of coding is now rarely used on new components.

Some Tantalum electrolytic capacitors have their value (in µF) and 24
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Figure 1.31 . Colour coded system once used to indicate value of tubular-ceramic and polyester capacitors (now obsolete).
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their working voltages marked by the simple colour coding system shown in Figure 1.32(a), but others use a plain numeric system, as in (b).

The values of modern ceramic disc and plate capacitors may be indicated by a variety of code systems; the most popular of these are illustrated in Figure 1.33. The simplest of these is that shown in (a), in which the three-figure code contains two digits plus the symbol n, p, or µ, and gives a self-evident indication of the capacitance value, as shown by the examples. In some cases this code may be followed by a capital letter, which indicates the components toler-ance value, using the Electrical Institute of America (EIA) code system of Figure 1.34.
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Figure 1.32. Alternative notations used on Tantalum electrolytic capacitors.

[image: ]

 

Figure 1.33. Coding system used on modern disc and plate ceramic capacitors.

 

Figure 1.34 . Popular EIA capacitance tolerance codes. 26
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Figure 1.35. Code systems used to indicate capacitor tempera-ture coefÞcients.
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The most widely used coding system is that shown in Figure 1.33(b), in which the capacitance value is indicated (in pF) by a three-digit code in which the first two figures give the first two digits of the value, and the third figure gives the number of zeros to be added to give the full value; the three-digit code is followed by a capital letter, which indicates the component’s tolerance (see Figure 1.34). Sometimes, the capacitor’s temperature coefficient may also be indicated, using either a colour code as in (c) or an industrial or EIA alpha-numeric code, as shown in Figure 1.35. Thus, a capaci-tor with a temperature coefficient of -220ppm/ °C may have a yellow tip or carry the code N220 or R2G.
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Figure 1.36 . EIA temperature characteristic codes for ceramic capacitors.
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Figure 1.37. Dielectric material codes, used by Philips and some other European manufacturers, on Þlm capacitors.
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In some cases a ceramic capacitor (or its data sheet) may carry a three-figure EIA code that details its full thermal specification, as shown in Figure 1.36. In this code the first two figures (an X, Y, or Z, and a single digit) give the component’s thermal working limits, and the third figure (a capital letter) specifies the maximum capaci -tance change expected to occur over those limits. The diagram gives three practical examples of the use of this popular EIA code.

Some film-type capacitors carry a code that indicates their dielec-tric type. Figure 1.37 gives details of the most popular of these code systems, which is used by Philips and some other European manu-facturers.

 

Variable capacitors

Variable capacitors come in two basic forms; fully variable ones are known as ‘tuning’capacitors, and preset ones are known as ‘trim-mers’. ‘Tuning’ types have a semi-circular set of rotatable plates that intermesh with a set of fixed plates, so that capacitance is great-est when the two sets of plates are fully intermeshed, and least when the movable plates are rotated out of mesh; the precise shape of the rotatable plates may be designed to produce a linear, semi-linear (S), logarithmic, or square-law variation of capacitance as the plates are rotated; the dielectric used between the two sets of plates may be air, plastic film, or some other insulating material. Often, two or more tuning capacitors are ganged together, so that they vary in unison, but such units are rather expensive and have - in recent times - largely been superseded by matched sets of varicap diodes.

Most trimmer capacitors are meant to be adjusted (varied) only occasionally; several basic types are available. ‘Vane’types are sim-ilar to conventional tuning capacitors and may use an air or plastic film dielectric; plastic film types are now very popular. Ceramic ‘disc’types can be regarded as a simple ‘vane’types, using only one fixed and one rotatable half-vane; they offer an excellent high-fre-quency performance (with a very high Q) but may have a very large temperature coefficient. ‘Compression’and ‘piston’type trimmers give a fairly limited range of capacitance adjustment.
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Figure 1.38 . Internationally-accepted symbols for various types of inductor.
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Guide to modern inductors

Figure 1.38 shows the basic set of symbols used to represent vari-ous types of inductor. These may be subjected to some artistic vari-ation; the basic ‘inductor’symbol may, for example, consist of a set of interconnected loops or of joined-up arcs, as shown, and the number of loops/arcs may vary from three to ten or more. Similarly, in inductors with iron-dust or laminated cores, the number of verti-cal columns used to represent the cores may vary from one to three.

The basic unit of inductance (L) is the Henry, but sub-multiples of this unit, such as mH (millihenry), µH (microhenry), and nH (nanohenry) are widely used in electronics. An inductor’s reactance (X) is proportional to frequency (f) and to its L value; Figure 1.39 shows the formula that relates these parameters to one another. Precise parameter values can easily be derived from these formulae with the help of a calculator. Alternatively, a whole range of values can be rapidly found - with a precision better than twenty percent -with the aid of the nomograph of Figure 1.25 and a ruler; to use the chart in this way, simply lay a straight edge so that it cuts two of the L, f, or X columns at known reference points, then read off the remaining unknown parameter value at the points where the straight edge cuts the third column.
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Figure 1.39. Inductive reactance formulae.
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Figure 1.40. Method of calculating combined value of inductors in (a) series or (b) parallel.
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Figure 1.40 shows the basic formula used to calculate the effective values of se veral inductors wired in series or in parallel, assuming that there is no inductive mutual coupling between the components.

One of the most important parameters of an inductor is its Q value, or reactance-to-resistance ratio; Figure 1.41 shows the formula for ‘Q’.

All practical inductors have the simplified electrical equi valent cir-cuit of Figure 1.42(a), in which L represents pure inductance, R is

the component’s resisti ve element, and C represents its inherent  D

‘distributed’ self-capacitance. All practical inductors thus have a

natural self-resonant frequency, dictated by their L and C values;  D

Figure 1.42(b) shows the characteristic response cur ve that results; the coil’s reactance is inductive below resonance, resistive at reso-nance, and capacitive above resonance.
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Figure 1.41. Inductive Q formula.

 

Practical inductors are usually classed as either ‘coils’or ‘chokes’. Coils are characterised by having high Q, low self-capacitance, and excellent inductive stability, and are used as inductive elements in tuned circuits, etc. Chokes are used as simple signal-blocking or fil-tering elements, in which Q, self -capacitance, and precise L values are non-critical.

The simplest inductor is a straight length of round-section copper 30
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Figure 1.42. All practical inductors have the simpliÞed equiva l e n t circuit shown in ( a ) and exhibit the self-resonance shown in ( b ).
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Figure 1.43 . Formula and examples related to self-inductance of a straight wire, in free air.
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wire. This has an inductance roughly proportional to the wire’s length and inversely proportional to its diameter, as shown by the formula and worked examples of Figure 1.43; the 0.4mm. wire size is roughly equal to the American 26 ‘A.W.G’ or the British 27 ‘S.W.G’ gauges, and the 4mm. size to 6 A.W.G or 8 S.W.G. Most
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wires used in electronics have diameters in the range 0.21 to 2.64 mm., and the table of Figure 1.44 gives details of the standard set of wire gauges within this range; the ‘turns per linear inch’winding figures are derived by averaging data from several different sources.

A wire’s inductance can be greatly increased by forming it into a coil or solenoid; the resulting inductance depends on the coil’s dimensions and on the thickness and the spacing of the wire. A rea-sonably simple and practical set of formulae that relate these param-eters is shown in Figure 1.45; these assume that the wire diameter
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Figure 1.44. International copper-wire table.
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is small (less than 10%) relative to the coil diameter, and that the wire is close-wound in a single layer, and that the coil’s length is within the range 0.4 to 3 times the coil diameter. These formulae can be used to determine the inductance of a coil or to find the number of turns of wire needed to create a specific inductance.

Home-made coils can easily be wound on a variety of commercial -ly available air-cored  formers,  and Figure 1.46 list some practical inductance values obtained on these, using formers of various diam-eters. These values are derived from manufacturer’s data, and are similar to those indicated by the Figure 1.45 formulae. Note that many small (up to about 0.5inch or 12mm diameter) formers have a provision for fitting an adjustable core or ‘slug’, which enables the coil inductance to be varied over a limited range; if coil length is within the limits 0.3 to 0.8 times diameter, iron-dust, ferrite, or brass cores will give maximum inductance increases of x2, x5, or x0.8 respectively.
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Figure 1.45 . Formulae concerning the inductance of single-layer close-wound air-cored coils.
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Figure 1.46. Examples of inductance obtained on a selection of commercial air-cored coil formers, using 1/1 coil diameter/length ratios, at various turns-per-inch values.
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High values of inductance can be obtained by using various multi-layered forms of coil construction. Alternatively, a coil’s inductance can be greatly increased by winding it on a ferrite rod core, or can be increased even more by winding it on a ferrite ring, so that the coil forms a toroid; all of these techniques are widely used on com-mercially manufactured inductors.

Another way of getting high inductance is to wind the coil on a bobbin that is then shrouded in a high permeability material; in low-frequency applications this may take the form of iron lamina-tions, but at higher frequencies it is usually a ferrite pot core, as shown in Figure 1.47; these ferrite cores have a typical permeabili-ty or ‘µ’ value of between 50 and 200, and a typical specific induc-

tance or A value in the range 150 to 400nH/turn. The diagram L

shown the basic formulae used with these pot cores; note that L and

A must use like units (such as µH) in these formulae. Thus, to find L

the number of turns needed to make a 10mH inductance, using a
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Figure 1.47 . Exploded view of pot core assembly, together with basic design formulae.
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core with an A value of 400nH, simply divide 10,000µH by 0.4µH L

(= 25,000) and take the square root of the result (= 158) to find the number of turns needed; the core’s data sheet then tells what gauge of wire to use.

A vast range of ready-built coils and chokes are available from spe-cialist component suppliers, and the values of these are usually clearly marked in plain language. Some RF chokes, however, have their values indicated by a colour-code system, and this usually takes the form shown in Figure 1.48, with a broad silver band to the left, followed by a standard three-band colour code that gives the inductance value (in µH), followed by a narrow band that indicates the component’s tolerance (gold = 5%, silver = 10%).
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Figure 1.48. Colour code used on some encapsulated RF chokes.

 

Guide to modern transformers

A transformer is an electromagnetic device that ‘transforms’ the electrical AC energy at its input into electrical AC energy at its output, usually (but not always) with some change in the output voltage. It works by coupling the generated electromagnetic AC field of its input or ‘primary’winding into the output or ‘secondary’ winding, thereby inducing a turns-related AC voltage in the sec-ondary winding. The simplest version of such a device is the auto-transformer, in which the primary and secondary networks share a number of winding; it may give a stepped-down or stepped-up output voltage, and Figure 1.49 shows the standard symbols used to represent both versions, together with the basic formula that defines the relationship between their input and output voltages. Most trans-formers are of the ‘isolation’type, which uses two or more sets of windings that are electromagnetically coupled but are electrically isolated from one another. Figure 1.50 shows a selection of basic symbols used to represent various types of isolation transformer; these symbols may be subjected to some artistic variation.

The diagrams of Figures 1.49 and 1.50 show only the basic symbols used to represent various types of transformer. In actual circuit dia-grams these symbols may be subjected to some degree of elabora -tion, as shown in the examples of Figure 1.51. Thus, an IF transformer may be shown complete with a tuned and slugged pri-mary and a screened can, as in (a), or a pulse transformer may be shown with an in-phase or an anti-phase output, as indicated by the large dots in (b) and (c); (d) shows a pair of tapped secondary wind-ings connected in-phase, to give an output of 15 volts.
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Figure 1.49 . An autotransformer can be used to provide (a) a stepped-down or (b) a stepped-up output voltage;in either case, the formula of (c) applies.
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Figure 1.50 . Standard symbols for various types of isolation transformer.

 

A transformer’s secondary voltage is proportional to its second-ary-to-primary turns ratio and to its input (primary) voltage, and its input current is proportional to its secondary current and its turns ratio, as shown by the formulae of Figure 1.52. Its input impedance is proportional to its secondary load impedance and to the square of its primary-to-secondary turns ratio, as in Figure 1.53.
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Figure 1.51 . Miscellaneous examples of transformer applica-tions, as shown in circuit diagrams.
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Figure 1.52. Transformer design formulae related to V, I, and turns ratio.

 

Figure 1.53. Transformer impedance ratio formula.

 

Since its input impedance is proportional to its load impedance, one obvious transformer use is as an impedance-matching device, and Figure 1.54 shows the basic formula that relates to this application, t ogether with a wo r ked example that shows that a 7.07 primary-to-secondary turns ratio can be used to match a 4Ω load to a 200Ω input impedance.
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Figure 1.54. Transformer impedance-matching formula, with worked example.

[image: ]

 

Transformers are made in much the same way as ordinary induc-tors; RF types are usually air cored, HF types may be ferrite or iron-dust cored, and low-frequency types are usually potted in fer-rite or use a laminated-iron core. A vast range of commercial trans-formers of all types are readily available. It is usually a fairly simple matter to build one to suit a personal specification.

In the case of AC power line transformers, kits of parts, together with adequate instructions and a ready-built primary winding, are available from specialist suppliers. As a hypothetical example of how to use one of these kits, suppose that a specification calls for an 11V, 4A secondary winding. This calls for a minimum transformer power rating of 44VA; the nearest standard size to this is 50VA, and its instruction sheet shows (perhaps) that the required number of secondary turns can by found by multiplying the 11V by 4.8 and then adding 1% for each 10VA of loading, thus calling for a total of 55 secondary turns. A further look at the instruction sheet shows that the best wire size in this case needs a diameter of about 1.25mm, and this corresponds to 18 S.W.G or 16 A.W.G, and that completes the design procedure.

 

Guide to modern switches

To complete this ‘passive components’ survey, this final section looks at switches and basic switch circuits. Switches come in sev-eral basic types, and a selection of these are shown in Figure 1.55. The simplest is the push-button type, in which a spring-loaded con-ductor can be moved so that it does or does-not bridge (short) a pair of fixed contacts. These switches come in either normally-open (NO or n.o) form (a), in which the button is pressed to short the contacts, or in normall y-closed (NC or n.c) form (b), in which the button is pressed to open the contacts.

The most widely used switch is the moving arm type, which is shown in its simplest form in (c) and has a single spring-loaded 38
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(biased) metal arm or ‘pole’ that has permanent electrical contact with terminal ‘A’ but either has or has-not got contact with terminal ‘B’, thus giving an on/off switching action between these terminals. This type of switch is known as a single-pole single-throw, or SPST, switch; (d) shows two SPST switches mounted in a single case with their poles ganged together so that they move in unison, to make a double-pole single-throw, or DPST, switch.

Figure 1.55(e) shows a single-pole double-throw (SPDT) switch in which the pole can be ‘thrown’ so that it connects terminal ‘A’ to either terminal ‘BA’ or ‘BB’, thus enabling the ‘A’ terminal to be coupled in either of two different directions or ‘ways’; Figure 1.55(f) shows a ganged double-pole or DPDT version of this switch.

Figure 1.55(g) shows a switch in which the ‘A’ terminal can be cou-pled to any of four others, thus giving a ‘1-pole, 4-way’ action; Figure 1.55(h) shows a ganged 2-pole version of the same switch. In practice, switches can be designed to give any desired number of poles and ‘ways’.

Two other widely used electric switches are the pressure-pad type, which takes the form of a thin pad easily hidden under a carpet or mat and which is activated by body weight, and the microswitch, which is a toggle switch activated via slight pressure on a button or lever on its side, thus enabling the switch to be activated by the action of opening or closing a door or window or moving a piece of machinery, etc.
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Figure 1.55. Some basic switch conÞgurations.

 

Basic AC power switch circuits

One simple application of a toggle switch is as an on/off lamp con-trol. In AC line-powered applications this circuit must take the form shown in Figure 1.56, with SW1 connected to the live, phase or ‘hot’ power line and the lamp wired to the neutral or safe line, to minimise the user’s chances of getting a shock when changing lamps.

Figure 1.57 shows how to switch a lamp from either of two points, by using a two-way switch at each point, with two wires (known as strapping wires) connected to each switch so that one or other wire
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Figure 1.56. Single-switch on/off AC lamp control circuit.
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Figure 1.57 . Two-switch on/off AC lamp control circuit.
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carries the current when the lamp is turned on.

Figure 1.58 shows the above circuit modified to give lamp switch-ing from any of three points. Here, a ganged pair of 2-way switch-es (SW3) are inserted in series with the two strapping wires, so that the SW1–SW2 lamp current flows directly along one strapping wire path when SW3 is in one position, but crosses from one strapped wire path to the other when SW3 is in the alternative position.
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Figure 1.58. Three switch on/off AC lamp control circuit.

 

Note that SW3 has opposing pairs of output terminals shorted together. In the electric wiring industry such switches are available with these terminals shorted internally, and with only four terminals externally available (as indicated by the small white circles in the diagram); these switches are known in the trade as ‘intermediate’ switches.
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In practice, the basic Figure 1.58 circuit can be switched from any desired number of positions by simply inserting an intermediate switch into the strapping wires at each desired new switching posi-tion. Figure 1.59, for example, shows the circuit modified for four-position switching.
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Figure 1.59. Four-switch on/off AC lamp control circuit.

2 Relays, meters and motors

 

M o d e rn  electronic  systems  make  considerable  use  of  simple electromechanical devices that convert an electrical or magnetic force into a useful mechanical movement. The best known of such devices are relays, reed-relays, moving-coil meters, solenoids, and electric motors; all these devices are described in this chapter.

 

Relays

A conventional electromagnetic relay is really an electrically oper-ated switch. Fi g u re  2.1 illustrates its operating principle; a multi-turn coil is wound on an iron core, to form an electromagnet that can move an iron lever or armature which in turn can close or open one or more sets of switch contacts. The operating coil and the switch contacts are electrically fully isolated from one another, and can be shown as separate elements in circuit diagrams.
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Figure 2.1 . Basic design of standard electromagnetic relay.

 

The main characteristics of the relay coil are its operating voltage and resistance values, and Figure 2.2 shows alternative ways of rep-resenting a 12V, 120R coil; the symbol of (c) is the easiest to draw, and carries all vital information. Practical relays may have coils designed to operate from a mere few volts DC, up to the fall AC power line voltage, etc.

There are three basic types of relay contact arrangement, these being normally closed (n.c. or NC), normally open (n.o. or NO), and change-over (c.o. or CO), as shown in Figure 2.3. Practical relays often carry more than one set of contacts, with all sets ganged; thus, the term ‘DPCO’ simple means that the relay is ‘Double Poled’and carries two sets of change-over (CO) contacts. Actual contacts may have electrical ratings up to several hundred volts, or up to tens of amps.
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Figure 2.2. Alternative ways of representing a 12V, 120R relay coil.
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Figure 2.3. The three basic types of contact arrangement.
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Relay conÞgurations

Figures 2.4 to 2.12 show basic ways of using relays. In Figure 2.4, the relay is wired in the non-latching mode, in which push-button switch S1 is wired in series with the relay coil and its supply rails, and the relay closes only while S1 is closed.

Fi g u re 2.5 s h ows the relay wired to give self-latching operation. Here, NO relay contacts RLA/1 are wired in parallel with activa t i n g switch S1. RLA is norm a l ly off, but turns on as soon as S1 is closed, making contacts RLA/1 close and lock RLA ON even if S1 is sub-s e q u e n t ly re-opened. Once the relay has locked on it can be turn e d o ff again by briefly breaking the supply connections to the relay coil.

A relay can be switched in the AND logic mode by connecting it as in Fi g u re 2.6, so that the relay turns on only when all switches are closed. A l t e rn a t ive ly, it can be switched in the OR logic mode by wiring it as in Fi g u re 2.7, so that the relay turns on when any sw i t c h closes. Fi g u re 2.8 s h ows both of these modes used to make a simple bu rglar alarm, in which the relay turns on and self-latches (via RLA/1) and activates an alarm bell (via RLA/2) when any of the S1 to S3 ‘sw i t c h e s ’ are briefly closed (by opening a door or window or treading on a mat, etc). The alarm can be enabled or turned off via key switch S4.

R e l ay coils are highly inductive and may generate back-emfs of hun-dreds of volts if their coil currents are suddenly broken. T h e s e
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Figure 2.4. Non-latching relay switch.
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Figure 2.5 . Self-latching relay switch.
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Figure 2.6 . AND logic switching.
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Figure 2.7. OR logic switching.
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Figure 2.8. Simple burglar alarm.
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b a c k-emfs can easily damage switch contacts or solid-state dev i c e s connected to the coil, and it is thus often necessary to ‘damp’ t h e m via protective diodes. Fi g u res 2.9 and 2 . 1 0 s h ow examples of such c i r c u i t s .

In Figure 2.9 the coil damping is provided via D1, which prevents switch-off back-emfs from driving the RLA-SW1 junction more than 600mV above the positive supply rail value. This form of pro-tection is adequate for many practical applications.

[image: ]

 

Figure 2.9. Single-diode coil damper.
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In Figure 2.10 the damping is provided via two diodes that stop the RLA-SW1 junction swinging more than 600mV above the positive supply rail or below the zero-volts rail. This form of protection is recommended for all applications in which SW1 is replaced by a transistor or other ‘solid state’ switch.
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Figure 2.10. Two-diode coil damper.

 

Figures 2.11 and 2.12 show simple examples of transistors used to increase the effective sensitivity of a relay. The relay is off when the input is low, and on when the input is high; an input current of 1mA or so is enough to turn the relay on. Both circuits are provided with relay coil damping, and the Figure 2.12 version gives self-latching relay operation (the relay can be unlatched by opening SW1).
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Figure 2.11. Non-latching transistor-driven switch.
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Figure 2.12. Self-latching transistor-driven switch.
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Reed relays

A ‘reed’relay consists of a springy pair of opposite-polarity mag-netic reeds with gold- or silver-plated contacts, sealed into a glass tube filled with protective gasses, as shown in Figure 2.13. The opposing magnetic fields of the reeds normally hold their contacts apart, so they act as an NO switch, but these fields can be effective-ly cancelled or reversed (so that the switch closes) by placing the reeds within an externally-generated magnetic field, which can be derived from either an electric coil that surrounds the glass tube, as shown in Figure 2.14, or by a permanent magnet placed within a few millimetres of the tube, as shown in Figure 2.15.
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Figure 2.13 . Basic structure of reed relay.
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Figure 2.14. Reed relay operated by coil.

[image: ]

 

Figure 2.15 . Reed relay operated by magnet.

 

Practical reed relays are available in both NO and CO versions, and their contacts can usually handle maximum currents of only a few hundred mA. Coil-driven types can be used in the same way as normal relays, but typically have a drive-current sensitivity ten times better than a standard relay.

A major advantage of the reed relay is that it can be ‘remote acti-vated’ at a range of several millimetres via an external magnet, enabling it to be used in many home-security applications; Figure 2.16 illustrates the basic principle. The reed relay is embedded in a door or window frame, and the activating magnet is embedded adja-cent to it in the actual door or window so that the relay changes state whenever the door/window is opened or closed. Several of these relays can be inter-connected and used to activate a suitable alarm circuit, if desired.
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Figure 2.16. Method of using a reed relay/magnet combination to give burglar protection to a door or window.
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Solenoid devices

A basic solenoid consists, in essence, of a multi-turn coil wound on a former that encircles a spring-loaded but free -moving iron arma-ture. Normally, the armature rests within the coil former, but when the coil is energised the resulting electromagnetic field drives the armature outwards until it reaches an end -stop. The energised sole-noid thus imparts a linear thrust at one end of the armature and a linear pull at the other end. In some special types of solenoid the armature movement is rotary, rather than linear.

A solenoid’s mechanical movements can be put to a variety of prac-tical uses. In the solenoid latch the armature drives a door latch. In the solenoid clutch it drives a simple clutch mechanism. In the sole-noid valve it activates a gas, steam or liquid valve; such valves are widely used in washing machines, central-heating systems, and in industrial control processes. The solenoid switch or solenoid starter is used in automobiles and activates a heavy-duty switch that con-nects the vehicle’s battery to the starter motor.

 

Moving coil meters

A moving coil meter is a delicate instrument that draws current from the signal under test and uses it to drive a pointer a proport i o n a t e amount across a calibrated scale, thus giving an analogue display of the curr e n t ’s magnitude. Fi g u re 2.17 s h ows a basic mov i n g-c o i l meter movement. The test current is fed through a coil of fine copper wire that is mounted on an aluminium bobbin that also carries the m e t e r ’s pointer and is supported on low-friction bearings. T h i s a s s e m bly is mounted within the field of a powerful magnet, and the test current is fed to the coil ends via a pair of contra-wound springs fitted in such a way that their tensions balance out when the meter’s pointer is in the ‘zero’ position. The test current generates a magnet-ic field around the coil, and this interacts with that of the magnet and generates a torque that rotates the coil assembly against the spring pressure and moves the pointer a proportionate amount across the scale. In most meters the coil unit is supported on jewelled bearings, but in some high-quality units it is supported on a taut-band or rod, which gives friction-free suspension.

The most important parameters of a moving-coil meter are its basic full-scale deflection (f.s.d.) current value (usually called its ‘sensi-
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tivity’) and its coil resistance value, r, which causes a proportionate voltage to be generated or ‘lost’across the meter’s terminals (typi-cally 50mV to 400mV at f.s.d.). Figure 2.18 list typical perform-ance details of some popular and readily-available meters. Most of these have the ‘zero’ current mark on the left of their scale, but ‘centre  zero’types  have it in the middle, with negative numbers to its left and positive ones to its right. The pointer’s ‘zero’position is usually trimmable via a screw-headed control on the front of the meter.

A moving-coil meter’s precision is expressed in terms of ‘percent-age of f.s.d. value’error over the ‘effective range’of the instrument. The ‘effective range’ is defined as ‘from 10% to 100% of f.s.d. value’ in dc -indicating meters. Typical meter precision is ±2% of f.s.d. in medium-quality units, i.e., ±4% at half-scale, or ±20% at 1/10th-scale, etc.

 

Figure 2.17. Basic moving-coil meter movement.
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Figure 2.18 . Typical ranges and performance details of some popular Þxed-value moving-coil meters.

[image: ]
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Any sensitive moving-coil meter can be made to read higher ranges of dc current by wiring a suitable ‘shunt’resistor across its termi-nals, or can be made to read dc voltages by wiring a suitable ‘mul-tiplier’resistor in series with its terminals. To do this, however, it is first necessary to know the value of the meter’s coil resistance, r.

 

Measuring the coil resistance

A meter’s ‘r’ value can be measured via the Figure 2.19 circuit, in

which the series value of R1 and RV1 equals V multiplied by ‘y’,  IN

the meter’s ‘ohms per volt’or 1/I sensitivity value, and R is a cal- X

ibrated variable resistor. In use, RV1 is first adjusted, with SW1 open, to set the meter reading at precisely f.s.d.; ‘r’ can then be

found by closing SW1 and adjusting R to set the meter reading at X precisely half-scale value, at which point the R value equals r.  X

Alternatively, if R is a fixed value resistor, simply close SW1, note  X

the new meter reading, ‘i’, and deduce the ‘r’ value from:

r = R (I – i)/i X

where I is the meter’s f.s.d. value.

[image: ]

 

Figure 2.19 . Circuit for measuring the meterÕs internal coil resist-ance, r.

 

Designing dc voltmeters

A moving-coil meter can be made to read dc voltages by feeding them to it via a series ‘multiplier’resistor, as in Figure 2.20. The appropriate multiplier value equals V/I, where V is the desired f.s.d. voltage value and I is the meter’s f.s.d. current value.
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Note that this multiplier values include r, the meter’s coil resistance, and the actual value of external multiplier resistance, Rm, needed to give a desired f.s.d. voltage value is thus given by:

Rm = (V/I) – r.

In practice, r can usually be ignored in cases where Rm is at least 100 times greater than r.
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Figure 2.20 . Basic dc voltmeter circuit.

 

Figures 2.21 and 2.22 show alternative ways of using a 100µA meter to give f.s.d. ranges of (a) 3V, (b) 10V, (c) 30V, (d) 100V, and (e) 300V. In each case the total multiplier resistance needed on each range is (a) 30k, (b) 100k, (c) 300k, (d) 1M0, and (e) 3M0. Note in Figure 2.21that the effect of ‘r’has to be allowed for on both of the lower ranges, but in Figure 2.22 it needs to be allowed for on the lowest range only. The Figure 2.22 type of circuit is widely used in good-quality multimeters.
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Figure 2.21 . 5-range dc voltmeter using individual multiplier resistors.
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Figure 2.22 . 5-range dc voltmeter using series-wired multiplier resistors.
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Extending current ranges

A meter’s effective current range can be extended by connecting a ‘shunt’resistor across the basic meter, as in Figure 2.23, so that a known fraction of the total current passes through the shunt and the remainder passes through the meter, which can be calibrated in terms of ‘total’current. The relative values of shunt and meter cur-rents is set by the relative values of the coil and shunt resistances,

and the value of shunt resistor, R , needed to give a particular f.s.d. S current reading (I ) is given by: t

R = r/(n – 1) or (I.r)/(I – I) S t

where n = I/I, the number of times by which the desired meter range t

is greater than the basic range. Thus, to convert the 100µA, 2k0

meter to read 100mA f.s.d., R needs a value of 2000/(1000 – 1) = S 2.0 Ω.

[image: ]

 

Figure 2.23. Basic dc current meter circuit.

 

Note in multi-range current meters that the shunt resistors must NEVER be switched into position using a circuit of the Figure 2.24 type, because if this switch accidentally goes open-circuit the full test current will flow through the meter and may burn it out. Instead, the multi-range circuitry must be of the ‘universal shunt’ type shown in Figure 2.25.
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Figure 2.24. Classic example of how NOT to use shunt switch-ing in a multi-range current meter.
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Figure 2.25. Wo rked example of a 3-range universal shunt circuit.

 

Figure 2.25 shows a 100µA, 2k0 meter fitted with a universal shunt that gives dc current ranges of 1mA, 10mA, and 100mA.  The three series-connected range resistors are permanently wired across the meter, and range changing is achieved by switching the test current into the appropriate part of the series chain; the meter’s accuracy is thus not influenced by variations in SW1’s contact resistances.

The procedure for designing a universal shunt follows a logical

sequence. The first step is to determine the TOTAL resistance (R ) t of the R1-R2-R3 shunt chain, which sets the f.s.d. value of the lowest (1mA) current range, using the formula:

R = r/(n – 1) t

where r is the meter’s coil resistance and n is the current multipli-cation factor. In the example shown

R = 2000/9 = 222.2Ω. t

The next step is to find the value of the highest current shunt (R1), using the formula:

R = (r + R )/n S t

which in this case gives a value of 2222.2/1000 = 2.22Ω for R1. The same formula is used to find the values of all other shunts, and on the 10mA range gives 22.22 Ω, but since this shunt comprises R1 and R2 in series, the R2 value = 22.2 – 2.2Ω = 20Ω. Similarly, the shunt value for the 1mA range is 222.2Ω, but is made up of R1 and R2 and R3 in series, so R3 needs a value of 200Ω.
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The swamp resistor

A weakness of most moving -coil meters is that their values of coil resistance (r) may vary considerably between individual models of the same type, and with temperature. In commercial multimeters these problems are overcome by wiring a ‘swamp’resistor  in  series

with the basic meter and trimming its value to give a precise RTOTAL (= r + R ) value, which is designed to match into a standard  SWAMP

universal shunt network and at the same time give a near-zero over-all temperature coefficient. Figure 2.26 shows an example of a swamp resistor used in a 6 -range current meter circuit.
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Figure 2.26. Example of a swamp resistor used in a 6-range dc current meter.

 

A swamp resistor converts an ordinary moving-coil meter into a truly useful and semi-precision measuring instrument, but at the expense of an increase in its f.s.d. voltage value, i.e., a meter that has a normal f.s.d. sensitivity of 100mV will have one of 200mV if

R     = r, etc. The Figure 2.26 circuit has an f.s.d. sensitivity of SWAMP

250mV on its most sensitive (100µA) range, and of 500mV on the 10A range; note that (like many commercial multimeters) its 1A and 10A ranges are selected via terminals, thus eliminating the need to use switches with very high current ratings.

 

Ac voltmeters

A moving-coil meter can be used as an ac voltmeter by connecting its input via a suitable rectifier and a multiplier resistor. If the recti-fier is a bridge type, the voltmeter is calibrated to read r.m.s. values of a sinewave input on the assumption that the resulting meter cur-rent is 1.11 times greater than the simple dc equivalent current; such a voltmeter uses the basic circuit and formulae of Figure 2.27. Note

that the R   value approximates (V/I) 0.9, but the design formula m × is complicated by the fact that the forward volt drop of the bridge

rectifier (= 2 × V ) must be deducted from the effective ‘V’ value, f

and that the meter’s coil resistance (r) and the bridge’s forward

impedance (2 × Z ) must be deducted from the simplified R value. f m

In practice, the V and Z characteristics of diodes are highly f f

non-linear, and an ac voltmeter consequently gives a reasonable
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Figure 2.27. Basic ac voltmeter using a bridge rectiÞer.
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linear scale reading only if the input voltage is large relative to V , f and R is large relative to Z . For this reason, bridge-rectifier types m f of ac voltmeter usually have a maximum useful f.s.d. sensitivity of about 10V.

The bridge rectifier should ideally give a low forward volt drop. Old (pre-1970) instruments often used copper oxide rectifiers to meet this ideal, but these were very leaky, and to overcome this snag the meters were usually operated at an f.s.d. current of 900µA (to give a high forward/reverse current ratio), and this resulted in the typical circuit of Figure 2.28, which has a basic ac sensitivity of 1k0/volt. Most modern meters use a bridge rectifier made of either Schottky or germanium diodes that are pre-tested for low reverse-leakage currents, and are able to give a sensitivity of up to 10k/volt, as in the case of the circuit of Figure 2.29.
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Figure 2.28 . Old-style ac voltmeter with a sensitivity of 1k0/volt. 54
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Figure 2.29 . Modern-style ac voltmeter with a sensitivity of 10k/volt.
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Some ac voltmeters use half-wave ac rectifier circuits of the type

shown in Figure 2.30, in which the ‘V ’ voltage losses are only half f as great as in the bridge type, but in which ac sensitivity is also halved. Figure 2.31 shows a multi-range ac voltmeter using this technique; here, the meter is shunted (by R6) to give an effective f.s.d. sensitivity of 450µA, enabling the multiplier resistor (R1 to R5) values to be chosen on the basis of 1k0/volt.
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Figure 2.30. Basic ac voltmeter using half-wave rectiÞcation.

 

Figure 2.31. Ac voltmeter using half-wave  rectiÞcation;sensitiv-ity = 1k0/volt.
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Simple ac voltmeters become non-linear when measuring low volt-ages, so commercial units rarely have ranges lower than 10V f.s.d., or have any facility for measuring ac currents of any value. Ac cur-rents and low-value voltages are best measured by using the moving-coil meter as an analogue readout unit in an ‘electronic’ type of meter or multimeter.

 

Meter overload protection

Moving-coil meters are easily damaged by large overload currents. If the meter is used in conjunction with a swamp resistor, excellent overload protection can be gained by connecting a pair of silicon diodes as shown in Figure 2.32. Here, the swamp resistor is split into two parts (R1 and R2), with R2’s value chosen so that 200mV is generated across the diodes at f.s.d.; at overloads in excess of twice the f.s.d. value the diodes start to conduct, and thus limit the meter’s overload current; R1 limits the diode overload currents to no more than a few mA.
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Figure 2.32. Meter overload protection given via silicon diodes.

 

Multi-function meters

Often, a single meter is built into an item of test gear and used as a m u l t i-function ‘V and I’ m e t e r. Here, all multiplier and shunt resistors are perm a n e n t ly wired into circuit, and the meter is simply sw i t c h e d in series or parallel with the appropriate element. If a common meas-uring point can be found the switching can be made via a single-p o l e switch, as in Fi g u re 2.33, which uses one meter to monitor the output voltage and current of a regulated P. S . U. If a common measuring point can not be found, the switching must be done via a 2-p o l e m u l t i-way switch, as in the circuit of Fi g u re 2.34, which can monitor s everal independent DC voltage and current va l u e s .

 

DC motors

The three most widely used types of DC electric motor are the ordi-nary permanent magnet type, the servomotor type, and the multi-phase ‘stepper’ type. The rest of this chapter is devoted to these three types of motor.

The most widely used DC motor is the permanent magnet ‘com-mutator’type, which is usually known simply as a ‘DC motor’and has a commutator that rotates when the motor is powered from an appropriate DC voltage. Figure 2.35 shows the motor’s circuit symbol and its simplified equi valent circuit.
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Figure 2.33. Example of a single meter used to read both V and I in a P.S.U.
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Figure 2.34. A single meter used to monitor two V and two I ranges in an instrument.
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Figure 2.35 . Symbol (a) and equivalent circuit (b) of a perma-nent-magnet type of DC motor.
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The DC motor’s basic action is such that an applied DC voltage makes a current flow through sets of armature windings (via com-mutator segments and pick-up brushes) and generate electromag-netic fields that react with the fields of fixed stator magnets in such a way that the armature is forced to rotate; as it rotates, its interact-ing fields make it generate a back-emf that is proportional to the armature speed and opposes the applied DC voltage, thus giving the

equivalent circuit of Figure 2.35(b), in which R represents the  W

total resistance of the armature windings, and E represents the speed-dependent back-emf. Important points to note about this kind of motor are as follows:

(1) When the motor is driving a fixed load, its speed is proportional to supply voltage; when it is powered from a fixed DC supply, its running current is proportional to its armature loading.

(2) The motor’s e ffe c t i v e applied voltage equals the applied DC vo l t-age minus the speed-dependent back-emf. Consequently, when it is p owered from a fixed voltage, motor speed tends to self-r egulate, since a ny increase in loading tends to slow the armature, thus reducing the b a c k-emf and increasing the e ffe c t i v e applied voltage, and so on.

(3) The motor current is greatest when the armature is stalled and

the back-emf is zero, and then equals V/R (where V is the supply  W

voltage); this state naturally occurs under ‘start’conditions.

(4) The direction of armature rotation can be reversed by reversing the motor’s supply connections.

DC motors can be subjected to various forms of electronic powe r control, the main ones being in on/off switching control, in direction control, in improved speed regulation, and in va r i a ble speed control.

 

On/off switching

A DC motor can be turned on and off by wiring a control switch between the motor and its power supply. This switch can be an ordi-nary type as in Figure 2.36(a), or it can be a switching transistor as in Figure 2.36(b), in which the motor is off when the input is low and is on when the input is high. Note that D1 and D2 are used to damp the motor’s back-emf, C1 limits unwanted RFI, and R1 limits Q1’s base current to about 52mA with a 6V input, and under this condition Q1 can provide a maximum motor current of about 1A.
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Figure 2.36 . On/off motor control using (a) electro-mechanical and (b) transistor switching.
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Direction control,using dual supplies

A DC motor’s direction of rotation can be reversed by simply changing the polarity of its supply connections. If the motor is pow-ered via dual (split) supplies, this can be achieved via a single-pole switch connected as in Figure 2.37, or via transistor-aided switch-ing by using the circuit of Figure 2.38.

In Figure 2.38, Q1 and Q3 are biased on and Q2 and Q4 are cut of f when SW1 is set to the forward (Fwd) position, and Q2 and Q4 are biased on and Q1 and Q3 are cut off when SW1 is set to the reverse (Rev) position. Note that if this circuit is used with supply values greater than 12 volts, diodes must be wired in series with the Q1 and Q2 base-emitter junctions, to protect them against breakdown when reverse biased.
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Figure 2.38. Transistor-switched direction control, using dual supplies.
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Figure 2.37. Switched motor-direction control, using dual (split) power supplies.

 

Fi g u re 2.38 uses doubl e-ended input switching, making it difficult to replace  SW1  with  electronic  control  circuitry  in  ‘interfa c i n g ’a p p l i-cations. Fi g u re 2.39 s h ows the design modified to give single-e n d e d input switching control, making it easy to replace SW1 with elec-tronic switching. Here, Q1 and Q3 are biased on and Q2 and Q4 are cut off when SW1 is set to the forward position, and Q2 and Q4 are on and Q1 and Q3 are off when SW1 is set to reve r s e .

 

Direction control,using single-ended supplies

If a DC motor is powered from single-ended supplies, its direction can be controlled via a double-pole switch connected as in Figure
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2.40, or via a bridge-wired set of switching transistors connected in the basic form shown in Figure 2.41. In the latter case, Q1 and Q4 are turned on and Q2 and Q3 are off when SW1 is set to the forward position, and Q2 and Q3 are on and Q1 and Q4 are off when SW1 is set to reverse. Diodes D1 to D4 protect the circuit against possi-ble damage from motor back -emfs, etc.

Figure 2.42 shows how the above circuit can be modified to give a l t e rn a t ive  switching  control  via  independent  forwa r d / r eve r s e (SW1) and on/off (SW2) switches. An important point to note about this configuration is that it causes Q1 or Q2 to be turned on at all times, with the on/off action being applied via Q3 or Q4, thus
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Figure 2.39. Transistor-switched motor-direction control, using dual power supplies but a single-ended input.
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Figure 2.40 . Switched motor-direction control, using a

single-ended power supply.
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Figure 2.41 . Transistor-switched motor -direction control circuit, using single-ended supplies.
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Figure 2.42 . Alternative switching for the Figure 2.41 circuit, using separate forward/reverse (SW1) and on/off (SW2) switches.
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enabling the motor currents to collapse very rapidly (via the Q1-D2 or Q2-D1 loop) when the circuit is switched off. This so-called ‘fly-wheel’action is vital if SW2 is replaced by a pulse-width modulat-ed (PWM) electronic switch, enabling the motor speed to be electronically controlled.

 

Motor speed control

A DC motor’s speed is proportional to the mean value of its supply voltage, and can thus be varied by altering either the value of its DC supply voltage or, if the motor is operated in the switched-supply mode, by varying the mark-space ratio of its suppl y.

Figure 2.43 shows variable-voltage speed control obtained via vari-able pot RV1 and compound emitter follower Q1-Q2, which enable the motor’s DC voltage to be varied from zero to 12 volts. This type of circuit gives fairly good speed control and self-regulation at medium to high speeds, but gives very poor lo w-speed control and slow-start operation, and is thus used mainly in limited-range speed-control applications.
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Figure 2.43. Variable-voltage speed-control of a 12V DC motor.

 

The most efficient way to control the power feed to any DC load is via the basic ‘switched mode’circuit of Figure 2.44, in which power reaches the load via a solid-state switch that is activated via a squarewave generator with a variable M/S-ratio or duty cycle. The

mean voltage (V    ) reaching the load is given by: mean

V   = V   M/(M+S) = V    duty cycle. mean pk × pk ×

Thus, if the duty cycle is variable from 5% to 95% (= 5:95 to 95:5

M/S-ratio) and V   = 12V, V     is variable from 0.6V to 11.4V pk mean and, since power consumption is proportional to the square of the
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Figure 2.44. Switched-mode DC power-level controller.
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mean supply voltage, the load power is variable from 0.25% to 90.25% of maximum via RV1.

Note that the efficiency of this circuit depends on the switching voltage loss, and is given by:

% efficiency = (V pk × 100)/V     . supply

Efficiency levels of over 95% can easily be obtained.

Fi g u re  2.45 s h ows  a  practical  example  of  a  sw i t c h e d-m o d e speed-control circuit. IC1 acts as a 50Hz astable that generates a rectangular output with a mark -space ratio fully variable from 20:1 to 1:20 via RV1, and this waveform is fed to the motor via Q1 and Q2. The motor’s mean supply voltage (integrated over a 50Hz period) is thus fully variable via RV1, but is applied in the form of high-energy pulses with peak values of 12 volts; this type of circuit thus gives excellent full-range speed control and generates high torque even at very low speeds; its degree of speed self-regulation is proportional to the mean value of applied voltage.
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Figure 2.45 . Switched-mode speed-control of a 12V DC motor.

 

Motor speed regulation

Motor speed regulators are meant to keep motor speed fairly con-stant in spite of wide variations in supply voltage and motor load-ing conditions, etc. Figure 2.46 shows one that is designed to simply keep the motor’s applied voltage constant in spite of wide variations 62
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Figure 2.46. Simple motor-speed controller/regulator.
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in supply voltage and temperature. It is designed around a 317K 3-terminal variable voltage regulator IC which (when fitted to a suitable heat sink) can supply output currents up to 1.5 Amps and has an output that is fully protected against short circuit and over-load conditions. With the component values shown, the output is variable from 1.25V to 13.75V via RV1 if the supply voltage is at least 3V greater than the desired output value.

Figure 2.47 shows a high-performance variable-speed regulator that can be used to control 12V DC mini-drills, etc. The motor is again powered via the output of a 317K variable voltage regulator IC, but in this case the motor current is monitored via R5 -RV2, which feed a proportional voltage to the input of the IC2-Q1 non-inverting DC amplifier, to generate a Q1 emitter voltage that is directly propor-tional to the motor’s load current. This circuit’s output voltage equals the normal output value of the 317K IC (variable from 1.25V to 13.75V via RV1) plus the voltage on Q1’s emitter; consequently, any increase in motor loading makes the circuit’s output voltage rise, to automatically increase the motor drive and hold its speed reasonably constant. To initially set up the circuit, simple set the motor speed to about one-third of maximum via RV1, then lightly load the motor and set RV2 so that the speed remains similar in both loaded and unloaded states.
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Figure 2.47. High-performance variable-speed regulator circuit.

 

Servomotor systems

A servomotor is a conventional electric motor with its output cou-pled (via a speed-reduction gearbox) to a movement-to-data trans-lator such as a potentiometer or a tachogenerator. Figure 2.48shows
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Figure 2.48 . Proportional-movement (servomotor) controller.
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a controller that can be used to give proportional movement (set via RV2) of a servomotor with a pot (RV1) output; the motor can be any 12V to 24V type that draws less than 700mA. Here, RV1 and RV2 are wired as a Wheatstone bridge, and the IC (a dual 5 watt power amplifier) is wired as a bridge-configured motor-driving difference amplifier. The circuit action is such that any movement of RV2 upsets the bridge balance and generates a RV1-RV2 difference volt-age that is amplified and fed to the motor, making its shaft rotate and move RV1 to restore the bridge balance; RV1 thus ‘tracks’the movement of RV2, which can thus be used to remote-control the shaft position.

One of the best known types of servomotor is that used in digital pro-p o rtional remote control systems; these consist of a special IC plus a motor and a reduction gearbox that drives a pot and gives a mechanical output; Fi g u re 2.49 s h ows the block diagram of one of these systems, which is driven via a va r i a bl e-width (1mS to 2mS) input pulse that is repeated once eve ry 15mS or so (the frame time). The input pulse width controls the position of the servo ’s mechani-cal output; at 1mS the servo output may (for example) be full left, at 1.5mS neutral, and at 2mS full right. The system operates as follow s :
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Figure 2.49 . Block diag ram showing basic digital proportional-control servomotor system.

 

Each input pulse triggers a 1.5mS ‘deadband’pulse generator and a variable-width pulse generator controlled (via RV1) by the gearbox output; these three pulses are fed to a width comparator that gives 64
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Figure 2.50. Waveforms of a 4-channel digital proportional-con-trol system.
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one output that gives direction control of the motor drive circuitry, and another that (when fed through a pulse-width expander) con-trols the motor speed, thus making the servomotor’s RV1-driving mechanical output rapidly follow any variations in the width of the input pulse.

Servomotors of the above type are usually used in multi-channel remote control systems, as in the basic 4-channel system of Figure 2.50. Here, a serial data input is fed (via some form of data link) to the input of a suitable decoder; each input frame comprises a 4mS synchronisation pulse followed by four variable-width (1mS to 2mS) sequential ‘channel’ pulses. The decoder converts the four channel pulses to parallel form, enabling each pulse to be used to control a servomotor.

 

Stepper motors

Stepper motors have several phase windings, and each time these are electrically pulsed in the appropriate sequence the output spin-dle rotates by a precise step angle (usually 7.5 degrees). By apply-ing a suitable sequence of pulses, the spindle can be turned a precise number of steps backwards or forwards, or can be made to rotate continuously at any desired speed in either direction. These motors can easily be controlled via a microprocessor or a dedicated stepper motor driver IC, and are widely used in all applications where pre-cise amounts of angular movement are required, such as in the movement of robot arms, in daisy wheel character selection, or the movement control of the printhead and paper feed in an electronic typewriter, etc.

Most stepper motors have four phases or coil windings, which may be available via eight independent terminals, as shown in Figure 2.51(a), or via two sets of triple terminals, as shown in Figure 2.51(b). The phases are usually designed for unipolar drive, and must be connected in the correct polarity.

Figure 2.52 shows the basic way of transistor driving a normal 4-phase stepper motor, and Figure 2.53 shows the normal full-step switching sequence. Note that the motor can be repeatedly stepped or rotated clockwise by repeating the 1-2-3-4 sequence or anti-clockwise by repeating the 4-3-2-1 sequence.

 

The SAA1027 driver IC

A number of dedicated 4-phase stepper motor driver ICs are avail-
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Figure 2.51 . Four-phase stepper motors usually have either (a) eight or (b) six external connection terminals .
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Figure 2.52. Basic transistor-driven stepper motor circuit.
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able, and the best known of these is the SAA1027, which is designed to operate from supplies in the 9.5V to 18V range and to give full-stepping 4-phase motor operation at total output drive cur-rents up to about 500mA. Figure 2.54 shows the internal block dia-gram of the SAA1027, which is housed in a 14-pin DIL package, and Figure 2.55 shows its basic application circuit. Note (in Figure 2.54) that each of the IC’s four phase-driving output transistors operates in the open-collector mode and is protected against damage from motor back-emfs via a diode.

The IC has two sets of supply rail pins, with one set (pins 13 and 12) feeding the high-c u rrent output circuitry, and the other (pins 14 and 5) feeding its low current sections. In use, pins 5 and 12 are gr o u n d-e d, and the positive (usually 12V) rail is fed directly to pin 13 and via decoupling component R1-C1 to pin 14. The positive rail must also

be fed to pin 4 via R , which sets the maximum drive current capac-X

[image: ]

 

Figure 2.53 . F u l l-step mode sequencing of the Figure 2.52 c i rcuit. 66
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Figure 2.54. Internal block diagram of the SAA1027.
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Figure 2.55. Basic SAA1027 application circuit.
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ity of the four output transistors; the R   value is given by :-X

R = (4E/I) – 60R, X

where E is the supply voltage and I is the desired maximum motor

phase current. Thus, when using a 12V supply, R needs values of  X

420R, 180R, or 78R for maximum output currents of 100mA, 200mA, or 350mA.

The SAA1027’s reset pin is normally biased high, and under this condition the IC’s outputs change state each time the count terminal transitions from the low to the high state, as shown in the output sequencing table of Figure 2.56. The sequence repeats at 4-step intervals, but can be reset to the zero state at any time by pulling the reset pin low. The sequence repeats in one direction (normally giving clockwise motor rotation) when the mode input pin is tied low, and in the other (normally giving anticlockwise motor rotation) when the mode input pin is tied high.

Figure 2.57 shows a practical drive/test circuit that can be used to activate 4-phase stepper motors with current rating up to about 300mA. The motor can be manually sequenced one step at a time via SW3 (which is effectively ‘debounced’via R4-C5), or automat-ically via the 555/7555 astable oscillator, by moving SW2 to either
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Figure 2.56. SAA1027 output sequencing table.
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the step or free-run position; the motor direction is controlled via SW4, and the stepping sequence can be reset via SW5.

The astable’s operating speed is fully variable via RV1, and is vari-able in three switch-selected decade ranges via SW1. In the slow (1) range, the astable frequency is variable from below 5Hz to about 68Hz via RV1; on a 48-step (7.5 degree step angle) motor this cor-responds to a speed range of 6 to 85 RPM. SW1 ranges 2 and 3 give frequency ranges that are ten and one-hundred times greater than this respectively, and the circuit thus gives a total speed control range of 6 to 8,500 RPM on a 48-step motor.

Circuit variations

The basic Figure 2.57 circuit can be varied in a several ways. Figure 2.58 shows how it can be driven via a microprocessor or computer output port with voltages that are below 1V in the logic-0 state and above 3.5V in the logic-1 state. Note that this circuit reverses the normal polarity of the input control signals; thus, the step input is pulsed by a high-to-low transition, the stepping sequence is reset by a high input, and a low mode input gives forward motor rotation and a high input gives reverse rotation.

The Figure 2.57 and 2.58 circuits are designed to give maximum output drive currents up to 300mA. Their outputs can be boosted to a maximum of 5A by using the circuits of Figure 2.59 or 2.60, which each show the additional circuitry needed to drive one of the four output phases of the stepper motor; four such driver stages are
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Figure 2.57 . Complete stepper motor drive/test circuit. 68
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Figure 2.58. Stepper-motor-to-microprocessor interface.
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needed per motor. The Figure 2.59 circuit can be used to drive motors with fully independent phase windings, and the Figure 2.60 design can be used in cases where two windings share a common supply terminal. Diodes D1 and D2 are used to damp the motor back-emfs.
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Figure 2.59. Method of boosting the drive current to stepper motors with independent phase windings.

[image: ]

 

Figure 2.60. Method of boosting the drive current to stepper motors with coupled phase windings.

3 Modern sensors and transducers

 

The modern electronics design engineer has ready access to a con-siderable armoury of useful sensors and transducers that enable him to interface his circuits with the outside world. This chapter gives a concise run -down on some of the best known and most useful of these devices. Before looking at these, however, it is necessary to first define a ‘sensor’and a ‘transducer’.

A sensor is, in the context of this volume, defined as any device that directly converts some physical quantity (such as heat, light, pres-sure, etc.) into a proportional electrical quantity. A transducer, on the other hand, is defined as any device that directly converts one physical quantity into another physical quantity; thus, any device that (for example) converts electrical current into mechanical move-ment (such as a relay or electric motor) is a transducer.

From the above definition it is obvious that although all sensors are transducers, it is not true that all transducers are sensors. Consequently, to tie the two groups of devices together in a logical way, this chapter is split into sections that first categorise the devices by function (electroacoustic, optoelectronic, thermoelectric, or piezoelectric), and then describe the individual sensors and trans-ducers that come under that heading. One major category of trans-ducer, the electromechanical type, has already been described in Chapter 2, and at this point it is worth noting that there is often con-siderable flexibility in the use of generic titles when describing transducers; an electric bell, for example, is undoubtedly an electro-mechanical device, but is most noted for its noise-making qualities and is thus best described as an electroacoustic device.

 

Electroacoustic devices

An electroacoustic device is one that converts electrical or electro-mechanical power into acoustic energy, or vice versa. Amongst the best known of such devices are electric bells and buzzers, piezo ‘sounders’and sirens, loudspeakers, earphones, and microphones.

 

Bells and buzzers

Electric bells and buzzers are crude but effective noise-makers. Figure 3.1 shows their typical basic construction and electrical equivalent circuit. They consist of a free-moving iron armature that is surrounded by a solenoid that can be energised via a pair of nor-mally-closed switch contacts and a leaf spring. Normally, the arma-ture is forced out of the solenoid by a light coil spring. When a DC supply is connected to the circuit the solenoid is energised and its electromagnetic field drags the armature dow n wards until its hammer striker hits a sounding board (in a buzzer) or dome (in a bell); at this point a claw at the other end of the armature pulls open the switch contacts via the leaf spring, and the armature shoots out-wards again under the pressure of the coil spring until the switch contacts close again, and the process then repeats add infinitum. 70
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From the engineers point of view, the important things to note about electric bells and buzzers is that they are highly inductive self-inter-rupting devices that are not ‘polarity conscious’. They can be acti-vated via a single switch wired in series with the supply, or by any number of such switches connected in parallel, as shown in Figure 3.2. Bells have their acoustic energy concentrated into a narrow ‘tone’band and are thus reasonably efficient and can generate ver y high sound levels. Electric buzzers generate a broad ‘splurge’ of sound and are very inefficient, and have now been superseded by electronic units designed around piezo ‘sounders’.

 

Piezo sounders and buzzers

Piezoelectric ‘sounders’are super-efficient low-level sound-making devices. They consist of a thin slice of electroconstrictive (piezo) ceramic material plus two electrical contacts, and act as a
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Figure 3.1 . Typical basic construction (a) and equivalent circuit (b) of an electric bell or buzzer.
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Figure 3.2. A bell or buzzer can be activated by a single switch (a) or by any of several switches wired in parallel (b).
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semi-tuned (typically 1kHz to 5kHz) electric-to-acoustic power converter. They give typical power conversion efficiencies of 50 percent, compared to about 0.5 percent for conventional loudspeak-ers. The Toko PB2720 is a typical piezo ‘sounder’and houses its actual transducer in an easy-to-use plastic casing, as shown in Figure 3.3. Its input terminals appear to the outside world as a simple capacitor of about 20nF. The device has a highly non-linear frequency response that peaks at about 4.5kHz, as shown in Figure 3.4.

The most effective and cheapest way to use a PB2720 or similar piezo unit as a sound-making ‘buzzer’is to feed it with squarewaves from a driver that can source and sink currents with equal ease and has a current-limited (short-circuit proof) output. CMOS oscilla-tor/drivers fit this bill nicely. Figures 3.5 and 3.6 show two inex-pensive ways of driving the PB2720 (or any similar device) from a 4011B CMOS astable oscillator. Each of these circuits generates a
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Figure 3.3 . Basic construction and dimensions (in mm) of the PB2720 piezo sounder.
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Figure 3.4. Frequency response of the PB2720 with a 1.5V r.m.s. input:sound pressure is measured at 10 cm.
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Figure 3.5. Gated 2kHz piezo buzzer with single-ended output.
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2kHz monotone signal when in the on mode, is gated on by a high (logic-1) input, and can use any DC supply in the range 3 to 15 volts.

In the Figure 3.5 design, IC1a –IC1b are wired as a 2kHz astable that can be gated on electronically or via push-button switch S1, and IC1c is used as an inverting buffer/amplifier that gives single-ended drive to the PB2720. The signal reaching the PB2720 is thus a squarewave with a peak-to-peak amplitude equal to the supply volt-age, and the r.m.s. signal voltage across the load equals roughly 50% of the supply line value.

The Figure 3.6 design is similar to the above, except that inverting amplifiers IC1c and IC1d are series-connected and used to give a ‘bridge’drive to the transducer, with anti-phase signals being fed to the two sides of the PB2720. The consequence is that the load (the PB2720) actually sees a squarewave drive voltage with a peak-to-peak value equal to twice the supply voltage value, and an r.m.s voltage equal to the supply value, and thus gives four times more acoustic output power than the Figure 3.5 design.

Figure 3.7 shows the above basic bridge-driven circuit modified so that it can be gated on by a low (logic O) input (rather than by a high one) by simply using a 4001B CMOS IC in place of the 4011B type.
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Figure 3.6. Gated 2kHz piezo buzzer with bridge-drive output.
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Note that many commercial piezo buzzer units use circuits similar to those shown in Figure 3.5 to 3.7 but with the ‘gate input’termi-nal eliminated and S1 replaced with a short circuit, so that the units have only two connecting leads.
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Figure 3.7. Alternative version of the gated bridge -drive circuit.

 

Piezo alarms and sirens

Gated CMOS oscillator/driver circuits can be used in a variety of ways to produce alarm or siren sounds from a piezo sounder. Two examples are shown in Figures 3.8 and 3.9. Figure 3.8 shows a single 4011B used to make a pulsed-tone (bleep-bleep) alarm cir-cuit with direct drive to the PB2720. Here, IC1a–IC1b are wired as a gated 6Hz astable and is used to gate the IC1c–IC1d 2kHz astable on and off. This circuit is gated on by a high input; if low-input gating is wanted, simple swap the 4011B for a 4001B and transpose the positions of S1 and R1.

Finally, Figure 3.9 shows a warble-tone (dee-dah-dee-dah) gated ‘siren’ that generates a sound similar to a British police car siren and has a bridge-driven output. Here, 1Hz astable IC1a–IC1b is used to modulate the frequency of the IC1c–IC1d astable; the depth of frequency modulation depends on the R3 value, which can vary from 120k to 1M0.
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Figure 3.8. Gated pulsed-tone (6Hz and 2kHz) piezo alar m
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Figure 3.9 . Gated warble-tone piezo siren with bridge-drive output.
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Loudspeakers

Most modern loudspeakers operate on the moving coil principle and use the basic form of construction shown in Figure 3.10, in which the coil (usually called a ‘voice’or ‘speech’coil) is mounted within the field of a powerful magnet and is attached to a rigid cone that is flexibly suspended within the speaker’s chassis. When the coil is driven from the output of an audio power amplifier it and the cone move in sympathy with the audio signal, and the cone generates a c o rresponding    acoustic    output.    Most    loudspeakers    have electrical-to-acoustic conversion efficiency values of only 0.2 to 0.5 percent.

Most modern loudspeakers (other than miniature types) have nom-inal impedances, at 400Hz or 1kHz, of either 4, 8 (the most popu-lar value), or 16R. They have the basic electrical equivalent circuit of Figure 3.11. The impedance of a loudspeaker inevitably varies with frequency, and Fi g u re    3.12   s h ows    the    typical frequency/impedance response curve of a 4R0 type; it shows dis-tinct self-resonance at about 100Hz.

Modern audio power amplifiers gave a low-impedance voltage output; because of the loudspeaker’s impedance variation, its power absorbtion and acoustic output power also varies, wh e n
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Figure 3.10. Basic construction of a moving coil loudspeaker.
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Figure 3.11. Electrical equivalent of a loudspeaker.
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voltage-driven, with frequency. The power absorbtion, W, is given by:

W = E.I.cosθ,

where W is in watts, E is the signal drive voltage, I is the signal cur-rent through the ‘speaker, and cosθ is the cosine of the phase angle between E and I. Typically, the phase angle varies from about –50° at 100Hz, to 0° at 250Hz, to +55° at 4kHz, giving cosθ values of 0.643, 1.000, and 0.574 respectively. Thus, voltage-driven loud-speakers have a highly non-linear basic acoustic response. Most of this non-linearity can be ironed out by fitting the loudspeaker into a custom-designed enclosure.

 

Earphones and headphones

An earphone can be simply described as a small electrical-to-acoustic transducer that is designed to fit against or inside one ear; a headphone is simply a pair of such units joined together by a headband and designed to nestle against both ears simultaneously. Earphones come in a variety of basic types, and the 76

[image: ]

 

Figure 3.12 . Typical frequency/impedance response curve of a 4R0 loudspeaker.
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three most widely used of these are illustrated in Figures 3.13 to 3.15.

In the moving -iron type ( Figure 3.13) the electrical input signal is fed to a pair of coils mounted on a lightly magnetised iron core, and produces a modulated electromagnetic effect on a thin iron diaphragm that generates a sympathetic acoustic output. This type of earphone is cheap and robust but has a useful bandwidth that extends to only a few kHz; it is widely used in telephone handsets, etc.

In the moving coil or ‘dynamic’ type (Figure 3.14) the electrical input is fed to a coil that is either attached to, or printed on (using PCB techniques), a light diaphragm and placed within the field of a strong permanent magnet, so that the diaphragm moves and gener-ates an acoustic output in sympathy with the input signal. Such units often have excellent fidelity and a wide bandwidth; they usually have an impedance in the 4 to 32R range.

[image: ]

 

Figure 3.13. Basic moving-iron earphone.
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Figure 3.14 . Basic moving coil earphone.
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Figure 3.15 . Basic piezoelectric (crystal) earphone.

 

In the piezoelectric or ‘crystal’ type the input signal is applied to printed contact ‘plates’on the two faces of the piezo element, which expands and contracts in sympathy with the signal; these physical movements are coupled, via a lightweight carrier, to a diaphragm that produces an acoustic output. This type of earphone has moder-ately good fidelity and bandwidth, and has a very high impedance (it acts like a capacitance with a value of a few nF).

 

Microphones

Microphones are acoustic-to-electrical transducers. The four best known variations of these are the moving coil (‘dynamic’), ribbon, piezo-electric (‘crystal’), and electret types.

The moving coil type uses the same form of construction as the moving coil earphone (see Figure 3.14). Sound waves cause a diaphragm and coil to move within the field of a strong magnet, and the coil generates a sympathetic electrical output. Units of this type offer good fidelity and many high-quality types have a built-in transformer that gives a voltage-boosted and impedance-matched output.

Ribbon microphones are a variation of the moving coil type, with the coil replaced by a ribbon of corrugated aluminium foil that is 78
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suspended within a powerful magnet field and arranged so that sound waves fall easily upon its surfaces and thus generate electri-cal signals across the ribbon; these are stepped up to a useful level via a built-in transformer. Ribbon microphones offer excellent fidelity and bandwidth.

Piezoelectric (crystal) microphones use the same form of construc-tion as piezo-electric earphones, and produce a high-impedance electrical output of moderately good fidelity and bandwidth.

Electret microphones are a modern version of the old ‘capacitor’ types, which use the basic construction shown in Figure 3.16. Here, a lightweight metallised diaphragm forms one plate of a capacitor, and the other plate is fixed; the capacitance thus varies in sympathy with the acoustic signal. The capacitor acquires a fixed charge, via a high -value resistor, from a high voltage supply (typically 200V) and, since the voltage across a capacitor is equal to its charge divid-ed by its capacitance, it thus generates an output voltage in sympa-thy with the acoustic signal. This signal is fed to the outside world via a coupling capacitor. This type of microphone is capable of pro-ducing excellent fidelity and bandwidth, but has a high impedance output and suffers from the need for a high voltage supply.
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Figure 3.16. Basic elements of a capacitor microphone.

 

Figure 3.17 illustrates the basic construction of a modern electret microphone. Here, the ‘fixed’ plate of the capacitor is metallised onto the back of a slab of insulating material known as ‘electret’, which holds an electrostatic charge that is built in during manufac-ture and can be held for an estimated 100-plus years. The output of the resulting ‘capacitor microphone’is coupled to the outside world via a built in IGFET transistor, which needs to be powered exter-nally from a battery (from 1.5V to about 9V) via a 1k0 resistor, as shown. Electret microphone are robust and inexpensive and give a good performance up to about 10kHz; they are often built into cas-sette recorders and so on.
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Figure 3.17. Basic elements of a modern electret microphone.
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Optoelectronic devices

An optoelectronic transducer is one that converts visible or invisi-ble light energy into electrical energy, or vice versa. The best known ‘passive’ versions of such devices are LDR’s (light-dependent resis-tors), filament lamps, and solar cells. The best known ‘active’ ver-sions are photodiodes, phototransistors, and LEDs, and these are dealt with in detail in Chapter 13.

 

LDR basics

An LDR is also known as a cadmium-sulphide (CdS) photocell. It is a passive device with a resistance that varies with visible light intensity. Figure 3.18 shows the device’s circuit symbol and basic construction, which consists of a pair of metal film contacts sepa-rated by a snake-like track of light-sensitive cadmium sulphide film; the structure is housed in a clear plastic or resin case. Figure 3.19 shows the typical photoresistive graph that applies to an LDR with a face diameter of about 10mm; the resistance may be several megohms under dark conditions, falling to about 900R at a light intensity of 100 Lux (typical of a well lit room) or about 30R at 8000 Lux (typical of bright sunlight).

Figures 3.20 to 3.22 show three light-sensitive relay-output switch-
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Figure 3.18. LDR symbol (a) and basic structure (b). 80
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Figure 3.19. Typical characteristics curve of a LDR with a 10mm face diameter.
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Figure 3.20. Simple non-latching light-activated relay switch.

[image: ]

 

ing circuits that will each work with virtually any LDR with a face diameter in the range 3mm to 12mm.

The transistor circuit of Figure 3.20 activates the relay when light enters a normally-dark area such as the inside of a safe or cabinet. The LDR (plus R1) and R2 act as a simple voltage divider that con-trols Q1’s bias, and drives Q1 and the relay on only when the light intensity exceeds a certain limit.

Fi g u res 3.21 and 3 . 2 2 s h ow circuits that are suitable for use in ‘pre-c i s i o n ’l i g h t-sensing  applications.  Here,  the  LDR  and  RV 1-R 1-R2 are connected in the form of a Wheatstone bridge, and the op-amp and Q1 are wired as a precision bridge-balance detector. In Fi g u re 3.21 the relay turns on when the light level exceeds a pre-set value; the action can be reve r s e d, so that the relay turns on when the light leve l falls below a pre-set value, by transposing RV1 and LDR as in the Fi g u re 3.22 circuit, which also shows how a small amount of sw i t c h-ing hysteresis can by added via feedback resistor R5. In all cases the switching point can be pre-set via RV1, which must have an ‘adjust-e d ’ value that equals that of the LDR at the desired ‘trip’ l eve l .
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Figure 3.21. Precision light-activated relay switch
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Figure 3.22. Precision dark-activated relay switch with hystere-
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Filament lamps

The ordinary filament lamp is widely used as a light generator. It consists of a coil of tungsten wire (the filament) suspended in a vacuum- or gas-filled glass envelope and externally connected via a pair of metal terminals; the filament runs white hot when energised via a suitable AC or DC voltage, thus generating a bright white light. Figure 3.23(a) shows the standard symbols used to represent such a lamp.

The filament lamp has, from the electronic engineer’s point of view, two notable characteristics. Firstly, its resistance varies with fila-ment temperature: Figure 3.23(b) shows the typical variation that occurs in a 12V 12 watt lamp; the resistance is 12R when the fila-ment is operating at its normal ‘white’heat, but is only 1R0 when the filament is cold. This 12:1 resistance variation is typical of all filament lamps, and causes them to have switch-on  ‘inrush’current values about twelve times greater than their normal ‘running’ values.

The second notable feature of the filament lamp is that it has a fairly long thermal time constant; power thus has to be applied to (or removed from) the filament for a significant time (tens or hundreds of milliseconds) before it has any appreciable effect on light output. This characteristic enables the lamp to be powered from either AC or DC supplies.
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Figure 3.23. Filament lamp symbols (a) and graph (b) showing typical variation in Þlament resistance with Þlament temperature for a 12V, 12W lamp.
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The simplest way of varying the brightness of a DC lamp is to vary its DC supply voltage, as in the emitter follower circuit of Figure 3.24, but this technique is very inefficient, since all unwanted power is ‘lost’ across Q1. A far more efficient way of varying the lamp brightness is to use the ‘switched-mode’ technique illustrated in Figure 3.25, in which the lamp is connected to the DC supply via electronic switch SW1 (usually a transistor), which is switched on and off rapidly via a free-running pulse generator. The mean volt-age fed to the lamp in this case equals the supply voltage multiplied by the pulse-width/frame-width ratio, and can easily be varied (via the pulse-width control) between 5 and 95 percent of the DC supply-voltage value; if the frame frequency is greater than 50Hz the lamp shows no sign of flicker as its brightness is varied.

Figure 3.26 shows a practical switched-mode DC lamp dimmer that can control 12 volt lamps with rating up to 24 watts. CMOS gates IC1a-IC1b form a 100Hz astable with a variable mark/space-ratio output that is fed to the lamp via Q1-Q2, enabling its brightness to be varied over a wide range via RV1; SWl enables the lamp and cir-cuit to be turned fully off, and R6-C2 protect the CMOS circuitry from supply-line transients.

 

Solar cells

Solar cells are photovoltaic units that convert light directly into
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Figure 3.24. Variable voltage DC lamp brightness control circuit.
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Figure 3.25 . Basic switched-mode DC lamp brightness control circuit.
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Figure 3.26 . Switched-mode DC lamp dimmer.
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electrical energy. Figure 3.27 shows the symbol used to represent a single solar cell, which typically generates an open circuit voltage of about 500mV (depending on light intensity) when active . Individual cells can be connected in series to increase the available terminal voltage, or in parallel to increase the available output cur-rent; banks of cells manufactured ready-wired in either of these ways are called solar panels. Figure 3.28 shows how a bank of 16 to 18 cells can be used to autocharge a 6V ni-cad battery via a germa-nium diode.

The available output current of a solar cell depends on the light intensity, on cell efficiency (typically only a few percent), and on the size of the active area of the cell face. The naturally-available light energy at sea -level in temperate geo graphic zones is typically in the range 0.5 to 2 kW/m2 on bright sunny days.
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Figure 3.27 . Symbol of single solar cell.
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Figure 3.28. Solar panel used to charge a 6V ni-cad.
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Thermoelectric sensors

A thermoelectric sensor is one that either undergoes a distinct change of state at a specific temperature, or one that converts tem-perature into a proportional electrical quantity such as resistance or voltage. The best known devices of this type are thermostats, ther-mistors, and thermocouples; silicon diodes can also be used as thermal sensors, as described in Chapters 7 and 8.

 

Thermostats

Thermostats are simple temperature-activated on/off switches that usually work on the ‘bimetal’principle illustrated in Figure 3.29(a), in which the bimetal strip consists of two bonded layers of highly conductive metal with dissimilar coefficients of thermal expansion, thus causing the strip to bend in proportional to temperature and to make (or break) physical and electrical contact with a fixed switch contact at a specific temperature. In practice, the bimetal element may be in strip, coiled, or snap-action conical disc form, depending on the application, and the thermal ‘trip’point may or may not be adjustable. Figures 3.29(c)and (d) show the symbols used to repre-sent fixed and variable thermostats.

A variety of thermostats are readily available, and can easily be used
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Figure 3.29 . Basic construction of a simple bimetal thermostat (a), and symbols for Þxed (b) and variable (c) thermostats.
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to give automatic control of electric room and water heaters, etc. Their only significant disadvantage is that they suffer from hystere-sis; typically, a good quality adjusted thermostat may close when the temperature rises to (say) 21 °C but not re-open again until it falls to 19.5 °C.

Figure 3.30 shows an adjustable thermostat used in conjunction with a master on/off switch and an electric heater to give simple automatic control of room temperature; this circuit is adequate for use in most domestic applications. Figure 3.31 shows a more sophisticated circuit, for use in commercial offices and so on; in this case TH2 controls the normal office temperature, but is enabled via the programmable time switch only during the specified hours of occupancy; outside of these hours the temperature is prevented from falling below (say) 5°C via TH1.

 

Thermistors

A thermistor is a form of resistor in which the resistance value is highly sensitive and proportional to temperature. Practical thermis-tors are available in rod, disc, and bead forms, and with either pos-
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Figure 3.30. Simple example of a thermostat used to control room temperature.

 

Figure 3.31. Example of a smart room-temperature control system using two thermostats.
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itive or negative temperature coefficients (known as PTC and NTC types respectively). Unlike thermostats, they do not suffer from hys-teresis problems, and are thus suitable for use in a variety of preci-sion control and measurement applications. Figure 3.32 shows two alternative symbols that can be used to represent them.

Figure 3.33 shows how the precision light-activated relay switch of Figure 3.21 can be converted into a precision over-temperature switch. The thermistor (TH1) can be any NTC type with a resistance in the range 1k0 to 20k at the required trigger temperature. RV1 enables the trip temperature to be varied over a wide range, and must have the same value as TH1 at the trip point. The circuit can be made to act as a precision ‘ice’or under-temperature switch by simply transposing TH1 and RV1.

 

Thermocouples

When a junction is formed between two dissimilar metals a ther-moelectric or temperature-dependent voltage is generated across the junction. Thermocouples are devices in which the two types of metal are specially chosen to exploit this effect for
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Figure 3.32. Symbols commonly used to represent a thermistor.

 

Figure 3.33. Precision over-temperature relay switch.
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t e m p e r a t u r e-measurement  purposes.  A  thermocouple  using  a copper and copper-nickel junction, for example, has a useful ‘meas-urement’range from –100°C to +250°C, and has a typically sensi-tivity of 42µV per °C over the positive part of that range. Some thermocouples using other types of metal have useful measurement ranges up to well above +1100°C. Figure 3.34(a) shows the symbol used to denote a normal thermocouple.

In some special types of thermocouple device the junction can be heated via a dc or r.f. current passed through a pair of input termi-nals; the thermocouple output can then be used to indicate the mag-nitude of the input current or power. Devices of this type use the symbol shown in Figure 3.34(b).

[image: ]

 

Figure 3.34 . Symbols of (a) a con ventional  and (b) an electr i-cally-heated thermocouple device.

 

Piezoelectric transducers

A piezoelectric transducer is an electroconstrictive device that con-verts a varying electrical signal into a sympathetic set of fine mechanical variations, or vice versa. Piezo sounders, earphones, and microphones are ‘audio frequency’ examples of such devices and have already been described in this chapter. Some other types are specifically designed to operate at high frequencies and act as IF (455kHz or 10.7MHz, say) filters, etc. Other types of particular interest are the so-called ‘ultrasonic’ transducers, and ordinary quartz crystals.

 

Ultrasonic piezo transducers

These are sharply tuned low-power devices that are designed to res-onate at an ‘ultrasonic’ frequency of about 40kHz. They are sup-plied in matched pairs, with one optimised for use as a ‘transmitter’ and the other for use as a receiver. They are useful in many remote control, distance measurement, and intrusion alarm applications. Figure 3.35 shows, in block diagram form, one way of using them in a ‘doppler effect’intruder alarm system.

The Figure 3.35 alarm system consists of three main elements. The first is a transmitter (Tx) that floods the room with 40kHz ultrason -ic signals, which bounce back and forth around the room. The second is a receiver (Rx) that picks up and amplifies the reflected signals and passes them on to a phase comparator, where they are compared with the original 40kHz signals. If nothing is moving in the room the Tx and Rx signal frequencies will be the same, but if an object (an intruder) is moving in the room the Rx signal fre-quency is doppler -shifted by an amount proportional to the rate of object movement (= about 66Hz at 10 inch/sec in this case). The a.f.
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Figure 3.35 . Block diagram of an ultrasonic (40kHz) doppler effect intruder alarm system.
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output of the comparator is passed in to the third system element, the alarm activator; this consists of a signal conditioner that rejects spurious and ‘out of limits’signals, etc., and activates the alarm-call generator only if an intruder is genuinely present.

 

Quartz crystals

Quartz crystals act as electromechanical resonators or tuned circuits with typical effecti ve Qs of about 100,000 and with roughly 1000 times greater frequency stability than a conventional L -C tank cir-cuit; they are widely used in precision filters and oscillators. The crystal’s resonant frequency (which may vary from a few kHz to 100MHz) is determined by its mechanical dimensions. All quartz crystals have both series and parallel natural-resonance modes, and are cut to provide calibrated resonance in only one of these modes; series-mode devices present a low impedance at resonance, while parallel-mode devices present a high impedance at resonance.

Figure 3.36 shows the symbol and typical equivalent electrical cir-cuit of a quartz crystal; it also shows the typical frequency/imped-ance response curve of a crystal that is cut to give series resonance at 465kHz; note that this particular crystal also has an uncalibrated parallel resonance mode at 505kHz.

Figure 3.37 shows one of the many ways of using a series-mode crystal in a precision oscillator circuit. This is a Colpitts oscillator in which Q1 is wired as a voltage follower and the crystal provides the voltage gain needed for oscillation. Note that a small ‘trimmer’ capacitor (C3) is wired in series with the crystal and enables its fre-
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Figure 3.36. Quartz crystal symbol, typical equivalent circuit, and typical response cur ve of a 465kHz series-resonant crystal.
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Figure 3.37 . Untuned Colpitts oscillator using series-resonant crystal.
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quency to be varied over a narrow range. A variety of other types of crystal oscillator circuit are shown in Chapter 11.

 

Miscellaneous sensors/transducers

A variety of special-purpose sensors and transducers of value to the electronics engineer but not so-far mentioned in this chapter are also fairly readily available. Amongst the most useful of these are radioactive ‘smoke detector’ elements, humidity sensors, strain gauges, hall -effect devices that respond to magnetic field strength (flux density), and ‘gas sensors’that react to gases such as propane, butane, methane, isobutane, petroleum gas, natural gas, and ‘town’ gas. Details of these devices are available in several specialist pub-lications.

4 Passive attenuator circuits

 

Passive attenuators are amongst the simplest and most widely used circuits in modern electronics. This chapter looks at a broad range of practical versions of these basic circuit elements.

 

Attenuator basics

Attenuators are used to reduce awkward values of input signal volt-age to lower and more convenient output levels. The simplest atten-uator is the ‘L’-type (so named because its diagram resembles an inverted ‘L’) which, as shown in Figure 4.1, consists of two resistors (R1 and R2) wired in series. Its attenuation (a) is set by the ratio of R2/(R1 + R2), as shown. Note that the ‘L’-type attenuator’s output must be fed to a fairly high impedance, so that the load does not sig-nificantly shunt R2 and thereby increase the overall attenuation. The

attenuator’s input impedance equals R1 + R2 (= R ). T

[image: ]

 

Figure 4.1. The basic ÔL Õ-type attenuator (a) is really a simple potential divider (b); its design is controlled by the formulae in (c).

 

To design an ‘L’-type attenuator with a desired value of attenuation

‘a’and total resistance R , first work out the R2 value, and then the T

R1 value, thus:

(i)        R2 = R /a, and T

(ii)       R1 = R – R2. T

For example, in a unit with an R value of 10k and an ‘a’ value of T 10 (= 20dB), R2 needs a value of 10k/10 = 1k0, and R1 needs a value of 10k-1k0 = 9k0.

The simplest type of variable attenuator is the ‘pot’type of Figure 4.2, which is often used as a ‘volume’control, etc., and is merely a variation of the basic ‘L’-type attenuator.
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Figure 4.2 . This pot attenuator is a fully-variable version of the L-type attenuator.
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Another ‘L’ attenuator variation is the switched type of Figure 4.3, which gives a range of attenuation values. The procedure for designing this is similar to that described above (using obvious vari-ations of the (i) and (ii) formulae), except that a separate calculation is made for each attenuation position, starting with the greatest.

Thus, the Figure 4.3 attenuator has an R value of 10k, so the first  T

design step is to work out the R3 value needed to give ‘÷ 100’atten -uation, which is 10k/100 = 100R. Similarly, the ‘lower  arm’(i.e., R2+R3) value needed in the ‘÷ 10’position equals 1k0, but 100R of this is already provided by R3, so R2 needs a value of 1k0-100R = 900R. R1 needs a value of 10k-1k0 = 9k0, as shown. This basic design procedure can be expanded up to give as many attenuator steps as are needed in any particular application.
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Figure 4.3 . The design of this switched attenuator is fully

described in the text.

 

Figure 4.4 shows how modified versions of the Figure 4.2 and 4.3 circuits (with greatly reduced resistance values) can be combined to make a fully-variable wide -range attenuator that can serve as the output of an audio sinewave generator, say; RV1’s scale should be hand-calibrated.

 


Voltage ranging

A common ‘attenuator’ application is as a ‘voltage ranger’ at the input of an electronic voltmeter, as in Figure 4.5. Here, the 1 volt f.s.d. meter is ‘ranged’ to indicate other f.s.d. values by feeding

inputs to it via a switched ‘L’ attenuator. The V /V attenuation  IN  OUT

ratios are chosen on the basis of:

‘a’= desired f.s.d./actual f.s.d.
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Figure 4.4 . This fully-variable wide-range attenuator can be used in the output of a simple sinewave generator, etc.

[image: ]

 

Figure 4.5. This attenuator is used for ranging an electronic volt-meter.

 

Thus, the Figure 4.5 attenuator gi ves output ranging of 1-10-100 volts, which in this case correspond to ‘a’ values of 1, 10 and 100. Note that the meter’s range is extended to 1000 volts f.s.d. via a sep-arate input terminal (marked ‘1kV’ and ‘÷10’) and a 9M0 resist-ance made of six series-wired 1M5 resistors, thus ensuring that (at f.s.d.) a maximum of only 150 volts appears across any resistor or pair of switch contact.

Figures 4.6and 4.7 show a selection of useful ‘L’-type voltage-rang-ing attenuators that can be used to drive any high-impedance 1V f.s.d. meter, and Figure 4.8 shows a 1M0 attenuator that gives an output that is variable from 0dB to –20dB in 2dB steps.

Note that all attenuators shown in Figure 4.3 to Figure 4.8 can be

made with alternative total resistance (R ) values by simply multi-T plying or dividing all resistor values by a proportionate amount.

Thus, any of the ‘1M0’designs can be adapted to give an R value T of 10k by dividing all ‘R’ values by 100, and so on.
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Figure 4.6 . These attenuators give 1-3-10, etc., voltage ranging; the one in (a) uses Ôodd-ballÕresistor values, which total 1M0;the one in (b) uses standard values, which total 1.022M.
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Figure 4.7 . These 1M0 attenuators give (a) 1-2.5-10, etc., and (b) 1-2-5-10, etc., voltage ranging. For alternative total resistance values, simply multiply or divide all resistors by a proportionate amount (e.g., divide by 100 for 10k total).
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Figure 4.8. The output of this 1M0 attenuator is variable in 2dB steps.
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Frequency compensation

Simple ‘L’-type attenuators are often inaccurate at high frequencies, since their resistors are inevitably shunted by stray capacitances that reduce their impedances as frequency increases, and thus affect the attenuation ratios. The effect is most acute when high-value resis-tors are used; a mere 2pF of stray capacitance has a reactance of 800k at 100kHz and can thus have a significant affect on any resis-tor value greater than 10k or so. This problem can be overcome by shunting all resistors with suitable ‘compensation’ capacitors, as shown in Figure 4.9.

Here, each resistor of the chain is shunted by a capacitor, and these have reactance values that are in the same ratios as the resistors. The smallest capacitor (largest reactance) is wired across the largest resistor and has a typical value of 15 to 50pF, which is large enough to swamp strays but small enough to present an acceptably high impedance to input signals. The attenuator’s frequency compensa-tion is set up by feeding a good squarewave to its input, taking its ÷ 100 or ÷1000 output to the input of an oscilloscope, and then
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Figure 4.9. A basic compensated wide-range L-type attenuator, showing squarewave output waveforms when the C1 trimmer set-ting is (a) over compensated, (b) correctly compensated, and (c) under compensated.
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trimming C1 to obtain a good squarewave picture, as shown in (b) in the diagram.

Oscilloscopes invariably use compensated ‘L’-type attenuators at the input of their ‘Y’amplifiers. Figure 4.10 shows part of a typical example, in which an individually trimmed 1M0 attenuator sections is used on each range. Figure 4.11 shows a variation of one of these sections; C1 is used to set the section’s frequency compensation, and C2 adjusts the section’s input capacitance so that the ‘Y’-chan-nel attenuator presents a constant input impedance on all ranges.

Figure 4.12 shows how a 2-range compensated ‘primary’attenuator and a low-impedance uncompensated 6-range  ‘secondary’attenua-tor can be used together to help make an ac millivoltmeter that spans 1mV to 300V f.s.d. in 12 ranges. The primary attenuator gives zero attenuation in the ‘mV’position and ÷ 1000 attenuation in the
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Figure 4.10 . Part of a typical oscilloscope Y ampliÞer attenuator. 96
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Figure 4.11 . Alternative type of Y ampliÞer attenuator section; C1 sets frequency compensation;C2 sets input capacitance.
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Figure 4.12. Use of primary and secondary attenuators in an ac millivoltmeter.

 

‘V’ position. The secondary attenuator is a modified version of Figure 4.6(b), with all ‘R’ values reduced by a factor of 1000. If standard metal film resistors with values greater than 10R are to be used throughout the construction, the 6R8 and 3.42R resistors can be made by wiring three or four resistors in parallel, as shown.

 

An ÔL Õ-type ladder attenuator

A snag with the basic ‘L’-type attenuator of Figure 4.1 is that it must use two greatly different ‘R’ values if used to give a large attenua -tion value, e.g., for 60dB attenuation R1 must by 999 times greater than R2. In this example, if R2 has a value of 10R, R1 must be 9k99 and needs frequency compensation if used above 20kHz or so. An easy way round this snag is to build the attenuator by cascading sev-eral lo wer-value attenuator stages, with sensibly restricted resistor values, as shown in the practical circuit of Figure 4.13. Such a cir-cuit is known as a ladder attenuator.
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The Figure 4.13 ladder attenuator consists of three cascaded 20dB attenuator stages, each with a maximum resistance value of 820R and with a useful uncompensated bandwidth extending to hundreds of kHz. Note that the right-hand (1mV) stage has ‘R1-R2’ (see Figure 4.1) values of 820R and 91R, and that these shunt the lower leg of the middle (10mV) attenuator and reduce its effective value to 91R. Similarly, the middle attenuator shunts the lower leg of the first (100mV) attenuator and reduces its effective value to 91R. Thus, each stage effectively consists of an 820R/91R 20dB attenu-ator that is accurate within +0.2%. The odd-ball 101R resistors are made by series-wiring 33R and 68R resistors.

The Figure 4.13 attenuator is an excellent design that can be used as the output section of a variety of audio and pulse generator cir-cuits. Its output is fully variable via RV1. The attenuator’s output impedance, on all but the ‘1V’range, is less than 90R, so its output voltage is virtually uninfluenced by load impedances greater than a few kilohms.
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Figure 4.13. This fully-variable attenuator uses an L-type ladder network and makes an excellent wide-band output section for audio and pulse generators, etc.

 

Matched-resistance attenuators

Weaknesses of the ‘L’-type attenuator are that its output impedance varies with the attenuator setting, and its input impedance varies with external output loading. The significance of this latter effect is illustrated in Figure 4.14, where the attenuator is represented by the load on the output of the waveform generator, which has an output impedance of 100R. If the generator is set to give 1 volt output into a 1k0 load, the output varies between 1.048 volts and 0.917 volts if the load is then varied between 2k0 and 500R, thus invalidating the generator’s calibration.

It follows from the above that, as illustrated in Figure 4.15, the ‘ideal’ variable attenuator should have input and output impedances that remain constant at all attenuation setting. Such attenuators do exist and are designed around switch-selected fixed-value attenua-tor pads; these pads come in various types, and the five most popu-98

 

Figure 4.14 . The output voltage of a generator varies with changes in its load impedance.

 

Figure 4.15. The ideal variable attenuator presents constant input and output impedances.

 

lar of these are shown in Figures 4.16 and 4.17, together with their design formulae. These attenuators are perfectly symmetrical, enabling their input and output terminals to be transposed, and they are each designed to feed into a fixed load impedance, Z, which forms part of the attenuator network. Note that the pad’s input and output impedances are designed to equal that of the designated load, thus enabling impedance-matched pads of any desired attenuation values to be cascaded in any desired combination, as shown in Figure 4.18.
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The two most popular types of pad attenuator are the ‘T’ and ‘ ’ types; the ‘H’and ‘O’types are simply ‘balanced input’ versions of these, and the ‘bridged-T’type is a derivative of the basic ‘T’type.
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Figure 4.19 shows a  -type attenuator example, designed to give a matched impedance of 1k0 and 20dB (= ÷10) of attenuation. Working through this design from the back, note that the 1k0 load shunts R2 and brings its effecti ve impedance down to 550R, which then acts with R1 as an ‘L’-type attenuator that give the 20dB of attenuation and has an input impedance (into R1) of 5,501R, which is shunted by R3 to give an actual input impedance of 1000R. Note that the output load forms a vital part of the attenuator, and that if it is removed the pad’s attenuation falls to only ÷ 5.052, or –14.07dB.
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Figure 4.20 shows a T-type attenuator example that gives a matched impedance of 1k0 and 20dB of attenuation. Working through this design from the back, note that R3 and the 1k0 load form an ‘L’-type ‘÷ 1.8182’attenuator with an input impedance (into R3) of 1818.2R. R1 and R2 also form an ‘L’-type attenuator, but R2 is shunted by the above 1818.2R impedance and has its effective value reduced to 181.8R, so this stage gives an attenuation of ÷ 5.5 and

[image: ]
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Figure 4.16. Circuits and design formulae of the basic T type attenuator and its H and Bridged -T derivatives.
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Figure 4.17 . Circuits and design formulae for the basic   type attenuator and its O type derivative.
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Figure 4.18. Matched attenuator pads can be cascaded in any combination.
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Figure 4.19 . Worked example of a 1k0, Ð 20dB -type attenua-tor; its unloaded attenuation is Ö 5.052, = Ð14.07dB.

 

Figure 4.20. Worked example of a 1k0, Ð 20dB T-type attenua-tor; its unloaded attenuation is Ö 5,50, = Ð14.81dB.

 

has an input impedance of 1000R. Thus, the T-type attenuator actu-ally consists of a pair of cascaded L-types, which in this example give individual ‘a’ratios of 1.8182 and 5.5, or ÷ 10.00 overall. Note that if the output load is removed from this attenuator its attenuation falls to only ÷ 5.50, or –14.81dB .
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Figure 4.21 shows a chart that makes the design of ‘T’and ‘ ’atten -uators very easy. To find the correct R1 and R2 values, simply read off the chart’s r1 and r2 values indicated at the desired attenuation level and multiply these by the desired attenuator impedance, in ohms. Thus, to make a 100R, –20dB pad, R1 and R2 need values of 81.8R and 20.2R respectively. Note that this chart can also be used to design ‘H’and ‘O’attenuators by simply halving the derived R1 value.

 

Switched attenuators

Matched-impedance attenuator pads can be cascaded in any desired sequence of values  and types,  making it easy to  design sw i t c h e d-value  attenuator  networks  and  ‘boxes’,  as  shown  in Figures 4.22 and 4.23. Figure 4.22 shows four binary-sequenced (1-2-4-8) attenuator pads cascaded to make an attenuator that can be varied from 0dB to –15dB in 1dB steps, and Figure 4.23 shows an alternative arrangement that enables attenuation to be varied from 0dB to –70dB in 10dB steps. These two circuits can be cascaded, if desired, to make an attenuator that is variable from 0dB to –85dB in 1dB steps.

The three most widely used values of ‘matching’ impedance are 50R and 75R for ‘wireless’ work and 600R for ‘audio’ work, and Figures 4.24 and 4.25 show the R1 and R2 values needed to make ‘T’and ‘ ’pads of these impedances at various attenuation values.
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Figure 4.21. T and   attenuator design chart. To Þnd the correct R1-R2 values, read the r1 and r2 values indicated at the desired attenuation value and multiply by the desired attenuator imped-ance.
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Figure 4.22. This switched attenuator is variable from 0 to Ð 15dB in 1dB steps.
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Figure 4.23 . This switched attenuator is variable from 0 to Ð70dB in 10dB steps.

 

Figure 4.24. Design chart for 50R, 75R, and 600R T-type atten-uator pads.

 

Figure 4.25. Design chart for 50R, 75R, and 600R  -type atten-uator pads.

 

When designing attenuator pads note that the R1 or R2 values may be adversely affected by stray capacitance if the values are very large, or by switch contact resistance if very small. Thus, note from Figures 4.24 and 4.25 that a –1dB pad is best made from a ‘ ’sec-tion if designed for 50R matching, but from a ‘T’section if intend-ed for 600R matching.
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If large (greater than –32dB) values of pad attenuation are needed, it is best to make the pad from two or more cascaded attenuator net-
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works. If the multi-stage pad is made from identical ‘ ’-type stages, as shown in Figure 4.26(a), an economy can be made by replacing adjoining pairs of R2 resistors with a single resistor with a value of R2/2, as in Figure 4.26(b).

[image: ]

The Figure 4.26(b) ladder attenuator is actually a set of cascaded ‘L’-type attenuators with a shunt across its main input terminals. An ingenious development of this circuit is the switched ladder attenu -ator, a 5-step version of which is shown in Figure 4.27, together with its design formulae and with worked values for giving ÷10 (= 20dB) steps and a 1k0 matching impedance. Note that the input signal’s effective source impedance forms a vital part of this atten-uator network, and needs a value of 2Z.

To understand the operation of the Figure 4.27 attenuator, imagine it first without the external load and then work through the design from right to left. Thus, the 5th (output) section (R2-R4) acts as a ÷ 10 ‘L’ attenuator with an 11k input impedance; this impedance shunts R3 of the preceding section and reduces its effective value to 1100R, so that section (the 4th) also gives ÷10 attenuation and an 11k input impedance; sections 2 and 3 act in the same way. The ‘1’ input ‘L’-type section consists of the generator’s source impedance (2k0) and R1, which (since it is shunted by the 11k input impedance of the ‘2’section) has an effective impedance of 2k0; this section thus has an effective attenuation of ÷ 2.

Now imagine the effect of connecting the external 1k0 load to any one of the attenuator’s output terminals. If it is connected to the output of the 5th section it shunts R4 and increases that section’s attenuation to ÷ 19.9 and reduces its input impedance to 10424R, thereby also increasing the attenuation of the preceding section by 0.5%, the net result being that the attenuation at that output termi-nal increases by a factor of 1.995, or exactly 6dB. Similarly, if the load is connected to the output of any of the ‘2’to ‘4’sections, the attenuation at that point increases by 6dB; if it is connected to the output of section ‘1’, that section’s attenuation increases by a factor of 2.000 (to ÷ 4), or 6.021dB.
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Figure 4.26. The three-stage -type ladder attenuator of (b) is a simple development of the three-pad circuit shown in (a). 104
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Figure 4.27 . A wor ked example of a Þve-step switched ladder attenuator, giving Ð 20dB steps into 1k0, with design for mulae.
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The big thing to note here is that, since the load is connected to some part of the circuit at all times, it does not affect the step atten-uation of the overall network. Thus, if the load is shifted a 20dB step down the line, from the output of section ‘2’to that of section ‘3’, the output of section ‘2’(and the input of section ‘3’) rises by 6dB but that of section ‘3’decreases by 6dB (to –26dB), to give an over-all step change of precisely –20dB. This step change accuracy is maintained on all except the 1st step position, where a trivial error of +0.25% (0.021dB) occurs. Consequently, this type of switched attenuator is widely used in the output of audio and RF generators.

Fi g u re 4.28 s h ows a practical 4-step 600R ladder attenuator suitabl e for audio generator use. It is meant to by driven from a low-i m p e d-ance source; with a 4V r.m.s. input, it gives outputs of 1V, 100mV, 1 0 m V, and 1mV. Switch SW2 enables the output to be loaded with an i n t e rnal 600R resistor when driving high-impedance ex t e rnal loads.
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Figure 4.28. Practical 600R four-step switched ladder attenuator for use in an audio generator.

5 Passive and active Þlter circuits

 

Simple passive C-R and L -C filters are widely used to either ‘con-dition’ existing ac signals or to form the basis of signal-generating circuits. The performances of simple filters can be greatly enhanced with the aid of ‘feedback’ amplifiers, the resulting combination being known as an ‘active’ filter circuit. This chapter looks at a vari-ety of passive and active filter designs.

 

Passive C-R Þlters

Filter circuits are used to reject unwanted frequencies and pass only those wanted by the designer. In low-f r e q u e n cy applications (up to 100kHz) the filters are usually made of C-R networks, and in high-f r e-q u e n cy (above 100kHz) ones they usually use L-C components.

A simple C-R low-pass filter (Figure 5.1) passes low-frequency sig-nals but rejects high-frequency ones. Its output falls by 3dB (to 70.7% of the input value) at a ‘break’, ‘crossover’, or ‘cutof f ’ fre-
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quency (f ) of 1/(2 RC), and then falls at a rate of 6dB/octave (= C

20dB/decade) as the frequency is increased. Thus, a 1kHz filter gives about 12dB of rejection to a 4kHz signal, and 20dB to a 10kHz one. The phase angle ( φ) of the output signal lags behind that
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of the input and equals –arctan (2 fCR), or –45° at f . C

 

Figure 5.1 . Passive C-R low-pass Þlter.

 

A simple C-R high -pass filter (Figure 5.2) passes high -frequency signals but rejects low-frequency ones. Its output is 3dB down at a break frequency of 1/(2 RC), and falls at a 6dB/octave rate as the frequency is decreased below this value. Thus, a 1kHz filter gives 12dB of rejection to a 250Hz signal, and 20dB to 100Hz one. The phase angle of the output signal leads that of the input and equals

[image: ]

arctan 1/(2 fCR), or +45° at f . C

[image: ]

Each of the above two filter circuits uses a single C-R stage and is known as a ‘1st-order’ filter. If a number (n) of such filters are cas -caded the resulting circuit is known as an ‘nth-order’ filter and has

[image: ]

a slope, beyond f , of (n C × 6dB)/octave. Thus, a 4th-order 1kHz low-pass filter has a 24dB/octave slope and gives 48dB of rejection to a 4kHz signal and 80dB to a 10kHz one.
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Figure 5.2. Passive C-R high-pass Þlter.
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In practice, ‘simple’cascaded passive filters are hard to design and are rarely used; instead, they are effectively cascaded by incorporat-ing them in the feedback networks of ‘active’ filters. One instance where they are used, however, is as the basis of a so-called ‘phase-shift’oscillator, as shown in basic form in Figure 5.3. Here, the filter is inserted between the output and input of the inverting (180° phase shift) amplifier; the filter gives a total phase shift of

180° at a frequency, f , of about 1/(14RC), so the complete circuit O

has a loop shift of 360° under this condition and oscillates at f if  O

the amplifier has enough gain (about x29) to compensate for the filter’s losses and thus give a loop gain greater than unity.

[image: ]

 

Figure 5.3 . Third-order high -pass Þlter used as the basis of a phase-shift oscillator.

 

Figure 5.4 shows a practical 800Hz phase-shift oscillator. RV1 must be adjusted to give reasonable sine wave purity; the output level is variable via RV2.

 

Band-pass and notch Þlters

A ‘band-pass’ filter is one that accepts a specific band or spread of frequencies but rejects or attenuates all others. A simple version of such a circuit can be made by cascading a pair of C-R high-pass and low-pass filters, as shown in Figure 5.5. The high-pass component values determine the lower break frequency, and the low-pass values set the upper break frequenc y.
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Figure 5.4. 800Hz phase-shift oscillator.

[image: ]

 

Figure 5.5. High-pass and low-pass Þlters cascaded to make a band-pass Þlter.

 

If both filters in the above circuit have identical break frequencies the circuit acts as a tone-select fil t e r, and gives minimum attenuation to a single frequency. Fi g u re 5.6 s h ows a popular variation of this type of circuit, the ‘balanced’ Wien tone fil t e r, in which R1 = R2, and C1 =C2. The balanced Wien filter gives an attenuation factor of 3 (=

–9.5dB) at f , and its output phase shift varies between +90° and C

–90°, and is precisely 0° at f ; consequently, it can be used as the C basis of a sinewave  generator by connected its output back to its input via a non-i nve rting amplifier with a gain of x3 (to give a loop gain of unity), as shown in basic form in Fi g u re 5.7.

A ‘notch’ filter is one that gives total rejection of one specific fre-quency, but accepts all others. Such a filter can be made by wiring the Wien network into the Bridge configuration of Figure 5.8. Here, R1-R2 act as a x3 (nominal) attenuator; consequently, the attenua -

tor and the Wien filter outputs are identical at f , and the output C (which equals the difference between the two signals) is thus zero under this condition. In practice, the value of R1 or R2 must be

carefully trimmed to give precise nulling at f . C
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Figure 5.6 . Balanced Wien tone Þlter.

[image: ]

 

Figure 5.7 . Basic Wien-based oscillator.

 

The Wien Bridge network can be used as the basis of an oscillator by connecting it as in Figure 5.9(a), which can be redrawn as in Figure 5.9(b) to more clearly indicate that the op-amp is actually used as a x3 non-inverting amplifier, and that this circuit is similar to that of Figure 5.7. In practice these circuits must be fitted with some form of automatic gain control if they are used to generate good-quality sinewaves.
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Figure 5.8 . Wien Bridge notch Þlter

[image: ]

 

Figure 5.9. The Wien Bridge oscillator in (a) is the same as that of (b).
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The ‘tuned’ frequency of the Wien Bridge network can easily be changed by simultaneously altering its two R or two C values. Figure 5.10 shows this technique used to make a wide-range (15Hz to 15kHz) variable notch filter in which fine tuning and decade switching are available via RV1 and SW1, and null trimming is available via RV2.
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Figure 5.10 . Variable frequency (15Hz to 15kHz) Wien Bridge notch Þlter.
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The Ôtwin-TÕÞlter

Figure 5.11 shows another type of notch filter, the ‘twin-T’circuit. Advantages of this filter are that (unlike the Wien Bridge type) its input and output signals share a common ‘ground’connection, and its off-frequency attenuation is less than that of the Wien. Its major disadvantage is that, if its tuning is to be made fully variable, the values of all three resistors (or capacitors) must be varied simulta-neously. This filter is said to be a ‘balanced’type when its compo-nents have the precise ratios shown; to obtain perfect nulling, the R/2 resistor value needs careful adjustment. Note in particular that

the circuit gives zero phase shift at f . C

One weakness of the twin-T filter is that (like the Wien type) it has

a very low effective ‘Q’. Q is defined as being the f value divided  C

by the bandwidth between the two –3dB points on the filter’s trans-mission curve, and in this case equals 0.24. What this means in

practice is that the filter subjects the second harmonic of f to 9dB  C

of attenuation, whereas an ideal notch filter gives it zero attenuation. This weakness can easily be overcome by ‘bootstrapping’ the common terminal of the filter, as shown in basic form in Figure 5.12. This technique enables high effective Q values to be obtained,

with negligible attenuation of the second harmonic of f . C

The action of the balanced twin-T filter is fairly complex, as indi-

cated in Figure 5.13. It consists of a parallel-driven low-pass f /2 C and a high -pass 2f filter, with their outputs joined by an R-C ‘f ’ C  C

voltage divider. This output divider loads the two filters and affects their phase shifts, the consequence being that the signals at points A and B have identical amplitudes but have phase shifts of –45° and
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Figure 5.11 . Balanced twin-T notch Þlter.

[image: ]

 

Figure 5.12 . Bootstrapped high-Q notch Þlter.

 

+45° respectively at f ; simultaneously, the impedances of the R and C

C sections of the output divider are identical and give a 45° phase

shift at f . Consequently, the divider effectively cancels the A and B C

phase differences under this condition and gives a ‘zero’output, this being the phase-cancelled difference between the A and B signals.

Thus, a perfectly balanced twin-T filter gi ves zero output and zero

phase shift at f . At frequencies fractionally below f the output is  C  C

dominated by the actions of its low-pass filter, and is phase -shifted

by –90°; at frequencies fractionally above f the output is dominat- C

ed by the actions of its high-pass filter, and is phase shifted by +90° (see Figure 5.11).
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Figure 5.13 . Operational representation of the balanced twin-T Þlter.

 

An ‘unbalanced’ version of the twin-T filter can be made by giving the ‘R/2’resistor a value other than the ideal. If this resistor value is greater than R/2 the circuit can be said to be positively unbalanced; such a circuit acts in a manner similar to that described, except that

its notch has limited depth; it gives zero phase shift at f . C Alternatively, if the resistor has a value less than R/2 the circuit is said to be negatively unbalanced; such a circuit also produces a notch of limited depth, but generates a phase-inverted output, thus

giving a 180° phase shift at f , as shown in Figure 5.14. C

Figure 5.15 shows how a negatively unbalanced twin-T notch filter can be used to make a 1kHz oscillator or a tuned acceptance filter. The twin -T network is wired between the input and output of the high-gain inverting amplifier, so that a loop shift of 360° occurs at

f . To make the circuit oscillate, RV1 is adjusted so that the twin -T C

notch gives just enough output to give the system a loop gain greater than unity; the circuit generates an excellent sinewave under this condition. To make the circuit act as a tone filter, RV1 is adjust-ed to gi ve a loop gain less than unity, and the audio input signal is fed in via C1 and R1; R1 and the twin-T filter then interact to for m a frequency-sensitive circuit that gives heavy negative feedback and

low gain to all frequencies except f , to which it gives little negative C feedback and high gain; the tuning sharpness is variable via RV1.

 

C-R component selection

Single-stage C-R low-pass and high-pass filters and balanced Wien

and twin-T networks all use the same formula to relate the f value C to that of R and C, i.e., f   = 1/(2 RC). Figure 5.16 shows this for-C
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mula transformed to enable the values of R or C to be determined

[image: ]

when f and one component value is known. When using these for-C

[image: ]

mulae it is often easiest to work in terms of kHz, kΩ, and µF, as indicated.

113

[image: ]

 

Figure 5.14 . Negatively unbalanced twin-T Þlter gives 180¡ phase shift at f . C

[image: ]

 

Figure 5.15 . 1kHz oscillator/acceptance-Þlter using negatively unbalanced twin-T network.

 

Resonant L-C Þlters

L-C filters are used primarily, but not exclusively, in high -frequen-cy applications. Like C-R types, they can easily be designed to give low-pass, high-pass, band-pass, or ‘notch’ filtering action, but have the great advantage of offering at least 12dB per octave of roll -off, compared to the 6dB/octave of C-R types.
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Figure 5.16 . Formulae for Þnding the component values of single-stage high-pass or low-pass C-R Þlters and balanced Wien or twin-T networks.

[image: ]

The two most important types of L-C filter, from which all others are ultimately derived, are the series and the parallel resonant types. Figure 5.17(a) shows the actual circuit of a series resonant filter, and 5.17(b) shows its simplified equivalent circuit, in which ‘R’rep-resents the coil’s resistance. The basic circuit action is such that the reactance of C decreases, and that of L increases, with increases in frequency, and the circuit’s input impedance is proportional to the difference between these two reactances, plus R. Thus, at one par-

ticular frequency, f , the reactances of C and L inevitably become C

equal, and the circuit’s input impedance then equals R, as shown in Figure 5.18(a).

Suppose that f occurs when the reactances of C and L are each  C

1 0 0 0Ω, and that R equals 10Ω. In this case the input impedance fa l l s to 10Ω, and the entire signal voltage is generated across R. R’s signal

[image: ]

 

Figure 5.17. Actual (a) and simpliÞed equivalent (b) circuit of L-C series resonant Þlter.

 

Figure 5.18. Graphs showing how (a) the input impedance and (b) the L or C signal voltage of the series resonant Þlter varies with frequency.
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c u rrents, howeve r, flow via C and L, which each have a reactance 100 times greater than R; consequently the signal voltage generated across C and across L is 100 times greater than the actual input signal voltage, as shown in Fi g u re 5.18(b); this voltage magnification is

k n own as the circuit’s ‘Q’. The f impedance of L (or C) is known as  C

[image: ]

the circuits ‘characteristic impedance, Z ’, and equals  (L/C). O

[image: ]

Fi g u re 5.19 s h ows two basic ways of using a series resonant L-C fil t e r. In ( a ) the 2k2 resistor (Rx) and the filter act together as a fre-

q u e n cy - s e l e c t ive attenuator that gives ve ry high attenuation at f , and C l ow attenuation at all other frequencies, i.e., the circuit acts as a notch r e j e c t o r. In ( b ) the input signal is applied directly to the fil t e r, and the output is taken from across L; this circuit thus acts as a notch accep-

tor that gives high gain at f and low gain at all other frequencies.  C

[image: ]

 

Figure 5.19 . Ways of using a series resonant Þlter as (a) a notch rejector and (b) a notch acceptor.

 

Figure 5.20 lists the major formulae that apply to the Figure 5.17 series resonant circuit, and also to all other types of L-C filter described in this chapter.

Figures 5.21(a) and 5.21(b) show the actual and the simplified equivalent circuits of a parallel resonant filter; ‘R’ represents the coil’s resistance. The basic circuit action is such that C’s reactance decreases, and that of L increases, with increases in frequency; L and C each draw a signal current proportionate to reactance, but the two currents are in antiphase, and the total signal current thus

equals the difference between the two. At f the L and C reactance  C

are equal, and the total signal current falls to near-zero, and the filter thus acts as a near-infinite impedance under this condition. In real-ity the presence of ‘R’modifies the action slightly, and reduces the f                              2 impedance to Z/R. Thus, if Z   equals 1000Ω and R equals 10 Ω C              O            O

, the actual f   impedance is 100k. Figure 5.21(c) shows how the C

input impedance varies with frequency. All the formulae of Figure 5.20 apply to the parallel resonant filter.

[image: ]

 

Figure 5.20. Basic design for mulae for all the L-C Þlters shown in this chapter
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Figure 5.21. Actual (a) and equivalent (b) circuits of the parallel resonant Þlter, together with a graph (c) showing how its input impedance varies with frequency.
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Low-pass & high-pass L-C Þlters

Fi g u re 5.22(a) s h ows the basic circuit of a ‘fa l s e ’ L-type low-p a s s fil t e r. L and C act together as a frequency-dependent attenuator. A t l ow frequencies the reactance of L is low and that of C is high, so the circuit gives little attenuation; at high frequencies the reactance of L is high and that of C is low, so the circuit gives high attenuation. T h e circuit thus acts as a low-pass fil t e r. I have called it a ‘fa l s e ’ fil t e r because the circuit will only work corr e c t ly if it is driven from a

source impedance equal to Z , but there is no indication of this fa c t O

in the diagram. The circuit is actually a series resonant filter (like Fi g u re 5.17) with its output taken from across C. If the circuit is d r iven from a low-impedance source the output will consequently

produce a huge signal peak at f , as shown in Fi g u re 5.22(b). T h e C magnitude of this peak is proportional to the circuit’s Q va l u e .

[image: ]

 

Figure 5.22 . Circuit (a) and performance graph (b) of a ÔfalseÕ L-type low-pass Þlter.

 

Figure 5.23(a) shows how the above circuit can be modified to act

as a genuine L -type low-pass filter, by wiring R in series with the  X

circuit’s input, so that the sum of R   and R (the input signal’s X S source impedance) and R (the resistance of L) equals the circuits

characteristic impedance, Z . The addition of this resistance O reduces the circuit’s Q to precisely unity, and the low-pass filter con-sequently generates the clean output shape shown in Figure 5.23(b).

Figure 5.24 shows how the above principle can be used to make a good L-type high-pass filter, with the output taken from across the

inductor. Note in both circuits that R can be reduced to zero if the  X

filter’s Z   value is designed to match R , as shown in the design for-O S
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Figure 5.23 . Circuit (a) and performance graph (b) of a genuine L-type low-pass Þlter.

 

mulae of Figure 5.20, and that the outputs of these filters must (like those of the series and parallel resonant types) feed into high-impedance loads.

 

Figure 5.24. Circuit (a) and performance graph (b) of an L-type high-pass Þlter.

 

The most widely used types of low-pass and high-pass L-C filters are balanced, matched impedance types that are designed to be driven from, and have their output loaded by, a specific impedance value. Such filters can readily be cascaded, to give very high levels of signal rejection. Amongst the most popular of these filters are the T-section and  -section low-pass types shown in Figure 5.25 , and the T-section and  -section high -pass types shown in Figure 5.26. Note that all of these types give an output roll-off of about 12db/octave (= 40dB/decade), and must have their outputs correct-ly loaded by a matching filter section or terminating load; their design formulae is complemented by Figure 5.20.
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One useful application of the T-section low-pass filter is as a power-line filter, as shown in Figure 5.27. This prevents line-borne interference from reaching sensitive equipment, or equipment -gen-erated hash from reaching the power line; it gives a useful perform-ance up to about 25MHz.
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C-R and R-L time constants

[image: ]

 

Before leaving the subject of passive C-R (and R-L) networks, brief mention must be made of their ‘time constants’, and associated mat-ters.

[image: ]
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Figure 5.25.   (a) T-section and (b)-section low-pass Þlters (see Figure 5.20 for design formulae).
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Figure 5.26 .   (a) T-section and (b)-section high-pass Þlters (see Figure 5.20 for design formulae).
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Figure 5.27. T-section mains (power line) input Þlter rejects line-borne interference up to about 25MHz.
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If a resistor and a discharged capacitor are connected into the cir-cuit of Figure 5.28(a), and S1 is then switched to ‘A’, C will start to charge up via R. Initially, C’s charge current equals Vs/R; if this cur-rent value was maintained the capacitor would charge to the full Vs value in a time, ‘t’, equal to the R-C product, as indicated by the dotted lines in the graph of (b), but in practice this current falls off at an exponential rate, and the capacitor’s voltage thus rises expo-nentially, as shown by the solid lines in (b), and reaches 63.2 per-cent of the Vs value in time ‘t’. Theoretically, C’s voltage never rises to the full Vs value, but in practice it reaches ‘virtual’full-charge after about 6 × t. If this fully-charged capacitor is discharged by switching S1 to position ‘B’, its voltage falls exponentially as shown in (c), and losses 63.2 percent of its voltage in time ‘t’. Time ‘t’is known as the circuits time constant, and equals the product of the C and R values; C, R, and t are most conveniently measured in terms of µF, k Ω, and mS, as shown in (d).

A capacitor can be charged linearly by connecting it to a constant-current generator, as shown in Figure 5.29. In this case the capaci-
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Figure 5.28 . Basic C-R time constant circuit (a), and its charge (b) and discharge (c) waveforms and (d) formula.

[image: ]

 

tors voltage rises linearly, at a rate of I/C volts per second; in prac-tice, these values are most conveniently measured in terms of mA/µF volts per mS, where ‘mA’ is the charge current value, and µF is the capacitor value.

Variations of the Figure 5.28 and 5.29 circuits can be used in a vari-ety of component-measurement and waveform generator applica-tions. One common application is as a C-R signal coupler, as shown in Figure 5.30(a); if this circuit is fed with a symmetrical square-wave with a period equal to the network’s ‘t’ value, the waveforms of (b) are generated. Note that after a few input cycles ‘C’charges to a mean value of Vpp/2, and the output waveform (which is slight-ly distorted) then swings symmetrically about the zero-volt line.

If the ‘t’ value of the above circuit is very long relati ve to the input waveform’s period, the output waveform will be undistorted, as shown in Figure 5.31(a), but if ‘t’is very short the waveform will be severely differentiated, as in (b). If ‘t’is long, but the input wave-form is asymmetrical as shown in (c), the output waveform will not 120
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Figure 5.29. When a capacitor is charged via a constant-current generator, its voltage rises at a linear rate.

[image: ]

 

Figure 5.30. Waveforms of a C-R coupler circuit fed with a squarewave input with a period equal to C x R.

 

swing symmetrically about the zero volts line, the offset being pro -portional to the waveform’s M/S-ratio.

If an R-L network is connected into the circuit of Figure 5.32. and S1 is set to ‘A’, a current flows in L and starts at a low value and then rises exponentially and reaches 63.2 percent of its final value in a time, ‘t’, of L/R seconds. The resulting ‘current’ graph is iden-tical to the voltage graph of Figure 5.28(b), and the voltage graph is as shown in the first half of Figure 5.32(b); it starts at a high value and then decays exponentially to zero. If S1 is then moved to ‘B’, L’s stored energy leaks away via R, and L generates a ne gative volt-age that decays exponentially, as shown.

 

C-R active Þlters

An active filter is a circuit that combines passive C-R networks and one or more amplifier or op-amp stages, to form a filter that can
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Figure 5.31. Output waveforms of a C-R coupler when fed with various types of squarewave input.

[image: ]

 

either outperform normal C-R filters or can give a performance that is unobtainable from purely passive networks. A good selection of practical active filters, including multi-order high-pass and low-pass types, have already been described in Volume 1 (Linear ICs) of the Newnes Electronics Circuits Pocket Book series, and these will not be repeated here. Volume 1 did not, however, deal with active tone and notch filters, and a selection of these are shown in Figures 5.33 to 5.37

 

Active tone and notch Þlters

Excellent active C-R tone filters, with very high effective ‘Q’ values, can be made by using twin -T or Wien networks in the feed-back loops of suitable op-amp circuits. A 1kHz twin-T design has already been described in Figure 5.15. Figure 5.33 shows a 1kHz Wien bridge based tone or ‘acceptor’ filter; the circuit’s Q is adjustable via ‘R2’, and the circuit becomes an oscillator if R2 is reduced to less than twice the R1 value.

The basic twin-T notch filter has a very low Q. The filter’s Q, and thus the notch ‘sharpness’, can be greatly increased by incorporat-ing the twin-T in the feedback network of an active filter. There are two standard ways of doing this. The first way is to use the shunt feedback technique shown in Figure 5.34, in which the input signal is fed to the twin-T via R1, and an amplified and inverted version of the filter’s output is fed back to the filter’s input via R2, which has the same value as R1. Figure 5.35 shown the practical circuit of a 1kHz version of this type of active filter. The network’s null point can be adjusted via the 1k0 variable resistor.
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Figure 5.32 . Basic R-L time constant circuit (a) and its charge and discharge voltage waveforms (b).
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The second (and more modern) Q-boosting method is the boot-strapping technique, which has already been described and shown in basic form in Figure 5.12. Figure 5.36 shows a practical 1kHz variable-Q version of the circuit. The twin-T’s output is buffered by the upper op-amp voltage follower, and part of the buffered output is tapped off via RV3 and fed to the bottom of the twin-T (as a boot-strap signal) via the lower op -amp voltage follower. When RV3’s slider is set to the lowest point the circuit acts like a standard twin-T filter with a Q of 0.24. When RV3’s slider is set to the highest point the network has heavy bootstrapping, and the filter has an effective Q of about 8 and provides a very sharp notch. The filter’s centre-fre-quency can be trimmed slightly via RV1, and the null point can be adjusted via RV2, which should be a multi-turn type.

 

A THD (distortion) meter

The bootstrapped twin-T notch filter can be used as the basis of an
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Figure 5.33. Wien bridge based 1kHz high-Q tone Þlter.
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Figure 5.34 . Basic twin-T notch Þlter using shunt feedback.

 

excellent THD or ‘distortion’meter. Here, the filter’s notch is tuned to the basic frequency of the input test signal, and totally rejects the fundamental frequency of the signal but gives zero attenuation to the signal’s unwanted harmonics and mush, which appear at the fil t e r ’s output; the output signals must be read on a true r.m.s. volt or millivolt meter. Thus, if the original input signal has a r.m.s. amplitude of 1000mV, and the nulled output has an amplitude of 15mV, the THD (total harmonic distortion) value works out at 1.5%.

Figure 5.37 shows a practical high -performance 1kHz THD meter. This filter’s Q is set at a value of 5 via the 820R-10k divider, to give the benefits of easy tuning combined and near-zero second har-monic (2kHz) signal attenuation. The input signal to the filter is variable via RV3, and the filter’s tuning and nulling are variable via RV1 and RV2 respectively. SW1 enables either the filter’s input or its distorted output to be fed to an external true r.m.s. meter; note 124
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Figure 5.35 . Practical 1kHz twin-T notch Þlter with shunt feed-back.
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Figure 5.36. 1kHz variable-Q bootstrapped twin-T notch Þlter.

 

that the meter feed line incorporates a 10kHz low-pass filter, to help reject unwanted ‘noise’signals.

To use the Figure 5.37 THD meter, first set SW1 to the input posi-tion, connect the 1kHz input test signal, and adjust RV3 to set a con-venient (say 1 volt) reference level on the true r.m.s. meter. Next, set SW1 to the distortion position, adjust the input frequency for an approximate null, then trim RV1 and RV2 alternately until the best possible null is obtained. Finally, read the nulled voltage value on the meter and calculate the distortion factor on the basis of:

THD (in percent) = (V                . DIST × 100)/V IN
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Figure 5.37 . 1kHz THD (distortion) meter circuit.
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6 Modern bridge circuits

 

A bridge is a passive network that, when used with a suitable ener-gising generator and a balance detector, enables values of induc-tance (L), capacitance (C), or resistance (R), or any parameter that can be converted into one of these quantities, to be accurately meas-ured or matched. A variety of bridge ‘measurement’ circuits are described in this Chapter.

 

Bridge basics

All modern bridges are derived from the ancient 1843 Wheatstone resistance-measuring bridge of Figure 6.1, which consists of a pair of dc-energised potential dividers (R2/R1 and Ry/Rx) with a sensi-tive meter wired between them. R2/R1 have a 1:1 division ratio, and form the bridge’s ‘ratio arms’; Rx is the ‘unknown’resistor, and Ry is a calibrated variable resistor. In use, Ry is adjusted to give a zero or ‘null’reading on the meter, at which point R2/R1 and Ry/Rx are giving equal output voltages and the bridge is said to be ‘balanced’ or ‘nulled’; under this condition the ratio Ry/Rx equals 1:1, and Rx equals Ry; the bridge’s balance is not influenced by variations in energising voltage.

If this bridge is energised from 10V dc, 5V is developed across all resistors at balance, and a resistance shift of a mere 0.1% will thus give a 5mV reading on the meter; the bridge thus has a very high null sensitivity. In practice, this circuit may, when using a fairly simple null-detecting dc amplifier, have a null sensitivity factor (i.e., percentage out-of-balance detection value) of about 0.003%. The bridge’s major disadvantage is that Ry needs a vast range of values if it is to balance all possible values of Rx. In 1848 Siemens overcame this snag with the Figure 6.2 modification, in which the R2/R1 ratio can be any desired decade multiple or sub-multiple of unity. The following basic truths apply to this circuit:-

(i).           At balance, R2/R1 = Ry/Rx.

(ii).         At balance, R1 × Ry = R2 × Rx.

(iii).         At balance, Rx = Ry(R1/R2).
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Figure 6.1. Original (1843) version of the basic Wheatstone bridge.

127

[image: ]

 

Figure 6.2 . Conventional version of the Wheatstone bridge.
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Note from (iii) that, at balance, the Rx value equals Ry multiplied by the R1/R2 ratio; one way to vary this ratio is to give R2 a fixed value and make R1 switch-selectable, as in the six-range dc Wheatstone bridge circuit of Figure 6.3, which is based on one used in a high-quality ‘1970 style’laboratory instrument.

The Figure 6.3 circuit can measure dc resistances up to 1 megohm.

Ry is a calibrated 10k pot, R controls the sensitivity of the bal- M

ance-detecting centre-zero meter, and R limits the bridge current L to 255mA at 12V if Rx and Ry are shorted out. A major weakness of this 1970’s bridge is that its null sensitivity degenerates in pro-portion to the R1/R2 ratio’s divergence from unity. Thus, the sensi-tivity is nominally 0.003% on the 10k range, where the R1/R2 ratio is 1/1, but degenerates to 0.3% on the 100R and 1M0 ranges, where the R1/R2 ratios are 1/100 and 100/1 respectively.

To be of real value the Figure 6.3 circuit must be used with a sensi-tive null-balance detector. Figure 6.4 shows a x10 dc differential amplifier that can be used with an external analogue meter to make such a detector, and must have its own 9V battery supply. The exter-nal meter can be set to its 2.5V dc range for low-sensitivity meas-urements, or to its 50µA or 100µA range for high-sensitivity ones; in the latter case the circuit must, before use, first be balanced by shorting its input terminals together and trimming the multi-turn set balance control for a ‘zero’meter reading.

 

Wheatstone bridge variations

The Figure 6.2 Wheatstone bridge circuit can be arranged in three other ways without invalidating its three basic ‘balance’truths, as shown in Figure 6.5; in each case R1/R2 form the ‘ratio arms’. The most useful bridge variation is that of Figure 6.5(a), and Figure 6.6 shows a modern six-range version in which the balance sensitivity (which is proportional to the Ry/R2 ratio at balance) is very high on all ranges, and varies from 0.003% at Ry’s full scale balance value, to 0.03% at one tenth of full scale, and so on. Thus, this circuit can, by confining all measurements to the top 9/10ths of the Ry range, measure all values from 1R0 to 1M0 with 0.003% to 0.03% sensi-tivity.
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Figure 6.3 . Circuit and tabulated details of a conventional Wheatstone version of a six-range dc resistance-m e a s u ri n g bridge.
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Figure 6.4. Dc null-point ampliÞer, for use with an external mul-

[image: ]

timeter.

 

A Wheatstone bridge can be energised from either an ac or dc source, without upsetting its balance truths. Figure 6.7 shows an ac-energised version in which the balance condition is obtained via an infinitely-variable pair of ‘ratio’arms made up by RV1, and bal-ance sensitivity is so high that balance-detection can be made via a pair of earphones.
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Figure 6.5 . Each of these three alternative versions of the Wheatstone bridge has the same balance formulae as the Figure 6.2 circuit.
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Figure 6.6. Circuit and tabulated details of a high-sensitivity

[image: ]

Wheatstone version of a six-range dc resistance-m e a s u ri n g bridge.

Figure 6.8 shows a five-range version of this circuit that spans 10R to 10M with good precision. The RV1 ‘ratio’ equals unity when RV1’s slider is at mid-range; the diagram shows the typical scale markings of this control, which must be hand -calibrated on test. To use the bridge, connect it to a 1kHz sinewave source, fix Rx in place, and adjust SW1 and RV1 until a null is detected on the ear-130
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Figure 6.7. Basic ac-energised Wheatstone bridge with vari-
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able-ratio-arm balancing and headphone-type detection.

 

phones, at which point Rx equals the SW1 resistor value multiplied by the RV1 scale value. In practice, a balance is available on any range, but to get the best precision should occur with a RV1 scale reading between roughly 0.27 and 3.0.

To calibrate the RV1 scale, fit an accurate 10k resistor in the Rx position and mo ve SW1 pro gressively through its 100R, 1k0, 10k, 100k, and 1M0 positions and mark the scale at each sequential bal -

[image: ]

 

Figure 6.8. Five-range resistance bridge, with typical RV1 scale

markings.
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ance point as 0.01, 0.1, 1 (mid-scale), 10, and 100. Repeat this process using Rx values that are decade multiples or sub-multiples of 1.5, 2, 3, 4, 5, and so on, until the scale is adequately calibrated, as in the diagram.

 

Resolution and precision

The three most important features of a bridge are (apart from its measurement range) its balance-sensitivity (which has already been described), its resolution, and its precision. The term resolution relates to the sharpness with which the Rx value can be read off on the bridge’s controls. Thus, in Figures 6.3 and 6.6, Ry gives a reso-lution of about ±1% of full-scale if it is a hand-calibrated linear-ly-variable resistor, or of ±0.005% of full-scale if it takes the form of a 4-decade ‘R’ box. The Figure 6.8 circuit’s resolution varies from ±1% at a 1 ratio, to ±2% at a 0.3 or 3.0 ratio, to ±5% at a 0.1 or 1.0 ratio, and so on.

The ter m precision relates to the intrinsic accuracy of the bridge, assuming that it has perfect sensitivity and resolution, and equals the sum of the R1/R2 ratio tolerance and the tolerance of the resist-ance standard (Ry). If the R1/R2 ratio is set by using precision resis-tors, the ratio’s precision equals the sum of the R1 and R2 tolerances; note, however, that it is possible, using techniques described later in this Chapter, to reduce ratio errors to below ±0.01%.

The overall quality of a bridge depends on its balance-sensitivity, its resolution, and its precision. Thus, the Figure 6.6 circuit has excel-lent sensitivity and potentially good resolution and precision, so can be used as the basis of a precision laboratory instrument, but the Figure 6.8 design has intrinsically poor resolution and precision, and can thus only be used as the basis of a cheap-and-simple ‘serv-ice’instrument.

 

Service-type C and L bridges

The ac-energised Wheatstone bridge of Figure 6.7 can measure reactance as well as resistance, and Figure 6.9 shows how it can be used to measure C or L values by replacing Rx and Ry with reac-
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Figure 6.9 . A Wheatstone bridge can be used to balance both

capacitive and inductive reactances.
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tances of like types, provided that Cx or Lx have impedances in the range 1R0 to 10 megohms at 1kHz. The problems with trying to measure inductance using this circuit are that accurate inductors (for use in the Zy position) are hard to get, and that inductive impedances are only 6.28Ω per millihenry at 1kHz. The only capac-itance measuring problem is that the Cx value is proportional to the reciprocal of the RV1 ‘R’scale markings, so two calibrated sets of RV1 scales are needed. This snag can be overcome by fitting RV1 with a reversing switch, as shown in the L–C–R ‘service’-type bridge of Figure 6.10, so that only a single Figure 6.8 type scale is needed.

The Fi g u re 6.10 circuit is quite versatile; SW2 enables it to use either i n t e rnal or ex t e rnal L, C, or R standards. The mid-scale value of each range is equal to the value of standard used on that range. The circuit can be built ex a c t ly as shown, or can be built as a self-contained

[image: ]

 

Figure 6.10. Service type L-C-R bridge with headphone-type detector.
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i n s t rument with integral oscillator and detector circuits. In the latter case note that, since a bridge can not share common input and output t e rminals, the oscillator must be eff e c t ive ly  ‘flo a t i n g ’r e l a t ive  to  the balance detector circuitry. The designer has two basic options in this respect, as shown in Fi g u re 6.11. One option is to power both circuits from the same supply but to isolate the oscillator by transform e r-coupling its output to the bridge, as in ( a ); the other is to power the oscillator from its own floating supply, as in ( b ). This second option is highly efficient, and is generally to be preferr e d .

[image: ]

 

Figure 6.11. Alternative ways of providing a bridge with inde-pendent energisation and detection.

 

Fi g u re 6.12 s h ows a practical battery - p owered  ‘bridge  energ i s e r ’t h a t can give either a 9V dc output or an excellent 1kHz sinewave output with a peak-t o-peak amplitude of 5 volts. The oscillator is a diode-stabilized Wien type, eff e c t ive ly operated from a split supply derive d from the battery via R1 and R2; it has a low-impedance output, and consumes a quiescent current of less than 4mA. To set up the oscil-l a t o r, connect its output to an oscilloscope and trim RV1 to give a r e a s o n a bly pure sinewave output of about 5V peak-to-peak.

 

Precision C and L bridges

All ‘precision’C and L bridges incorporate facilities for balancing both the resistive and the reactive elements of test components. The basic principles of the subject are detailed in Figures 6.13 to 6.15.

Any practical capacitor has the equivalent circuit of Figure 6.13(a),

in which C represents a pure capacitance, R represents dielectric S losses, R   the leakage losses, and L the inductance of electrode P S foils, etc. At frequencies below a few kHz L has (except in  S

high-value electrolytics) negligible practical effect, but R and R SP cause a finite shift in the capacitor’s voltage/current phase relation-ship. This same phase shift can be emulated by wiring a single ‘lumped’resistor in series or in parallel with a pure capacitor, as in Figures 6.13(b) and 6.13(c).
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Figure 6.12. Bridge energiser, giving 9V dc and 5V peak-to-peak 1kHz outputs.
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Figure 6.13 . Absolute (a) and simpliÞed series (b) and parallel (c) equivalent circuits of a capacitor.

 

A similar story is true of inductors, which can, in terms of phase shifts, be regarded as ‘negative’capacitors. Either device can, at any given frequency, be treated as a pure reactance, X, that is either in

series or parallel with a single ‘loss’resistor (r or r ), as shown in S P Figures 6.14(a) or 6.14(b). The ratio between r and X is normally called ‘Q’in an inductor, or ‘D’or the ‘loss factor’in a capacitor; one of its major effects is to shift the device’s voltage-to-current phase relationship, φ (pronounced phi), from the ideal value of 90° to some value between zero and 90°; the difference between this and the ideal value is known as the loss angle, δ (pronounced delta), of the phasor diagram. Another major effect of Q or D is to shift the component’s impedance (Z) away from its pure reactance (X) value. All the formulae relevant to the subject are shown in Figure 6.14.

Figure 6.15 lists the relationships between phase and loss angles and the Z/X -ratios of both series and parallel equivalent circuits at various decade-related Q and D values. Note that components with Q values of 10 or more, or D values of 0.1 or less, have similar Z and X values. Thus, a coil with a Q of 10 and an X of 1000Ω at a

given frequency can be said to have either a 100 Ω series (r ) or a S
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Figure 6.14. Any capacitor or inductor can be represented by a series (a) or parallel (b) equivalent circuit, which determines its phasor diagram (c).
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10000Ω parallel (r ) resistance; in either case, it gives a loss angle P

of 5.71 degrees and an impedance that is within 0.5% of 1,000Ω at that frequenc y. Also note that series and parallel ‘equivalent’ cir-cuits produce significantly different Z/X-ratios at low values of Q.

The relevance of all this is that, at any given frequency, the true X, Q and D values of a capacitor or inductor can be deduced by meas-uring the device’s impedance and loss angle, and it is this principle that forms the basis of most precision ‘C’ or ‘L’ measurement bridges. The best-known precision ‘C’measurement bridge is the de
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Figure 6.15 . Relationship between φ, δ, and Z/X-ratio in series and parallel equivalent circuits at various values of Q and D.
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Sauty, which is shown in basic form in Figure 6.16; it is at balance when Ry/Zs = R1/Zx, and under this condition the values of Cx, rx, and Dx are as shown in the diagram. The bridge is balanced by using Ry and Rs to balance the ac voltages and phase shifts on the detector’s left side with those on its right.
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Figure 6.16. Basic de Sauty capacitance bridge.

 

Figure 6.17 shows a practical de Sauty bridge that spans 1pF to 10µF in six decade ranges. This is a very sensitive design in which roughly half of the ac energising voltage appears at each end of the detector at balance; the detector can thus take a very simple form (such as headphones). Rs enables nulling to be obtained with Cx capacitors with D values as high as 0.138 (equal to a Q of 7.2). If desired, Rs can be calibrated directly in D values, since (in this design, at 1kHz) D = 0.001 per 15.9Ω of Rs value.

The two best known ‘L’ measurement bridges are the Hay and the Maxwell types of Figures 6.18 and Figure 6.19. These work by bal-ancing the inductive phase shift of Lx against a capacitive shift of the same magnitude in the diametrically opposite arm of the bridge. The Hay bridge uses a series equivalent (Cs-Rs) balancing network, and is useful for measuring high-Q coils (it can be very inaccurate at Q values below 10, as implied by the formulae of Figure 6.18). The Maxwell bridge uses a parallel equivalent (Cs -Rs) balancing network, and is useful for measuring coils with Q values below 10. Note that the Q values referred to here are those occurring at the test frequency of (usually) 1kHz; a coil that has a high-frequency Q of 100 may have a Q of 1 or less at 1kHz.
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Figure 6.17. Sensitive six-range de Sauty capacitance bridge.
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Figure 6.18 . The Hay inductance bridge is useful for measuring high-Q coils.
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Figure 6.19 . The Maxwell bridge is useful for measuring low-Q coils.
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Figure 6.20 shows a practical inductance bridge that spans 10µH to 100Henrys in six ranges; it uses a Hay configuration for high-Q measurements (with SW2 in the ‘H’position) and a Maxwell layout for low-Q ones (with SW2 set to ‘L’). This is another sensitive design, in which the ac voltages at either end of the detector are close to the half-supply value at balance, and can use a very simple type of detector.

[image: ]

 

Figure 6.20. Six-range Hay/Maxwell inductance bridge.
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A precision L-C-R bridge

Fi g u re 6.21 s h ows a precision 18-range L-C-R bridge that combines the circuits of Fi g u res 6.20, 6 . 1 7, and 6 . 6, to make a highly sensitive design that can use ve ry simple types of balance detector (such as a multimeter on the dc-d r iven ‘R’ ranges, or headphones on the a c-e n e rgised ‘C’ and ‘L’ ranges). This circuit’s ‘y’ n u l l-balance net-work is modified by the addition of resistor Ryx and switch Sy, wh i c h e n a ble the coverage of each range to be extended by ten percent.

When this bridge is used on its 0-100pF range, considerable errors occur due to the effects of stray capacitance, and measurements should thus be made by using the ‘incremental’method, as follows: first, with no component in place across the ‘x’terminals, null the bridge via Ry and note the resultant ‘residual’null reading (typical-ly about 15pF); now fit the test component in place, obtain a balance reading (say 83pF), and then subtract the residual value (15pF) to obtain the true test capacitor value (68pF).
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Figure 6.21.   S e n s i t i ve eighteen-range labora t o ry-s t a n d a r d L-C-R bridge.

 

The Figure 6.21 circuit can either be built exactly as shown and used with external energising and null-detection circuitry, or can be modified in various ways to suit individual tastes. Figure 6.22, for example, shows how an extra wafer (e) can be added to SW1 to facilitate the use of a built-in dc/ac energiser (which can use the Figure 6.12 design). Similarly, dc and ac null-balance detectors can e a s i ly be built in; the dc detector can take the form of a 50µA-0-50µA meter, with overload protection given via a couple of 140
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Figure 6.22. Built-in energiser for the L-C-R bridge.
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silicon diodes and sensitivity adjustable via a series resistor, as shown in Figure 6.23. The ac detector can take the form of any single-ended ac analogue millivoltmeter circuit; in this case the ‘low’input of the detector and the left-hand  ‘detector’junction  of the bridge can both be grounded to chassis, as shown in Figure 6.24, which also shows how the ac energising signal can be fitted with a Wagner earth, which enables the signal to be balanced to ground (via RV1), to eliminate unwanted signal breakthrough at null.

One important modification that can be made concerns the bridge’s resolution, which is only about ±1% of full-scale in the basic design, this being the readability limit of the Ry balance control’s scale. Fi g u re 6.25 s h ows how resolution can be improved by a factor of ten by replacing the Sy-R y x-Ry network of Fi g u re  6.21 with a sw i t c h e d-a n d-va r i a ble ‘Ry’ n e t work; switch Sy enables the RVy va r i-a ble control to be ove r-ranged by 50%. The modified bridge is best used by first switching Sy and SWy to ‘0’ and adjusting the bridge’s range controls to give a balance on RVy only; this gives a good guide to the test component’s value; a final balance can then be read on a more sensitive range via the full range of ‘Ry’ balance controls.
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Figure 6.23. Dc null detector.

 

Figure 6.24 . Provision of a Wagner earth and single-ended ac null detector.
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Figure 6.25 . This circuit can be used to raise the null resolution (readability) of the L -C-R bridge to ±0.1% of full scale.
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Special bridge circuits

In addition to the types of bridge already described, two others are of special value. One of these is the transformer ratio-arm bridge, shown in basic form in Figure 6.26. The ratio arm values (shown switch-selectable at 0.1/1, 1/1, or 10/1 in this example) equal the transformer’s turns-ratios, and can easily be wound with a precision better than 0.01%. The value of an unknown (x) impedance can be balanced against that of a standard either by varying the value of the standard or the value of the ratio arms. Resistors or capacitors can be balanced against each other by placing them on opposite sides of the bridge as shown, or a capacitor can be balanced against an inductance by placing both components on the same side of the bridge.

The other important bridge is the dc resistance-matching type; Figure 6.27 shows a simple version that enables resistors to be matched to within ±0.1% or better. The basic principles involved

here are, first, that if R   and R   are equal, R        will equal R at A B MATCH S balance; and second, that if R   and R   are equal they will give A B exactly the same output voltage whiche ver way they are connected

to the supply. With this second principle in mind, R   and R   are A B joined by 500R multi-turn pot RV1 and are connected to the dc supply via biased polarity-reversal switch SW1.
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Figure 6.26. Simple transformer ratio-arm bridge.
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Figure 6.27. Simple resistance-matching bridge, gives matching within ±0.1%.

 

To use this bridge, first fit R and R in place, noting that  S  MATCH

R is, for simplicity, shown as being made up of a fixed (R  )  MATCH  M1

and a variable (R ) element. With the dc supply connected, trim  M2

R and RV1 to bring the meter reading to a sensible level; now M2

repeatedly toggle SW1 and trim RV1 until identical meter readings

are given in either toggle position. That completes the R-R AB adjustment. The value of R should now be trimmed (via R  )  MATCH  M2

to bring the meter reading to zero, at which point R and R SMATCH are matched. Note that, after RV1 has been initially set, it should only rarely need readjustment, and that the circuit’s ‘matching’ fidelity is limited to ±0.1% only by the balance-detection meter’s sensitivity.

When building a resistance-matching bridge or when matching resistors, use only low-temperature-coefficient components, and never physically touch them during balancing/matching operations.
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Figure 6.28. Typical temperature coefÞcients of modern resistors.
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Fi g u re 6.28 helps clarify this point by listing the temperature coeffi-cients of various types of resistor. Note when using the bridge that

the R       value can be trimmed (to make it equal R ) by using M AT C H S series resistance to increase its value or shunt resistance to reduce it.

 

A precision resistance-matching bridge

Figure 6.29 shows a precision resistance-matching bridge that incorporates a meter-driving dc differential amplifier that gives such high balance-detection sensitivity that resistors can be matched to within ±0.003%. This bridge also has a facility for indicating, on RV 1 ’s calibrated scale, the percentage out-o f-match error of

R ; this scale spans ±0.5%, ±0.05%, and ±0.005% in three  MATCH

switch-selected ranges.

To initially set up this bridge, fit R   and R        in place, connect S MATCH the op-amp’s output to an external meter, and switch on via SW4. Now close SW3 and trim the op-amp’s set balance control for zero reading on the meter’s most sensitive dc current range; release SW3. Now set RV1 to mid-scale and, with SW2 initially set to its ‘x1’

scale, start toggling SW1 and trim RV2 (and if necessary, R ) to  M2

find a setting where identical meter reading are obtained in both toggle positions; as RV2 nears the balance point, increase balance sensitivity via SW2, until eventually a perfect balance is obtained on the ‘x0.01’ range. That completes the initial setting up proce-

dure, and R       can then be matched to R by trimming R    for MATCH S M2 a zero reading on the meter. Once the circuit has been initially set up as described, RV2 and the op-amp’s set balance control should only rarely need readjustment, and in all further ‘matching’opera-tions the following procedure can (after making a brief initial check that the meter and toggle balances are correct) be used.

Fit R , R , and the external meter in place. Turn SW2 to the  S  MATCH

‘x1’ position, and switch the bridge on via SW4. If R is  MATCH

within ±0.5% of the R value it should now be possible to set the S

bridge to a null via RV1; if necessary, trim the R value until  MATCH

a null can be obtained. At null, read off the R error on the  MATCH

RV1 scale (see Figure 6.29), and then make the appropriate error

correction; to increase the R value by a fixed percentage, add  MATCH

a series resistor with a value of:

R    = (R     /100) % error. SERIES MATCH ×
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Figure 6.29. High-precision resistance-matching bridge, gives matching to within ±0.003%.
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To reduce the R value by a fixed percentage, add a shunt  MATCH

resistor with a value of:

R    = (R       100)/% error. SHUNT MATCH ×

Thus, a 1000 Ω (nominal) resistor can be increased by 0.3% by adding a 3R0 series resistor, or reduced by 0.3% by adding a 330k shunt resistor. Once a good match has been obtained on SW2’s ‘x1’ range, repeat the process on ranges ‘x0.1’ and ‘x0.01’, until the match is adequate. An alternative to this technique is to simply leave

RV1 in its mid scale position and trim R       , via R   , to obtain MATCH M2 a null on all ranges of SW2.

 

Resistor-matching bridge applications

A precision resistor-matching bridge has several useful applications in the electronics laboratory. One of these is in the duplication of precision resistor values, and Figure 6.30 shows an example of how this facility can be put to good use. Here, ten duplicates of a preci-sion 1k0 resistor are so wired that they can easily be used in series, to act as a resistance that increases in 1k0 steps up to a maximum of 10k, or in parallel, to act as a resistance that decreases in steps down to 100R. Note that as more and more resistors are wired in parallel or series, their ±0.003% duplication errors average out and diminish, so that the precision of the final 10k series or 100R paral-lel resistance is equal, for all practical purposes, to that of the orig-inal ‘master’ resistor. The actual value of ‘summed’ duplication
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Figure 6.30. This matrix of 1k0 resistors totals 10k when series connected, or 100R when parallel connected.
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error is equal to the original error divided by the square root of the number of summed resistors (10), and equals 0.001% in this case.

Another important resistor-matching bridge application is in the creation of a precision ratio-matching bridge of the type shown in Figure 6.31. Here, 14 resistors are duplicated from a 1k0 (nominal) master and wired together to create a three-ratio (10/1, 1/1, and 1/10) divider. The fact that these resistors are all precision-matched to within ±0.003% ensures that the ratios are intrinsically defined with great precision, the actual precision being ±0.002% on the 1/1 range and ±0.005% on the 10/1 and 1/10 ranges. This bridge can itself be used to produce direct or decade multiple or sub-multiple duplicates of a master resistor. If the bridge is used with a sensitive null detector that gives a duplication precision of 0.003%, the over-all precision of duplication is ±0.005% on the 1/1 range, and ±0.008% on the 10/1 and 1/10 ranges.

[image: ]

 

Figure 6.31. Precision ratio-matching bridge.

 

One obvious application of the Figure 6.31 circuit is in matching the range and ratio arms of conventional bridges, to enhance bridge precision. Another is in generating high-precision resistors for use in decade ‘R’ boxes. Figure 6.32 shows a 3-decade ‘R’ box that spans 0 to 99.9k in 100R steps, with 100k over-ranging available via SW4. This type of circuit can be generated from a single precision reference (1k0 in this case), and has a multitude of applications in the laboratory, including those of calibrating bridge scales and find-ing resistor values by substitution.

146

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]

147

[image: ]

 

Bridge measurement limitations

Normal R, L and C bridges of the types described in this chapter are fairly simple general-purpose ‘mid-range’ component measuring i n s t ruments     that     typically     give    maximum measurement precision/resolution to resistor values in the nominal range 100R to 100k, or (using a 1kHz energising source) capacitor values in the range 1nF to 1µF, or inductors in the range 10mH to 10H. Their pre-cision/resolution deteriorates progressively be yond these nominal limits, and typically ceases to have a really useful value when the component presents a resistance/impedance below 5R0 or above 5M0 under the test conditions. Assuming an ac test frequency of 1kHz for capacitors and inductors, this condition occurs when the ‘C’ value is above 32µF or below 32pF, or the ‘L’ value is above 800H or below 800µH.

There are a variety of fairly-obvious reasons for this deterioration in performance. The energising source, for example, has (in order to protect the test component against overload damage) an output impedance of about 47R, and its output voltage (and thus the bridge’s sensitivity) thus falls in proportion to the load impedance, thus masking low-impedance balance points, which may also be swamped by the residual resistances and/or inductances of the bridge’s wiring and switching circuitry. Similarly, at the opposite end of the impedance scale, the input impedance of the balance detector and the presence of stray capacitances tend to shunt the values of high-impedance test components, thus masking their real values.

Note in the Figure 6.3 and 6.6 dc-energised circuits that the bridge-

energising currents are limited by 47R resistors R , and in the L Figure 6.10 and 6.21 L-C-R bridges the ac/dc energising currents

are limited by 47R resistors R wired in series with one energising-L input lead, and that the low-impedance balance sensitivity of these bridges can be greatly increased (at the expense of reduced compo-nent protection) by shorting out these components or replacing them with a 100mA or 250mA fuse.

The important point to note from the above is that normal bridges are of little value when measuring very large or very small values of R, C, or L, which are best measured by using alternative tech-niques.

7 Basic diode circuits

 

The discrete solid-state diode is the most fundamental element used in modern electronics. It is available in a variety of forms, includ-ing those of signal detector, rectifier, zener ‘voltage reference’, noise-generator, varicap ‘variable capacitor’, light-sensitive diode, and light-emitting diode (LED). This chapter looks at the basic characteristics of these devices, and shows various ways of using standard diodes and rectifiers.

 

Basic diode characteristics

Most modern diodes are of the ‘junction’ type, and use the basic structure (and symbol) shown in Figure 7.1. They are made from a single p-n junction; the ‘p’terminal is the anode, and the ‘n’termi-nal the cathode.
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Figure 7.1 . Symbol (a) and structure (b) of solid-state diode.

 

Figure 7.2 illustrates the basic characteristics of the diode. When forward biased (with the anode positive to the cathode) it has a low resistance and readily passes current, but when reverse biased it has a high resistance and blocks current: this action is implied by the diode symbol, which resembles an arrow pointing in the direction of easy current conduction.

[image: ]

 

Figure 7.2 . Diode conduction when (a) forward and (b) reverse biased.

 

Most junction diodes are made from either germanium or silicon materials. Figure 7.3 compares the basic characteristics of the two types of device when operated at a normal room temperature of 200C; note the following important points.
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Figure 7.3 . Basic characteristics of germanium (Ge) and silicon (Si) junction diodes (at 20OC).
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(1). A forward biased diode passes little current (I ) until the applied f voltage (V ) exceeds a certain ‘knee’value (typically 150 to 200mV f

in germanium diodes, 550 to 600mV in silicon types). When Vf exceeds the knee value, small increases in V cause large increases f in I , and the diode’s forward dynamic impedance (Z ) is inversely f f proportional to applied voltage.

(2) The Z of a silicon diode is typically 25/I, where I is in mA; i.e., f

Z = 25R at 1mA, or 0R25 at 100mA. The Z of a germanium diode f f is greater than that of a silicon type, and its V usually exceeds that f of a silicon type at I values above a few tens of mA. f

(3). When a diode is reverse biased by more than 1V or so it passes a

r everse leakage current (I ) that is proportional to the reverse vo l t a g e r

( V ) value. At normal room temperatures I values are measured in r r microamps in germanium diodes, and in nanoamps in silicon ones. Ir t y p i c a l ly doubles with each 8 0C increase in junction temperature.

Because of their low knee voltage values, germanium diodes are used almost exclusively in low-level  ‘signal  detection’applications. Silicon types can be used in many general-purpose applications. Diodes that have high voltage and current ratings are, by conven-tion, usually called ‘rectifiers’.

 

Special diode characteristics

Ordinary silicon diodes have several special characteristics addi-tional to those already described; the most important of these are shown in Figures 7.4 to 7.7.

If a silicon diode is increasingly reverse biased a point is eve n t u a l ly reached where its reverse current suddenly starts to increase, and any

f u rther increase in V causes a sharp rise in I , as shown in Fi g u re 7.4. r r The voltage at which this action occurs is known as the avalanche or ‘ z e n e r ’ value of the device. ‘Zener diodes’ are specially made to exploit  this  effect,  and  are  widely  used  as  ‘reference  vo l t a g e ’g e n e r a-tors. Note, howeve r, that when zener diodes are operated at low cur-rents their impedances fluctuate in a rapid and random manner, and t h ey can thus be used as excellent ‘wh i t e-n o i s e ’g e n e r a t o r s .
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Figure 7.4 . Zener diode symbol and characteristics.
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If a silicon diode is forward biased at a constant current, its V value f 0 varies with junction temperature at a typical rate of –2mV/ C, as shown in                                      0 Figure 7.5 . Thus, if V = 600mV at +20C, it falls to

f

440mV at 100 0                                 0 C or rises to 740mV at –50C. Silicon diodes can thus be used as temperature-to-voltage converters.

[image: ]

 

Figure 7.5 . Thermal characteristics of a silicon diode at I = f

 

If a silicon diode is reverse biased from a high-impedance source (as shown in Figure 7.6), its junction capacitance decreases (from perhaps 17pF at –1 volt to maybe 10pF at –8 volts) as the reverse bias is increased. ‘Varicap’(or Varactor) diodes are specially made to exploit this ‘voltage-variable-capacitor’effect; they use the cir-cuit symbol shown in the diagram.

When p -n junctions are reverse biased their leakage currents and impedances are inherently opto-sensitive; they act as very high impedances under dark conditions and as low impedances under bright ones. Normal diodes are shrouded in opaque material to stop this unwanted effect, but ‘photo-diodes’ are specially made to exploit it; they use the Figure 7.7(a) symbol. Some photo-diodes are designed to respond to visible light, and some to infra-red (IR) light.
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Figure 7.6. Varactor (varicap) diode symbol and typical charac-teristics.
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Figure 7.7 . Photodiode (a) and LED (b) symbols.

 

Another useful ‘junction diode’device is the LED, or light emitting diode, which is made from an exotic material such as gallium phos-phide or gallium arsenide, etc., and may be designed to emit either red, green, yellow, or infra-red light when forward biased. They use the Figure 7.7(b) symbol. Note that LEDs and photo-diodes are optoelectronic devices, and are described in greater detail in Chapter 13 of this Volume.

Finally, one other important diode is the Schottky type, which uses the standard diode symbol but has a very fast switching action and develops only half as much forward voltage as a conventional sili-con diode. They can be used to replace germanium diodes in many ‘signal detector’applications, and can operate at frequencies up to tens or hundreds of Gigahertz.

 

Half-wave rectiÞer circuits

The simplest applications of a diode is as a half-wave rectifier, and Figure 7.8 shows a transformer-driven circuit of this type (with the

diode’s ‘V ’ value specified in volts r.m.s.), together with relevant in

output waveforms. If this circuit has a purely capacitive load it acts

as a peak voltage detector, and the output (V ) equals 1.41 pk× V ; in if it has a purely resistive load it acts as a simple rectifier and gives

an r.m.s output of 0.5 × V ; if it has a resistively-loaded capacitive in

load (as in most power supply units) the output is ‘rippled’and has an r.m.s. value somewhere between these two extremes. In capaci-tively-loaded circuits D1 needs a peak reverse-voltage rating of at

least 2.82 × V ; if purely resistive loading is used, the rating can be in

reduced to 1.41 × V . in
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Figure 7.8.   Circuit and wave fo rms  of  tra n s fo rm e r-d ri ve n half-wave rectiÞer.
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If a half-wave rectifier circuit is used to power purely resistive loads, they consume only a quarter of ‘maximum’ power, since power is proportional to the square of applied r.m.s. voltage. Some loads are not purely resistive, and Figures 7.9 to 7.11 show how the basic half-wave rectifier circuit can be adapted to give 2-level power con-trol of lamps, electric drills, and soldering irons that are operated from the AC power lines. Note in each of these circuits that the

r.m.s. voltage fed to the load equals V when S1 is in position-3, or  in

0.5 × V when S1 is in position 2. in

The Figure 7.9 circuit uses a lamp load, which has a resistance roughly proportional to its filament temperature; when it is operat-ed at half of maximum voltage its resistance is only half of maxi-mum, so the lamp operates at about half of maximum power and thus burns at half-brilliance with S1 in the DIM position.
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Figure 7.9. Lamp burns at half brightness in DIM position.

 

Figure 7.10 . Drill motor runs at 70% of maximum speed in PART position.
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The Figure 7.10 circuit uses the uni versal motor of an electric drill (etc.) as its load. Such motors have an inherent self-regulating speed control capacity, and because of this the motor operates (when light-ly loaded) at about 70 percent of maximum speed when S1 is in the PART position.

The Figure 7.11 circuit uses a soldering iron element as its load, and these have a resistance that increases moderately with temperature; thus, when the iron is operated at half voltage its resistance is slight-ly reduced, the net effect being that the iron operates at about one third of maximum power when S1 is in the SIMMER position, thus keeping the iron heated but not to such a degree that its bit deterio-rates.
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Figure 7.11. Soldering iron operates at 1/3rd power in SIMMER position.

 

Full-wave rectiÞer circuits

Figure 7.12 shows four diodes connected in ‘bridge’form and used to give full-wave rectification from a single-ended input signal; the output frequency is double that of the input. The best known appli-cation of full-wave rectifying techniques is in DC power supply cir-cuits, which provide DC power outputs from AC power line inputs, and consist of little more than a transformer that converts the AC line voltage into an electrically isolated and more useful AC value, and a rectifier-filter combination that converts this new AC voltage into smooth DC of the desired voltage value.

[image: ]

 

Figure 7.12. Bridge rectiÞer/frequency-doubler circuit.

 

Figures 7.13 to 7.16 show the four most useful basic power supply circuits. Figure 7.13 provides a DC supply from a single-ended t r a n s f o rm e r,  and  gives  a  performance  similar  to  that  of  the centre-tapped transformer circuit of Figure 7.14. The Figure 7.15 and 7.16 circuits each provide split or dual DC supplies with nearly identical performances. The rules for designing these circuits are quite simple, as follows.
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Figure 7.13. Basic single-ended PSU using bridge rectiÞer.
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Figure 7.14. Basic single-ended PSU using centre-t a p p e d transformer.
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Figure 7.15 . Dual (split) PSU, using centre-tapped transformer and bridge rectiÞer.
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Transformer-rectiÞer selection

The three most important parameters of a transformer are its sec-ondary voltage, its power rating, and its regulation factor. The sec-ondary voltage is always quoted in r.m.s. terms at full rated power load, and the power load is quoted in terms of volt-amps or watts. Thus, a 15V 20VA transformer gives a secondary voltage of 15V r.m.s. when its output is loaded by 20W. When the load is reduced to zero the secondary voltage rises by an amount implied by the reg -ulation factor. Thus, the output of a 15V transformer with a 10% regulation factor (a typical value) rises to 16.5V at zero load.

Note that the r.m.s. output voltage of the transformer secondary is not the same as the DC output voltage of the complete full-wave
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Figure 7.16 . Dual (split) PSU using centre-tapped transformer and four rectiÞers.
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rectified power supply which, as shown in Figure 7.17, is 1.41 times greater than that of a single-ended transformer, or 0.71 times that of a centre-tapped transformer (ignoring rectifier losses). Thus, a single-ended 15V r.m.s. transformer with 10% regulation gives an output of about 21V at full rated load (just under 1 amp at 20VA rating) and 23.1 volts at zero load. When rectifier losses are taken into account the output voltages are slightly lower than shown in the graph. In the ‘two rectifier’circuits of Figures 7.14 and 7.16 the losses are about 600mV; in the ‘bridge’circuits of Figures 7.13 and 7.15 they are about 1.2 volts.

Thus, to choose a transformer for a particular task, first decide the DC output voltage and current that is needed; the product of these values gives the transformer’s minimum VA rating. Now use the graph of Figure 7.17 to find the transformer secondary r.m.s. volt-age that corresponds to the required DC voltage.

[image: ]

 

Figure 7.17. Transformer selection chart. To use, decide on the required loaded DC output voltage (say 21V), then read across to Þnd the corresponding secondary voltage (15V single-ended or 30V centre-tapped).
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The Þlter capacitor

The filter capacitor’s task is to convert the full-wave output of the rectifier into a smooth DC output voltage; its two most important parameters are its working voltage, which must be greater than the off-load output value of the power supply, and its capacitance value, which determines the amount of ripple that will appear on the DC output when current is drawn from the circuit.

As a rule of thumb, in a full-wave rectified power supply operating from a 50 – 60Hz power line, an output load current of 100mA causes a ripple waveform of about 700mV peak-to-peak to be developed on a 1000µF filter capacitor; the ripple magnitude is pro-portional to load current and inversely proportional to the capaci-tance value, as shown in the design guide of Figure 7.18. In most practical applications, ripple should be kept below 1.5 vo l t s peak-to-peak at full load.
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Figure 7.18. Filter capacitor selection chart, relating capacitor size to ripple voltage and load current in a full-wave rectiÞed 50-60Hz powered circuit.

 

RectiÞer ratings

Figure 7.19 summarises the characteristics of the three basic types of rectifier circuit and gives the minimum PIV (peak inverse volt-age) and current ratings of the individual rectifiers. Thus, the full-wave circuit (using a centre-tapped transformer) and the bridge circuit (using a single-ended transformer) each give a typical full-load output voltage of about 1.2 × E and need diodes with min-imum current ratings of 0.5 × I (where I is the load current value), but the bridge circuit’s PIV requirement is only half as great as that of the full wave circuit.

 

Clamping diode circuits

A clamping diode circuit is one that takes an input waveform and provides an output that is a faithful replica of its shape but has one edge tightly clamped to the zero-voltage reference point. Figure 7.20(a) show a version which clamps the waveform’s negative edge to zero and gives a purely ‘positive’ output, and Figure 7.20(b) shows a version which clamps the positive edge to zero and gives a purely ‘negative’output.
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Figure 7.19 . RectiÞer circuit characteristics.
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Figure 7.20. Clamping diode circuits.
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Two important points should be noted about these apparently-simple circuits. First, their peak output is (ideally) equal to the peak-to-peak value of the input waveform; thus, if the input swings symmetrically about the zero voltage point (as shown), the peak output value is double that of the input. The second point is that the circuits fall short of the ideal in that the output is in fact clamped to

a point that is offset from zero by an amount equal to the diode’s V f value (about 600mV in silicon types), as illustrated in these and many other diagrams in this chapter.

Figure 7.21 shows what happens to these circuits when a 10k resis-tor is wired across D1, and the inputs are fed with a good 1kHz (= 1mS period) squarewave from a low impedance source. In this case C1–R1 form a differentiator network, with a time constant equal to the C–R product; if this product is very long (100mS) relative to the 1mS input period, the circuits act like simple clamping diode types, as shown in (a) and (c). If the C–R product is very short (10µS) rel-ative to the 1mS input period, the C–R network converts the square-wave’s rising and falling edges into positive and negative ‘spikes’ (each with a peak amplitude equal to the peak-to-peak input value) respectively, and D1 then eliminates (discriminates against) one or other of these spikes, as shown in (b) and (d), which are known as differentiator/discriminator diode circuits.
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Figure 7.21. Differentiator/discriminator-diode circuits.
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In an ordinary clamping circuit the diode clamps one edge of the waveform to the zero -voltage reference point. The basic circuit can be used to clamp the waveform edge to a voltage other than zero by simply tying the ‘low’side of the diode to a suitable bias voltage; such circuits are known as biased clamping diode types, and a vari-ety of these (with very long C-R products) are shown in Figure 7.22.

The Figure 7.22(a) circuit uses a +2V clamping point and a ‘nega-tive output’diode (as in Figure 7.20(b)), so its output swings (ide-ally) from +2V to –8V when fed from a 10V peak-to-peak input.

Figures 7.22(b) to (d) show circuits using pairs of clamping diodes. Obviously, a waveform can not be clamped to two different voltages at the same time, so in these circuits one diode acts as a clamp and the other as a waveform clipper. Thus, in (b) the output is clamped to zero volts and clipped at +2V, and in (c) it is effectively clamped at –2V and clipped at +2V. Finally, the (d) circuit uses a pair of
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Figure 7.22 . Biased clamping diode circuits.
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zero-voltage reference points and ideally gives zero output, but,

because of the ‘offsetting’ effects of the D1 and D2 V voltages f (about 600mV each) in fact gives output clipping at +600mV and –600mV.

 

Diode ÔrectiÞerÕcircuits

Figure 7.23 shows four different ways of using a single diode as a half-wave rectifier; in all cases it is assumed that the input comes from a low impedance source, the output feeds a high impedance, and the output waveform is ‘idealised’ (it ignores the effects of diode offset). Thus, the (a) and (d) circuits give positive outputs only, and (b) and (c) give negative outputs only. Note, however, that (a) and (b) give low impedance outputs (roughly equal to the input signal source impedance), but that (c) and (d) have high-impedance outputs (roughly equal to the R1 value).
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Figure 7.23. Single-diode rectiÞer circuits.
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Figure 7.24 shows a signal ‘limiter’ that gives an output that is amplitude-limited at ±600mV via silicon diodes D1 and D2. It can be used as a triangle-to-sine waveform converter by adjusting RV1 to give gentle clipping of the triangle peaks (generated sinewave distortion is typically about 2%), or as an audio signal noise limiter by adjusting RV1 to gi ve clipping of the worst of the noise bursts, as shown.

Figure 7.25 shows how the Figure 7.23(a) and (b) circuits can be modified to give outputs that are above or below a selected ‘bias’or reference level. Thus, (a) produces outputs of only +2 volts or greater, (b) gives outputs of +2 volts or less, (c) of –2 volts or greater, and (d) of –2 volts or less. In all cases, the output load impedance is assumed to be small relative to the R1 value.

 

Voltage multiplier circuits

Figures 7.26 to 7.28 show various ways of connecting diodes and capacitors to make AC ‘voltage multipliers’that give a DC output
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Figure 7.24 . Two-diode limiter circuits.
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Figure 7.25 . Biased single-diode rectiÞer circuits.
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Figure 7.26. Voltage doubler circuit.
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equal to some multiple of the peak value of an AC input voltage. The ‘voltage doubler’ of Figure 7.26 consists of a simple C1-D1 clamping diode network (like Figure 7.20(a)), which gives an AC output with a peak value equal to the peak-to-peak value of the input, followed by a peak voltage detector (D2-C2) that gives a DC output equal to the peak values of D2’s input voltage. Figure 7.26(a) shows the conventional diagram of this circuit, and (b) shows it redrawn as a ‘standard’ voltage-doubler section.

Figure 7.27 shows a ‘voltage tripler’circuit. In this case (as can be seen from (a)) D3-C3 act as a peak voltage detector that generates +5V on the D3-C3 junction, and C1-D1-D2-C2 acts as a voltage doubler section (identical to Figure 7.26) that generates a ‘voltage doubled’output on top of this ‘+5V’ potential, thus giving a final ‘tripled’output  of  +15V. This circuit thus consists of a D3-C3 ‘half section’plus a full C1-D1-D2-C2 ‘doubler’section, as shown in (b).
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Figure 7.27. Voltage tripler circuit.

 

Figure 7.28 shows a ‘voltage quadrupler’ that gi ves a DC output equal to four-times the peak voltage value of a symmetrical AC input signal. In this case C1-D1-D2-C2 act as a voltage doubler sec-tion that generates +10V on the D2-C2 junction, and C3-D3-D4-C4 act as another voltage doubler section that generates another +10V between the D2-C2 junction and the D4-C4 junction, to give a final +20V of output between the D4 -C4 junction and ground.
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Figure 7.28 . Voltage quadrupler circuit.
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Note from Figures 7.27(b) and 7.28(b) that any desired amount of voltage multiplication can be obtained by wiring appropriate num-bers  of full and half ‘multiplier’ sections  in series. T h u s , seven-times multiplication can be obtained by wiring three full sec-tions in series with a single ‘half ’ input section. In all cases, all mul-tiplier diodes and capacitors need minimum ratings of twice the peak input voltage value.

The Figure 7.26 to 7.28 circuits are all designed to give positive output voltages; they can be made to give negative output voltages by simply reversing the polarities of all multiplier diodes and capac-itors, as in the ne gative voltage doubler of Figure 7.29.
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Figure 7.29 . Negative voltage doubler circuit.

 

Damping diode circuits

If an inductive device’s operating current is suddenly inter rupted it generates a high switch-off back-emf, which may damage associat-ed electronic components, etc. This danger can be eliminated by wiring a damping diode across the inductor, as in the relay circuit of Figure 7.30. Here, D1 stops the RLA-SW1 junction from swinging more than 600mV above the positive supply. Alternatively, D2 (shown dotted) can be used to prevent the junction from swinging more than 600mV below the negative supply rail. In critical appli-cations, both diodes can be used, to give maximum protection.
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Figure 7.30. Damping diode circuit limits relay coil back-emfs to safe values.

[image: ]

 

Diode gate circuits

Figure 7.31 shows how a few diodes and a resistor can be used to make an OR gate that gives a high (logic-1) output when any one of its inputs is high, and also shows the truth table of the circuit when it is wired in the 2-input mode. The circuit can be given any desired number of inputs by simply adding extra diodes, as shown dotted by D3 and Dx.

Figure 7.32 shows an AND type of diode gate; it gives a high output only when all inputs are high, and can have any desired number of diode inputs.
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Figure 7.31. Diode OR gate circuit, with 2 -input truth table.

 

Figure 7.32. Diode AND gate circuit, with 2 -input truth table.
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Miscellaneous diode circuits

Figures 7.33 to 7.38 show a variety of useful diode circuits. The Figure 7.33 design protects a polarity-sensitive load against damage from a wrongly applied battery voltage. If the battery is correctly connected it feeds the load via D1 but is blocked from the alarm buzzer via D2; if it is wrongly connected, D1 blocks the load’s cur-rent and D2 enables the alarm buzzer.

The Figure 7.34 circuit gives polarity protection to the load via the bridge-connected set of rectifiers, which ensure correct load polari-ty irrespective of the polarity of the supply battery.

Figure 7.35 shows how to make a high-value non-polarised capaci-tor from a two electrolytics and two diodes; each diode effectively shorts out its capacitor if connected to the ‘wrong’polarity. The cir-cuit has an effective capacitance equal to the C1 or C2 value.

Figure 7.36 shows a pair of silicon diodes used to protect a moving-coil current meter against overload damage.  Such meters can withstand 2-3 times full scale deflection (f.s.d.) without
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Figure 7.33. Polarity protection circuit.

 

Figure 7.34 . Alternative polarity protection circuit.

 

Figure 7.35 . Making a high-value (100µF) non-polarised capac-itor.
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Figure 7.36. Dc-meter overload protection.

 

damage, and in this circuit Rx must be chosen so that about 300mV is developed across the diodes at f.s.d.; under this condition the diodes pass zero current, but they start to conduct and shunt the meter current at readings of twice f.s.d. or greater.

Figure 7.37 shows how two 6 volt relays can be independently con-trolled via a 12 volt AC 2-wire link. The relay coils are wired in series, but are each shunted by a diode so that RLA is turned on only by positive half-cycles and RLB only by negative half-cycles. When SW1 is set to position 1, both relays are off; in position 2 only positive half-waves are fed to the relays, so RLA turns on; in posi-tion 3 only negative half-waves are fed to the relays, so RLB turns on; finally, in position 4 full-wave AC is fed to the relays, and RLA and RLB both turn on.

Figure 7.38 shows a modified version of the above circuit, in which each relay can be independently controlled via its own on/off
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Figure 7.37. Dual relay control.
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Figure 7.38. Alternative dual relay control.
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switch. The circuit operates in the same basic way as described above.

 

An oscilloscope trace doubler

Figure 7.39 shows a pair of diodes used as the basis of a simple but very effective oscilloscope trace doubler that allows two individual signals to be simultaneously displayed on a single-beam oscillo-scope. The two diodes are connected as simple gates that are driven via a 10-volt squarewave input; C1 causes the gate signal at the C1-R1 junction to switch between +5 volts and –5 volts.

When the C1-R1 junction is at +5V, D2 is reverse biased and R2-C2 are effectively disconnected from the circuit, but D1 is forward biased and R1 and R3 are effectively shorted together, thus present-ing a mean +2.5V, on which the input-1 signal is superimposed, at the output. When the C1-R1 junction is at –5V the reverse action is obtained, and D1 is effectively open circuit and D2 is short circuit, thus presenting a mean –2.5 volts, on which the input-2 signal is superimposed, at the output. When this complex output signal is fed to the input of a single beam oscilloscope, the vertical switching transitions disappear, and the tube displays input-1 vertically dis-placed above input-2; the trace separation can be varied by altering the amplitude of the squarewave gate drive signal.

The gate drive squarewave frequency can either be made high rela-tive to that of the oscilloscope’s time base, or can be exactly half the time base frequency (via a binary divider); in the latter case, the oscilloscope displays the input-1 and input-2 signals on alternate sweeps.
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Figure 7.39 . Diode gate circuit used as an oscilloscope trace doubler.

8 Special diode circuits

 

The last Chapter looked at the basic characteristics of the junction diode and associated devices and then showed a whole range of practical applications of ordinary diodes and rectifiers. The present chapter continues the theme by showing practical applications of zener, ‘signal’, and varactor diodes.

 

Zener diode circuits

Zener diodes are used mainly as ‘reference voltage’ generating devices. Figure 8.1 shows how a zener diode can be used to gener-ate a fixed voltage by passing a modest current through it via limit-ing resistor R1. The zener output voltage is not greatly influenced by sensible variations in the zener current value (caused by varia-tions in supply voltage or R1 value, etc.), and the output thus acts as a stable reference voltage. The R1 value is found from:

R1 = (V-V )/I . in z z

In most applications, I should be set at about 5mA. z

 

Figure 8.1 . Basic zener voltage reference circuit.

Figure 8.2 shows the zener circuit modified to act as a simple volt-age regulator that can supply output currents of a few tens of mA to an external load. The R1 value is selected so that it passes the max-imum desired output current plus 5mA; thus, when the specified maximum output load current is drawn the zener passes only 5mA, but when zero load current is drawn it passes all of the R1 current and dissipates maximum power. The zener’s power rating must not be exceeded under this ‘no load’condition.
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Figure 8.2. Basic zener voltage regulator circuit.
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Practical zener diodes are available in a variety of voltage values (ranging in steps from 2.7V to about 100V) and power ratings (typ-ically 500mW, 1.3W, 5W, and 20W), and usually have a basic volt -age tolerance within ±5% of their specified value. Other important parameters of a zener diode are its temperature coefficient (‘t.c.’) and its dynamic impedance. Figure 8.3 lists the typical parameter values of 500mW zeners with standard voltages in the 2.7V to 16V range.
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Figure 8.3 . Typical parameter values of 500mW, 2.7V to 16V zener diodes

 

Figures 8.4 to 8.7 show some practical variations of the zener volt-age reference circuit, with full performance details based on the parameters listed in Figure 8.3. Figure 8.4 is a basic 10V reference circuit, powered from a 15V to 20V input. R1 has a value of 1k5, to set the zener current at 5mA at a ‘mean’supply value of 17.5V. The zener has a 5% tolerance, so the actual output voltage is between 9.5V and 10.5V. Supply voltage variations (between 15V and 20V) cause the zener current to vary by ±1.6mA and, since the 10V zener has a dynamic impedance of 25R, makes the zener output voltage vary by an additional ±40mV (the supply rejection factor). Also, since this zener has a t.c. of +7mV/°C, the output varies by an addi-tional ±140mV when the temperature is varied by ±20°C about a mean +20°C ‘room temperature’ value.
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Figure 8.4. Simple 10 volt zener reference circuit.
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Figure 8.5 shows how the above circuit’s thermal regulation can be improved by using two series-connected zeners, with opposing t.c.s, to act as a ‘composite’zener with a nominal value of 10.1V (giving an actual voltage in the range 9.4V to 10.6V) and a t.c. of only 0.6mV/°C (giving a variation of only ±12mV over the +20°C ±20°C range). Note, however, that this ‘zener’has a dynamic impedance of 127R, and thus gives a supply rejection factor of ±203mV.

[image: ]

 

Figure 8.5. Thermally-compensated 10 volt zener reference cir-cuit.

Figure 8.6 shows how the above circuit’s performance can be improved by adding a pre-regulating zener stage (ZD1), which holds the R1-R2 junction within ±265mV of a nominal 13V over the full span of supply-voltage variations, thus giving a final supply rejection factor of ±53mV and a thermal rejection factor of ±12mV over the full thermal range. R2 gives a ‘10V zener’current of about 5mA, and R1’s value is chosen to supply a current greater than this

when V is at 15V, so that ZD1 does not cut off under this condi-in

tion.

[image: ]

 

Figure 8.6. Thermally-compensated 10 volt zener reference, with pre-regulator stage.

Finally, Figure 8.7 shows how zeners and ordinary silicon diodes can be wired in series to give ‘odd -ball’reference  voltage  values. Each silicon diode ‘drops’ about 600mV at a forward current of 5mA, and has a temperature coef ficient of –2mV/ °C.

 

Regulator current boosting

The simple voltage regulator of Figure 8.2 can supply maximum output load currents of a few tens of mA. Higher outputs can be obtained by wiring a current -boosting emitter follower buffer stage between the zener output and the load, as shown in Figure 8.8. This
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Figure 8.7 . Zeners and ordinary silicon diodes can be combined to give odd-ball reference voltage values. circuit reduces the zener current loading variations by a factor of about 100 (Q1’s current gain). Note, however, that the output volt-age is about 600mV (equal to Q1’s base-emitter volt drop) less than the zener voltage; this snag can be o vercome either by wiring a sil -icon diode in series with the zener diode (to boost Q1’s input volt-age by 600mV), as shown in Figure 8.9, or by wiring Q1 into the feedback loop of an op-amp voltage follower stage, as in Figure 8.10.

[image: ]

Note that the output load current of each of the above three circuits is limited to about 100mA by the power rating of Q1; higher cur-rents can be obtained by replacing Q1 with a power Darlington tran-sistor.
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Figure 8.8. Zener voltage regulator with current-boosting series-pass output stage;nominal output voltage is 11.4 volts.

 

Figure 8.9 . This modiÞed series-pass circuit gives an output of 12 volts.
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Figure 8.10. 12 volt regulator incorporating an op-amp in its series-pass network.
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Variable voltage circuits

Figures 8.11 to 8.13 show various ways of generating zener-derived variable reference or regulator voltages. In Figure 8.11, Q1 is wired as a modified common emitter amplifier, and gives an output of (1 + [RV1/R2]) times Q1’s base-to-ground voltage, which equals the sum of Q1’s base-emitter junction voltage (600mV) and the ZD1 voltage (6.2V), i.e., 6.8V total. The circuit’s output is thus variable from 6.8V to 13.6V via RV1. Note that Q1’s base-emitter junction has a –2mV/°                                            ° C t.c. and ZD1 has a +2mV/C one, and these cancel each other and give a final near-zero t.c. at the circuit’s output.

[image: ]

 

Figure 8.11. Variable zener voltage reference, with near-zero temperature coefÞcient.

 

Fi g u re 8.12 s h ows the above circuit modified for use as a va r i a bl e voltage regulator that gives a curr e n t-boosted output via series-p a s s transistor Q2. In this case ZD1 is a 7.5V type and has a t.c. of + 3 . 7 m V / °C, thus giving an 8.1V to 16.2V reference with a + 1 . 7 m V /°C coefficient to the input (base) of Q2, which gives an output that is 600mV and –2mV/ °C less than this, thus giving a fin a l output of 7.5V to 15.6V with a near-zero temperature coeffic i e n t .

Fi n a l ly, Fi g u re 8.13 s h ows a simple way of generating a stable 0-1 2 V output via RV1 and the Q1 curr e n t-booster stage. D1 boosts the e ff e c t ive zener voltage by 600mV, to counter the 600mV loss of Q1’s b a s e-emitter junction. The final output impedance of this circuit is fa i r ly high (typical a few tens of ohms), being roughly equal to the output impedance of RV1 slider divided by the current gain of Q1.
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Figure 8.12. Variable voltage regulator, with near-zero tempera-ture coefÞcient.
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Figure 8.13 . Wide-range (0-12V) voltage reference/regulator cir-cuit.

 

Miscellaneous zener circuits

To complete this look at the zener diode, Figures 8.14 to 8.18 show a miscellaneous collection of useful application circuits.

Figure 8.14 shows how a 6.8V zener can be used as a voltage drop-per to enable a 1000µF, 6 volt electrolytic capacitor to be used with a 12 volt DC supply. The zener must have a large enough power (V × I) rating to handle C1’s ripple currents; a 5 watt rating is adequate for most purposes.

Figure 8.15 shows a 5.6V zener used as a voltage dropper to enable a 6 volt relay to be used with a 12V DC supply. This circuit also helps improve the relay’s effective on/off ratio. Suppose the basic relay normally turns on at 5V and off at 2.5V, thus giving a 2:1

[image: ]

 

Figure 8.14 . Zener voltage dropper used with electrolytic capac-itor.
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Figure 8.15. Zener voltage dropper used with relay coil.
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on/off ratio; in this circuit it will turn on at 10.6V and off at 8.1V, thus giving a 1.3:1 on/off ratio.

Figure 8.16 shows a resistor and zener diode used as a half-wave limiter in an A.C. circuit; the waveform’s positive halves limit at ZD1’s rated voltage value, and the negative ones its –600mV ‘junc-tion diode’ value.

[image: ]

 

Figure 8.16. Half-wave zener limiter.

 

Figure 8.17 shows a resistor and two inversely series-connected zener diodes used as a full-wave limiter in an AC circuit. In this case the positive halves of the waveform are limited by the sum of ZD1’s voltage value and ZD2’s 600mV ‘diode’ value, and the negative halves by the sum of ZD2’s voltage value and ZD1’s 600mV ‘diode’ value.

[image: ]

 

Figure 8.17. Full-wave zener limiter.

 

Finally, Figure 8.18 shows a zener, a multiplier resistor (R1), and a 1mA f.s.d. moving coil meter used to made a suppressed-zero meter, that in this case spans the range 10V to 15V. The zener sets the minimum voltage reading of the meter (10V), and R1 is given a value of 1000R per volt to set its span (5V) and thus its f.s.d. value (15V).
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Figure 8.18. Suppressed-zero (10-15 volt) meter.
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Signal diode circuits

Any diode that has a low knee voltage value and is able to efficiently ‘detect’ or rectify low-level RF signals can be called a ‘signal’ diode. Most germanium and Schottky types can be used as signal diodes; silicon types cannot. The most obvious applications of signal diodes is in RF probes, sniffers, and tell-tales in instrumen-tation applications, and as detectors in radio circuits. The next three sections describe simple circuits of these types.

 

RF probes

Figure 8.19shows an RF-to-dc converter probe suitable for use with an electronic dc volt/millivolt meter with a 10M input impedance. C1 and D1 form a diode clamp that ties the low part of the C1-D1 junction waveform to near-zero volts; the resulting waveform thus has a positive mean dc value proportional to the RF signal’s ac value. R1-C2 convert this signal to smooth dc, and R1 and the 10M input impedance of the electronic voltmeter form a potential divider that gives for m-factor correction and (ideally) makes this voltage

[image: ]

 

Figure 8.19 . RF probe: gives a signal strength reading on a high-impedance (10M) dc voltmeter.
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equal to the r.m.s. value of a sinewave input signal, assuming that the signal amplitude is greater than a couple of volts. D1 must be a sensitive germanium signal diode, such as an IN34A or OA91, etc., in which case the probe may have a useful bandwidth that extends well above 100MHz, and gives a useful performance as a ‘relative value’indicator  at  signal  levels down to about 200mV. The circuit can be made to give a negative (rather than positive) dc output by reversing D1’s polarity.

The Figure 8.20circuit is a modification of the above type of probe, with R1 replaced with a sensitive (IN34A or OA91, etc.) germani-um diode, so that C2 charges to the peak value of the C1-D1 junc-tion signal and gives a positive dc output voltage proportional to the peak-to-peak value of the RF input signal. Note that the electronic voltmeter’s input resistance acts as a discharge path for C2, and influences the probes ability to follow rapid variation in input signal levels.
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Figure 8.20. RF peak-to-peak voltage-detecting probe.

 

Figure 8.21 shows a simple AM ‘demodulator’ type of RF probe, which has an input impedance of about 10k. The probe’s output con-sists of the demodulated AM signal superimposed on a dc compo-nent proportional to the amplitude of the RF input carrier wave. If desired, this dc component can be removed by taking the output via a blocking capacitor. This type of probe is useful in ‘signal tracer’ applications.

[image: ]

 

Figure 8.21. AM demodulator probe.

 

RF sniffers & tell-tales

RF sniffers and tell-tales are probes that enable the user to inspect an RF signal by probing into its radiated field, rather than by making direct contact with the signal source.

An RF sniffer is an untuned gadget that simply detects and indicates
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the presence of any reasonably powerful RF field, but conveys no special information as to its strength or frequency. Figure 8.22 shows a simple RF sniffer with a metered output; it is not a very sensitive design and needs an input (across L1) of a few hundred millivolts to give a reasonable reading, but operates to above 100MHz.

[image: ]

 

Figure 8.22 . RF sniffer, with metered output.

 

Figure 8.23 shows a more sensitive sniffer circuit that gives an audio-visual output and can detect RF inputs as low as 40mV. In this design D2 ensures that Q1’s base-emitter junction is slightly for-ward biased when zero input is applied; Q1 conducts and the LED glows dimly under this condition. Any RF signals picked up by L1 are detected/demodulated via D1 and RF-filtered by C1-R1, and further increase both Q1’s forward bias and the LED’s brightness level; if the RF input signal is amplitude modulated an amplified version of its modulation signal appears across R2 and can be heard on a pair of headphones connected across the circuit’s output termi-nals. This circuit gives a useful performance to above 100MHz.

An RF ‘tell-tale’is an instrument that detects the presence of an RF field and presents the user with useful information about it. The two best-known versions of such an instrument are the field strength meter, which gives the user a reading of the relative strength of the signal (for tuning purposes, etc.), and the wavemeter, which tells the user the frequency of the detected RF signal. These are, in effect, tuned versions of the basic sniffer circuit of Figure 8.22, and Figure 8.24 shows a couple of circuits that are typical of the genre.

[image: ]

 

Figure 8.23. RF sniffer with audio-visual output.
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The L1 (or T1) and C1 values of the Figure 8.24 circuits must be chosen to suit the frequenc y-band of interest; often, the tuning coil is externally mounted and used as an antenna. A field-strength meter is usually designed to operate over only a narrow spread of frequencies, and C1 may be a trimmer capacitor. A wavemeter is usually designed to operate over a very wide frequency band; it may use a set of plug-in coils, and its tuning capacitor has a calibrated tuning scale that gives a direct reading of the tuned frequency.

[image: ]

 

Figure 8.24. Typical wavemeter/Þeld-strength-meter circuits

 

RF detectors

A ‘detector’ circuit is one that extracts the super-imposed audio signal from a modulated RF carrier wave and presents it in a useful form. The simplest circuit of this type is the ‘crystal’set of Figure 8.25, in which D1 rectifies the L1 -VC1 tuned signal and feeds it to a set of earphones, which ignore the signal’s residual RF compo-nents and reproduce its AF contents. This circuit is not very sensi-tive or selective, and needs a good antenna and ground connection to give reasonable results. Its performance can be enhanced by feed-ing its output to an audio amplifier, as in the circuit of Figure 8.26, which can be turned on and off by connecting or removing the ear-phones.
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Figure 8.25. Simple crystal set.
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Figure 8.26. AmpliÞed crystal set.
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Varicap diode circuits

To complete this look at special diode circuits, Figure 8.27 shows a basic varicap diode usage circuit. The diode is reverse biased via R1 and a stable external control voltage (typically variable from zero to 10V), and the varicap is coupled to an external circuit via blocking capacitor C1. D1’s capacitance is maximum at zero bias, and decreases as bias is increased.

Ordinary silicon diodes have maximum (zero bias) capacitances of a few pF and have typical maximum-to-minimum ‘C’ ratios of about 2:1, but true varicap diodes (which are often available as matched pairs) are available with maximum values of about 500pF and ‘C’ratios of 20:1 (i.e., ‘C’can be voltage-controlled from 25pF to 500pF). They are widely used in voltage-controlled tuning appli-cations, etc.
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Figure 8.27 . Basic varicap diode usage circuit.

9 Transistor principles

 

The bipolar transistor is the most important element used in modern electronics, and forms the basis of most linear and digital ICs and op-amps, etc. In its discrete form it can function as either a digital switch or as a linear amplifier, and is available in many low-, medium- and high-power forms. This chapter looks at basic transis-tor characteristics and circuit configurations; Chapters 10 to 12 show many practical application circuits.

 

Bipolar transistor basics

A bipolar transistor is a three-terminal (base, emitter, and collector) current-amplifying device in which a small input current can con-trol the magnitude of a much larger output current. The term ‘bipo-lar’means that the device is made from semiconductor materials in which conduction relies on both positive and negative (majority and minority) charge carriers.

A transistor is made from a three-layer sandwich of n-type and p-type semiconductor material, with the base terminal connected to the central layer, and the collector and emitter terminals connected to the outer layers. If it uses an n-p-n construction sandwich, as in Figure 9.1(a), it is known as an npn transistor and uses the standard symbol of Figure 9.1(b); if it uses a p-n-p structure, as in Figure 9.2(a), it is known as a pnp transistor and uses the symbol of Figure 9.2(b).
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Figure 9.1 . Basic construction (a) and symbol (b) of npn tran-sistor.
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Figure 9.2 . Basic construction (a) and symbol (b) of pnp transis-tor.
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In use, npn and pnp transistors each need a power supply of the appropriate polarity, as shown in Fi g u re 9.3. An npn device needs a s u p p ly that makes the collector positive to the emitter; its output or m a i n - t e rminal signal current flows from collector to emitter and its amplitude is controlled by an input current that flows from base to

emitter via an ex t e rnal current-limiting resistor (R ) and a positive b bias voltage. A pnp transistor needs a nega t ive supply; its main-ter-minal current flows from emitter to collector, and is controlled by an e m i t t e r-to-base input current that flows to a nega t ive bias vo l t a g e .

[image: ]

 

Figure 9.3. Po l a rity connections to ( a ) npn and ( b ) pnp tra n s i stors.

 

A wide variety of bipolar transistor types are available. Figure 9.4 lists the basic characteristics of two typical general-purpose low-power types, the 2N3904 (npn) and the 2N3906 (pnp), which are each housed in a TO–92 plastic case. Note from this list that

V is the maximum voltage that may be applied between the  CEO(max)

collector and emitter when the base is open-circuit, and VCBO(max) is the maximum voltage that may be applied between the collector

and base when the emitter is open-circuit. I is the maximum  C(max)

mean current that can be allowed to fl ow through the collector ter-

minal of the device, and P is the maximum mean power that  T(max)

the device can dissipate, without the use of an external heat sink, at normal room temperature.

One of the most important parameters of the transistor is its forward

current transfer ratio, or h ; this is the current-gain or output/input fe
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Figure 9.4. General characteristics and outlines of the 2N3904 and 2N3906 low-power transistors.
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current ratio of the device (typically 100 to 300 in the two devices

listed). Finally, the f figure indicates the available gain/bandwidth  T

product frequency of the device, i.e., if the transistor is used in a voltage feedback configuration that provides a voltage gain of x100,

the bandwidth is 100th of the f figure, but if the voltage gain is T reduced to x10 the bandwidth increases to f /10, etc. T

 

Transistor characteristics

To get the maximum value from a transistor, the user must under-stand both its static (dc) and dynamic (ac) characteristics. Figure 9.5 shows the static equivalent circuits of npn and pnp transistors; a zener diode is inevitably formed by each of the transistor’s n-p or p-n junctions, and the transistor is thus (in static terms) equal to a pair of reverse-connected zener diodes wired between the collector and emitter terminals, with the base terminal wired to their ‘common’ point. In most low-power transistors the base-to-emitter junction has a typical zener value in the range 5V to 10V; the base-to-col-lector junction’s typical zener value is in the range 20V to 100V.

Thus, the transistor’s base-emitter junction acts like an ordinary diode when forward biased and as a zener when reverse biased. If the transistor is a silicon type its forward-biased junction passes little current until the bias voltage rises to about 600mV, but beyond this value the current increases rapidly. When forward biased by a fixed current, the junction’s forward voltage has a thermal coeffi-cient of about –2mV/ °C. When the transistor is used with the emit-ter open-circuit, the base-to-collector junction acts like that just described, but has a greater zener value. If the transistor is used with its base open-circuit, the collector-to-emitter path acts like a zener diode wired in series with an ordinary diode.
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Figure 9.5. Static equivalent circuits of npn and pnp transistors.

 

The transistor’s dynamic characteristics can be understood with the aid of Figure 9.6, which shows the typical forward transfer charac-

teristics of a low-power npn silicon transistor with a nominal hfe value of 100. Thus, when the base current (I ) is zero, the transistor b passes only a slight leakage current. When the collector voltage is greater than a few hundred millivolts the collector current is almost directly proportional to the base currents, and is little influenced by the collector voltage value. The device can thus be used as a con-stant-current generator by feeding a fixed bias current into the base, or can be used as a linear amplifier by superimposing the input signal on a nominal input current.
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Figure 9.6. Typical transfer characteristics of low-power npn transistor with h   value of 100 nominal. fe
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Practical applications

A transistor can be used in a variety of different basic circuit con-figurations, and the remainder of this chapter presents a brief sum-mary of the most important of these. Note that although all circuits are shows using npn transistor types, they can be used with pnp types by simply changing circuit polarities, etc.

 

Diodes and switches

The base-emitter or base-collector junction of a silicon transistor can be used as a diode/rectifier or as a zener diode by using it in the appropriate polarity. Figure 9.7 shows two alternative ways of using

[image: ]

 

Figure 9.7. Clamping diode circuit, using npn transistor as diode.
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an npn transistor as a diode clamp that converts an ac-coupled rec -tangular input waveform into a rectangular output that swings between zero and a positive voltage value, i.e., which ‘clamps’the output signal to the zero-volts reference point.

Figure 9.8 shows an npn transistor used as a zener diode that con-verts an unregulated supply voltage into a fixed-value regulated output with a typical value in the range 5V to 10V, depending on the individual transistor. Only the base-emitter junction is suitable or use in this application.

 

Figure 9.8. A transistor used as a zener diode .

 

Figure 9.9 shows a transistor used as a simple electronic switch or

digital inverter. Its base is driven (via R ) by a digital input that is b at either zero volts or at a positive value, and load R is connected  L

between the collector and the positive supply rail. When the input voltage is zero the transistor is cut off and zero current flows through the load, so the full supply voltage appears between the col-lector and emitter. When the input is high the transistor switch is driven fully on (saturated) and maximum current flows in the load, and only a few hundred millivolts are developed between collector and emitter. The output voltage is an inverted form of the input signal.
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Figure 9.9 . Transistor switch or digital inverter.
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Linear ampliÞers

A transistor can be used as a linear current or voltage amplifier by feeding a suitable bias current into its base and then applying the input signal between an appropriate pair of terminals. The transistor can in this case be used in any one of three basic operating modes, each of which provides a unique set of characteristics. These three modes are known as ‘common-emitter’ (Figure 9.10 ), ‘common-base’ (Figure 9.11 ), and ‘common-collector’ (Figure 9.12 and 9.13).
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In the common-emitter circuit of Figure 9.10, load R is wired  L

between the collector and the positive supply line, and a bias cur-

rent is fed into the base via R , whose value is chosen to set the col-b lector at a quiescent half-supply voltage value (to provide maximum undistorted output signal swings). The input signal is applied between base and emitter via C1, and the output signal (which is phase-inverted relative to the input) is taken between the collector and emitter. This circuit gives a medium-value input impedance and a fairly high overall voltage gain.

 

Figure 9.10 . Common-emitter linear ampliÞer.

 

In the common-base circuit of Figure 9.11 the base is biased via Rb and is ac-decoupled (or ac-grounded) via C . The input signal is b effectively applied between the emitter and base via C1, and the amplified but non-inverted output signal is effectively taken from between the collector and base. This circuit features good voltage gain, near-unity current gain, and a very low input impedance.
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Figure 9.11. Common-base linear ampliÞer.
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In the common-collector circuit of Figure 9.12 the collector is shorted to the low-impedance positive supply rail and is thus at ‘ground’impedance  level. The input signal is applied between base and ground (collector), and the non-inverted output is taken from between emitter and ground (collector). This circuit gives near-unity overall voltage gain, and its output ‘follows’the input signal; it is thus known as a dc-voltage follower (or emitter follower); it has

a very high input impedance (equal to the product of the R and h Lfe values). Note that this circuit can be modified for ac use by simply biasing the transistor to half-supply volts and ac-coupling the input signal to the base, as shown in Figure 9.13.
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Figure 9.12. Dc common-collector linear ampliÞer or voltage fol-lower.
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Figure 9.13. Ac common-collector ampliÞer or voltage follower.

 

The chart of Figure 9.14 summarizes the performances of the basic amplifier configurations. Thus, the common-collector amplifier gives near-unity overall voltage gain and a high input impedance, while the common-emitter and common-base amplifiers both give high values of voltage gain but have medium to low values of input impedance.
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Figure 9.14. Comparative performances of the three basic con-Þgurations.
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The Darlington connection

The input impedance of the Figure 9.12 emitter follower circuit

equals the product of its R and h values; if an ultra-high input  L  fe

impedance is wanted it can be obtained by replacing the single tran-sistor with a pair of transistors connected in the ‘Darlington’ or Super-Alpha mode, as in Figure 9.15. Here, the emitter current of the input transistor feeds directly into the base of the output transis-

tor, and the pair act like a single transistor with an overall h equal  fe

to the product of the two individual h values, i.e., if each transis- fe

tor has an h value of 100, the pair act like a single transistor with  fe

an h   of 10000. fe
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Figure 9.15.   Darlington or Super-Alpha dc emitter follo wer.

 

Multivibrators

Transistors can be used in four basic types of multivibrator circuit, as shown in Figures 9.16 to 9.19. Figure 9.16 is a simple manually-triggered cross-coupled bistable multivibrator, in which the base bias of each transistor is derived from the collector of the other, so that one transistor automatically turns off when the other turns on, and vive versa. Thus, the output can be driven low by briefly turn-ing Q2 off via S2; the circuit automatically locks into this state until Q1 is turned off via S1, at which point the output locks into the high state, and so on.
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Figure 9.16. Manually-triggered bistable multivibrator. 188
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Figure 9.17. Manually-triggered monostable multivibrator.
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Figure 9.18. Astable multivibrator or free-running squarewave generator.

 

Fi g u re 9.17 s h ows a monostable multivibrator or one-shot pulse gen-erator circuit; its output is norm a l ly low, but switches high for a pre-set period (determined by C1–R5) if Q1 is briefly turned off via S1.

Figure 9.18 shows an astable multivibrator or free-running square-wave generator; the squarewave’s on and off periods are determined by C1–R4 and C2–R3.

Finally, Figure 9.19 shows a Schmitt trigger or sine-to-square wave-form converter. The circuit action is such that Q2 switches abruptly from the on state to the off state, or vice versa, as Q1 base goes above or below pre-determined ‘trigger’ voltage levels.
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Figure 9.19. Schmitt trigger or sine-to-square wave fo rm conve rte r.

10 Transistor ampliÞer circuits

 

 




Chapter 9 gave an introductory outline of bipolar transistor charac-teristics and basic circuit configurations. This present chapter looks at practical ways of using transistors in small-signal ‘amplifier’ applications, and is divided into three major sections dealing, in sequence, with common-collector, common-emitter, and common-base circuits.

 

Common-collector ampliÞer circuits 

The common-collector amplifier (also known as the grounded-col-lector amplifier or emitter follower or voltage follower) can be used in a wide variety of digital and analogue amplifier applications. This section starts off by looking at ‘digital’circuits.

 

Digital ampliÞers

Figure 10.1 shows a simple npn common-collector digital amplifier

in which the input is either low (at zero volts) or high (at a Vpeak value not greater than the supply rail value). When the input is low Q1 is cut off, and the output is at zero volts. When the input is high

Q1 is driven on and current I flows in R , thus generating an output L L voltage across R ; intrinsic negative feedback makes this output L

voltage take up a value one base-emitter junction volt-drop (about

600mV) below the input V value. Thus, the output voltage ‘fol- peak

lows’(but is 600mV less than) the input voltage.
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Figure 10.1. Common-collector digital ampliÞer.

 

This circuit’s input (base) current equals the I value divided by L Q1’s h value (nominally 200 in the 2N3904), and its input imped-fe

ance equals R    h L × , i.e., nominally 660k in the example shown. fe

The circuit’s output impedance equals the input signal source

impedance (R ) value divided by h . Thus, the circuit has a high s fe input and low output impedance, and acts as a unity-voltage-gain ‘buffer’circuit.

If this buffer circuit is fed with a fast input pulse its output may have a deteriorated falling edge, as shown in Figure 10.2. This is caused 190
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by the presence of stray capacitance (C ) across R ; when the input s L pulse switches high Q1 turns on and rapidly ‘sources’ (feeds) a

charge current into C , thus giving an output pulse with a sharp s

leading edge, but when the input signal switches low again Q1 switches off and is thus unable to ‘sink’(absorb) the charge current

of C , which thus discharges via R and makes the output pulse’s s L trailing edge decay exponentially, with a time constant equal to the

C –R product. s L

Note from the above that an npn emitter follower can effic i e n t ly source, but not sink, high currents; a pnp emitter follower gives the opposite action, and can effic i e n t ly sink, but not source, high cur-r e n t s .
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Figure 10.2. Effect of C on the output pulses. s

 

Relay drivers

If the basic Figure 10.1 switching circuit is used to drive inductive loads such as coils or loudspeakers, etc., it must be fitted with a diode protection network to limit inductive switch-off back-emfs to safe values. One very useful inductor-driving circuit is the relay driver, and a number of examples of this are shown in Figures 10.3 to 10.7.

The relay in the npn driver circuit of Figure 10.3 can be activated via a digital input or via switch SW1; it turns on when the input signal is high or SW1 is closed, and turns off when the input signal is low or SW1 is open. Relay contacts RLA/1 are available for external use, and the circuit can be made self-latching by wiring a spare set or normally-open relay contacts (RLA/2) between Q1’s collector and emitter, as shown dotted. Figure 10.4 is a pnp version of the same circuit; in this case the relay can be turned on by clos-ing SW1 or by applying a ‘zero’input signal. Note in Figure 10.3 that D1 damps relay switch-off back-emfs by preventing this volt-age from swinging below the zero-volts rail value; optional diode D2 can be used to stop this voltage swinging above the positive rail.

The Figure 10.3 and 10.4 circuits effectively increase the relay cur-

rent sensitivity by a factor of about 200 (the h value of Q1), e.g.,  fe

if the relay has a coil resistance of 120R and needs an activating cur-rent of 100mA, the circuit’s input impedance is 24k and the input operating current requirement is 0.5mA.

Sensitivity can be further increased by using a Darlington pair of transistors in place of Q1, as shown in Figure 10.5, but the emitter
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Figure 10.3. Emitter-follower relay driver.
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Figure 10.4. Pnp version of the relay driver.
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Figure 10.5 . Darlington version of the npn relay driver.
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‘following’ voltage of Q2 will be 1.2V (two base-emitter volt drops) below the base input voltage of Q1. This circuit has an input imped-ance of 500k and needs an input operating current of 24µA; C1 pro-tects the circuit against activation via high-impedance transient voltages, such as those induced by lightening flashes, RFI, etc.

The Darlington bu ffer is useful in relay - d r iving C-R time-delay designs such as those shown in Fi g u res 10.6 and 1 0 . 7, in wh i c h C1–R1 generate an exponential wave f o rm that is fed to the relay via Q1–Q2, thus making the relay change state some delayed time after the supply is initially connected. With an R1 value of 120k the circuits 192
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Figure 10.6. Delayed switch-on relay driver.
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Figure 10.7. Auto-turn-off time-delay circuit.

 

g ive operating delays of roughly 0.1 seconds per µF of C1 value, i.e., a 10 second delay if C1 = 100µF, etc. The Fi g u re 10.6 circuit make s the relay turn on some delayed time after its powe r- s u p p ly is con-nected. The Fi g u re 10.7 circuit makes the relay turn on as soon as the s u p p ly is connected, but turn off again after a fixed delay.

 

Constant-current generators

A constant-current generator (CCG) is a circuit that generates a constant load current irrespective of wide variations in load resist-ance. A bipolar transistor can be used as a CCG by using it in the common-collector mode shown in Figure 10.8. Here, R1-ZD1 apply a fixed 5.6V ‘reference’to Q1 base, making 5V appear across R2, which thus passes 5mA via Q1’s emitter; a transistor’s emitter and collector currents are inherently almost identical, so a 5mA cur-rent also flows in any load connected between Q1’s collector and the positive supply rail, provided that its resistance is not so high that Q1 is driven into saturation; these two points that act as 5mA ‘con -stant-current’terminals.

This circuit’s constant-current value is set by Q1’s base voltage and the R2 value, and can be altered by varying either of these values. Figure 10.9 shows how the basic circuit can be ‘inverted’to  give a ground-referenced constant-current output that can be varied from about 1mA to 10mA via RV1.
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Figure 10.8. Simple 5mA constant-current generator.
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Figure 10.9 . Ground-referenced variable (1mA-10mA) constant-current generator.
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In many practical CCG applications the circuit’s most important feature is its high dynamic output impedance or ‘current constan-cy’, the precise current magnitude being of minor importance; in such cases the basic Figure 10.8 and 10.9 circuits can be used. If greater precision is needed, the ‘reference’ voltage accuracy must be improved; one way of doing this is to replace R1 with a 5mA con-stant-current generator, as indicated in Figure 10.10 by the ‘double circle’symbol, so that the zener current (and thus voltage) is inde-pendent of supply voltage variations. A red LED acts as an excel-lent reference voltage generator, and has a very low temperature coefficient, and can be used in place of a zener, as shown in Figure 10.11. In this case the LED generates roughly 2.0V, so only 1.4V appears across R1, which has its value reduced to 270R to give a constant-current output of 5mA.

The CCG circuits of Fi g u res 10.8 to 1 0 . 1 1 are  all  ‘3-term i n a l ’d e s i g n s that need both supply and output connections. Fi g u re 10.12 s h ow a 2-t e rminal CCG that consumes a fixed 2mA when wired in series with an ex t e rnal load. Here, ZD1 applies 5.6V to the base of Q1, wh i c h (via R1) thus generates a constant collector current of 1mA; this cur-rent drives ZD2, which thus develops a ve ry stable 5.6V on the base of Q2, which in turn generates a constant collector current of about 1mA, which drives ZD1. The circuit thus acts as a closed loop curr e n t r egulator that consumes a total of 2mA. R3 acts as a start-up resistor that provides the transistor with initial base curr e n t .
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Figure 10.10. Precision constant-current generator.

[image: ]

 

Figure 10.11. Thermally-stabilised constant-current generator, using a LED as a voltage reference.

 

Figure 10.12. 2-terminal 2mA constant-current generator.
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Figure 10.13 shows a version of the 2-terminal CCG in which the current is variable from 1mA to 10mA via RV1. Note that these two circuits need a minimum operating voltage, between their two ter-minals, of about 12V, but can operate with maximum ones of 40V.
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Figure 10.13. 2-terminal variable (1mA-10mA) constant-current generator.

 

Linear ampliÞers

A common-collector circuit can be used as an ac-coupled linear amplifier by biasing its base to a quiescent half-supply voltage value (to accommodate maximal signal swings) and ac-coupling the input signal to its base and taking the output signal from its emitter, as shown in Figures 10.14 and 10.15.

Figure 10.14 shows the simplest possible version of the linear emit-ter follower, with Q1 biased via a single resistor (R1). To achieve half-supply biasing, R1’s value must (ideally) equal Q1’s input

resistance; the biasing level is thus dependent on Q1’s h value.  fe

Figure 10.15 shows an improved circuit in which R1-R2 apply a quiescent half-supply voltage to Q1 base, irrespective of variations

in Q1’s h values. Ideally, R1 should equal the paralleled values or fe

R2 and R , but in practice it is adequate to simply make R1 low IN

relative to R    and to make R2 slightly larger than R1. IN
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Figure 10.14. Simple emitter follower.
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Figure 10.15. High-stability emitter follower.

 

In these two circuits the input impedance looking directly into Q1

base equals h         , where Z    is the parallel impedance of R2 fe × Z load load and external output load Z . Thus, the base impedance value is X

roughly 1M0 when Z is infinite. The input impedance of the com -X

plete circuit equals the parallel impedances of the base impedance and the bias network; thus, the Figure 10.14 circuit gives an input impedance of about 500k, and that of Figure 10.15 is about 50k.

Both circuits give a voltage gain (A ) that is slightly below unity, V the actual gain being given by:

A = Z   /(Z + Z   ), V load b load

where Z = 25/I ohms, and where I is the emitter current in mA. b c c Thus, at an operating current of 1mA these circuits give a gain of

0.995 when Z    = 4k7, or 0.975 when Z    = 1k0. load load

 

Bootstrapping

The Figure 10.15 circuit’s input impedance can easily be boosted by using the ‘bootstrapping’ technique of Figure 10.16. Here, 47k resistor R3 is wired between the R1–R2 biasing network junction and Q1 base, and the input signal is fed to Q1 base via C1. Note, however, that Q1’s output is fed back to the R2–R2 junction via C2, and near-identical signal voltages thus appear at both ends of R3; very little signal current thus flows in R3, which appears (to the input signal) to have a far greater impedance than its true resistance value.
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Figure 10.16. Bootstrapped emitter follower.
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All practical emitter followers give an A of less than unity, and this V value determines the resistor ‘amplification factor’or A of the cir- R

cuit, as follows:

A = 1/(1 – A ). R V

Thus, if the circuit has an A   or 0.995, A   equals 200 and the R3 V R impedance is almost 10M. This impedance is in parallel with R ,  IN

so the Figure 10.16 circuit has an input impedance or roughly 900k.

The input impedance of the Figure 10.16 circuit can be increased even more by using a pair of Darlington-connected transistors in place of Q1 and increasing the value of R3, as shown in Figure 10.17, which gives a measured input impedance of about 3M3.
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Figure 10.17. Bootstrapped Darlington emitter follower.

 

An even greater input impedance can be obtained by using the boot-strapped ‘complementary feedback pair’ circuit of Figure 10.18, which gives an input impedance of about 10M. In this case Q1 and Q2 are in fact both wired as common emitter amplifiers, but they operate with virtually 100% negative feedback and thus give an overall voltage gain of almost exactly unity; this ‘pair’of transistors thus acts like a near-perfect Darlington emitter follower.
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Figure 10.18. Bootstrapped complementary feedback pair.
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Complementary emitter followers

It was pointed out earlier that an npn emitter follower can source current but cannot sink it, and that a pnp emitter follower can sink current but cannot source it; i.e., these circuits can handle unidirec-tional output currents only. In many applications, a ‘bidirectional’ emitter follower circuit (that can source and sink currents with equal ease) is required, and this action can be obtained by using a complementary emitter follower configuration in which npn and pnp emitter followers are effectively wired in series. Figures 10.19 to 10.21 show basic circuits of this type.

The Figure 10.19 circuit uses a dual (‘split’) power supply and has its output direct-coupled to a grounded load. The series-connected npn and pnp transistors are biased at a quiescent ‘zero volts’ value via the R1-D1-D2-R2 potential divider, with each transistor slight-ly forward biased via silicon diodes D1 and D2, which have char-acteristics inherently similar to those of the transistor base-emitter junctions; C2 ensured that identical input signals are applied to the transistor bases, and R3 and R4 protect the transistors against excessive output currents. The circuit’s action is such that Q1 sources current into the load when the input goes positive, and Q2 sinks load current when the input goes negative. Note that input capacitor C1 is a non-polarised type.
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Figure 10.19 . Complementary emitter follower using split supply and direct-coupled output load.

199

[image: ]

 

Figure 10.20 shows an alternative version of the above circuit, designed for use with a single-ended power supply and an ac-cou-pled output load; note in this case that C1 is a polarized type.
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Figure 10.20. Complementary emitter follower, using single-ended supply and ac-coupled load.

 

The ampliÞed diode

In the Figure 10.19 and 10.20 circuits Q1 and Q2 are slightly for-ward biased (to minimise cross-over distortion problems) via silicon diodes D1 and D2; in practice, the diode currents (and thus the tran-sistor forward bias voltages) are usually adjustable over a limited range. If these basic circuits are modified for use with Darlington transistors stages a total of four biasing diodes are needed; in such cases the diodes are usually replaced by a transistor ‘amplified diode’ stage, as shown in Figure 10.21. Here, Q5’s collector-to-emitter voltage equals the Q5 base-emitter volt drop (about 600mV) multiplied by (RV1+R3)/R3; thus, if RV1 is set to zero ohms, 600mV are developed across Q5, which thus acts like a single sili-con diode, but if RV1 is set to 47k about 3.6V is developed across Q5, which thus acts like six series-connected silicon diodes. RV1 can thus be used to precisely set the Q5 volt drop and thus adjust the quiescent current values of the Q2-Q3 output stages.

 

Common-emitter ampliÞer circuits

The common-emitter amplifier (also known as the common-earth or grounded-emitter circuit) has a medium value of input impedance and provides substantial voltage gain between input and output. It can be used in a wide variety of digital and analogue voltage ampli-fier applications. This section starts off by looking at ‘digital’appli-cation circuits.

 

Digital circuits

Figure 10.22 shows a simple npn common-emitter digital amplifier, inverter, or switch, in which the input signal is at either zero volts or a substantial positive value. When the input is zero the transistor is cut off and the output is at full positive supply rail value. When 200
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Figure 10.21. Darlington complementary emitter follower, with biasing via an ampliÞed diode (Q5).
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Figure 10.22. Digital inverter/switch (npn).

 

the input is high the transistor is biased on and collector current

flows via R , thus pulling the output low; if the input voltage is L

large enough, Q1 is driven fully on and the output drops to a ‘satu-ration’ value of a few hundred mV. Thus, the output signal is an amplified and inverted version of the input signal.

In Figure 10.22 , R limits the input base-drive current to a safe b

value; the circuit’s input impedance is slightly greater than the Rb value, which also influences the rise and fall times of the output

signal; the greater the R value, the worse these become. This snag  b

can be overcome by shunting R with a ‘speed-up’capacitor (typi- b

cally about 1n0), as shown dotted in the diagram. In practice, R b should be as small as possible, consistent with safety and input-

impedance requirements, and must not exceed R L × h . fe

Figure 10.23 shows a pnp version of the digital in verter/switch cir-cuit. Q1 switches fully on, with its output a few hundred mV below the positive supply value, when the input is at zero, and turns off (with its output at zero volts) when the input rises to within less than 600mV of the positive supply rail.
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Figure 10.23. Digital inverter/switch (pnp)
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The sensitivity of the Figure 10.22 or 10.23 circuits can be increased by replacing Q1 with a pair of Darlington-connected tran-sistors. Alternatively, a very-high-gain non-inverting digital ampli -fier/switch can be made by using a pair of transistors wired in either of the ways shown in Figures 10.24 or 10.25.

The Figure 10.24 circuit uses two npn transistors. When the input is at zero volts Q1 is cut off, so Q2 is driven fully on via R2, and the output is low (saturated). When the input is ‘high’, Q1 is driven to saturation and pulls Q2 base to less than 600mV, so Q2 is cut off and the output is high (at V+).

[image: ]

 

Figure 10.24 . Ve ry-high-gain non-inve rting digital ampliÞe r / sw i t c h using npn transistors.

 

The Figure 10.25 circuit uses one npn and one pnp transistor. When the input is at zero volts Q1 is cut off, so Q2 is also cut off (via R2-R3) and the output is at zero volts. When the input is ‘high’, Q1 is driven on and pulls Q2 into saturation via R3; under this condition the output takes up a value a few hundred mV below the positive supply rail value.

Figure 10.26 shows (in basic form) how a complementary pair of the Figure 10.25circuits can be used to make a DC-motor direction-control network, using a dual po wer supply. The circuit operates as follows.
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Figure 10.25. Alternative non-inverting digital ampliÞer/switch using an npn-pnp pair of transistors.
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Figure 10.26. DC-motor direction-control circuit.

 

When SW1 is set to forward, Q1 is driven on via R1, and pulls Q2 on via R3, but Q3 and Q4 are cut off; the ‘live’side of the motor is thus connected (via Q2) to the positive supply rail under this condi-tion, and the motor runs in the forward direction.

When SW1 is set to off, all four transistors are cut off, and the motor is inoperative.

When SW1 is set to reverse, Q3 is biased on via R4, and pulls Q4 on via R6, but Q1 and Q2 are cut off; the ‘live’side of the motor is thus connected (via Q4) to the negative supply rail under this con-dition, and the motor runs in the reverse direction.

 

Relay drivers

The basic digital circuits of Figures 10.22 to 10.25 can be used as efficient relay drivers if fitted with suitable diode protection net-works. Figures 10.27 to 10.29 show examples of such circuits.

The Figure 10.27 circuit raises a relay’s current sensitivity by a factor of about 200, and greatly increases its voltage sensitivity. R1 gives base drive protection, and can be larger than 1k0 if desired. The relay is turned on by a positi ve input voltage.
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Figure 10.27 . Simple relay-driving circuit.
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The current sensitivity of the relay can be raised by a factor of about 20,000 by replacing Q1 with a Darlington-connected pair of tran-sistors. Figure 10.28 shows this technique used to make a circuit that can be activated by placing a resistance of less than 2M0 across a pair of stainless metal probes. Water, steam and skin contacts have resistances below this value, so this simple little circuit can be used as a water, steam or touch-activated relay switch.
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Figure 10.28. Touch, water or steam-activated relay switch.

 

Figure 10.29shows another ultra-sensitive relay driver, based on the Figure 10.25 circuit, that needs an input of only 700mV at 40µA to activate the relay; R2 ensures that Q1 and Q2 turn fully off when the input terminals are open circuit.
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Figure 10.29 . Ultra-sensitive relay driver (needs an input of 700mV at 40µA)
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Linear biasing circuits

A common-emitter circuit can be used as a linear ac amplifier by applying a dc bias current to its base so that its collector takes up a quiescent half-supply voltage value (to accommodate maximal undistorted output signal swings), and by then feeding the ac input signal to its base and taking the ac output from its collector; Figure 10.30 shows such a circuit.

The first step in designing a circuit of the Figure 10.30 type is to select the value of load resistor R2. The lower this is, the higher will be the amplifier’s upper cut-off frequency (due to the smaller shunt-ing effects of stray capacitance on the effective impedance of the load), but the higher will be Q1’s quiescent operating current. In the diagram, R2 has a compromise value of 5k6, which gives an upper ‘3dB down’ frequency of about 120kHz and a quiescent current consumption of 1mA from a 12V supply.

To bias the output to half-supply volts, R1 needs a value of R2 × 2h , and (assuming a nominal h of 200) this works out at about  fe  fe

2M2 in the example shown.

The formulae for input impedance (looking into Q1 base) and volt-age gain are both given in the diagram. In the example shown, the input impedance is roughly 5k0, and is shunted by R1; the voltage gain works out at about x200, or 46dB .
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Figure 10.30. Simple npn common-emitter ampliÞer.

 

The quiescent biasing point of the Figure 10.30 circuit depends on

Q1’s h value. This weakness can be overcome by modifying the fe

circuit as shown in Figure 10.31, where biasing resistor R1 is wired in a dc feedback mode between collector and base and has a value

of R2 × h . The feedback action is such that any shift in the output fe

level (due to variations in h , temperature, or component values) fe causes a counter-change in the base-current biasing level, thus tend-ing to cancel the original shift.

The Figure 10.31 circuit has the same values of bandwidth and volt-age gain as the Figure 10.30 design, but has a lower total value of input impedance. This is because the ac feedback action reduces the apparent impedance of R1 (which shunts the 5k0 base impedance of

Q1) by a factor of 200 (= A ), thus giving a total input impedance V
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Figure 10.31 . Common-emitter ampliÞer with feedback biasing.
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of 2k7. If desired, the shunting effects of the biasing network can be eliminated by using two feedback resistors and ac-decoupling them as shown in Figure 10.32.

Finally, the ultimate in biasing stability is given by the ‘potential-divider biasing’circuit of Figure 10.33. Here, potential divider R1-R2 sets a quiescent voltage slightly greater than V+/3 on Q1 base, and voltage follower action causes 600mV less than this to appear on Q1 emitter. V+/3 is thus developed across 5k6 emitter resistor R3, and (since Q1’s emitter and collector currents are almost iden-tical) a similar voltage is dropped across R4, which also has a value of 5k6, thus setting the collector at a quiescent value of 2V+/3. R3 is ac-decoupled via C2, and the circuit gives an ac voltage gain of 46dB.
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Figure 10.32 . AmpliÞer with ac-decoupled feedback biasing.

 

Circuit variations

Figures 10.34 to 10.37 show some useful common-emitter amplifi-er variations. Figure 10.34 shows the basic Figure 10.33 design modified to give an ac voltage gain of x10; the gain actually equals the R4 collector load value divided by the effective  ‘emitter’imped-ance value, which in this case (since R3 is decoupled by series-con-nected C2-R5) equals the value of the base-emitter junction impedance in series with the paralleled values of R3 and R5, and works out at roughly 560R, thus giving a voltage gain of x10. Alternative gain values can be obtained by altering the R5 value.
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Figure 10.33. AmpliÞer with voltage-divider biasing.
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Figure 10.34. Fixed-gain (x10) common-emitter ampliÞer.

 

Figure 10.35 shows a useful variation of the above design. In this case R3 equals R4, and is not decoupled, so the circuit gives unity voltage gain. Note, however, that this circuit gives two unity-gain output signals, with the emitter output in phase with the input and the collector signal in anti-phase; this circuit thus acts as a unity-gain phase splitter.

Figure 10.36 shows another way of varying circuit gain. This design gives high voltage gain between Q1 collector and base, but R2 gives ac feedback to the base, and R1 is wired in series between the input signal and Q1 base; the net effect is that the circuit’s voltage gain (between input and output) equals R2/R1, and works out at x10 in this particular case.
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Figure 10.35. Unity-gain phase splitter.
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Figure 10.36. Alternative Þxed-gain (x10) ampliÞer.

 

Finally, Figure 10.37 shows how the Figure 10.31 design can be modified to give a wide-band performance by wiring dc-coupled emitter follower buffer Q2 between Q1 collector and the output ter-minal, to minimise the shunting effects of stray capacitance on R2 and thus extending the upper bandwidth to several hundred kHz.
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Figure 10.37. Wide-band ampliÞer.
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High-gain circuits

A single-stage common-emitter amplifier circuit can not give a volt-age gain much greater that 46dB when using a resistive collector load; a multi-stage circuit must be used if higher gain is needed. Figures 10.38 to 10.40 show three useful high-gain two-transistor voltage amplifier designs.

The Figure 10.38 circuit acts like a direct-coupled pair of common-emitter amplifiers, with Q1’s output feeding directly into Q2 base, and gives an overall voltage gain of 76dB (about x6150) and an upper –3dB frequency of 35kHz. Note that feedback biasing resis-tor R4 is fed from Q2’s ac-decoupled emitter (which ‘follows’the quiescent collector voltage of Q1), rather than directly from Q1 col-lector, and that the bias circuit is thus effectively ac-decoupled. Figure 10.39 shows an alternative version of the above design, using a pnp output stage; its performance is the same as that of Figure 10.38.
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Figure 10.38. High-gain two-stage ampliÞer.

 

Figure 10.39. Alternative high-gain two-stage ampliÞer.
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The Figure 10.40 circuit gives a voltage gain of about 66dB. Q1 is a common-emitter amplifier with a split collector load (R2-R3), and Q2 is an emitter follower and feeds its ac output signal back to the R2-R3 junction via C3, thus ‘bootstrapping’ the R3 value (as described earlier) so that it acts as a high ac impedance; Q1 thus gives a very high voltage gain. This circuit’s bandwidth extends up to about 32kHz, but its input impedance is only 330R.
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Figure 10.40. Bootstrapped high-gain ampliÞer.

 

Audio ampliÞer applications

Transistor amplifiers have many useful applications in stereo audio systems. For most practical purposes, each channel of a stereo system can be broken down into three distinct circuit sections or blocks, as shown in Figure 10.41 . The first section is the selec-tor/pre-amplifier block. It lets the user select the desired type of input signal source and applies an appropriate amount of amplifica-tion and frequency correction to the signal, so that the resulting output signal is suitable for use by the second circuit block.

The second section is the tone-/volume-control block, which lets the user adjust the system’s frequency characteristics and output signal amplitude to suit personal tastes; this section may contain addition-al filter circuits and gadgets, such as scratch and rumble filters and audio mixer circuitry, etc. Its output is fed to the system’s final sec-tion, the audio power amplifier, which drives the loudspeakers.

A variety of practical pre-amplifier and tone-control circuits are described in the next few sections of this chapter; audio power amplifier circuits are dealt with in Chapter 12.
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Figure 10.41. Basic elements of one channel of an audio ampli-Þer system.
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Simple pre-amps

The basic function of an audio pre-amplifier is that of modifying the input signal characteristics so that they give the level frequency response and nominal 100mV mean output amplitude needed to drive the amplifier’s tone-control system. If the input comes from a radio tuner or a tape player, etc., the signal characteristics are usu-ally such that they can be fed directly to the tone-control sections, by-passing the pre-amplifier circuit, but if derived from a micro-phone or a record (disk) pick-up they usually need modification via a pre-amp stage.

Microphones and pick-ups are usually either magnetic or ceram-ic/crystal devices. Magnetic types usually have a low output imped-ance and a low signal sensitivity (about 2mV nominal); their outputs thus need to be fed to high-gain pre-amplifier stages. Ceramic/crystal types usually have a high output impedance and a high sensitivity (about 100mV nominal); their outputs thus need to be fed to a high-impedance pre-amp stage with near-unity voltage gain.

Most microphones have a flat frequency response and can be used with simple pre-amp stages. Figure 10.42 shows a unity-gain pre-amp that can be used with most high-impedance ceramic/crystal microphones. It is an emitter follower circuit with a bootstrapped (via C2-R3) input network, and has an input impedance of about 2M0; its supply is decoupled via C5-R5.

Figures 10.43 and 10.44 show pre-amp circuits that can be used with magnetic microphones. The single-stage circuit of Figure 10.43 gives 46dB (x200) of voltage gain, and can be used with most magnetic microphones. The two-stage circuit of Figure 10.44 gives 76dB of voltage gain, and is meant for use with magnetic micro-phones with very low sensitivity.

 

RIAA pre-amp circuits

If a constant-amplitude 20Hz to 20kHz variable-frequency signal is recorded on a phonograph disk (record) using conventional stereo recording equipment, and the record is then replayed, it generates
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Figure 10.42. High-impedance pre-amp for use with ceramic/crystal microphones.
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Figure 10.43. Magnetic microphone pre-amp, giving 46dB of
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Figure 10.44. Magnetic microphone pre-amp, giving 76dB of gain
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the highly non-linear frequency response curve shown in Figure 10.45; the dotted line shows the ‘idealised’shape of this curve, and the solid line shows its practical form. The ‘idealised’response is flat between 500Hz and 2120Hz, but rises at a rate of 6dB/octave (20dB/decade) above 2120Hz, and falls at a 6dB/octave rate between 500Hz and 50Hz; the response is flat to frequencies below 50Hz.

These responses enable disk recordings to be made with good signal-to-noise ratios and wide dynamic ranges, and are used on all normal records. Consequently, when a disk is replayed its output must be passed to the power amplifier via a pre-amp with an equal-isation curve that is the exact inverse of that used to make the orig -inal disk recording, so that a linear overall record-to-replay response is obtained.

Figure 10.46 shows the shape of the necessary ‘RIAA’ (Record Industry Association of America) equalisation curve. A practical RIAA equalisation circuit can be made by wiring a pair of C-R feedback networks into a standard pre-amp (so that the gain falls as the frequency rises), with one network controlling the 50Hz to 500Hz response, and the other the 2120Hz to 20kHz response. Figure 10.47 shows such an amplifier.
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Figure 10.45. Typical phonograph disk frequency response playback curve.
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Figure 10.46. RIAA playback equalisation curve.
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The Figure 10.47 circuit can be used with any magnetic pick-up cartridge. It gives a 1V output from a 6mV input at 1kHz, and pro-vides equalisation that is within 1dB of the RIAA standard between 40Hz and 12kHz. The actual pre-amp is designed around Q1 and Q2, with C2-R5 and C3-R6 forming the feedback equalisation net-work. Q3 is an emitter follower buffer stage, and drives optional volume control RV1.

Ceramic/crystal pick-ups usually give a poorer reproduction quali-ty than magnetic types, but give output signals of far greater ampli-tude; they can thus be used with a very simple type of equalisation pre-amp, and are consequently found in many ‘popular’ record player systems. Figures 10.48 and 10.49 show alternative phono -graph pre-amplifier circuits that can be used with ceramic or crys-tal pick-up cartridges; in each case, the pre-amp/equaliser circuit is designed around Q1, and Q2 is an emitter follower output stage that drives optional volume control RV1.
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Figure 10.47 . RIAA equalisation pre-amp, for use with magnet-ic pick-up cartridges.
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The Figure 10.48circuit can be used with any pick-up cartridge that has a capacitance in the 1000pF to 10,000pF range. Two-stage equalisation is provided via C1-R2 and C2-R3, and is typically within 1.6dB of the RIAA standard between 40Hz and 12kHz.

The alternative Figure 10.49 circuit can only be used with pick-ups with capacitance values in the range 5000pF to 10,000pF, since this capacitance forms part of the frequency response network; the other part is formed by C1-R3. At 50Hz, this circuit has a high input impedance (about 600k), and causes only slight cartridge loading; as the frequency is increased, howeve r, the input impedance decreases sharply, thus increasing the cartridge loading and effec-tively reducing the circuit gain. The equalisation curve approxi-mates the RIAA standard, and the performance is adequate for many practical applications.
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Figure 10.48. RIAA phonograph equaliser for ceramic pick-up cartridges.
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Figure 10.49 . Alternative RIAA phonograph equaliser for ceram-ic cartridges.
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A universal pre-amp

Most audio amplifiers use pre-amps with variable characteristics, e.g., a high-gain linear response for use with magnetic micro-phones, low-gain linear response for use with a radio tuner, and high-gain RIAA equalisation for use with a magnetic pick-up car-tridge, etc.

To meet this requirement, it is normal to fit the system with a single ‘universal’pre-amp circuit of the type shown in Figure 10.50. This is basically a high-gain linear amplifier that can have its character-istics altered by switching alternative types of resistor/filter network into its feedback loops.

Thus, when the selector switch is set to the ‘MAG P.U’position, S1a connects the input to the magnetic pick-up cartridge, and S1b con-nects the C4-R7-C5 RIAA equalisation network into the feedback loop. In the remaining switch positions, alternative input sources
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Figure 10.50. Universal pre-ampliÞer circuit.
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are selected via S1a, and appropriate linear-response gain-control-ling feedback resistors (R8, R9 and R10) are selected via S1b. The values of these feedback resistors should be selected (between 10k and 10M) to suit individual requirements; the circuit gain is pro-portional to the feedback resistor value.

 

Volume control

The volume control circuitry of an audio amplifier system is nor-mally placed between the output of the pre-amp and the input of the tone-control circuitry, and consists of a variable potential divider or ‘pot’. This pot can form part of an active circuit, as shown in Figures 10.47 to Figure 10.49, but a snag here is that rapid varia-tions of the control can briefly apply dc potentials to the next circuit, possibly upsetting its bias and generating severe signal distortion.

Figure 10.51 shows the ideal form and location of the volume con-trol. It is fully dc-isolated from the pre-amp’s output via C1, and from the input of the tone-control circuitry via C2; variation of RV1 slider thus has no effect on the dc bias levels of either circuit. RV1 should be a ‘log’type of pot.
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Figure 10.51 . Ideal form and location of the volume control.

 

Tone controls

A tone control network lets the user alter the frequency response of the amplifier system to suit a personal mood or requirement. Simple tone control networks consist of collections of C-R filters, through which the audio signals are passed; these networks are passive, and cause some degree of signal attenuation. Figure 10.52 shows the practical circuit of a passive tone control network that gives about 20dB of signal attenuation when the bass and treble controls are in the flat position, and give maximum bass and treble boost and cut values of about 20dB relative to the flat performance. The input to this circuit can be taken from the circuit’s volume control, and the output can be fed to the input of the main power amplifier.

A tone control network of the above type can easily be wired into the feedback path of a transistor amplifier so that the system gives an overall signal gain (rather than attenuation) when its controls are in the flat position. Figure 10.53 shows an ‘active’tone  control  cir-cuit of this type.
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Figure 10.52. Passive bass and treble tone control networks .
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Figure 10.53. Active bass and treble tone control circuit.

 

An audio mixer

One useful gadget that can be fitted in the area of the volume-/tone-control section of an audio amplifier is a multi-channel audio mixer, which enables se veral different audio signals to be mixed together to form a single composite output signal. This can be useful in, for example, enabling the user to hear the ‘emergency’ sounds of a front-door or baby-room microphone, etc., while listening to normal entertainment sources.

Figure 10.54 shows a simple 3-channel audio mixer that gives unity gain between the output and each input. Each input channel com-prises a single 100n capacitor (C1) and 100k resistor (R1), and pres-ents an input impedance of 100k. The circuit can be given any desired number of input channels by simply adding more C1 and R1 components. In use, the mixer should be placed between the output of the tone-control circuitry and the input of the main power ampli-fier, with one input taken from the tone-control output and the others taken from the desired signal sources.
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Figure 10.54. Three-channel audio mixer.
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Common-base ampliÞer circuits

The common-base amplifier has a very low input impedance, gives near-unity current gain and a high voltage gain, and is used mainly in wide-band or high-frequency voltage amplifier applications. Figure 10.55 shows an example of a common-base amplifier that gives a good wide-band response. This circuit is biased in the same way as Figure 10.33; note, however, that the base is ac-decoupled via C1, and the input signal is applied to the emitter via C3. The cir-cuit has a very low input impedance (equal to that of Q1’s forward-biased base-emitter junction), gives the same voltage gain as the common-emitter amplifier (about 46dB), gives zero phase shift between input and output, and has a –3dB bandwidth extending to a few MHz.

[image: ]

 

Figure 10.55. Common-base ampliÞer.

 

Figure 10.56 shows an excellent wideband amplifier, the ‘cascode’ circuit, which gives the wide bandwidth benefit of the common-base amplifier together with the medium input impedance of the common-emitter amplifier. This is achieved by wiring Q1 and Q2 in series, with Q1 connected in the common-base mode and Q2 in the common-emitter mode. The input signal is applied to the base of Q2, which uses Q1 emitter as its collector load and thus gives unity voltage gain and a very wide bandwidth, and Q1 gives a voltage gain of about 46dB. Thus, the complete circuit has an input imped-ance of about 1k8, a voltage gain of 46dB, and a –3dB bandwidth that extends to a few MHz.
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Figure 10.56. Wide-band cascode ampliÞer.
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Figure 10.57 shows a close relati ve of the common-base amplifier, the ‘long-tailed pair’phase splitter, which gives a pair of anti-phase outputs when driven from a single-ended input signal. Q1 and Q2 share a common emitter resistor (the ‘tail’), and the circuit bias point is set via RV1 so that the two transistors pass identical collec-tor currents (giving zero difference between the two collector volt-ages) under quiescent conditions. Q1 base is ac-grounded via C1, and ac-input signals are applied to Q2 base. The circuit acts as fol-lows.
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Figure 10.57. Phase splitter

 

Suppose that a sinewave input signal is fed to Q2 base. Q2 acts as an inverting common-emitter amplifier, and when the signal drives its base upwards its collector inevitably swings downwards, and vice versa; simultaneously, Q2’s emitter ‘follows’the input signal, and as its emitter voltage rises it inevitably reduces the base-emitter bias of Q1, thus making Q1’s collector voltage rise, etc. Q1 thus operates in the common-base mode and gives the same voltage gain as Q2, but gives a non-inverting amplifier action; this ‘phase-split-ter’circuit thus generates a pair of balanced anti-phase output sig-nals.
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Finally, Figure 10.58 shows how the above circuit can be made to act as a differential amplifier that gives a pair of anti-phase outputs that are proportional to the difference between the two input signals; if identical signals are applied to both inputs the circuit will (ideal-ly) give zero output. The second input signal is fed to Q1 base via C1, and the R7 ‘tail’provides the coupling between the two transis-tors.
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Figure 10.58. Simple differential ampliÞer or long-tailed pair.

11 Transistor waveform generator circuits

 

The two most widely used basic types of transistor waveform gen-erator are the ‘oscillator’types that produce sinewaves and use tran-sistors as linear amplifying elements, and the ‘multivibrator’types that generate square or rectangular waveforms and use transistors as digital switching elements. Both types of generator are described in this chapter.

 

Oscillator basics

To generate reasonab ly pure sine waves, an oscillator has to satisfy two basic design requirements, as shown in Figure 11.1. First, the output of its amplifier (A1) must be fed back to its input via a fre-quency-selective network (A2) in such a way that the sum of the amplifier and feedback-network phase-shifts equals zero degrees (or 360°) at the desired oscillation frequency, i.e., so that x° °  + y  =

0° (or 360°). Thus, if the amplifier generates 180° of phase shift between input and output, an additional 180° of phase shift must be introduced by the frequency-selective network.

The second requirement is that the amplifier’s gain must exactly counter the losses of the frequency-selective feedback network at the desired oscillation frequency, to gi ve an overall system gain of unity, e.g., A1 × A2 = 1. If the gain is below unity the circuit will not oscillate, and if greater than unity it will be over-driven and will generate distorted waveforms. The frequency-selective feedback network usually consists of either a C–R or L–C or crystal filter.
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Figure 11.1. Essential circuit and conditions needed for sinewave generation.

 

C-R oscillators

The simplest C–R sinewave oscillator is the phase-shift type, which is fully described in Chapter 5 together with (in Figure 5.4) a prac-tical design example. In reality, the simple phase-shift oscillator has poor gain stability, and its operating frequency can not easily be made variable. A far more versatile C-R oscillator can be built using the Wien bridge network, which is also described in Chapter 5.
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Figure 11.2 shows the basic elements of the Wien bridge oscillator. The Wien network consists of R1–C1 and R2–C2, which have their values balanced so that C1=C2=C, and R1=R2=R. This network’s phase shifts are negative at low frequencies, positive at high ones, and zero at a ‘centre’frequency of 1/(6.28CR), at which the network has an attenuation factor of three; the network can thus be made to oscillate by connecting a non-inverting x3 high-input-impedance amplifier between its output and input terminals, as shown in the diagram.
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Figure 11.2 . Basic Wien oscillator circuit.

 

Figure 11.3 shows a simple fixed-frequency Wien oscillator in which Q1 and Q2 are both wired as low-gain common-emitter amplifiers. Q2 gives a voltage gain slightly greater than unity and uses Wien network resistor R1 as its collector load, and Q1 presents a high input impedance to the output of the Wien network and has its gain variable via RV1. With the component values shows the cir-cuit oscillates at about 1kHz; in use, RV1 should be adjusted so that a slightly distorted sinewave output is generated.

Figure 11.4 shows an improved Wien oscillator design that con-sumes 1.8mA from a 9V supply and has an output amplitude that is fully variable up to 6V peak-to-peak via RV2. Q1–Q2 are a direct-
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Figure 11.3. Practical 1kHz Wien oscillator.
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Figure 11.4. 1kHz Wien bridge sinewave generator with vari-able-amplitude output.
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coupled complementary common-emitter pair, and give a very high input impedance to Q1 base, a low output impedance from Q2 col-lector, and non-inverted voltage gains of x5.5 dc and x1 to x5.5 ac (variable via RV1). The red LED generates a low-impedance 1.5V that is fed to Q1 base via R2 and thence biases Q2’s output to a qui-escent value of +5V. The R1–C1 and R2–C2 Wien network is con-nected between Q2’s output and Q1’s input, and in use RV1 is simply adjusted so that, when the circuit’s output is viewed on an oscilloscope, a stable and visually ‘clean’ waveform is generated. Under this condition the oscillation amplitude is limited at about 6V peak-to-peak by the onset of positive-peak clipping as the amplifier starts to run into saturation. If RV1 is carefully adjusted this clip-ping can be reduced to an almost imperceptible level, enabling good-quality sinewaves, with less than 0.5% THD, to be generated.

The Figure 11.4 circuit can be modified to give limited-range vari-able-frequency operation by reducing the R1 and R2 values to 4k7 and wiring them in series with ganged 10k variable resistors. Note, however, that variable-frequency Wien oscillators are best built using op-amps or other linear ICs, in conjunction with automatic-gain-control feedback systems, and several circuits of this type are in fact shown in Volume 1 of the “Newnes Electronic Circuits Pocket Book” series.

 

L-C oscillators

C-R sinewave oscillators usually generate signals in the 5Hz to 500kHz range. L–C oscillators usually generate them in the 5kHz to 500MHz range, and consist of a frequency-selective L–C network that is connected into an amplifier’s feedback loop.

The simplest L-C transistor oscillator is the tuned collector feed-back type shown in Figure 11.5. Q1 is wired as a common-emitter amplifier, with base bias provided via R1–R2 and with emitter resis-tor R3 ac-decoupled via C2. L1–C1 forms the tuned collector cir-cuit, and collector-to-base feedback is provided via L2, which is

223

 

Figure 11.5 . Tuned collector feedback oscillator.

 

inductively coupled to L1 and provides a transformer action; by selecting the phase of this feedback signal the circuit can be made to give zero loop phase shift at the tuned frequenc y, so that it oscil-lates if the loop gain (determined by the turns ratio of T1) is greater than unity.

A feature of any L-C tuned circuit is that the phase relationship between its energising current and induced voltage varies from –90° to +90°, and is zero at a ‘centre’frequency given by f = 1/(2 LC).

[image: ]

Thus, the Figure 11.5 circuit gives zero overall phase shift, and oscillates at, this centre frequency. With the component values shown, the frequency can be varied from 1MHz to 2MHz via C1. This basic circuit can be designed to operate at frequencies ranging from a few tens of Hz by using a laminated iron-cored transformer, up to tens or hundreds of MHz using RF techniques.
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Circuit variations

[image: ]

Figure 11.6 shows a simple variation of the Figure 11.5 design, the Hartley oscillator. Its L1 collector load is tapped about 20% down from its top, and the positive supply rail is connected to this point;
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Figure 11.6. Basic Hartley oscillator.
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L1 thus gives an auto-transformer action, in which the signal volt-age at the top of L1 is 180° out of phase with that at its low (Q1 col-lector) end. The signal from the top of the coil is fed to Q1’s base via C2, and the circuit thus oscillates at a frequency set by the L-C values.

Note from the above description that oscillator action depends on some kind of ‘common signal’ tapping point being made into the tuned circuit, so that a phase-splitting autotransformer action is obtained. This tapping point does not have to be made into the actual tuning coil, but can be made into the tuning capacitor, as in the Colpitts oscillator circuit shown in Figure 11.7. With the com -ponent values shown, this particular circuit oscillates at about 37kHz.
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Figure 11.7. 37kHz Colpitts oscillator.

 

A modification of the Colpitts design, known as the Clapp or Gouriet oscillator, is shown in Figure 11.8. C3 is wired in series with L1 and has a value that is small relative to C1 an C2; conse-quently, the circuit’s resonant frequency is set mainly by L1 and C3 and is almost independent of variations in transistor capacitances, etc. The circuit thus gives excellent frequency stability. With the component values shown it oscillates at about 80kHz.

[image: ]

 

Figure 11.8. 80kHz Gouriet or Clapp oscillator.

 

Figure 11.9 shows a Reinartz oscillator, in which the tuning coil has three inductively-coupled windings. Positive feedback is obtained by coupling the transistor’s collector and emitter signals via wind-ings L1 and L2. Both of these inductors are coupled to L3, and the
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Figure 11.9. Basic Reinartz oscillator.
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circuit oscillates at a frequency determined by L3–C1. The diagram shows typical coil-turns ratios for a circuit that oscillates at a few hundred kHz.

Finally, Figures 11.10 and 11.11 show emitter follower versions of Hartley and Colpitts oscillators. In these circuits the transistors and L1–C1 tuned circuits each give zero phase shift at the oscillation frequency, and the tuned circuit gives the voltage gain necessary to ensure oscillation.

 

Modulation

The L-C oscillator circuits of Figures 11.5 to 11.11 can easily be modified to give modulated (AM or FM) rather than continuous-wave (CW) outputs. Figure 11.12, for example, shows the Figure 11.5 circuit modified to act as a 456kHz beat-frequency oscillator (B.F.O.) with an amplitude-modulation (AM) facility. A standard 465kHz transistor I.F. transformer (T1) is used as the L-C tuned cir-cuit, and an external AF signal can be fed to Q1’s emitter via C2, thus effectively modulating Q1’s supply voltage and thereby ampli-tude-modulating the 465kHz carrier signal. The circuit can be used to generate modulation depths up to about 40%. C1 presents a low impedance to the 465kHz carrier but a high impedance to the AF modulation signal.
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Figure 11.10. Emitter follower version of the Hartley oscillator. 226
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Figure 11.11. Emitter follower version of the Colpitts oscillator.
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Figure 11.12. 465kHz B.F.O. with AM facility

 

Figure 11.13 shows the above circuit modified to give a frequency-modulation (FM) facility, together with ‘varactor’tuning via RV1. Silicon diode D1 us used as an inexpensive varactor diode which (as already pointed out in Chapters 7 and 8), when reverse biased, exhibits a capacitance (of a few tens of pF) that decreases with applied reverse voltage. D1 and blocking capacitor C2 are wired in series and effectively connected across the T1 tuned circuit (since the circuit’s supply rails are shorted together as far as ac signals are concerned). Consequentl y, the oscillator’s centre frequency can be varied by altering D1’s capacitance via RV1, and FM signals can be obtained by feeding an AF modulation signal to D1 via C3 and R4.

 

Crystal oscillators

Crystal-controlled oscillators give excellent frequency accuracy and stability. Quartz crystals have typical Qs of about 100000 and pro-vide about 1000 times greater stability than a conventional L-C tuned circuit; their operating frequency (which may vary from a few kHz to 100MHz) is determined by the mechanical dimensions of the crystal, which may be cut to give either series or parallel reso-nant operation; series-mode devices show a low impedance at reso-nance; parallel-mode types show high ones at resonance.
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Figure 11.13 . 465kHz B. F. O. with va ractor tuning and FM fa c i l i t y.
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Figure 11.14 shows a wide-range crystal oscillator designed for use with a parallel-mode crystal. This is actually a Pierce oscillator cir-cuit, and can be used with virtually any good 100kHz to 5MHz par-allel-mode crystal without need for circuit modification.

Alternatively, Figure 11.15 shows a 100kHz Colpitts oscillator designed for use with a series-mode crystal. Note that the L1–C1–C2 tuned circuit is designed to resonate at the same fre-quency as the crystal, and that its component values must be changed if other crystal frequencies are used.

Finally, Figure 11.16 shows an exceptionally useful two-transistor oscillator that can be used with any 50kHz to 10MHz series-reso-nant crystal. Q1 is wired as a common-base amplifier and Q2 as an emitter follower, and the output signal (from Q2 emitter) is fed back to the input (Q1 emitter) via C2 and the series-resonant crystal. This excellent circuit will oscillate with any crystal that shows the slight-est sign of life.

 

White noise generator

One useful ‘linear’ but non-sinusoidal waveform is that known as ‘white noise’, which contains a full spectrum of randomly generat-
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Figure 11.14 . Wide-range Pierce oscillator uses parallel-mode crystal.
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Figure 11.15. 100kHz Colpitts oscillator uses series-mode cry s-
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t a l .

 

Figure 11.16. Wide-range (50kHz-10MHz) oscillator can be used with almost any series-mode crystal.

 

ed frequencies, each with equal mean power when averaged over a unit of time. White noise is of value in testing AF and RF amplifiers, and is widely used in special-effects sound generator systems.

Figure 11.17(a) shows a simple white noise generator that relies on the fact that all Zener diodes generate substantial white noise when operated at a low current. R2 and ZD1 are wired in a negative-feed-back loop between the collector and base of common-emitter ampli-fier Q1, thus stabilising the circuit’s dc working levels, and the loop is ac-decoupled via C1. ZD1 thus acts as a white noise source that is wired in series with the base of Q1, which amplifies the noise to a useful level of about 1V0 peak-to-peak. Any 5V6 to 12V Zener diode can be used in this circuit.

Figure 1.17(b) is a simple variation of the above design, with the reverse-biased base-emitter junction of a 2N3904 transistor (which ‘zeners’at about 6V) used as the noise-generating Zener diode.

 

Multivibrator circuits

Multivibrators are two-state circuits that can be switched between one state and the other via a suitable trigger signal, which may be generated either internally or externally. There are four basic types
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Figure 11.17 . Transistor-Zener (a) and two-transistor (b) white-noise generators.
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of ‘multi’ circuit, and they are all useful in waveform generating applications. Of these four, the ‘astable’is useful as a free-running squarewave generator, the ‘monostable’as a triggered pulse gener-ator, the ‘bistable’ as a stop/go waveform generator, and the ‘Schmitt’as a sine-to-square waveform converter.

 

Astable basics

Figure 11.18 shows a 1kHz astable multivibrator circuit, which acts as a self-oscillating regenerative switch in which the on and off peri-ods are controlled by the C1–R1 and C2–R2 time constants. If these time constants are equal (C1=C2=C, and R1=R2=R), the circuit acts as a squarewave generator and operates at a frequency of about 1/(1.4CR); the frequency can be decreased by raising the C or R values, or vice versa, or can be made variable by using twin-gang variable resistors (in series with 10k limiting resistors) in place of R1 and R2. Outputs can be taken from either collector, and the two outputs are in anti-phase.

The Figure 11.18 circuit’s operating frequency is almost independ-ent of supply-rail values in the range 1V5 to 9V0; the upper voltage limit is set by the fact that, as the transistors change state at the end of each half-cycle, the base-emitter junction of the ‘off ’ one is reverse biased by an amount almost equal to the supply voltage and will ‘zener’(and upset the timing action) if this voltage exceeds the junction’s reverse breakdown voltage value. This problem can be overcome by wiring a silicon diode in series with the input of each transistor, to raise its effective ‘zener’ value to that of the diode, as shown in Figure 11.19. This ‘protected’circuit can be used with any supply in the range 3V to 20V, and gives a frequency variation of only 2% when the supply is varied from 6V0 to 18V. This variation can be reduced to a mere 0.5% by wiring an additional ‘compensa-tion’diode in series with the collector of each transistor, as shown in the diagram.

 

Astable variations

The basic Figure 11.18 astable circuit can be usefully modified in several ways, either to improve its performance or to alter the type 230
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Figure 11.18. Circuit and waveforms of basic 1kHz astable mul-tivibrator.
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Figure 11.19. Frequency-corrected 1kHz astable multivibrator.

 

of output w aveform that it generates. Some of the most popular of these variations are shown in Figures 11.20 to 11.25.

One weakness of the basic Figure 11.18 circuit is that the leading edges of its output waveforms are slightly rounded; the larger the values of timing resistors R1–R2 relative to collector load resistors R3–R4, the squarer the edges become. The maximum usable
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R1–R2 values are in fact limited to h fe × R3 (or R4), and one obvi-ous way of improving the waveforms is to replace Q1 and Q2 with Darlington connected pairs of transistors and then use very large R1 and R2 values, as in the Figure 11.20 circuit, in which R1 and R2 can have values up to 12M, and the circuit can use any supply from 3V0 to 18V. With the R1–R2 values shown the circuit gives a total period or cycling time of about 1 second per µF when C1 and C2 have equal values, and gives an excellent squarewave output.

The leading-edge rounding of the Figure 11.18 circuit can be elim-inated by using the modifications of Figure 11.21, in which ‘steer -ing’ or waveform-correction diodes D1 and D2 automatically disconnect their respective timing capacitors from the transistor col-lectors at the moment of transistor switching. The circuit’s main time constants are set by C1–R1 and C2–R2, but the effective col-lector loads of Q1 and Q2 are equal to the parallel resistances of R3–R4 or R5-R6.
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Figure 11.20. Long-period astable multivibrator.

 

Figure 11.21 . 1kHz astable with waveform correction.

 

A minor weakness of the basic Figure 11.18 circuit is that if its supply is slowly raised from zero to its normal value, both transis-tors may turn on simultaneously, and the oscillator will not start. This snag can be overcome by using the ‘sure-start’circuit of Figure 11.22, in which the timing resistors are connected to the transistor 232

[image: ]

 

Figure 11.22. 1kHz astable with sure-start facility.
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collectors in such a way that only one transistor can be on at a time.

All astable circuits shown so far give symmetrical output wave-forms, with a 1:1 mark/space ratio. A non-symmetrical waveform can be obtained by making one set of astable time constants larger than the other. Figure 11.23 shows a fixed-frequency (1100Hz) gen-erator in which the mark/space ratio is variable from 1:10 to 10:1 via RV1.

[image: ]

 

Figure 11.23. 1100Hz variable mark/space ratio generator.

 

The leading edges of the output waveforms of the above circuit may be objectionably rounded when the mark-space control is set to its extreme positions; also, the circuit may not start if its supply is applied too slowly. Both of these snags are overcome in the circuit of Figure 11.24, which is fitted with both sure-start and waveform-correction diodes.

Finally, Figure 11.25 shows the basic astable modified so that its frequency is variable over a 2:1 range (from 20kHz down to 10kHz) via a single pot, and so that its generated waveform can be frequen-cy modulated via an external low-frequency signal. Timing resistors R3 and R4 have their top ends taken to RV1 slider, and the fre-quency is greatest when the slider is at the positive supply line. Frequency modulation is obtained by feeding the low-frequency signal to the tops of R3–R4 via C4; C3 presents a low impedance to the ‘carrier’signal but a high impedance to the modulating one.
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Figure 11.24. 1100Hz variable mark/space ratio generator with waveform correction and sure-start facility.
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Figure 11.25. Astable with variable-frequency and FM facility.

 

Monostable basics

Monostable multivibrators are pulse generators, and may be trig-gered either electronically or manually. Figure 11.26 shows a circuit of the latter type, which is triggered by feeding a positive pulse to Q2 base via S1 and R6. This circuit operates as follows.

Normally, Q1 is driven to saturation via R5, so the output (Q1 col-lector) is low; Q2 (which derives its base-bias from Q1 collector via R3) is cut off under this condition, so C1 is fully charged. When a start signal is applied to Q2 base via S1, Q2 is driven on and its col-lector goes low, reverse biasing Q1 base via C1 and thus initiating a regenerative switching action in which Q1 is turned off (and its output switches high) via C1’s negative charge, and Q2 is driven on via R1–R3 after S1 is released. As soon as the switching is complete C1 starts to discharge via R5, until its charge falls to such a low value that Q1 starts to turn on again, thus initiating another regen-erative action in which the transistors revert to their original states and the output pulse terminates, completing the action.
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Figure 11.26 . Basic manually-triggered monostable pulse gen-erator.
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Thus, a positive pulse is developed at the Q1 output each time an input trigger signal is applied via S1. The pulse period (P) is deter-mined by the R5-C1 values, and approximates 0.7 × R5 × C1, where P is in µS, C is in µF, and R is in kilohms, and equals about 50mS/µF in the example shown.

In practice, the Figure 11.26 circuit can be triggered either by applying a ne gative pulse to Q1 base or a positive one to Q2 base (as shown). Note that the base-emitter junction of Q1 is reverse

biased by a peak amount equal to V during the operating  SUPPLY

cycle, thus limiting the maximum usable supply voltage to about 9V. Greater supply voltages can be used by wiring a silicon diode in series with Q1 base, as shown in the diagram, to give the same ‘fre-quency correction’action as described earlier for the astable circuit.

 

Long delays

The value of timing resistor R5 must be large relative to R2, but

must be less than the product of R1 and Q1’s h value. Very long  fe

timing periods can be obtained by using a Darlington pair of tran-sistors in place of Q1, thus enabling large R5 values to be used, as shown in the Figure 11.27 circuit, which gives a pulse period of about 100 seconds with the component values shown.
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Figure 11.27 . Long-period (100 second) monostable circuit.
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An important point to note is that the Figure 11.26 circuit actually triggers at the moment of application of a positive-going pulse to the base of Q2; if this pulse is removed before the monostable com-pletes its natural timing period the pulse will end regeneratively in the way already described, but if the trigger pulse is not removed at this time the monostable period will end non-regeneratively and will have a longer period and fall-time than normal.

 

Electronic triggering

Figures 11.28 and 11.29 show alternative ways of applying elec-tronic triggering to the monostable pulse generator. In each case, the circuit is triggered by a squarewave input with a short rise time; this waveform is differentiated by C2–R6, to produce a brief trigger pulse. In the Figure 11.28 circuit the differentiated input signal is discriminated by D1, to provide a positive trigger pulse on Q2 base each time an external trigger signal is applied. In the Figure 11.29 circuit the differentiated signal is fed to Q3, which enables the trig-ger signal to be quite independent of Q2. Note in the latter circuit that ‘speed up’capacitor C3 is wired across feedback resistor R3, to help improve the shape of the circuit’s output pulse.
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Figure 11.28. Electronically triggered monostable.
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Figure 11.29. Monostable with gate-input triggering.
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The Figure 11.28 and 11.29 circuits each give an output pulse period of about 110µS with the component values shown. The period can be varied from a fraction of a µS to many seconds by choice of the C1–R5 values. The circuits can be triggered by sine or other non-rectangular waveforms by feeding them to the mono-stable input via a Schmitt trigger or similar sine/square converter circuit (see Figure 11.32).

 

Bistable circuits

Bistable multivibrators make good stop/go waveform generators, and Figure 11.30 shows a manually-triggered version of such a cir-cuit, which is also known as ‘R–S’ (reset-set) flip-flop; its output can be ‘set’to the high state by briefly closing S1 (or by applying a negative pulse to Q1 base), and the circuit then locks into this state until it is ‘reset’to the low state by briefly closing S2 (or by apply-ing a negative pulse to Q2 base); the circuit then locks into this new state until it is again set via S1, and so on.
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Figure 11.30. Manually-triggered RÐS bistable multivibrator.

 

The above circuit can, by connecting two ‘steering’diodes and asso-ciated components as shown in Figure 11.31, be modified to give a divide-by-two or ‘counting’ action in which it changes state each time a negative-going trigger pulse is applied; the circuit generates a pair of anti-phase outputs, known as ‘Q’and ‘not-Q’. In practice, greatly improved versions of this ‘counting’type of circuit are read-ily available in IC form.
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Figure 11.31 . Divide-by-two bistable circuit.
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The Schmitt trigger

The final member of the multivibrator family is the Schmitt trigger. This is a voltage-sensitive switching circuit that changes its output state when the input goes above or below pre-set upper and lower threshold levels; Figure 11.32 shows it used as a sine-to-square waveform converter that gives a good performance up to a few hun-dred kHz and needs a sinewave input signal amplitude of at least 0.5V r.m.s. The output signal symmetry varies with input signal amplitude; RV1 should be adjusted to give best results.
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Figure 11.32 . Schmitt sine/square converter.

12 Miscellaneous transistor circuits

 

The last three chapters looked at the operating principles and prac-tical examples of various bipolar transistor circuits. This present chapter rounds off the ‘transistor’section of the book by looking at a selection of audio power amplifiers, gadgets, and miscellaneous transistor circuits. It starts off by looking at power amplifier basics.

 

Power ampliÞer basics

A transistor power amplifier’s job is that of converting a medium-level medium-impedance ac input signal into a high-level low-impedance state suitable for driving a low-impedance external load. This action can be achieved by operating the transistor(s) in either of two basic modes, known as ‘class-A’ or ‘class-B’.

Fi g u re 12.1(a) s h ows a basic class-A audio amplifier circuit; Q1 is a common-emitter amplifier with a loudspeaker collector load, and is so biased that its collector current has a quiescent value half way b e t ween the desired maximum and minimum swings of output cur-rent, as shown in Fi g u re 12.1(b), so that maximal low - d i s t o rt i o n output signal swings can be obtained. The circuit consumes a high quiescent current, and is relative ly inefficient; ‘effic i e n cy ’ is the ratio of ac power feeding into the load, compared with the DC power con-sumed by the circuit, and at maximum output power is typically about 40%, falling to 4% at one tenth of maximum output, etc.
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Figure 12.1 . Basic circuit (a) and transfer characteristics (b) of class-A ampliÞer.

 

Figure 12.2 shows an example of a low-power high-gain general-purpose class-A amplifier that draws a quiescent current of about 20mA and is suitable for driving a medium impedance (greater than 65R) loudspeaker or headset. Q1 and Q2 are wired as direct-cou-pled common-emitter amplifiers, and give an overall voltage gain of about 80dB. Q1’s base bias is derived (via R2) from Q2’s emitter, which is decoupled via C3 and thus ‘follows’ the mean collector
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Figure 12.2.   G e n e ra l - p u rpose high-gain low - p ower audio ampliÞer.
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voltage of Q1; the bias is thus stabilised by dc negative feedback. Input pot RV1 acts as the circuit’s volume control.

A basic class-B amplifier consists of a pair of transistors, driven in anti-phase but driving a common output load, as shown in Figure 12.3(a). In this particular design Q1 and Q2 are wired in the common-emitter mode and drive the loudspeaker via push-pull transformer T2, and the anti-phase input drive is obtained via phase-splitting transformer T1. The essential features of this type of amplifier are that both transistors are cut off under quiescent condi-tions, that neither transistor conducts until its input drive signal
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Figure 12.3 . Basic circuit (a) and transfer characteristics (b) of class-B ampliÞer.
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exceeds its base-emitter ‘knee’ voltage, and that one transistor is driven on when the other is driven off, and vice versa. The circuit consumes near-zero quiescent current, and has high efficiency (up to 78.5%) under all operating conditions, but it generates severe cross-over distortion in the amplifier’s output signal, as shown in Figure 12.3(b); the basic class-B circuit must thus be modified if it is to be used as a practical audio power amplifier; the modified cir -cuit is known as a ‘class-AB’amplifier.

 

Class-AB basics

The cross-over distortion of the class-B amplifier can be eliminated by applying slight forward bias to the base of each transistor, as shown in Figure 12.4, so that each transistor passes a modest qui-escent current. Such a circuit is known as a class-AB amplifier. Circuits of this type were widely used in early transistor power amplifier systems but are now virtually obsolete, since they require the use of transformers for input phase-splitting and output loud-speaker driving, and must have closely matched transistor charac-teristics if a good low-distortion performance is to be obtained.
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Figure 12.4. Basic circuit of class-AB ampliÞer.

 

Figure 12.5shows the basic circuit of a class-AB amplifier that suf-fers from none of the snags mentioned above. It is a complementa -ry emitter follower, and is shown using a split (dual) power supply. Q1 and Q2 are biased (via R1–RV1–R2) so that their outputs are at zero volts and zero current flows in the loudspeaker load under qui-escent conditions, but have slight forward bias applied (via RV1), so that they pass modest quiescent currents and thus do not suffer from cross-over distortion problems. Identical input signals are applied (via C1 and C2) to the bases of both emitter followers. This circuit’s operation has already been fully described in Chapter 10.

The basic Figure 12.5 circuit does not require the use of transistors with closely matched electrical characteristics, and gives direct drive to the speaker. It can be modified for use with a single-ended power supply by simply connecting one end of the speaker to either the zero or the positive supply rail, and connecting the other end to the amplifier output via a high-value blocking capacitor, as shown in Figure 12.6.

The basic Figure 12.5 and 12.6 circuit form the basis of virtually all
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Figure 12.5 . Basic class-AB ampliÞer with complementary emit-ter follower output and dual power supply.
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Figure 12.6 . Alternative versions of the class-AB ampliÞer with single-ended power supply.
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modern audio power amplifier designs, including those in IC form. Many modifications and variations can be made to the basic circuit.

 

Circuit variations

The Figure 12.5 circuit gives unity overall voltage gain, so an obvi-ous circuit modification is to provide it with a voltage-amplifying driver stage, as in Figure 12.7. Here, common emitter amplifier Q1 242
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drives the Q2–Q3 complementary emitter followers via collector load resistor R1 and auto-biasing silicon diodes D1 and D2 (the function of these diodes is fully explained in Chapter 10). Q1’s base bias is derived from the circuit’s output via R2–R3, thus providing dc feedback to stabilise the circuit’s operating points, and ac feed-back to minimise signal distortion. In practice, a pre-set pot is usu-ally wired in series with D1–D2, to enable the Q2–Q3 bias to be trimmed; low-value resistors R4 and R5 are wired in series with Q2 and Q3 emitters to pre vent thermal runaway, etc.

The input impedance of the basic Figure 12.5 circuit equals the

product of the loudspeaker load impedance and the h of Q1 or Q2. fe An obvious circuit improvement is to replace the individual Q1 and Q2 transistors with high-gain pairs of transistors, to increase the cir-cuit’s input impedance and enable it to be used with a driver with a high-value collector load. Figures 12.8 to 12.10 show three alterna-tive ways of modifying the Figure 12.7 circuit in this way.
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Figure 12.7. Complementary ampliÞer with driver and auto-bias.

 

In Figure 12.8, Q2–Q3 are wired as a Darlington npn pair, and Q3–Q4 as a Darlington pnp pair; note that four base-emitter junc-tions exist between Q2 base and Q4 base, so this output circuit must be biased via a chain of four silicon diodes.

In Figure 12.9, Q2–Q3 are wired as a Darlington npn pair, but Q3–Q4 are wired as a complementary pair of common-emitter amplifiers that operate with 100% negative feedback and provide unity voltage gain and a very high input impedance. This design is known as a ‘quasi-complementary’output stage, and is probably the most popular of all class-AB amplifier configurations; it calls for the use of three biasing diodes.

In Figure 12.10, both Q2–Q3 and Q4-Q5 are wired as complemen-tary pairs of unity-gain common-emitter amplifiers with 100% neg-ative feedback; they are mirror images of each other, and form a complementary output stage that needs only two biasing diodes.
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Figure 12.8 . AmpliÞer with Darlington output stages.
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Figure 12.9 . AmpliÞer with quasi-complementary output stages.

 

Figure 12.10. AmpliÞer with complementary output stages. 244
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The circuits of Figures 12.7 to 12.10 all call for the use of a chain of silicon biasing diodes. If desired, each of these chains can be replaced by a single transistor and two resistors, wired in the ‘amplified diode’configuration described in Chapter 10 and repeat-ed here in Figure 12.11. Thus, if R1 is shorted out the circuit acts like a single base-emitter junction ‘diode’, and if R1 is not shorted out it acts like (R1+R2)/R2 series-wired diodes. Figure 12.12 shows the circuit modified so that it acts as a fully adjustable ‘amplified’ silicon diode, with an output variable from 1 to 5.7 base-emitter junction voltages.
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Figure 12.11. Fixed-gain ampliÞed diode circuit.

 

Figure 12.12. Adjustable ampliÞed diode circuit.

 

Another useful modification that can be made to the basic Figure 12.7 circuit is to add bootstrapping to its R1 collector load, to boost its effective impedance and thus raise the circuit’s overall voltage gain (the ‘bootstrapping’technique is fully described in Chapter 10. Figures 12.13 and 12.14 show examples of bootstrapped class-AB power amplifier circuits.

In Figure 12.13 the Q1 collector load comprises R1 and R2 in series, and the circuit’s output signal (which also appears across SPKR) is fed back to the R1–R2 junction via C2, thus ‘bootstrap-ping’R2’s value so that its ac impedance is boosted by (typically) a factor of about twenty, and the circuit’s voltage gain is boosted by a similar amount.

Figure 12.14 shows a version of the circuit that saves two compo-nents; in this case the SPKR forms part of Q1’s collector load, and directly bootstraps R1.
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Figure 12.13 . AmpliÞer with bootstrapped driver stage.

[image: ]

 

Figure 12.14 . A l t e rn a t i ve ampliÞer with bootstrapped dri ver stage.

 

Practical class-AB ampliÞers

The easiest way to build a class-AB audio amplifier is to do so using one of the many readily-available audio ICs of this type. In some cases, however, particularly when making ‘one off ’ projects, it may be cheaper or more convenient to use a discrete transistor design, such as one of those shown in Figures 12.15 or 12.16.

Figure 12.15 shows a simple class-AB amplifier that can typically drive 1 Watt into a 3R0 speaker. Here, common-emitter amplifier Q1 uses collector load LS1–R1–D1–RV2, and drives the Q2–Q3 complementary emitter follower stage. The amplifier’s output is fed (via C2) to the LS1–R1 junction, thus providing a low impedance drive to the loudspeaker and simultaneously bootstrapping the R1 value so that the circuit gives high voltage gain. The output is also 246
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Figure 12.15. Simple 1 watt ampliÞer.
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fed back to Q1 base via R4, thus providing base bias via a negative feedback loop. In use, RV1 should be trimmed to give minimal audible cross-over distortion consistent with low quiescent current consumption (typically in the range 10mA to 15mA).

Figure 12.16 shows a rather more complex audio power amplifier that can deliver about 10 watts into an 8R0 load when powered from a 30V supply. This circuit uses high-gain quasi-complementary output stages (Q3 to Q6) and uses an adjustable ‘amplifier diode’ (Q1) as an output biasing device. The Q2 common emitter amplifi-er stage has its main load resistor (R2) bootstrapped via C2, and is dc biased via R3, which should set the quiescent output voltage at about half-supply value (if not, alter the R3 value). The upper fre-quency response of the amplifier is restricted via C3, to enhance cir-

[image: ]

 

Figure 12.16. 10 watt audio ampliÞer.

247

[image: ]

 

cuit stability, and C5-R8 are wired as a Zobel network across the output of the amplifier to further enhance the stability. In use, the amplifier should be initially set up in the w ay already described for the Figure 12.15 circuit.

 

Alternative drivers

In the basic Figure 12.7 circuit the Q1 dri ver stage uses parallel dc and ac voltage feedback via potential divider network R2–R3. This circuit is simple and stable, but suffers from fairly low gain and very low input resistance, and can be used over only a very limited range of power supply voltages. A simple variation of this circuit is shown in Figure 12.17. It uses current feedback via R1–R2, thus enabling the circuit to be used over a wide range of supply voltages. The feedback resistors can be ac-decoupled (as shown) via C2 to give increased gain and input impedance, at the expense of increased distortion. Q1 can be a Darlington type, if a very high input imped-ance is required.

 

Figure 12.17. Driver stage with decoupled parallel dc feedback.

 

Figure 12.18 shows an alternative configuration of driver stage. This design uses series dc and ac feedback, and gives greater gain and input impedance than the basic Figure 12.7 circuit, but uses two transistors of opposite polarities.
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Figure 12.18. Driver stage with series dc feedback.
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Finally, to complete this look at audio power amplifiers, Figure 12.19 shows a circuit that has direct-coupled ground-referenced inputs and outputs and uses split power supplies. It has a long-tailed pair input stage, and the input and output both centre on zero volts if R1 and R4 have equal values. The circuit can be used with a single ended power supply by grounding one supply line and using ac coupling of the input and the output signals. This basic circuit forms the basis of many IC power amplifier designs.
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Figure 12.19. Driver stage with long-tailed pair input.

 

Scratch/rumble Þlters

A common annoyance when playing old records is that of ‘scratch’ and/or ‘rumble’ sounds. The ‘scratch’ noises are mainly high-fre-quency (greater than 10kHz) sounds picked up from the disc sur-face, and the ‘rumbles’are low-frequency (less than 50Hz) sounds that are mostly caused by slow variations in motor-drive speed. Each of these noises can be greatly reduced or eliminated by pass-ing the player’s audio signals through a filter that rejects the trou-blesome parts of the audio spectrum. Figures 12.20 and 12.21 show suitable circuits.

The high-pass rumble filter of Figure 12.20 gives unity voltage gain to signals above 50Hz, but gives 12dB per octave rejection to those below this value, i.e., it gives 40dB of attenuation at 5Hz, etc. E m i t t e r- f o l l ower  Q1  is  biased  at  half-supply  volts  from  the R1–R2–C3 low-impedance point, but has negative feedback applied via the R3–C2–C1–R4 filter network. The circuit’s frequency turn-over point can be altered by changing the C1–C2 values (which must be equal); thus, if the C1–C2 values are halved (to 110n), the turn-over frequency doubles (to 100Hz), etc.

The low-pass scratch filter of Figure 12.21 gives unity voltage gain to signals below 10kHz, but gives 12dB per octave rejection to those above this value. This circuit is similar to that of Figure 12.20, except that the positions of the resistors and capacitors are trans-posed in the C2–R4-C4-R5 filter network. The circuit’s turn-over frequency can be altered by changing the C2–C4 values; e.g., values of 3n3 give a frequency of 7.5kHz.

The Figure 12.20 and 12.21 circuits can be combined, to make a composite ‘scratch and rumble’ filter, by connecting the output of
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Figure 12.20. 50Hz rumble or hi-pass Þlter.
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Figure 12.21 . 10kHz scratch or low-pass Þlter.

 

the high-pass filter to the input of the low-pass filter; if desired, the filters can be provided with bypass switches, enabling them to be easily switched in and out of circuit, by using the connections of Figure 12.22. Note that if the Figure 12.20 and 12.21 designs are to be built as a single unit, a few components can be saved by making the R1–R2–C3 biasing network common to both circuits.

 

A noise limiter

Unwanted noise can be a great nuisance; when listening to very weak broadcast signals, for example, it is often found that peaks of background noise completely swamp the broadcast signal, making it unintelligible. This problem can often be overcome by using the ‘noise limiter’ circuit  of Figure 12.23. Here, the signal-plus-noise
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Figure 12.22. Complete scratch/rumble Þlter, with switching. 250
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Figure 12.23. Noise limiter.
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waveform is fed to amplifier Q1 via RV1. Q1 amplifies both wave-forms equally, but D1 and D2 automatically limit the peak-to-peak output swing of Q1 to about 1.2V. Thus, if RV1 is adjusted so that the ‘signal’output is amplified to this peak level, the ‘noise’peaks will not be able to greatly exceed the signal output, and intelligibil-ity is greatly improved.

 

Astable multivibrators

The astable multivibrator circuit has many uses. Figure 12.24 shows it used to generate a non-symmetrical 800Hz waveform that pro-duces a monotone audio signal in the loudspeaker when S1 is closed. The circuit can be used as a morse-code practice oscillator by using a morse key as S1; the tone frequency can be changed by altering the C1 and/or C2 values.
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Figure 12.24. Morse-code practice oscillator.

 

Figure 12.25 shows an astable multivibrator used as the basis of a ‘signal injector-tracer’item of test gear. When SW1 is in INJECT position ‘1’, Q1 and Q2 are configured as a 1kHz astable, and feed a good squarewave into the probe terminal via R1–C1. This wave-form is rich in harmonics, so if it is injected into any AF or RF stage of an AM radio it produces an audible output via the radio’s loud-speaker, unless one of the radio’s stages is faulty. By choosing a suitable injection point, the ‘injector’can thus be used to trouble-shoot a defective radio.
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Figure 12.25. Signal injector-tracer.
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When SW1 is switched to TRACE position ‘2’, the Figure 12.25 circuit is configured as a cascaded pair of common-emitter ampli-fiers, with the probe input feeding to Q1 base, and Q2 output feed-ing into an earpiece or head-set. Any weak audio signals fed to the probe are directly amplified and heard in the earpiece, and any amplitude-modulated RF signals fed to the probe are demodulated by the non-linear action of Q1 and the resulting audio signals are then amplified and heard in the earpiece. By connecting the probe to suitable points in a radio, the ‘tracer’can thus be used to trouble-shoot a faulty radio, etc.

 

Lie detector

The ‘lie detector’ of Figure 12.26 is an ‘experimenters’circuit, in which the victim is connected (via a pair of metal probes) into a Wheatstone bridge formed by R1–RV1–Q1 and R3–R4; the 1mA centre-zero meter is used as a bridge-balance detector. In use, the victim makes firm contact with the probes and, once he/she has attained a relaxed state (in which the skin resistance reaches a stable value), RV1 is adjusted to set a null on the meter. The victim is then cross-questioned and, according to theory, he victim’s skin resist-ance will then change and the bridge will go out of balance if he/she lies or shows any sign of emotional upset (embarrassment, etc) when being questioned.
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Figure 12.26 . Simple lie detector.
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Current mirrors

A current mirror is a constant-current generator in which the output current magnitude is virtually identical to that of an independent input ‘control’current. This type of circuit is widely used in modern linear IC design. Figure 12.27 shows a simple current mirror using ordinary npn transistors; Q1 and Q2 are a matched pair and share a

common thermal environment. When input current I is fed into  IN

diode-connected Q1 it generates a proportionate forward base-emit-ter voltage, which is applied directly to the base-emitter junction of matched transistor Q2, causing it to sink an almost identical

(‘mirror’) value of collector current, I . Q2 thus acts as a con- SINK

stant current sink that is controlled by I , even at collector voltages IN as low as a few hundred millivolts.
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Figure 12.27. An npn current mirror.

 

Figure 12.28 shows a pnp version of the simple current mirror cir-cuit. This works in the same basic way as already described, except that Q2’s collector act as a constant current source that has its

amplitude controlled by I . Note that both of these circuits still IN

work quite well as current-controlled constant-current sinks or sources even if Q1 and Q2 have badly matched characteristics, but

in this case may not act as true current mirrors, since their I and  SINK

I    values may be very different. IN

 

An adjustable zener 

Figure 12.29 shows the circuit of an ‘adjustable zener’that can have its output voltage pre-set over the range 6.8V to 21V via RV1. The circuit action is such that a fixed reference voltage (equal to the sum
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Figure 12.28. A pnp current mirror.
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Figure 12.29 . Adjustable zener.
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of the zener and V values) is generated between Q1’s base and  BE

ground, and (because of the value of zener voltage used) has a near-zero temperature coefficient. The circuit’s output voltage is equal to

V multiplied by (RV1 + R1)/R1, and is thus pre-settable via  REF

RV1. This circuit is used like an ordinary zener diode, with the RS value chosen to set its operating current at a nominal value in the range 5 to 20mA.

 

L-C oscillators

L-C oscillators have many applications in test gear and gadgets, etc. Figure 12.30 shows an L-C medium-wave (MW) signal generator or beat-frequency oscillator (BFO), with Q1 wired as a Hartley oscillator that uses a modified 465kHz IF transformer as its collec-tor load. The IF transformer’s internal tuning capacitor is removed, and variable oscillator tuning is available via VC1, which enables the output frequency (on either fundamentals or harmonics) to be varied from well below 465kHz to well above 1.7MHz. Any MW radio will detect the oscillation frequency if placed near the circuit; if the unit is tuned to the radio’s IF value, a beat note will be heard, enabling c.w. and s.s.b. transmissions to be clearly heard.
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Figure 12.30. MW signal generator/BFO.

 

Figure 12.31 shows the above oscillator modified so that, when used in conjunction with a MW radio, it functions as a simple ‘metal/pipe locator’. Oscillator coil L1 is hand-wound and com-prises 30 centre-tapped turns of wire, firmly wound over about 254
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25mm length of a 75 to 100mm diameter non-metallic former or ‘search head’ and connected to the main circuit via 3-core cable. The search head can be fixed to the end of a long non-metallic handle if the circuit is to be used in the classic ‘metal detector’ mode, or can be hand-held if used to locate metal pipes or wiring that are hidden behind plasterwork, etc. Circuit operation relies on the fact that L1’s electromagnetic field is disturbed by the presence of metal, causing the inductance of L1 and the frequency of the oscillator to alter. This frequency shift can be detected on a portable MW radio placed near L1 by tuning the radio to a local station and then adjusting VC1 so that a low frequency ‘beat’or ‘whistle’note is heard from the radio. This beat note changes if L1 (the search head) is placed near metal.
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Figure 12.31. Metal/pipe locator.

 

Figure 12.32 shows another application of the Hartley oscillator. In this case the circuit functions as a DC-to-DC converter, which con-verts a 9V battery supply into a 300V DC output. T1 is a 9V-0-9V to 250V transformer, with its primary forming the ‘L’ part of the oscillator. The supply voltage is stepped up to about 350V peak at T1 secondary, and is half-wave rectified by D1 and used to charge C3. With no permanent load on C3, the capacitor can deliver a pow-erful but non-lethal ‘belt’. With a permanent load on the output, the output falls to about 300V at a load current of a few mA.

 

FM transmitters

Figures 12.33 and 12.34 show a pair of low-power FM transmitters that generate signals that can be picked up at a ‘respectable’range on any 88 to 108MHz FM-band receiver. The Figure 12.33 circuit
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Figure 12.32. 9V to 300V DC-to-DC converter.
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uses IC1 as a 1kHz squarewave generator that modulates the Q1 VHF oscillator, and produces a harsh 1kHz tone signal in the receiver; this circuit thus acts as a simple alarm-signal transmitter.

The Figure 12.34 circuit uses a 2–wire electret microphone insert to pick up voice sounds, etc., which are amplified by Q1 and used to modulate the Q2 VHF oscillator; this circuit thus acts as an FM microphone or ‘bug’. In both circuits the VHF oscillator is a Colpitts type but with the transistor used in the common-base mode, with C7 giving feedback from the tank output back to the emitter ‘input’.

[image: ]

 

Figure 12.33.   FM radio transmitter alarm.

 

Figure 12.34 . FM microphone/bug transmitter.

 

These two circuits have been designed to conform to American FCC regulations, and they thus produce a radiated field strength of less than 50µV/m at a range of 15 metres and can be freely used in the U.S.A. It should be noted, however, that their use is quite illegal in many countries, including the U.K.
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To set up these circuits, set the coil slug at its middle position, con-nect the batter y, and tune the FM receiver to locate the transmitter frequency. If necessary, trim the slug to tune the transmitter to a clear spot in the FM band. RV1 should then be trimmed to set the modulation at a ‘clean’level.

 

Transistor ac voltmeters

An ordinary moving-coil meter can be made to read ac voltages by feeding them to it via a rectifier and suitable ‘multiplier’ resistor, but produces grossly non-linear scale readings if used to give f.s.d. values below a few volts. This non-linearity problem can be over-come by connecting the meter circuitry into the feedback loop of a transistor common-emitter amplifier, as shown in the circuits of Figures 12.35 to 12.37, which (with the Rm values shown) each read 1V f.s.d.

The Figure 12.35 circuit uses a bridge rectifier type of meter net-work, and draws a quiescent current of 0.3mA, has an f.s.d. fre-quency response that is flat from below 15Hz to above 150kHz, and has superb linearity up to 100kHz when using IN4148 silicon diodes or to above 150kHz when using BAT85 Schottky types. R1 sets Q1’s quiescent current at about treble the meter’s f.s.d. value, and thus gives the meter automatic overload protection.
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Figure 12.35 . The frequency response of this 1V ac meter is ßat to above 150kHz.

 

Figures 12.36 and 12.37 show ‘pseudo full-wave’and ‘ghosted half-wave’ versions of the above circuit. These have a performance sim-ilar to that of Figure 12.35, but with better linearity and lower sensitivity. D3 is sometimes used in these circuits to apply slight forward bias to D1 and D2 and thus enhance linearity, but this makes the meter pass a ‘standing’ current when no ac input is applied. The diodes used in these and all other electronic ‘ac meter’ circuits shown in this chapter should be either silicon (IN4148, etc.) or (for exceptionally good performance) Schottky types; germani-um types should not be used.
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Figure 12.36 . Pseudo full-wave version of the 1V ac meter.
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Figure 12.37. Ghosted half-wave version of the 1V ac meter.

 

In the Figure 12.35 to 12.37 circuits the f.s.d. sensitivity is set at 1V via Rm, which can not be reduced below the values shown without incurring a loss of meter linearity. The Rm value can, however, safely be increased, to give higher f.s.d. values, e.g., by a factor of ten for 10V f.s.d, etc.

If greater f.s.d. sensitivity is wanted from the above circuits it can be obtained by applying the input signal via a suitable pre-amplifi-er, i.e., via a +60dB amplifier for 1mV sensitivity, etc. Figure 12.38 shows this technique applied to the Figure 12.35 circuit, to give a f.s.d. sensitivity variable between 20mV and 200mV via RV1. With the sensitivity set at 100mV f.s.d. this circuit has an input imped-ance of 25k and a bandwidth that is flat within 0.5dB to 150kHz.

 

Ac millivoltmeter circuits

A one-transistor ‘ac meter’ can not be given an f.s.d. sensitivity greater than 1V without loss of linearity. If greater sensitivity is needed, two or more stages of transistor amplification must be used. The highest useful f.s.d. sensitivity that can be obtained (with good 258
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Figure 12.38. This ac voltmeter can be set to give f.s.d. sensi-tivities in the range 20mV to 200mV.
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Figure 12.39 . Wideband ac millivoltmeter with f.s.d. sensitivity variable from 10mV to 100mV via Rx.
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linearity and gain stability) from a two-transistor circuit is 10mV, and Figure 12.39 shows an excellent example that gives f.s.d. sen-sitivities in the range 10mV to 100mV (set via Rx). It uses D1 and D2 in the ‘ghosted half-wave’configuration, and its response is flat within 0.5dB to above 150kHz; the circuit’s input impedance is about 110k when set to give 100mV f.s.d. sensitivity (Rx = 470R); when set to give 10mV sensitivity (Rx = 47R) the input impedance varies from 90k at 15kHz to 56k at 150kHz.

Figure 12.40 shows a simple x10 pre-amplifier that can be used to boost the above circuit’s f.s.d. sensitivity to 1mV; this circuit has an input impedance of 45k and has a good wideband response. Note
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Figure 12.40. This x10 wideband pre-ampliÞer can be used to boost an ac millivoltmeterÕs sensitivity .
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Figure 12.41 . Basic multi-range ac volt/millivolt meter circuit. 260
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when building highly sensitive ac millivoltmeters that great care must be taken to keep all connecting leads short, to prevent unwant-ed RF pickup.

A wide-range ac volt/millivolt meter can be made by feeding the input signals to a sensitive ac meter via suitable attenuator circuit-ry. To avoid excessive attenuator complexity, the technique of Figure 12.41 is often adopted; the input is fed to a high-impedance unity-gain buffer, either directly (on ‘mV’ranges) or via a compen-sated 60dB attenuator (on ‘V’ranges), and the buffer’s output is fed to a basic 1mV f.s.d. meter via a simple low-impedance attenuator, which in this example has 1 3 10, etc., ranging. Note when using this circuit that its input to unity-gain-buffer-output frequency response is virtually flat over the (typical) frequency range 20Hz-150kHz when used on the ‘mV’ranges, and that the primary atten-uator’s 15pF trimmer must when initially setting up the circuit be adjusted on test to obtain the same frequency response on the basic ‘V’range.

Figure 12.42 shows a useful variation of the above technique. In this case the input buffer also serves as a x10 amplifier, and the second-ary attenuator’s output is fed to a meter with 10mV f.s.d. sensitivi-ty, the net effect being that a maximum overall sensitivity of 1mV is obtained with a minimum of complexity.
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Figure 12.42. A useful ac volt/millivolt meter circuit variation.

Figures 12.43and 12.44 show input buffers suitable for use with the above types of multi-range circuit. The Figure 12.43 design is that of a unity-gain buffer; it gives an input impedance of about 4M0.
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Figure 12.43. Unity-gain input buffer.
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The Figure 12.44 buffer gives a x10 voltage gain (set by the R1/Rx ratio) and has an input impedance of 1M0.
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Figure 12.44. Buffer with x10 gain.

13 Optoelectronic circuits

 




Chapter 7 of this volume, in describing the basic characteristics of the junction diode and associated devices, makes brief mention of photodiodes and LEDs. The present chapter expands on this theme and looks at ways of using simple optoelectronic devices such as LEDs, photodiodes, phototransistors, and optocouplers.

 

LED basic circuits

A LED (light emitting diode) is a special type of junction diode, made of gallium phosphide or gallium arsenide, etc., that emits a fairly narrow bandwidth of visible (usually red, orange, yellow, green or blue) or invisible (infra-red) light when stimulated by a for-ward current. LEDs have power-to-light energy conversion efficien-cies some ten to fifty times better than a tungsten lamp and have very fast response times (about 0.1µS, compared with tens or hun-dreds of mS for a tungsten lamp), and are thus widely used as visual indicators in moving-light displays, etc.

A significant voltage is developed across a LED when it is passing a forward current, and Figure 13.1 shows the typical forward volt-ages of different coloured LEDs at forward currents of 20mA. If a LED is reverse biased it avalanches or ‘zeners’at fairly low voltage values, as shown in Figure 13.2; most LEDs have maximum reverse voltage ratings of about 5V.

In use, a LED must be wired in series with a current-limiting device such as a resistor; Figure 13.3 shows how to work out the ‘R’ value needed to give a particular current from a particular supply voltage. In practice, R can be connected to either the anode or the cathode
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Figure 13.1 . Typical forward voltages of standard LEDs at I = f 20mA.
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Figure 13.2. A reverse biased LED acts like a zener diode .
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Figure 13.3 . Method of Þnding the ÔRÕ value for a given V and I . s f
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of the LED. The LED brightness is proportional to the LED current; most LEDs will operate safely up to absolute maximum currents of 30 to 40mA.

A LED can be used as an AC indicator by reverse-shunting it with a n o rmal silicon diode, as shown in Fi g u re 13.4; for a given bright-ness, the ‘R’ value should be halved relative to that of the DC circuit. If this circuit is used with high-value AC supplies, ‘R’ m ay need a fa i r ly high power rating; thus, if used with a 230V supply it will need a minimum rating of 2.3W at a mean LED current of 10mA; this snag can be overcome by replacing ‘R’ with a curr e n t - l i m i t i n g c a p a c i t o r, as shown in Fi g u re 13.5. Here, the LED’s mean current is d e t e rmined mainly by the values of the AC supply voltage and the impedance of capacitor Cs (R1 simply limits transient surge curr e n t s to a safe value). Note that Cs dissipates neg l i g i ble powe r, since its c u rrent and voltage are ninety degrees out of phase. Cs values of 100nF and 220nF are usually adequate and give series operating cur-rents of about 8mA on 230V and 115V 50–60Hz AC power lines r e s p e c t ive ly; the current is directly proportional to the Cs va l u e .
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Figure 13.4 . Using a LED as an indicator in a low-voltage AC circuit.

 

The basic Figure 13.5 circuit can be used as a ‘blown fuse’indica-tor by wiring it as shown in Figure 13.6. The circuit is shorted out by the fuse, but becomes enabled when the fuse is ‘blown’.

 

Practical usage notes

One problem in using a LED is that of identifying its polarity. Most LEDs have their cathode identified by a notch or flat on the pack-age, or by a short lead, as shown in Figure 13.7. This practice is not universal, however, so the only sure way to identify a LED is to test it in the basic Figure 13.3 circuit: try the LED both ways round: when it glows, the cathode is the most negative of the two terminals: always test a LED before wiring it into circuit.
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Figure 13.5 . Using a LED as an indicator in an AC power line circuit.
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Figure 13.6. AC power line fuse blown indicator.
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Special mounting kits, comprising a plastic clip and ring, are avail-able for fixing LEDs into PC boards and front panels, etc. Figure 13.8 illustrates the functioning of such a kit.

Most LEDS come in a single-LED package of the type shown in Figure 13.7. Multi-LED packages are also available. The best known of these are the 7-segment displays, comprising seven (or eight) LEDs packaged in a form suitable for displaying alpha-numeric characters. So-called ‘bar-graph’displays, comprising 10 to 30 linearly-mounted LEDs in a single package, are also available.

Most LEDs generate a single output colour, but a few special devices provide ‘multicolour’ outputs; these are actually 2-LED devices, and Figure 13.9 shows one that comprises a pair of LEDs connected in inverse parallel, so that green is emitted when it is biased in one direction, and red (or yellow) when it is biased in the reverse direction. This device is useful for giving polarity indication or null detection.
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Figure 13.7 . Typical outline and method of recognising the polarity of a LED
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Figure 13.8 . Clip and ring kit used to secure a LED to a front panel.
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Figure 13.9 . Bi-colour LED actually houses two LEDs connect-ed in inverse parallel.
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Another type of ‘multicolour’LED is shown in Figure 13.10. This comprises a green and a red LED mounted in a 3-pin common-cathode package, and can generate green or red colours by turning on only one LED at a time, or orange or yellow ones by turning on the two LEDs in the ratios shown in the table.
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Figure 13.10. Multicolour LED giving four colours from two junctions.

 

Multi-LED circuits

Several LEDs can be powered from a single source by wiring them in series as shown in Figure 13.11; the supply voltage must be far larger than the sum of the individual LED forward voltages. This circuit draws minimal total current, but is limited in the number of LEDs that it can drive. A number of these circuits can, however, be wired in parallel, to enable a large number of LEDs to be driven from a single source.

Another way of po wering several LEDs is by using several Figure 13.3 circuits in parallel, as shown in Figure 13.12, but this tech-nique is wasteful of current.
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Figure 13.11. LEDs wired in series and driven via a single

[image: ]

current-limiting resistor.
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Figure 13.12. This circuit can drive a large number of LEDs, but at the expense of high current.

 

Figure 13.13 shows a ‘what not to do’circuit. This design will not work correctly because inevitable differences in LED forward volt-age characteristics usually cause one LED to ‘hog’ most of the available current, leaving little or none for the remaining LEDs.
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Figure 13.13 . This LED-driving circuit will not work. One LED will hog most of the current.

 

LED ÔßasherÕcircuits

A LED ‘flasher’is a circuit that turns a LED repeatedly on and off, usually at a rate of one or two flashes per second, to give an eye-catching display action; it may control a single LED or may control two LEDs in such a way that one turns on as the other turns off, and vice versa. Figure 13.14 shows the practical circuit of a 2-transistor 2-LED flasher, which can be converted to single-LED operation by simply replacing the unwanted LED with a short circuit. Here, Q1 and Q2 are wired as a 1 cycle-per-second astable multivibrator, with switching rates controlled via C1–R3 and C2–R4.
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Figure 13.14 . Transistor two-LED ßasher circuit operates at one ßash per second.
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Figure 13.15 shows an IC version of the 2-LED flasher. This design is based on the 555 timer IC or its CMOS counterpart, the 7555, which is wired in the astable mode, with its time constant deter-mined by C1 and R4. The action is such that output pin-3 of the IC alternately switches between the ground and the positive supply voltage le vels, alternately shorting out (disabling) one or other of the two LEDs. The circuit can be converted to single-LED operation by omitting the unwanted LED and its associated current-limiting resistor.
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Figure 13.15. IC two-LED ßasher circuit operates at about one ßash per second.

 

Another widely used type of LED-display circuit is that used for LED ‘sequencing’; these drive a chain of LEDs in such a way that each LED is switched on and off in a time-controlled sequence, so that a ripple of light seems to run along the chain. Another type is that used to give ‘bar-graph’type analogue-value indication; these drive a chain of linearly-spaced LEDs in such a way that the illumi-nated chain length is proportional to the analogue value of a voltage applied to the input of the driver circuit, e.g., so that the circuit acts like an analogue voltmeter. Lots of LED-display circuits of these types are presented in the author’s ‘Optoelectronics Circuits Manual’.
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Photodiodes

When p–n silicon junctions are reverse biased their leakage currents and impedances are inherently photosensitive; they act as very high impedances under dark conditions and as low impedances under bright ones. Normal diodes have their junctions shrouded in opaque material to stop this effect, but photodiodes are made to exploit it and have their junctions encased in translucent material. Some pho-todiodes are made to respond to visible light, and some to infra-red (IR) light. In use, the photodiode is simply reverse biased and the output voltage is taken from across a series resistor (with a typical value in the 10k to 100k range), which may be connected between the diode and ground, as in Figure 13.16(a), or between the diode and the positive supply line, as in Figure 13.16(b).

Photodiodes have a far lower light sensitivity than cadmium-sulphide LDRs, but give a far quicker response to changes in light l evel. Generally, LDRs are ideal for use in slow-acting direct-coupled ‘ l i g h t - l eve l ’ sensing applications, while photodiodes are ideal for use in fast ac-coupled ‘signalling’ applications. Typical photodiode appli-cations include IR remote-control circuits, IR ‘beam’ switches and a l a rm  circuits,  and  photographic  ‘fla s h ’s l ave  circuits,  etc.
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Figure 13.16. Alternative ways of using a photodiode.

 

Phototransistors

Ordinary silicon transistors are made from an npn or pnp sandwich, and thus inherently contain a pair of photosensitive junctions. Some types are available in phototransistor form, and use the Figure 13.17 symbol.

Figure 13.18 shows three different basic ways of using a phototran-sistor; in each case the base–collector junction is effectively reverse biased and thus acts as a photodiode. In (a) the base is grounded, and the transistor acts as a simple photodiode. In (b) and (c) the base terminal is open-circuit and the photogenerated currents effectively
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Figure 13.17. Phototransistor symbol.
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Figure 13.18. Alternative ways of using a phototransistor.
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feed directly into the base and, by normal transistor action, generate a greatly amplified collector-to-emitter current that produces an output voltage across series resistor R1.

The sensitivity of a phototransistor is typically one hundred times greater than that of a photodiode, but its useful maximum operating frequency (a few hundred kHz) is proportionally lower than that of a photodiode (tens of MHz). The sensitivity (and operating speed) of a phototransistor can be made variable by wiring a variable resis-tor between the base and emitter, as shown in Figure 13.19 ; with RV1 open-circuit, phototransistor action is obtained; with RV1 short -circuit, photodiode operation occurs.

Note in the Figure 13.16 to 13.19 circuits that the R1 value is usu-ally chosen on a compromise basis, since the voltage gain increas-es but the useful bandwidth decreases as the R1 value increases. Also, the R1 value may have to be chosen to bring the photosensi-tive device into its linear operating region.
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Figure 13.19 . Variable-sensitivity phototransistor circuit.

 

Optocouplers

An optocoupler is a device housing a LED (usually an IR type) and a matching optosensitive semiconductor device such as a photo-transistor (or photodiode, etc.); the two devices are closely optical-ly coupled and mounted in a light-excluding housing. Figure 13.20 shows a basic optocoupler ‘usage’circuit. The LED is used as the input side of the circuit, and the phototransistor as the output. Normally, SW1 is open, and the LED and Q1 are thus off. When 270
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Figure 13.20. Basic optocoupler circuit.
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SW1 is closed a current flows through the LED via R1, and Q1 is turned on optically and generates an output voltage across R2. The output circuit is thus controlled by the input one, but the two circuits are fully isolated electrically (‘isolation’is the major feature of this type of optocoupler, which can be used to couple either digital or analogue signals).

The Figure 13.20 device is a simple ‘isolating’optocoupler. Figures 13.21 and 13.22 show two other types of optocoupler. The Figure 13.21 ‘slotted’one has a slot moulded into the package between the LED light source and the phototransistor light sensor. Light can normally pass from the LED to Q1 via the slot, but can be com-pletely blocked by placing an opaque object in the slot. The slotted optocoupler can thus be used in a variety of ‘presence detecting’ applications, including end-of-tape detection, limit switching, and liquid-level detection, etc.

The Figure 13.22 ‘reflective’ optocoupler has the LED and the Darlington-connected Q1–Q2 photo-sensitive pair of transistors optically screened from each other within the package, but both types of component face outwards towards an external point. The construction is such that an optocoupled link can be set up by a reflective object (such as metallic paint or tape, etc.) placed a short
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Figure 13.21. Slotted optocoupler device.
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Figure 13.22. Reßective optocoupler.

271

[image: ]

 

distance outside the package, in line with both the LED and Q1. The reflective optocoupler can thus be used in applications such as tape-position detection, engine-shaft revolution counting or speed meas-urement, etc.

 

Optocoupler parameters

The five most important parameters of an optocoupler are as follow s .

Current transfer ratio (CTR)

This is a measure of optocoupling efficiency, and is actually quoted in terms of output-to-input ‘current transfer ratio’ (CTR), i.e., the

ratio of the output current (I ) measured at the collector of the pho-C totransistor, to the input current (I ) fl owing into the LED. Thus, F CTR = I /I . In practice, CTR may be expressed as a simple figure C F

such as ‘0.5’, or (by multiplying this figure by 100) as a percentage figure such as ‘50%’. Simple isolating optocouplers with single-transistor output stages have typical CTR values in the range 20% to 100%.

Isolation voltage

This is the maximum permissible DC voltage allowed to exist between the input and output circuits. Typical values vary from 500V to 4kV.

V CE(MAX)

This is the maximum allowable DC voltage that can be applied across the output transistor. Typical values vary from 20V to 80V.

IF(MAX)

This is the maximum permissible DC current that can be allowed to flow in the input LED. Typical values vary from 40mA to 100mA.

Bandwidth

This is the typical maximum signal frequency (in kHz) that can be usefully passed through the optocoupler when it is operating in its ‘ n o rm a l ’ mode.  Typical  values  va ry  from  20kHz  to  500kHz, depending on the type of device construction.

 

Practical optocouplers

Most ‘norm a l ’ optocouplers are of one or other of the three basic types shown in Fi g u res  13.20 to 1 3 . 2 2. Practical versions of these d evices are widely ava i l a ble in six basic forms, and these are illus-trated in Fi g u res  13.23 to 1 3 . 2 8. Four of these devices are ‘isolat-i n g ’ types, housing 1, 2 or 4 simple or Darlington-type optocouplers in a single package; the remaining two are the ‘slot-t e d ’ optocoupler  (Fi g u re  13.27)  and  the  Darlington  ‘refle c t ive ’
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Figure 13.23. Typical simple isolating optocoupler.
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Figure 13.24. Typical Darlington isolating optocoupler.
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Figure 13.25. Typical dual isolating optocoupler.
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Figure 13.26. Typical quad isolating optocoupler.
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Figure 13.27. Typical slotted optocoupler.
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Figure 13.28 . Typical reßective optocoupler.
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Figure 13.29. Typical parameter values of the Figures 13.23 to 13.28 devices.
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optocoupler (Fi g u re  13.28). The table of Fi g u re  13.29 lists the typ-ical  parameter  values  of  these  six  dev i c e s .

 

Optocoupler usage notes

Optocouplers are very easy to use, with the input side being used in the manner of a normal LED and the output used in the manner of a normal phototransistor as already described in this chapter. The following notes give a summary of the salient ‘usage’points.

The input current to the optocoupler LED must be limited via a series resistor which, as shown in Figure 13.30, can be connected
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Figure 13.30 . The LED current must be limited by a series resis-tor, which can be connected to either the anode (a) or the cathode (b).
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Figure 13.31 . The input LED can be protected against reverse voltages via an external diode.
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on either the anode or the cathode side of the LED. If the LED is to be driven from an AC source, or there is a possibility of a reverse voltage being applied to the LED, the LED must be protected via an external diode connected as shown in Figure 13.31.

The phototransistor’s output current can be converted into a voltage by wiring a resistor in series with its collector or emitter, as shown in Figure 13.32. The greater the resistor value, the greater is the cir-cuit’s sensitivity but the lower is its bandwidth.
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Figure 13.32 . An external output resistor, wired in series with the phototransistor, can be connected to either the collector (a) or emitter (b).

 

The phototransistor is normally used with its base terminal open circuit; it can be converted into a photodiode by using the base ter-minal as shown in Figure 13.33 and ignoring the emitter terminal (or shorting it to the base). This connection results in a greatly increased bandwidth (typically 30MHz), but a greatly reduced CTR value (typically 0.2%).
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Figure 13.33. If its base is available, the phototransistor can be made to function as a photodiode.
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Optocoupler interface circuits

Isolating optocouplers are usually used in interfacing applications in which the input and output circuits are operated from different power supplies. Figure 13.34 shows a TTL-to-TTL interface. The optocoupler LED and R1 are connected between the +5V rail and the output of the TTL driver (rather than between the TTL output and ground), because TTL outputs can typically sink 16mA, but can source only 400µA. R3 is used as a ‘pull-up’resistor, to ensure that the LED turns fully off when the TTL output is in the logic-1 state. The phototransistor is wired between the input and ground of the ‘driven’TTL gate, since a TTL input needs to be pulled down to below 800mV at 1.6mA to ensure correct logic-0 operation. This circuit provides non-inverting optocoupler action.
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Figure 13.34. TTL interface.

 

CMOS IC outputs can source or sink currents up to several mA, and can thus be interfaced by using a ‘sink’configuration similar to that of Figure 13.34, or using the ‘source’configuration shown in Figure 13.35. In either case, the R2 value must be large enough to provide an output voltage swing that switches fully between the CMOS logic-0 and logic-1 states.

Figure 13.36 shows an optocoupler used to interface a computer’s digital output signal (5V, 5mA) to a 12V DC motor that draws an operating current of less than 1 amp. With the computer output high, the optocoupler LED and phototransistor are both off, so the motor is driven on via Q1 and Q2. When the computer output goes
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Figure 13.35. CMOS interface.
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Figure 13.36. Computer-driven DC motor.
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low, the LED and phototransistor are driven on, so Q1–Q2 and the motor are cut off.

Finally, Figure 13.37 shows how an optocoupler can be used to interface audio analogue signals from one circuit to another. Here, the op-amp is used as a unity-gain voltage follower with the opto-coupler LED wired into its negative feedback loop, and is dc biased at half-supply volts via R1–R2 and can be ac-modulated by an audio signal applied via C1. A standing current of 1mA to 2mA (set by R3) thus flows through the LED and is modulated by the ac signal. On the output side of the circuit, a quiescent current is set up (by the optocoupler action) in the phototransistor, and causes a quiescent voltage to be set up across RV1, which should have its value adjust-ed to give a quiescent output value of half-supply voltage. The audio output signal appears across RV1 and is decoupled via C2.

 

Special optocoupler devices

The basic types of optocoupler shown in Figures 13.20 to 13.37 are simple ‘discrete’ devices, i.e., each individual optocoupler ‘unit’ contains nothing more than one independently-accessible LED plus one (or two) independently-accessible phototransistors. A variety of special-purpose optocoupler devices are also available; some of these – such as optocoupled SCRs and triacs (see Chapters 19 and
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Figure 13.37. Audio-coupling circuit.
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20) – are simple ‘discrete’devices, while others – such as dedicat-ed TTL or CMOS ‘logic’ optocouplers and synchronous ‘zero-crossing’ triac-driving optocouplers – are obviously ‘IC’ (rather than discrete) devices. Hovering between these two extremes is the device known as the ‘optocoupled solid-state relay’, or SSR.

An optocoupled solid-state relay (SSR) is a device that can be used as a superior replacement for many types of low-power electro-mechanical relay. Like a normal relay, it provides complete electri-cal isolation between its input and output circuits, and its output acts like an electrical switch that has a near-infinite resistance when open and a very low resistance when closed and which – when closed – can pass AC or DC currents with equal ease, without suf-fering significant ‘offset voltage’losses.

Siemens are the present market leaders in the optocoupled SSR field. Figure 13.38 illustrates their basic SSR design, which has an IR LED input stage and a dual n-channel enhancement-type MOSFET output stage that (unlike a dual bipolar transistor stage) does not produce significant offset voltage drops when biased on. The IR LED’s optical output is coupled to the inputs of the MOSFETs via a bank of 25 photovoltaic diodes that – when illumi-nated – generate a 15V turn-on voltage that is applied to the MOSFET gates. 
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Figure 13.38 . Basic Siemens SSR design.

 

The simplest device in the Siemens range of optocoupled SSRs is the LH1540AT, which is housed in a 6-pin package and has an output that acts as a normally-open (NO) single-pole switch. The device has an isolation voltage rating of 3.75kV and a maximum output load voltage rating of 350V. Figure 13.39 shows basic details of the LH1540AT and shows how to connect its output pins for use with loads driven by (a) AC or (b) DC supplies; the two output IGFETs are effectively connected in inverse series for AC opera -tion, or in parallel for DC operation. When the input LED is pass-ing a current of 5mA, the output can handle maximum load currents of 120mA and has a typical ‘on’resistance of 25R when used in the AC configuration, or 250mA and 5R in the DC configuration. The device has typical on/off switching speeds of less than 1mS.

Other devices in the Siemens optocoupled SSRs range include ones that have outputs that act as singe-pole or 2-pole NC, NO, or change-over switches.
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Figure 13.39. Method of connecting the LH1540ATÕs outputs for use with loads driven by (a) AC or (b) DC supplies.

[image: ]

14 FET basics

 

Field-Effect Transistors (FETs) are unipolar devices, and have two big advantages over bipolar transistors; one is that they have a near-infinite input resistance and thus offer near-infinite current and power gain; the other is that their switching action is not marred by charge-storage problems, and they thus outperform most bipolars in terms of digital switching speeds.

Several different basic types of field-effect transistor are available, and this chapter looks at their basic operating principles; Chapters 15 to 17 show practical ways of using FETs.

 

FET basics

A FET is a three-terminal amplifying device; its terminals are known as the source, gate, and drain, and correspond respectively to the emitter, base, and collector of a normal transistor. Two distinct families of FET are in general use. The first of these are known as ‘junction-gate’types of FET, this term generally being abbreviated to either JUGFET or (more usually) JFET. The second family are k n own  as  either  ‘insulated-ga t e ’ FETs  or  Metal  Oxide Semiconductor FETs, and these terms are generally abbreviated to IGFET or MOSFET respectively.  ‘N-channel’and  ‘p-channel’ ver-sions of both types of FET are available, just as normal transistors are available in npn and pnp versions, and Figure 14.1 shows the symbols and supply polarities of both types of bipolar transistor and compares them with both JFET versions.

Figure 14.2 illustrates the basic construction and operating princi-ple of a simple n-channel JFET. It consists of a bar of n-type semi-
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Figure 14.1 . Comparison of transistor and JFET symbols, nota -tion, and supply polarities.
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Figure 14.2. Basic structure of a simple n-channel JFET, sho w-ing how channel width is controlled via the gate bias.
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conductor material with a drain terminal at one end and a source ter-minal at the other; a p-type control electrode or gate surrounds (and is joined to the surface of) the middle section of the n-type bar, thus forming a p–n junction.

In normal use the drain terminal is connected to a positive supply and the gate is biased at a value that is negative (or equal) to the source voltage, thus reverse biasing the JFET’s internal p–n junction and accounting for its very high input impedance. With zero gate bias applied, a current flows from drain to source via a conductive ‘channel’in  the  n-type bar. When negative gate bias is applied, a high resistance region is formed within the junction, and reduces the width of the n-type conduction channel and thus reduces the magnitude of the drain-to-source current. As the gate bias is increased, the ‘depletion’ region spreads deeper into the n-type channel, until eventually, at some ‘pinch-off ’ voltage value, the depletion layer becomes so deep that conduction ceases completely.

Thus, the basic JFET of Figure 14.2 passes maximum current when its gate bias is zero, and its current is reduced or ‘depleted’ when the gate bias is increased. It is thus known as a ‘depletion-type’n-chan-nel JFET. A p-channel version of the device can be made by simply transposing the p and n materials.

 

JFET details

 

Figure 14.3 shows the basic form of construction of a practical n-channel JFET; a p-channel JFET can be made by transposing the p and n materials. All JFETs operate in the depletion mode, as already described. Figure 14.4 shows the typical transfer characteristics of a low-power n-channel JFET, and illustrates some important fea-tures of this type of device. The most important characteristics of the JFET are as follows.

(1). When a JFET is connected to a supply with the polarity shown in Figure 14.1 (drain +ve for an n-channel FET, –ve for a p-channel

FET), a drain current (I ) flows and can be controlled via a gate-to-D

source bias voltage V   . GS
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Figure 14.3 . Construction of n-channel JFET.
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Figure 14.4 . Idealised tra n s fer chara c t e ristics of n-channel JFET.

[image: ]

 

(2) I   is greatest when V    = 0, and is reduced by applying a D GS reverse bias to the gate (negative bias in a n-channel device, posi-

tive bias in a p-type). The magnitude of V    needed to reduce I to GS D zero is called the ‘pinch-off ’ voltage, V , and typically has a value P between 2 and 10 volts. The magnitude of I when V = 0 is denot- D  GS

ed I    , and typically has a value in the range 2 to 20mA. DSS

(3) The JFET’s gate-to-source junction has the characteristics of a

silicon diode. When reverse biased, gate leakage currents (I ) are  GSS

only a couple of nA (1nA = 0.001µA) at room temperature. Actual gate signal currents are only a fraction of a nA, and the input imped-ance of the gate is typically thousands of megohms at low frequen-cies. The gate junction is shunted by a few pF, so the input impedance falls as frequency rises.

If the JFET’s gate-to-source junction is forward biased, it conducts like a normal silicon diode, and if excessively reverse biased ava-lanches like a zener diode; in either case, the JFET suffers no damage if gate currents are limited to a few mA.

( 4 ) Note in Fi g u re 14.4 that, for each V value, drain current I  G SD

rises linearly from zero as the drain-to-source voltage (V ) is  D S

increased from zero up to some value at which a ‘knee’ occurs on

each curve, and that I   then remains virt u a l ly constant as V    i s D D S increased beyond the knee value. Thus, when V is below the  D S

J F E T ’s knee value the drain-to-source terminals act as a resistor,

R , with a value dictated by V , and can thus be used as a vo l t a g e- D S  G S

variable resistor, as in Figure 14.5 . Typically, R can be varied  DS

from a few hundred ohms (at V = 0) to thousands of megohms (at  GS
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V = V ), enabling the JFET to be used as a voltage-controlled GS P

switch (Figure 14.6) or as an efficient ‘chopper’ (Figure 14.7) that does not suffer from offset-voltage or saturation-voltage problems.

Also note in Figure 14.4 that when V is above the knee value the  DS

I value is controlled by the V value and is almost independent of  D  GS

V , i.e., the JFET acts as a voltage-controlled current generator. DS

The JFET can be used as a fixed-value current generator by either tying the gate to the source, as in Figure 14.8(a), or by applying a fixed negative bias to the gate, as in Figure 14.8(b). Alternatively, it can (when suitably biased) be used as a voltage-to-current signal amplifier.

(5) FET ‘gain’ is specified as transconductance, g , and denotes m the magnitude of change of drain current with gate voltage, i.e., a

g of 5mA/V signifies that a V variation of one volt produces a  m  GS
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Figure 14.5. An n-channel JFET can be used as a voltage-controlled resistor.
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Figure 14.6 . An n-channel JFET can be used as a voltage-controlled switch.
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Figure 14.7 . An n-channel JFET can be used as an electronic chopper.
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Figure 14.8 . An n-channel JFET can be used as a constant-current generator.
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5mA change in I . Note that the form I/V is the inverse of the ohms D

formula, so g measurements are often expressed in ‘mho’ units;  m

usually, g is specified in FET data sheets in terms of mmhos (milli- m

mhos) or µmhos (micro-mhos). Thus, a g of 5mA/V = 5-mmho or  m

5000-µmho.

In most practical applications the JFET is biased into the linear region and used as a voltage amplifier. Looking at the n-channel JFET, it can be used as a common-source amplifier (corresponding to the bipolar npn common-emitter amplifier) by using the basic connections of Figure 14.9. Alternatively, the common drain or source follower (similar to the bipolar emitter follower) configura-tion can be obtained by using the connections of Figure 14.10, or the common-gate (similar to common-base) configuration can be obtained by using the basic Figure 14.11 circuit. In practice, fairly accurate biasing techniques (discussed in the next chapter) must be used in these circuits.

 

The IGFET/MOSFET

The second (and most important) family of FETs are those known under the general title of IGFET or MOSFET. In these FETs the gate terminal is insulated from the semiconductor body by a very thin layer of silicon dioxide, hence the title ‘Insulated Gate Field Effect Transistor’, or IGFET. Also, the devices generally use a ‘Metal-Oxide Silicon’semiconductor material in their construction, hence the alternative title of MOSFET.
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Figure 14.9. Basic n-channel common-source ampliÞer JFET circuit.
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Figure 14.10 . Basic n-channel common-drain (source follower) JFET circuit.

[image: ]

 

Figure 14.11. Basic n-channel common-gate JFET circuit.
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Figure 14.12 shows the basic construction and the standard symbol of the n-channel depletion-mode FET. It resembles the JFET, except that its gate is fully insulated from the body of the FET (as indicat-ed by the Figure 14.12(b) symbol), but in fact operates on a slight-ly different principle to the JFET. It has a normally-open n-type channel between drain and source, but the channel width is con-trolled by the electrostatic field of the gate bias. The channel can be closed by applying suitable negative bias, or can be increased by applying positive bias. In practice, the FET substrate may be exter-nally available, making a 4-terminal device, or may be internally connected to the source, making a 3-terminal device.

An important point about the IGFET/MOSFET is that it is also
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Figure 14.12. Construction (a) and symbol (b) of n-channel depletion-mode IGFET/MOSFET.
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available as an enhancement-mode device, in which its conduction channel is normally closed but can be opened by applying forward bias to its gate. Figure 14.13 shows the basic construction and the symbol of the n-channel version of such a device. Here, no n-chan -nel drain-to-source conduction path exists through the p-type sub-strate, so with zero gate bias there is no conduction between drain and source; this feature is indicated in the symbol of Figure 14.13(b) by the gaps between source and drain. To turn the device on, significant positive gate bias is needed, and when this is of suf-ficient magnitude it starts to convert the p-type substrate material under the gate into an n-channel, enabling conduction to take place.

[image: ]

 

Figure 14.13. Construction (a) and symbol (b) of n-channel enhancement-mode IGFET/MOSFET.

 

Figure 14.14 shows the typical transfer characteristics of an n-channel enhancement-mode IGFET/MOSFET, and Figure 14.15

shows the V   /I curves of the same device when powered from a GS D

15V supply. Note that no I current flows until the gate voltage  D

reaches a ‘threshold’(V ) value of a few volts, but that beyond this  TH

value the drain current rises in a non-linear fashion. Also note that the transfer graph is divided into two characteristic regions, as indi-cated by the dotted line, these being the ‘triode’region and the ‘sat -u r a t e d ’ r egion.  In  the  triode  region,  the  device  acts  like  a voltage-controlled resistor; in the saturated region it acts like a volt-age-controlled constant-current generator.
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Figure 14.14. Typical tra n s fer chara c t e ristics of n-channel enhancement-mode IGFET/MOSFET.
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F i g u r e 1 4 . 1 5.     Typical VG S/ ID   c h a ra c t e ristics of n-channel enhancement-mode IGFET/MOSFET.
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The basic n-channel MOSFETs of Figures 14.12 and 14.13 can be converted to p-channel devices by simply transposing their p and n materials, in which case their symbols must be changed by revers-ing the directions of their substrate arrows.

A number of sub-variants of the MOSFET are in common use. The type known as ‘DMOS’uses a double-diffused manufacturing tech-nique to provide it with a very short conduction channel and a con -sequent ability to operate at very high switching speeds. Several other MOSFET variants are described in the remainder of this chap-ter.

Note that the very high gate impedance of MOSFET devices makes them liable to damage from electrostatic discharges, and for this reason they are often provided with internal protection via integral diodes or zeners, as shown in the example of Figure 14.16.

 

VFET devices

In a normal small-signal JFET or MOSFET, the main signal current flows ‘laterally’ (see Figures 14.3, 14.12, and 14.13) through the device’s conductive channel. This channel is very thin, and maxi-mum operating currents are consequently very limited (typically to maximum values in the range 2 to 40mA).

In post-1970 times, many manufacturers have tried to produce
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Figure 14.16. Internally protected n-channel depletion-mode IGFET/MOSFET.
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viable high-power/high-current versions of the FET, and the most successful of these have relied on the use of a ‘vertical’(rather than lateral) flow of current through the conductive channel of the device. One of the best known of these devices is the ‘VFET’, an enhancement-mode power MOSFET which was first introduced by Siliconix way back in 1976.

Figure 14.17 shows the basic structure of the original Siliconix VFET. It has an essentially 4-layer structure, with an n-type source layer at the top, followed by a p-type ‘body’layer, an epitaxial n-type layer, and (at the bottom) an n-type drain layer. Note that a ‘V’ groove (hence the ‘VFET’title) passes through the first two layers and into the third layer of the device and is electrostatically con-nected (via an insulating silicon dioxide film) to the gate terminal.

If the gate is shorted to the source, and the drain is made positive, no drain-to-source current flows, because the diode formed by the p and n materials is reverse biased. But if the gate is made positive to the source the resulting electrostatic field converts the area of p-type material adjacent to the gate into n-type material, thus creating a conduction channel in the position shown in Figure 14.17 and enabling current to flow vertically from the drain to the source. As the gate becomes more positive, the channel width increases, enabling the drain-to-source current to increase as the drain-to-source resistance decreases. This basic VFET can thus pass reason-ably high currents (typically up to 2A) without creating excessive current density within the channel regions.

[image: ]

 

Figure 14.17 . Basic structure of the VFET power device.

 

The original Siliconix VFET design of Figure 14.17 was successful, but imperfect. The sharp bottom of its V-groove caused an excessive electric field at this point and restricted the device’s operating volt-age. Subsequent to the original VFET introduction, Intersil intro-duced their own version of the ‘VMOS’technique, with a U-shaped groove (plus other modifications) that improved device reliability and gave higher maximum operating currents and voltages. In 1980, Siliconix added these and other modifications to their own VFET devices, resulting in further improvements in performance.
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Other power FETs

Several manufacturers have produced viable power FETs without using ‘V’- or ‘U’-groove techniques, but still relying on the vertical flow of current between drain and source. In the 1980s Hitachi pro-duced both p-channel and n-channel power MOSFET devices with ratings up to 8A and 200V; these devices were intended for use mainly in audio and low-RF applications.

Supertex of California and Ferranti of England pioneered the devel-opment of a range of power MOSFETS with the general title of ‘vertical DMOS’. These featured high operating voltages (up to 650V), high current rating (up to 16A), low on resistance (down to 50 milliohms) and very fast operating speeds (up to 2GHz at 1A, 500MHz at 10A). Siemens of West Germany used a modified ver-sion of DMOS, known as SIPMOS, to produce a range of n-chan-nel devices with voltage ratings as high as 1kV and with current ratings as high as 30A.

One International Rectifier solution to the power MOSFET probl e m is a device which, in effect, houses a vast arr ay of parallel-connected low-power vertical MOSFETs or ‘cells’ which share the total cur-rent equally between them and thus act like a single high-power MOSFET, as indicated in Figure 14.18. These devices are named HEXFET, after the hexagonal structure of these cells, which have a density of about 100000 per square centimetre of semiconductor material.
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Figure 14.18. The IR HEXFET comprises a balanced matrix of parallel-connected low-power MOSFETs, which are equivalent to a single high-power MOSFET.

 

Several manufacturers produce power MOSFETs that each com-prise a large array of parallel-connected low-power lateral (rather than horizontal) MOSFET cells that share the total operating cur-rent equally between them; the device thus acts like a single high-power MOSFET. These high-power devices are known as lateral MOSFETs or L-MOSFETs, and give a performance that is particu-larly useful in super-fiaudio power amplifier applications.

Note that, in parallel-connected MOSFETs (as used in the internal s t ructure of the HEXFET and L-MOSFET devices described above), equal current sharing is ensured by the conduction channel’s positive temperature coefficient; if the current in one MOSFET becomes excessi ve, the resultant heating of its channel raises its resistance, thus reducing its current flow and tending to equalise it
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with that of other parallel-connected MOSFETs. This feature makes such power MOSFETs almost immune to thermal runaway prob -lems.

Today (in the year 2000), a vast range of power MOSFET types are manufactured; ‘low-voltage’ n-channel types are readily available with voltage/current ratings as high as 100V/75A, and ‘high-voltage’ones with ratings as high as 500V/25A.

One of the most important recent developments in the power-MOSFET field has been the introduction of a variety of so-called ‘intelligent’or ‘smart’MOSFETs with built-in overload protection circuitry; these MOSFETs usually carry a distinctive registered trade name. Philips devices of this type are known as TOPFETs (Temperature and Overload Protected MOSFETs); Figure 14.19 shows (in simplified form) the basic internal circuitry and the cir-cuit symbol of the TOPFET.
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Figure 14.19 . The basic internal circuitry (a) and the circuit symbol (b) of the TOPFET (Temperature and Overload Protected MOSFET).

 

The Siemens version of the smart MOSFET is known as the PROFET. PROFET devices incorporate protection against damage from short circuits, overtemperature, overload, and electrostatic dis-charge (ESD). International Rectifier produce a range of smart n-channel  MOSFETs  known  as  SMARTETs;  these  incorp o r a t e protection against damage from short circuits, overtemperature, overvoltage, and ESD.

Finally, yet another recent and important development in the n-channel power MOSFET field has been the production – by various manufacturers – of a range of high-power devices known as IGBTs (Insulated Gate Bipolar Transistors), which have a MOSFET-type input and an internally protected high-voltage high-current bipolar transistor output. Figure 14.20 shows the normal circuit symbol of the IGBT. Devices of this type usually have voltage/current/power ratings ranging from as low as 600V/6A/33W (in the device known as the HGTD3N603), to as high as 1200V/520A/3000W (in the device known as the MG400Q1US51).

 

CMOS basics

One major FET application is in digital ICs. The best known range of such devices uses the technology known as CMOS, and relies on 290
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Figure 14.20 . Normal circuit symbol of the IGBT (Insulated Gate Bipolar Transistor).
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the use of Complementary pairs of MOSFETs. Figure 14.21 illus-trates basic CMOS principles. The basic CMOS device comprises a p-type and n-type pair of enhancement-mode MOSFETs, wired in series, with their gates shorted together at the input and their drains tied together at the output, as shown in Figure 14.21(a). The pair are meant to use logic-0 or logic-1 digital input signals, and Figures 14.21(b) and 14.21(c) respectively show the device’s equivalent cir-cuit under these conditions.
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Figure 14.21. Basic CMOS circuit (a), and its equivalent with (b) a logic-0 input and (c) a logic-1 input.

 

When the input is at logic-0, the upper (p-type) MOSFET is biased fully on and acts like a closed switch, and the lower (n-type) MOSFET is biased off and acts like an open switch; the output is thus effectively connected to the positive supply line (logic-1) via a series resistance of about 100R. When the input is at logic-1, the MOSFET states are reversed, with Q1 acting like an open switch and Q2 acting like a closed switch, so the output is effectively con-nected to ground (logic-0) via 100R. Note in both cases that the entire signal current is fed to the load, and none is shunted off by the CMOS circuitry; this is a major feature of CMOS technology.

15 JFET circuits

 




Chapter 14 explained (among other things) the basic operating prin-ciples of JFETs. JFETs are low-power devices with a very high input resistance and invariably operate in the depletion mode, i.e., they pass maximum current when the gate bias is zero, and the cur-rent is reduced (‘depleted’) by reverse biasing the gate terminal. Most JFETs are n-channel (rather than p-channel) devices; two of the oldest and best known n-channel JFETs are the 2N3819 and the MPF102, which are usually housed in TO92 plastic packages with the connections shown in Figure 15.1 ; Figure 15.2 lists the basic characteristics of these two devices. This chapter looks at basic usage information and applications of JFETs; all practical circuits shown here are specifically designed around the 2N3819, but will operate equally well when using the MPF102.
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Figure 15.1 . Outline and connections of the 2N3819 and MPF102 JFETs.
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Figure 15.2 . Basic characteristics of the 2N3819 and MPF102 n-channel JFETs.

 

JFET biasing

The JFET can be used as a linear amplifier by reverse biasing its gate relative to its source terminal, thus driving it into the linear region. Three basic JFET biasing techniques are in common use. The simplest of these is the ‘self-biasing’system shown in Figure 15.3, in which the gate is grounded via Rg, and any current flowing in Rs drives the source positive relative to the gate, thus generating

reverse bias. Suppose that an I of 1mA is wanted, and that a V DGS bias of –2V2 is needed to set this condition; the correct bias can 292
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obviously be obtained by giving Rs a value of 2k2; if I tends to fall D for some reason, V naturally falls as well and thus makes I  GSD

increase and counter the original change; the bias is thus self-regulating via negative feedback.

In practice, the V    value needed to set a given I   varies widely GS D between individual JFETS, and the only sure way of getting a pre-

cise I value in this system is to make Rs a variable resistor; the  D

system is, however, accurate enough for many applications, and is the most widely used of the three biasing methods.
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Figure 15.3. Basic JFET Ôself-biasingÕsystem.

 

A more accurate way of biasing the JFET is via the ‘offset’system of Figure 15.4(a), in which divider R1–R2 applies a fixed positive bias to the gate via Rg, and the source voltage equals this voltage

minus V . If the gate voltage is large relative to V   , I   is set GS GS D mainly by Rs and is not greatly influenced by V variations. This  GS

system thus enables I values to be set with good accuracy and  D

without need for individual component selection. Similar results can be obtained by grounding the gate and taking the bottom of Rs to a large negative voltage, as in Figure 15.4(b).

The third type of biasing system is shown in Figure 15.5, in which

constant-current generator Q2 sets the I , irrespective of the JFET D characteristics. This system gi ves excellent biasing stability, but at the expense of increased circuit complexity and cost.

In the three biasing systems described, Rg can have any value up to
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Figure 15.4. Basic JFET Ôoffset biasingÕsystem.
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Figure 15.5 . Basic JFET Ôconstant-currentÕbiasing system.
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10M, the top limit being imposed by the volt drop across Rg caused by gate leakage currents, which may upset the gate bias.

 

Source follower circuits

When used as linear amplifiers, JFETs are usually used in either the source follower (common-drain) or common-source modes. The source follower gives a very high input impedance and near-unity voltage gain (hence the alternative title of ‘voltage follower’). Figure 15.6 shows a simple self-biasing (via RV1) source follower; RV1 is used to set a quiescent R2 volt-drop of 5V6. The circuit’s actual input-to-output voltage gain is 0.95. A degree of bootstrap-ping is applied to R3 and increases its effective impedance; the cir-cuit’s actual input impedance is 10M shunted by 10pF, i.e., it is 10M at very low frequencies, falling to 1M0 at about 16kHz and 100k at 160kHz, etc.

Figure 15.7 shows a source follower with offset gate biasing. Overall voltage gain is about 0.95. C2 is a bootstrapping capacitor and raises the input impedance to 44M, shunted by 10pF.

Figure 15.8 shows a hybrid (JFET plus bipolar) source follower.
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Figure 15.6 . Self-biasing source follower. Zin = 10M. 294
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Figure 15.7. Source follower with offset biasing. Zin = 44M.

[image: ]

 

Offset biasing is applied via R1–R2, and constant-current generator Q2 acts as a very-high-impedance source load, giving the circuit an overall voltage gain of 0.99. C2 bootstraps R3’s effective impedance up to 1000M, which is shunted by the JFET’s gate impedance; the input impedance of the complete circuit is 500M, shunted by 10pF. Note that if the high effective value of input impedance of this cir-cuit is to be maintained, the output must either be taken to external loads via an additional emitter follower stage (as shown dotted in the diagram) or must be taken only to fairly high impedance loads.
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Figure 15.8. Hybrid source follower. Zin = 500M.

 

Common-source ampliÞers

Figure 15.9 shows a simple self-biasing common-source amplifier; RV1 is used to set a quiescent 5V6 across R3. The RV1–R2 biasing network is ac-decoupled via C2, and the circuit gives a voltage gain of 21dB (= x12), and has a ±3dB frequency response that spans 15Hz to 250kHz and an input impedance of 2M2 shunted by 50pF (this high shunt value is due to Miller feedback, which multiplies the JFET’s effective gate-to-drain capacitance by the circuit’s x12 Av value).

Figure 15.10 shows a simple self-biasing headphone amplifier that
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Figure 15.9 . Simple self-biasing common-source ampliÞer.
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Figure 15.10 . Simple headphone ampliÞer.

[image: ]

 

can be used with headphone impedances of 1k0 or greater. It has a built-in volume control (RV1), has an input impedance of 2M2, and can use any supply in the 9V to 18V range.

Figure 15.11 shows a self-biasing add-on pre-amplifier that gives a voltage gain in excess of 20dB, has a bandwidth that extends beyond 100kHz, and has an input impedance of 2M2. It can be used with any amplifier that can provide a 9V to 18V power source.
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Figure 15.11. General-purpose add-on pre-ampliÞer. 296
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Figure 15.12 . Common-source ampliÞer with offset gate biasing.
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Figure 15.13. ÔHybridÕcommon-source ampliÞer .
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JFET common-source amplifiers can, when very high biasing accu-racy is needed, be designed using either the ‘offset’ or ‘constant-current’biasing technique. Figures 15.12and 15.13 show circuits of these types. Note that the ‘offset’circuit of Figure 15.12 can be used with supplies in the range 16V to 20V only, while the hybrid circuit of Figure 15.13 can be used with any supply in the 12V to 20V range. Both circuits give a voltage gain of 21dB, a ±3dB bandwidth of 15Hz to 250kHz, and an input impedance of 2M2.

 

Dc voltmeters

Figure 15.14 shows a JFET used to make a simple 3-range dc volt-meter with a maximum f.s.d. sensitivity of 0.5V and an input impedance of 11M1. Here, R6–RV2 and R7 form a potential divider across the 12V supply and, if the R7–RV2 junction is used as the circuit’s zero-voltage point, sets the top of R6 at +8V and the bottom of R7 at –4V. Q1 is used as a source follower, with its gate grounded via the R1 to R4 network, and is offset biased by taking its source to –4V via R5; it consumes about 1mA of drain current.
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In Figure 15.14 , R6–RV2 and Q1–R5 act as a Wheatstone bridge network, and RV2 is adjusted so that the bridge is balanced and zero current flows in the meter in the absence of an input voltage at Q1 gate. Any voltage applied to Q1 gate then drives the bridge out of balance by a proportional amount, which can be read directly on the meter. R1 to R3 form a range multiplier network that, when RV1 is correctly adjusted, gives f.s.d. ranges of 0.5V, 5V, and 50V. R4 pro-tects Q1’s gate against damage if excessive input voltage is applied to the circuit.

To use the Figure 15.14 circuit, first trim RV2 to give zero meter reading in the absence of an input voltage, and then connect an accurate 0.5V dc to the input and trim RV1 to give a precise full-scale meter reading. Repeat these adjustments until consistent zero and full-scale readings are obtained; the unit is then ready for use. In practice, this very simple circuit tends to drift with variations in supply voltage and temperature, and fairly frequent trimming of the zero control is needed. Drift can be greatly reduced by using a zener-stabilised 12V supply.
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Figure 15.14 . Simple three-range dc voltmeter.

 

Figure 15.15 shows a low-drift version of the JFET voltmeter. Q1 and Q2 are wired as a differential amplifier, so any drift occurring on one side of the circuit is automatically countered by a similar drift on the other side, and good stability is obtained. The circuit uses the ‘bridge’ principle, with Q1–R5 forming one side of the bridge and Q2–R6 forming the other. Q1 and Q2 should ideally be

a matched pair of JFETs, with I values matched within 10%. The  DSS

circuit is set up in the same way as that of Figure 15.14.

 

Miscellaneous JFET circuits

To conclude this chapter, Figures 15.16 to 15.19 show a miscella-neous collection of useful JFET circuits. The Figure 15.16 design is that of a very-low-frequency (VLF) astable or free-running multivi-brator; its on and off periods are controlled by C1–R4 and C2–R3, 298
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Figure 15.15. Low-drift three-range dc voltmeter.
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and R3 and R4 can have values up to 10M. With the values shown, the circuit cycles at a rate of once per 20 seconds, i.e., at a frequen-cy of 0.05Hz; start button S1 must be held closed for at least one second to initiate the astable action.
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Figure 15.16. VLF astable multivibrator.

 

Figure 15.17 shows, in basic form, how a JFET and a 741 op-amp can be used to make a voltage-controlled amplifier/attenuator. The op-amp is used in the inverting mode, with its voltage gain set by the R2/R3 ratio, and R1 and the JFET are used as a voltage-controlled input attenuator. When a large negative control voltage is fed to Q1 gate the JFET acts like a near-infinite resistance and causes zero signal attenuation, so the circuit gives high overall gain, but when the gate bias is zero the FET acts like a low resistance and causes heavy signal attenuation, so the circuit gives an overall signal loss. Intermediate values of signal attenuation and overall gain or loss can be obtained by varying the control voltage value.

Figure 15.18 shows how this voltage-controlled attenuator tech-nique can be used to make a ‘constant-volume’amplifier that pro-
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Figure 15.17 . Voltage-controlled ampliÞer/attenuator.
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duces an output signal level change of only 7.5dB when the input signal level is varied over a 40dB range (from 3mV to 300mV r.m.s.). The circuit can accept input signal levels up to a maximum of 500mV r.m.s. Q1 and R4 are wired in series to form a voltage-controlled attenuator that controls the input signal level to common-emitter amplifier Q2, which has its output buffered via emitter f o l l ower      Q3.      Q3’s     output     is     used     to     generate     (via C5–R9–D1–D2–C4–R5) a dc control voltage that is fed back to Q1’s gate, thus forming a dc negative-feedback loop that automati -cally adjusts the overall voltage gain so that the output signal level tends to remain constant as the input signal level is varied, as follows.

When a very small input signal is applied to the circuit, Q3’s output signal is also small, so negligible dc control voltage is fed to Q1’s gate; Q1 thus acts as a low resistance under this condition, so almost the full input signal is applied to Q2 base, and the circuit gives high overall gain. When a large input signal is applied to the circuit, Q3’s output signal tends to be large, so a large dc negative control volt-age is fed to Q1’s gate; Q1 thus acts as a high resistance under this
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Figure 15.18. Constant-volume ampliÞer.
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condition, so only a small part of the input signal is fed to Q2’s base, and the circuit gives low overall gain. Thus, the output level stays fairly constant over a wide range of input signal levels; this charac-teristic is useful in cassette recorders, intercoms, and telephone amplifiers, etc.

Finally, Figure 15.19 shows a JFET used to make a dc-to-ac con-verter or ‘chopper’that produces a squarewave output with a peak amplitude equal to that of the dc input voltage. In this case Q1 acts like an electronic switch that is wired in series with R1 and is gated on and off at a 1kHz rate via the Q2–Q3 astable circuit, thus giving the dc-to-ac conversion. Note that Q1’s gate-drive signal amplitude can be varied via RV1; if too large a drive is used, Q1’s gate-to-source junction starts to avalanche, causing a small spike voltage to break through the drain and give an output even when no dc input is present. To pre vent this, connect a dc input and then trim RV1 until the output is just on the verge of decreasing; once set up in this way, the circuit can be reliably used to chop voltages as small as a fraction of a millivolt.
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Figure 15.19. Dc-to-ac converter or chopper circuit.

16 MOSFET and CMOS circuits

 




Chapter 14 explained the basic operating principles of the MOSFET (or IGFET), and pointed out that complementary enhancement-mode pairs of these devices form the basis of the digital technology known as CMOS. The present chapter looks at practical applica-tions of MOSFETs and CMOS-based MOSFET devices.

 

A MOSFET introduction

MOSFETs are available in both depletion-mode and enhancement-mode versions. Depletion-mode types give a performance similar to a JFET, but with a far higher input resistance (i.e., with a far higher low-frequency input impedance). Some depletion-mode MOSFETs are equipped with two independent gates, enabling the drain-to-source currents to be controlled via either or both of the gates; these devices (which are often used as signal mixers in VHF tuners) are known as dual-gate or tetrode MOSFETs, and use the symbol shown in Figure 16.1.
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Figure 16.1. Symbol of the dual-gate or tetrode MOSFET.

 

Most modern MOSFETs are enhancement-mode devices, in which the drain-to-source conduction channel is closed when the gate bias is zero, but can be opened by applying a forward gate bias. This ‘normally open-circuit’ action is implied by the gaps between source and drain in the device’s standard symbol, shown in Figure 16.2(a), which depicts an n-channel MOSFET (the arrow head is reversed in a p-channel device). In some devices the semiconductor substrate is made externally available, creating a ‘four-terminal’ MOSFET, as shown in Figure 16.2(b).

Figure 16.3 shows typical transfer characteristics of an n-channel

enhancement-mode MOSFET, and Figure 16.4 shows the V /I  GSD

curves of the same device when powered from a 15V supply. Note
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Figure 16.2 . Standard symbols of (a) three-pin and (b) four-pin n-channel enhancement-mode MOSFETs.
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that no significant I current fl ows until the gate voltage rises to a  D

threshold (V ) value of a few volts, but that beyond this value the  TH

drain current rises in a non-linear fashion. Also note that the Figure 16.3 graph is divided into two characteristic regions, as indicated by the dotted line, these being the ‘triode’ region, in which the MOSFET acts like a voltage-controlled resistor, and the ‘saturated’ region’, in which it acts like a voltage-controlled constant-current generator.

Because of their very high input resistances, MOSFETs are vulner-a ble to damage via electrostatic discharges; for this reason, MOSFETs are sometimes provided with integral protection via diodes or zeners.
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Figure 16.3. Typical tra n s fer chara c t e ristics of 4007UB n-channel enhancement-mode MOSFETs.
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Figure 16.4. Typical V   /I characteristics of 4007UB n-channel GS D

enhancement-mode MOSFET.
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The 4007UB

The easiest and cheapest practical way of learning about enhance-ment-mode MOSFETs is via a 4007UB IC, which is the simplest member of the popular CMOS ‘4000-series’ digital IC range and actually houses six useful MOSFETs in a single 14-pin DIL pack-age.

Figure 16.5 shows the functional diagram and pin numbers of the 4007UB, which houses two complementary pairs of independently-accessible MOSFETs and a third complementary MOSFET pair that are connected as a standard CMOS inverter stage. Each of the IC’s three independent input terminals is internally connected to the standard CMOS protection network shown in Figure 16.6. Within the IC, Q1, Q3 and Q5 are p-channel MOSFETs, and Q2, Q4 and Q6 are n-channel types. Note that the performance graphs of Figures 16.3 and 16.4 actually apply to the individual n-channel devices within this CMOS IC.
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Figure 16.5. Functional diagram of the 4007UB dual CMOS pair plus inverter.
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Figure 16.6. Internal-protection network (within dotted lines) on each input of the 4007UB.

 

The 4007UB usage rules are simple. In any given application, all unused IC elements must be disabled. Complementary pairs of MOSFETs can be disabled by connecting them as standard CMOS inverters (i.e., gate-to-gate and source-to-source) and tying their inputs to ground, as shown in Figure 16.7. Individual MOSFETs 304
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Figure 16.7 . Individual 4007UB complementary pairs can be disabled by connecting them as CMOS inverters and grounding their inputs.
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can be disabled by tying their source to their substrate and leaving the drain open-circuit. In use, the IC’s input terminal must not be

allowed to rise above V (the supply voltage) or fall below V  DDSS

(zero volts). To use an n-channel MOSFET, the source must be tied

to V , either directly or via a current-limiting resistor. To use a p- SS

channel MOSFET, the source must be tied to V , either directly or  DD

via a current-limiting resistor.

 

Linear operation

To fully understand the operation and vagaries of CMOS circuitry, it is necessary to understand the linear characteristics of basic MOSFETs, as shown in the graph of Figure 16.4; note that negligi-ble drain current flows until the gate rises to a ‘threshold’ value of about 1.5 to 2.5V, but that the drain current then increases almost linearly with further increases in gate voltage.

Figure 16.8 shows how to use an n-channel 4007UB MOSFET as a linear inverting amplifier. R1 acts as Q2’s drain load, and R2–Rx bias the gate so that Q2 operates in the linear mode. The Rx value is selected to give the desired quiescent drain voltage, and is nor-mally in the 18k to 100k range. The amplifier can be made to give a very high input impedance by wiring a 10M isolating resistor between the R2–Rx junction and Q2 gate, as shown in Figure 16.9.
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Figure 16.8. Method of biasing n-channel 4007UB MOSFETs fo r use as a linear inve rting ampliÞer (with medium input impedance).
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Figure 16.9 . High impedance version of the inverting ampliÞer.
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Figure 16.10 shows how to use an n-channel MOSFET as a unity-gain non-inverting common-drain amplifier or source follower. The MOSFET gate is biased at half-supply volts by the R2–R3 divider, and the source terminal automatically takes up a quiescent value

that is slightly more than V below the gate value. The basic cir- TH

cuit has an input impedance equal to the paralleled values or R2 and R3 (=50k), but can be increased to greater than 10M by wiring R4 as shown. Alternatively, the input impedance can be raised to sever-al hundred megohms by bootstrapping R4 via C1 as shown in Figure 16.11.
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Figure 16.10 . Methods of biasing n-channel 4007UB MOSFET as a unity-gain non-inverting ampliÞer or source follower.

 

Note from the above description that the enhancement-mode MOSFET performs like a conventional bipolar transistor, except that it has an ultra-high input impedance and has a substantially larger input-offset voltage (the base-to-emitter offset of a bipolar is typically 600mV, while the gate-to-source offset voltage of a MOSFET is typically 2 volts). Allowing for these differences, the enhancement-mode MOSFET can thus be used as a direct replace-ment in many small-signal bipolar transistor circuits.
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Figure 16.11. Bootstrapped source follower has ultra-high input impedance.
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The CMOS inverter

A major application of enhancement-mode MOSFETs is in the basic CMOS inverting stage of Figure 16.12(a), in which an n-channel and a p-channel pair of MOSFETs are wired in series but share common input and output terminals. This basic CMOS circuit is primarily meant for use in digital applications (as described towards the end of Chapter 14), in which it consumes negligible quiescent current but can source or sink substantial output currents; Figures 16.12(b) and 16.12(c) show the inverter’s digital truth table and its circuit symbol. Note that Q5 and Q6 of the 4007UB IC are fixed-wired in the CMOS inverter configuration.

Although intended primarily for digital use, the basic CMOS invert-er can be used as a linear amplifier by biasing its input to a value between the logic-0 and logic-1 levels; under this condition Q1 and Q2 are both biased partly on, and the inverter thus passes significant

quiescent current. Figure 16.13 shows the typical drain-current (I ) D transfer characteristics of the circuit under this condition; I is zero  D

when the input is at zero or full supply volts, but rises to a maxi-mum value (typically 0.5mA at 5V, or 10.5mA at 15V) when the input is at roughly half-supply volts, under which condition both MOSFETs of the inverter are biased equally.

Figure 16.14 showns the typical input-to-output voltage transfer characteristics of the simple CMOS inverter at different supply
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Figure 16.12. Circuit (a), truth table (b) and symbol (c) of the basic CMOS digital inverter.
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Figure 16.13 . Drain-current transfer characteristics of the simple CMOS inverter.
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voltage values. Note that the output voltage changes by only a small

amount when the input voltage is shifted around the V and 0V  DD

levels, but that when V is biased at roughly half-supply volts a  in

small change of input voltage causes a large change of output volt-age: typically, the inverter gives a voltage gain of about 30dB when used with a 15V supply, or 40dB at 5V.

[image: ]

 

Figure 16.14. Typical input-to-output voltage transfer character-istics of the 4007UB simple CMOS inverter.

 

Fi g u re  16.15 s h ows  a  practical  linear  CMOS  inve rting  amplifi e r stage. It is biased by wiring 10M resistor R1 between the input and output terminals, so that the output self-biases at approx i-m a t e ly  half-supply  volts. Fi g u re  16.16 s h ows  the  typical  vo l t a g e gain and frequency characteristics of this circuit when operated at three altern a t ive supply rail values; this graph assumes that the a m p l i fier  output  is  feeding  into  the  high  impedance  of  a 308
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Figure 16.15 . Method of biasing the simple CMOS inverter for linear operation.
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Figure 16.16. Typical A V and frequency characteristics of the linear-mode basic CMOS ampliÞer.
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10M/15pF oscilloscope probe, and under this condition the circuit has a bandwidth of 2.5MHz when operating from a 15V supply.

As would be expected from the voltage transfer graph of Figure 16.14, the distortion characteristics of the CMOS linear amplifier are quite good with small-amplitude signals (output amplitudes up to 3V peak-to-peak with a 15V supply), but the distortion then increases as the output approaches the upper and lower supply limits. Unlike a bipolar transistor circuit, the CMOS amplifier does not ‘clip’ excessive sinewave signals, but progressively rounds off their peaks.

Figure 16.17 shows the typical drain-current versus supply-voltage characteristics of the CMOS linear amplifier. The current typically varies from 0.5mA at 5V, to 12.5mA at 15V.

In many applications, the quiescent supply current of the 4007UB CMOS amplifier can be usefully reduced, at the cost of reduced amplifier bandwidth, by wiring external resistors in series with the source terminals of the two MOSFETs of the CMOS stage, as shown in the ‘micropower’ circuit of Figure 16.18 . This diagram also lists the effects that different resistor values have on the drain current, voltage gain, and bandwidth of the amplifier when operat-ed from a 15V supply and with its output loaded by a 10M/15pF oscilloscope probe.
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Figure 16.17. Typical I /V characteristics of the linear-mode  D  DD
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CMOS ampliÞer.
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Figure 16.18. M i c r o p ower 4007UB CMOS linear amplifier,

showing method of reducing I , with performance details. D

 

Note that the additional resistors of the Figure 16.18 circuit increase the output impedance of the amplifier (the output impedance is

roughly equal to the R1–A product), and this impedance and the  V

external load resistance/capacitance has a great effect on the over-all gain and bandwidth of the circuit. When using a 10k value for R1, for example, if the load capacitance is increased (from 15pF) to 50pF the bandwidth falls to about 4kHz, but if the capacitance is reduced to 5pF the bandwidth increases to 45kHz. Similarly, if the resistive load is reduced from 10M to 10k, the voltage gain falls to unity; for significant gain, the load resistance must be large relative to the output impedance of the amplifier.
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The basic (unbiased) CMOS inverter stage has an input capacitance of about 5pF and an input resistance of near-infinity. Thus, if the output of the Figure 16.18 circuit is fed directly to such a load, it shows a voltage gain of x30 and a bandwidth of 3kHz when R1 has a value of 1M0; it even gives a useful gain and bandwidth when R1 has a value of 10M, but consumes a quiescent current of only 0.4µA.

 

Practical CMOS

The CMOS linear amplifier can easily be used, in either its standard or micropower forms, to make a variety of fixed-gain amplifiers, mixers, integrators, active filters, and oscillators, etc. A selection of such circuits are shown in Figures 16.19 to 16.23.

Figure 16.19 shows the practical circuit of a x10 inverting amplifi-er. The CMOS stage is biased by feedback resistor R2, and the volt-age gain is set at x10 by the R1/R2 ratio. The input impedance of the circuit is 1M0, and equals the R1 value.
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Figure 16.19 . Linear CMOS ampliÞer wired as x10 inverting ampliÞer.

 

Figure 16.20 shows the above circuit modified for use as an audio ‘mixer’or analogue voltage adder. The circuit has four input termi-nals, and the voltage gain between each input and the output is fixed at unity by the relative values of the 1M0 input resistor and the 1M0 feedback resistor.

Figure 16.21 shows the basic CMOS amplifier used as a simple integrator.
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Figure 16.20 . Linear CMOS ampliÞer wired as unity-gain four-input audio mixer.
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Figure 16.21 . Linear CMOS ampliÞer wired as an integrator.
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Figure 16.22 shows the linear CMOS amplifier used as a crystal oscillator. The amplifier is linearly biased via R1 and provides 180° of phase shift at the crystal resonant frequency, thus enabling the circuit to oscillate. If the user wants the crystal to provide a fre-quency accuracy within 0.1% or so, Rx can be replaced by a short and C1–C2 can be omitted. For ultra-high accuracy, the correct values of Rx–C1–C2 must be individually determined (the diagram shows the typical range of values).

Finally, Figure 16.23 shows a ‘micropo wer’ version of the CMOS crystal oscillator. In this case, Rx is actually incorporated in the amplifier. If desired, the output of this oscillator can be fed directly to the input of an additional CMOS inverter stage, for improved waveform shape/amplitude.
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Figure 16.22. Linear CMOS ampliÞer wired as a crystal oscillator.
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Figure 16.23 . Micropower version of the crystal oscillator.

17 VMOS circuits

 

 




Chapter 14 explained the basic operating principles of those enhancement-mode powe r-FET devices known as VFETs or VMOS. The present chapter concludes the ‘FET’theme by showing practical VMOS applications.

 

A VMOS introduction

A VFET can, for most practical purposes, be simply regarded as a h i g h - p ower  version  of  a  conventional  enhancement-mode MOSFET. The specific form of VFET construction shown in Figure 14.7 (see Chapter 14) was pioneered by Siliconix in the mid-1970s, and the devices using this construction are marketed under the trade name ‘VMOS power FETs’ (Vertically-structured Metal-Oxide Silicon power Field-Effect Transistors). This ‘VMOS’name is tra-ditionally associated with the V-shaped groove formed in the struc-ture of the original (1976) versions of the device.

Siliconix VMOS power FETs are probably the best known type of VFETs. They are presently available as n-channel devices only, and usually incorporate an integral zener diode which gives the gate a high degree of protection against accidental damage; Figure 17.1 shows the standard symbol used to represent such a device, and Figure 17.2 lists the main characteristics of five of the most popu-lar members of the VMOS family; note in particular the very high maximum operating frequencies of these devices.

Other well known families of ‘Vertically-structured’power MOS -FETS are those produced by Hitachi, Supertex, and Ferranti, etc. Some of these V-type power MOSFETs are available in both n-
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Figure 17.1. Symbol of Siliconix VMOS power FET with integral zener diode gate protection.
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Figure 17.2. Major parameters of Þve popular n-channel Siliconix VMOS power FETs.
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channel and p-channel versions and are useful in various high-performance complementary audio power amplifier applications.

 

The VN66AF

The best way to get to know VMOS is to actually ‘play’with it, and the readily available Siliconix VN66AF is ideal for this purpose. It is normally housed in a TO202-style plastic-with-metal-tab package with the outline and pin connections shown in Figure 17.3.
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Figure 17.3. Outline and pin connections of the TO202-cased VN66AF power FET.

Figure 17.4 lists the major static and dynamic characteristics of the VN66AF. Points to note here are that the input (gate-to-source) signal must not exceed the unit’s 15V zener rating, and that the device has a typical dynamic input capacitance of 50pF. This capac-itance dictates the dynamic input impedance of the VN66AF; the static input impedance is of the order of a million megohms.
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Figure 17.4. Major static and dynamic characteristics of the

VN66AF.
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Figures 17.5 and 17.6 show the VN66AF’s typical output and satu-ration characteristics. Note the following specific points from these graphs.
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Figure 17.5.   Typical output characteristics of the VN66AF
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Figure 17.6. Typical saturation characteristics of the VN66AF

 

(1) The device passes negligible drain current until the gate voltage reaches a threshold value of about 1V; the drain current then increases non-linearly as the gate is varied up to about 4V, at which point the drain current value is about 400mA; the device has a square-law transfer characteristic below 400mA.

(2) The device has a highly linear transfer characteristic above
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400mA (4V on the gate) and thus offers good results as a low-distortion class-A power amplifier.

(3) The drain current is controlled almost entirely by the gate volt-age and is almost independent of the drain voltage so long as the device is not saturated. A point not shown in the diagram is that, for a given value of gate voltage, the drain current has a negative tem-perature coefficient of about 0.7% per °C, so that the drain current decreases as temperature rises. This characteristic gives a fair degree of protection against thermal runaway.

(4) When the device is saturated (switched fully on) the drain-to-source path acts as an almost pure resistance with a value controlled by the gate voltage. The resistance is typically 2R0 when 10V is on the gate, and 10R when 2V is on the gate. The device’s ‘off ’ resist-ance is in the order of megohms. These features make the device highly suitable for use as a low-distortion high-speed analogue power switch.

 

Digital circuits

VMOS can be used in a wide variety of digital and analogue appli-cations. It is delightfully easy to use in digital switching and ampli-fying applications; Figure 17.7 shows the basic connections. The load is wired between the drain and the positive supply rail, and the digital input signal is fed directly to the gate terminal. Switch-off occurs when the input goes below the gate threshold value (typical-ly about 1.2V). The drain ON current is determined by the peak amplitude of the gate signal, as shown in Figure 17.5, unless satu -ration occurs. In most digital applications the ON current should be chosen to ensure saturation.
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Figure 17.7.   Basic VMOS digital switch or ampliÞer.

 

The static input impedance of VMOS is virtually infinite, so zero drive power is needed to maintain the VN66AF in the ON or OFF state. Drive power is, however, needed to switch the device from one state to the other; this power is absorbed in charging or discharging the 50pF input capacitance of the VN66AF.

The rise and fall times of the output of the Figure 17.7 circuit are (assuming zero input rise and fall times) determined by the source impedance of the input signal, by the input capacitance and forward

transconductance of the VMOS device, and by the value of R . If L 316
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R is large compared to R , the VN66AF gives rise and fall times L S

of roughly 0.11nS per ohm of R value. Thus, a 100R source S impedance gives a 11nS rise or fall time. If R is not large com-L pared to R , these times may be considerably changed. S

A point to note when driving the VN66AF in digital applications is that its zener forward and reverse ratings must never be exceeded. Also, because of the very high frequency response of VMOS, the device is prone to unwanted oscillations if its circuitry is poorly designed. Gate leads should be kept short, or be protected with a ferrite bead or a small resistor in series with the gate.

VMOS can be interfaced directly to the output of a CMOS IC, as shown in Figure 17.8. Output rise and fall times of about 60nS can be expected, due to the limited output currents available from a single CMOS gate, etc. Rise and fall times can be reduced by driv-ing the VMOS from a number of CMOS gates wired in parallel, as shown in Figure 17.9, or by using a special high-current driver.
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Figure 17.8.   Methods of driving VMOS from CMOS.
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Figure 17.9. VMOS switching rise and fall times can be reduced

by driving it from parallel-connected gates, etc. This circuit gives typical rise and fall times of 25nS.

 

VMOS can be interfaced to the output of TTL (either standard or LS types) by using a pull-up resistor on the TTL output, as shown in Figure 17.10. The 5V TTL output of this circuit is sufficient to drive 600mA through a single VN66AF. Higher output currents can be obtained either by wiring a level-shifter stage between the TTL output and the VMOS input, or by wiring a number of VMOS devices in parallel, as shown in Figure 17.11.
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Figure 17.10.   Method of driving VMOS from TTL.
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Figure 17.11.   Method of boosting the output of Figure 17.10 by driving three VN66AFs in parallel.
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When using VMOS in digital switching applications, note that if inductive drain loads such as relays, self-interrupting bells or buzzers, or moving-coil speakers are used, clamping diodes must be connected as shown in Figure 17.12, to damp inductive back-emfs and thus protect the VMOS device against damage.
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Figure 17.12. If inductive loads such as relays (a) or bells,

buzzers or speakers (b) are used in digital switching circuits, pro -tection diodes must be wired as shown.

 

Some digital designs

Figures 17.13 to 17.18 show a few simple but useful digital appli-cations of the VN66AF. The touch-activated power switch of Figure 17.13 could not be simpler: when the ‘contacts’are open, zero volts are on the gate of the VN66AF, so the device passes zero current.
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Figure 17.13.   Touch-activated power switch.
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Figure 17.14.   Semi-latching touch-activated relay switch.
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Figure 17.15.   Water-activated power switch.
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When a resistance (zero to tens of megohms) is placed across the contacts (by contact with skin resistance), a substantial gate voltage is developed by potential divider action and the VN66AF passes a high drain current, thus acti vating the bell, buzzer or relay.

The Figure 17.14 circuit is similar to the above, but has two sets of touch contacts and gives a semi-latching relay action. When the ON contacts are touched, C1 charges via the skin resistance and turns the relay on. The resulting C1 charge then holds the relay on until the charge either leaks away naturally or is removed by briefly touching the OFF contacts.

The water-activated power switch of Figure 17.15 is similar to that of Figure 17.13, except that it is activated by the relatively low
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Figure 17.16.   Delayed-turn-off power switch.
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Figure 17.17.   Simple relay-output timer circuit.

[image: ]

 

Figure 17.18.   Warble-tone 6 watt alarm.
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resistance of water coming into contact with the two metal probes, rather than by skin contact.

In the manually activated delayed-turn-off circuit of Figure 17.16, C1 charges rapidly via R1 when push-button switch PB1 is closed, and discharges slowly via R2 when PB1 is open. The load thus acti-vates as soon as PB1 is closed, but does not deactivate until some tens of seconds after PB1 is released.

In the simple relay-output timer circuit of Figure 17.17, the VMOS device is driven by the output of a manually triggered monostable 320
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or one-shot multivibrator designed around two gates of a 4001B CMOS IC; the relay turns on as soon as PB1 is closed, and then turns off automatically again some pre-set ‘delay time’ later. The delay is variable from a few seconds to a few minutes via RV1.

Finally, Figure 17.18 shows the practical circuit of an inexpensive but very impressive alarm-call generator that produces a ‘dee-dah’ sound like that of a British police car siren. The alarm can be turned on by closing PB1 or by feeding a ‘high’ voltage to the R1–R2 junc-tion. The circuit uses an 8R0 speaker and generates roughly 6 watts of output power.

 

DC lamp controllers

Figures 17.19 to 17.21 show three simple but useful DC lamp con-troller circuits that can be used to control the brilliance of any 12V lamp with a power rating of up to 6 watts. A VMOS power FET can, for many purposes, be regarded as a voltage controlled constant-current generator; thus, in Figure 17.19, the VMOS drain current (and thus the lamp brightness) is directly controlled by the variable voltage of RV1’s slider. The circuit thus functions as a manual lamp dimmer.
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Figure 17.19.   Simple DC lamp dimmer.

 

The Figure 17.20 circuit is a simple modification of the above design, the action being such that the lamp turns on slowly when the switch is closed as C1 charges up via R3, and turns off slowly when the switch is opened as C1 discharges via R3.
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Figure 17.20.   Soft-start lamp switch.
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The Figure 17.21 circuit is an ultra-efficient  ‘digital’lamp  dimmer which controls the lamp brilliance without causing significant power loss across the VMOS device. The two 4011B CMOS gates form an astable multivibrator with a mark/space ratio that is fully variable from 10:1 to 1:10 via RV1; its output is fed to the VN66AF gate, and enables the mean lamp brightness to be varied from virtu-ally fully off to fully on. In this circuit the VMOS device is alter-n a t e ly switched fully on and fully off, so power losses are negligible.
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Figure 17.21.   High-efÞciency DC lamp dimmer.

 

Linear circuits

VMOS power FETs can, when suitably biased, easily be used in either the common-source or common-drain (voltage follower) linear modes. The voltage gain in the common-source mode is equal

to the product of R and the device’s g or forward transconduc- L  m

tance. In the case of the VN66AF, this gives a voltage gain of 0.25

per ohm of R value, i.e., a gain of x4 with a 16R load, or x25 with L

a 100R load. The voltage gain in the common-drain mode is slight-ly less than unity.

A VMOS power FET can be biased into the linear common-source mode by using the standard enhancement-mode MOSFET biasing technique shown in Figure 17.22, in which the R1–R2 potential divider is wired in the drain-to-gate negative feedback loop and sets the quiescent drain voltage at roughly half-supply value, so that maximal signal level swings can be accommodated before clipping occurs.

When, in the Figure 17.22 circuit, R3 has a value of zero ohms, the circuit exhibits an input impedance that, because of the ac negative feedback effects, is roughly equal to the parallel values of R1 and

R2 divided by the circuit’s voltage gain (RL × g ). If R3 has a finite m value, the input impedance is slightly less than the R3 value, unless ac feedback-decoupling capacitor C2 is fitted in place, in which case the input impedance is slightly greater than the R3 value.

Figure 17.23 shows how to bias the VN66AF for common-drain 322
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Figure 17.22. Biasing technique for linear common-source 

[image: ]

operation.

 

(voltage follower) operation. Potential divider R1–R2 sets the VMOS gate at a quiescent value slightly greater than half-supply voltage. When the R3 value is zero, the circuit input impedance is equal to the parallel values of R1 and R2. When the R3 value is finite, the input impedance equals the R3 value plus the parallel R1–R2 values. The input impedance can be raised to a value many times greater than R3 by adding the C2 ‘bootstrap’capacitor to the circuit.
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Figure 17.23 . Biasing techniques for linear common-drain (voltage follower) operation.
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Figure 17.24 . Simple class-A audio power ampliÞer gives 1% THD at 1W.
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Figure 17.24 shows a practical example of a VMOS linear applica-tion. The circuit is wired as a class-A power amplifier which, because of the excellent linearity of the VN66AF, gives remarkably little distortion for so simple a design. The VN66AF must be mounted on a good heat sink in this application. When the design is used with a purely resistive 8R0 load, the amplifier bandwidth extends up to 10MHz.
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Figure 17.25. 600mW radio-control or CW transmitter.

 

Finally, Figure 17.25 shows how a VN66AF can be used to make a simple but excellent 600mW radio control or CW transmitter output stage. The L1–C2 tank circuit and the L2–C3 antenna resonator component values must be chosen to suit the required operating fre-quency.

18 Modern UJT circuits

 

The Unijunction Transistor (UJT) is one of the oldest (1952) and simplest of all active semiconductor devices. For many years it was widely used as a general-purpose timer and oscillator, but in the early 1970s many of these tasks were taken over by low-cost ICs such as the 555 timer or by various types of CMOS IC, and the UJT slowly fell out of favour, eventually being relegated mainly to the high-energy pulse generating role. A similar fate befell its hopeful replacement,  the  PUT  (Progr a m m a ble  Unijunction  Tr a n s i s t o r ) , which is now little used. Both of these devices can now be regard-ed as obsolescent, but are still fairly readily available and are quite versatile. This chapter describes their operating principles, and shows how to use them in practical circuits.

 

UJT basics

The UJT consists of a bar of n-type silicon material with a non-rectifying contact at either end (base 1 and base 2), and with a rec-tifying contact (emitter) alloyed into the bar part way along its length, to form the only junction within the device (hence the name ‘unijunction’). Figure 18.1 shows the symbol, construction, and equivalent circuit of the UJT. A simple ‘inter-base’resistance (that of the silicon bar) appears between base 1 and base 2, and measures

the same in either direction; it is given the symbol R and has a  BB

typical value in the range 4k0 to 12k.

In use, base 2 is connected to a positi ve voltage and base 1 is taken

to zero volts (see Figure 18.1(c)), and R acts as a voltage divider  BB
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Figure 18.1. (a) UJT symbol, (b) UJT construction, (c) UJT equivalent circuit.
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with a division or ‘intrinsic stand-off ’ ratio ( η) that has a typical

value between 0.45 and 0.8. A ‘stand-off ’ voltage of ηV thus  BB

appears across the lower (r ) half of the bar under quiescent con- B1

ditions. The UJT’s emitter terminal is connected to this voltage via

junction D1. Normally, the emitter voltage (V ) is less than ηV ,  E  BB

so D1 is reverse biased and the emitter thus has a very high input impedance under this condition.

If V is steadily increased above ηV a point is reached where D1  E  BB

becomes forward biased, and current starts to flow from the emitter to base 1. This current consists mainly of minority carriers injected

into the silicon bar, and these drift to base 1 and reduce the rB1 resistance. This decrease in r    lowers the ηV    voltage, so the B1 BB emitter-to-base 1 current increases and makes the r value fall even  B1

more. If V has a low source impedance, a regenerative action thus E

takes place, and the emitter input impedance falls sharply, typically to a value of about 20R. The UJT thus acts as a voltage-triggered switch that has a very high input (emitter) impedance when the UJT is off and a very low one when it is on. The precise point at which

triggering occurs is called the ‘peak-point’ voltage, V , and is typi-p cally about 600mV above the ηV   value. BB

 

The UJT oscillator

The most basic UJT application is in the simple relaxation oscilla-tor of Figure 18.2. Here, C1 is fully discharged when the supply is initially connected, so the emitter is at ground potential and presents a very high impedance. C1 immediately starts to charge exponen-

tially towards V    via R1, but when the emitter reaches V the UJT BB p fires and rapidly discharges C1 into the low impedance of the emit-ter; when the emitter current falls below a critical value the UJT switches off, and C1 then starts to charge up again via R1, and the whole process repeats ad infinitum, generating a non-linear saw-tooth waveform across C1.
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Figure 18.2 . Basic UJT relaxation oscillator.

 

The UJT’s switch-off action occurs in each cycle when the total emitter current (the C1 discharge current plus the R1 current) falls

to a ‘valley-point’ value, I (typically 4mA). A minimum ‘peak- V

point emitter current’, I , is needed to initiate the UJT’s switch-on P

action, and typically has a value of 5µA. Thus, R1’s maximum to

minimum usable values are limited by the I and I characteristics. p V
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The oscillation frequency of the Figure 18.2circuit is given approx-

imately by f = 1/(CR), and is almost independent of V (typically,  BB

a 10% change in V   causes less than 1% change of f ). The R1 BB

value can typically be varied from about 3k0 to 500k, enabling the circuit to span a 100:1 frequency range via a single resistor. The C1 value can vary from a few hundred pF to hundreds of µF, enabling the circuit to be used over a very wide frequency range (from hun-dreds of kHz to below one cycle per minute).

In most practical UJT oscillators a resistor (R3) is wired between base 1 and ground, as shown in Figure 18.3, either to control C1’s discharge time or (more usually) to give a brief high-energy positive output pulse from C1’s discharge. A resistor (R2) may also be wired in series with base 2, either to enhance thermal stability or to enable a low-energy negative-going output pulse to be generated via C1’s discharge.
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Figure 18.3. Alternative version of the UJT oscillator.

 

Practical UJTs

The two best known and (in their heyday) most popular UJTs were the 2N2646 and the TIS43, which both had similar electrical speci -fications (see Figure 18.4), but differed in their packaging styles (the TIS43 used a plastic package and was far less expensive than the 2N2646). Both of these devices could use supplies up to a max-

imum of 35V and had maximum I and I ratings of 5µA and 4mA p V respectively, thus allowing a wide range of supply voltages and timing component values to be used. Although these actual UJT types are no longer made, near-equivalents are still produced and are fairly widely available; consequentl y, all of the practical UJT circuits shown in the rest of this chapter will (although specifically designed for use with the TIS43 UJT) work equally well with any current-production UJT type.

 

Practical waveform generators

UJTs can be used in a variety of pulse, sawtooth, and rectangular waveform generator applications. Figures 18.5to 18.9 show a selec-tion of practical circuits of these types.

Figure 18.5 is a wide-range pulse generator circuit, and generates a high-energy positi ve pulse across R3 and a low-energy negative-going one across R2. Both pulses are of similar form, but are in
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Figure 18.4. 2N2646 and TIS43 UJT data.
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Figure 18.5 . Wide-range pulse generator.
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anti-phase. With the component values shown the pulse width is constant at about 30µS over the frequency range 25Hz to 3kHz (adjustable via RV1). The pulse width and frequency range can be altered by changing the C1 value; reducing it by a decade reduces the pulse width and raises the operating frequency by a factor of 10; C1 can have any value from 100pF to 1000µF.

A non-linear sawtooth is generated across C1 in the Figure 18.5 cir-cuit, but is at a high impedance level and is thus not readily avail-able externally. Access can be gained to this sawtooth either by wiring a simple pnp emitter follower across the timing resistor net-work, as shown in Figure 18.6, or by wiring an npn Darlington emit-ter follower across C1, as in Figure 18.7. Note that Figure 18.6 gives a fixed-amplitude output that is referenced to the positive supply rail, and Figure 18.7 gives a variable-amplitude output that is referenced to the zero volts line.

The UJT oscillator can be made to generate a linear sawtooth wave-form by charging C1 via a constant-current generator rather than 328
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Figure 18.6. Wide-range non-linear sawtooth generator.
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Figure 18.7. Wide-range non-linear sawtooth generator with variable-amplitude ground-referenced output.

 

Figure 18.8 . This linear sawtooth generator can be used as a simple oscilloscope timebase generator.
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via a simple resistance. Figure 18.8 shows such a circuit. Q1 and its associated network form the constant-current generator, and the current magnitude (and thus the oscillation frequency) is variable via RV1. C1’s linear sawtooth waveform is made externally avail-able via the Q3–Q4 Darlington emitter follower and its amplitude is variable via RV3. With the component values shown the oscillation frequency is variable from 60Hz to 700Hz via RV1. The circuit can be used as a simple oscilloscope timebase generator by taking its sawtooth output to the ‘external timebase’ socket of the oscillo-scope and using the ‘positive flyback pulses’ from R5 for beam blanking. The generator can be synchronised to any external signal that is fed to the SYNC INPUT terminal.

Figure 18.9 shows how a UJT can be used to generate either a non-linear sawtooth or a rectangular waveform with an infinitely-variable mark–space ratio. The LF356 op-amp used here is a ‘fast’ device with a very high input impedance. When S1 is in the saw-tooth position this op-amp acts as a simple voltage follower, and C1’s sawtooth appears across output control RV2. When S1 is set to the rectangle position the op-amp is configured as a fast voltage comparator, with the sawtooth fed to its non-inverting input and a variable (via RV3) dc reference voltage fed to its inverting input; this simple arrangement converts the sawtooth waveform into a rec-tangular output that has its mark–space ratio fully variable via RV3.
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Figure 18.9. 25Hz to 3kHz generator produces a non-linear sawtooth or a rectangular waveform with fully-variable MÐS ratio.

 

Gadgets and novelties

Figures 18.10 to 18.14 show a variety of ways of using UJTs in handy gadgets and novelty circuits. Figure 18.10 is a simple morse-code practice oscillator; it generates a fixed tone (adjustable from 300Hz to 3kHz) directly in a small speaker whenever the morse key is closed.

Figure 18.11 is a musicians metronome with a beat rate variable from 20 to 200 per minute via RV1; the UJT’s output pulses are fed to the speaker via Q2, producing a distinct ‘click’each time the UJT completes a timing cycle.

Figure 18.12 is a multi-tone signalling system that consumes zero 330
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Figure 18.10. Simple code-practice oscillator; tone is variable from 300Hz to 3kHz.
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Figure 18.11. Metronome giving 20 to 200 beats per minute.

 

Figure 18.12. Simple multi-tone signalling system.
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quiescent current and generates a tone that is unique to each one of its three push-button operating switches; each switch connects the oscillator’s supply via an isolating diode, but selects a unique value of tone-generating timing resistor.

Figure 18.13 shows a simple rising-tone siren. When power is first applied C1 is fully discharged, so the UJT operates at a frequency set only by R3 and C2; C1 immediately starts to charge via R1, however, and its voltage causes C2’s charge current to increase via D1 and R2, raising the UJT’s frequency. Thus, the UJT’s oscillation frequency slowly rises as C1 charges up, as shown by the diagram’s exponential graph, and generates a distincti ve  ‘rising’tone.
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Figure 18.13 . Simple rising-tone siren.

 

Figure 18.14shows the UJT used as a light-sensitive oscillator, with an LDR acting as its main timing resistor. This LDR is a cadmium sulphide photocell; under dark conditions it acts as a very high resistance, so the operating frequency is low and is determined mainly by R1; under bright conditions the LDR resistance is very low, so the operating frequency is high and is determined mainly by R2. At intermediate light levels the UJT frequency is set mainly b y the LDR value and thus by the light level. This circuit can be used as a simple musical instrument that is pla yed by the light of a torch or by shadows cast by the hand.
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Figure 18.14. Light-sensitive oscillator.
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AC power control circuits

The most important use of the UJT is in AC power control applica-tions, where its high-energy time-delayed output pulses can be used to trigger SCRs or TRIACs and thus control the power feed to AC lamps, heaters, or motors, etc. A few simple circuits of this type are shown in Chapters 19 and 20.

 

PUTs and kindred devices

The action of a UJT oscillator can be simulated by the circuit of Figure 18.15, in which pnp transistor Q1 is in series with npn tran-sistor Q2; R1 and C1 control the circuit’s timing action, and R2–R3 apply a fixed voltage (the equivalent of the UJT’s intrinsic standoff ratio voltage) to Q1’s base; R5 shunts Q2’s base–emitter junction, so that Q2 is not driven on by Q1’s leakage current. At the start of each timing cycle the R1-C1 junction voltage is low, so Q1’s base– emitter junction is reverse biased and both transistors are cut off. C1 then charges via R1 until Q1’s base–emitter junction becomes for-ward biased, at which point both transistors switch on regenerative-ly and rapidly discharge C1 via current-limiting resistor R4, until the discharge current becomes so low that both transistors switch off again, and the timing sequence starts to repeat again.
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Figure 18.15. Transistor equivalent of the UJT oscillator.

 

A practical weakness of this circuit is that its transistors can easily be burnt out, since C1’s discharge current flows through their base–emitter junctions. This problem can be overcome by replacing the three components within the dotted lines with a PUT, which is the direct equivalent of Q1–Q2–R5 and uses the symbol and basic application circuit of Figure 18.16; it is so named because it acts like a Programmable Unijunction Transistor, in which the intrinsic

standoff ratio and R values can be ‘programmed’ by selecting the  BB

external R2 and R3 values.

Note that the PUT symbol of Figure 18.16 is similar to that of an SCR (see Chapter 19), except that the gate is related to the anode rather than the cathode; the PUT is in fact sometimes called an
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Figure 18.16. PUT symbol and basic oscillator circuit.
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anode-controlled SCR, and is one of four closely related pnpn ‘thyristor’devices; details of the other three members of the family are shown in Figures 18.17 to 18.19.

The SUS (Fi g u re 18.17) or Silicon Unilateral Switch acts like a PUT with a built-in zener between its gate and cathode. The gate pin is nor-m a l ly left open, and the device acts as a voltage-triggered self-latching switch that turns on when the anode voltage rises high enough (above 8V) to make the zener start to break down via Q1’s base–emitter junc-tion. Once the SUS has latched on, it can be turned off again by reduc-ing its anode current below the minimum holding va l u e .

The SCS (Figure 18.18) or Silicon Controlled Switch has the same symbol as an ordinary SCR, but differs from it in one important respect; it acts as a self-latching switch that can be triggered on by applying a positive trigger signal to its gate, but can be turned off again either by reducing its anode current below its minimum hold-ing value or (unlike an SCR) by briefly shorting or reverse biasing its gate-to-cathode junction.

Finally, the most versatile of all these devices is the thyristor tetrode which, as can be seen from Figure 18.19, can also be used as (and is often sold as) a PUT or SCS. This device has two gate terminals

(G and G ), and can be turned on either by driving G positive to C A C
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Figure 18.17 . (a) SUS symbol and (b) and (c) equivalent circuits. 334
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Figure 18.18. (a) SCS symbol and (b) transistor equivalent circuit.
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the cathode or by driving G negative to the anode, and can be gated  A

off either by driving G negative to the cathode or by driving G CA positive to the anode.

The best known practical versions of the thyristor tetrode are the BRY39, the 2N6027, and the D13T1, which are virtually identical devices. Figure 18.20 shows the basic details of the BRY39, which is housed in a TO-72 package. It can easily be used as a PUT or SCS.
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Figure 18.19 . (a) Thyristor tetrode symbol and (b) transistor equivalent circuit.
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Figure 18.20 . Basic details of the BRY39 (equivalent to the 2N6027 and D13T1) thyristor tetrode device, which can also be used as a PUT or SCS.

19 SCR circuits

 

An SCR (Silicon Controlled Rectifier) is a controllable medium- to high-power self-latching solid-state DC po wer switch. This chapter explains its basic operation and shows practical ways of using it.

 

SCR basics

An SCR is a four-layer pnpn silicon semiconductor device. It has three external terminals (anode, gate, and cathode) and uses the symbol of Figure 19.1(a) and has the transistor equivalent circuit of Figure 19.1(b). Figure 19.2 shows the basic way of using the SCR as a DC switch, with the anode positive relative to the cathode, and the SCR controlled via its gate. The basic characteristics of the SCR can be understood with the aid of these diagrams, as follows:

(1) When power is first applied to the SCR by closing S1 in Figure 19.2, the SCR is ‘blocked’and acts (between anode and cathode) like an open switch. This action is implied by Figure 19.1(b), i.e., Q2’s base current is derived from Q1 collector, and Q1’s base cur-rent is derived from either Q2 collector or the gate terminal; in the
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Figure 19.1. Alternative SCR symbols (a) and SCR equivalent circuit (b).
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Figure 19.2 . Basic way of using an SCR as a DC switch. 336
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latter case no base current is available, so both transistors are cut off, and only a small leakage current flows from anode to cathode.

(2) The SCR can be turned on and made to act like a forward-biased silicon rectifier by briefly applying gate current to it via S2; the SCR quickly (in a few microseconds) self-latches into the on state under this condition, and stays on even when the gate dri ve is removed. This action is implied by Figure 19.1(b); the initial gate current turns Q1 on, and Q1’s collector current turns Q2 on, and Q2’s collector current then holds Q1 on even when the gate drive is removed: a ‘saturation’potential of 1V or so is generated between the anode and cathode under the on condition.

(3) Only a brief pulse of gate current is needed to drive the SCR on. Once the SCR has self-latched, it can only be turned off again by briefly reducing its anode current below a certain ‘minimum hold-ing current’ value (typically a few milliamps); in AC applications turn-off occurs automatically at the zero-crossing point in each half-cycle.

(4) Considerable current gain is available between the gate and anode of the SCR, and low values of gate current (typically a few mA or less) can control high values of anode current (up to tens of amps). Most SCRs have anode ratings of hundreds of volts. The SCR gate characteristics are similar to those of a transistor base– emitter junction (see Figure 19.1(b)).

(5) Internal capacitance (a few pF) exists between the SCR’s anode and gate, and a sharply rising voltage appearing on the anode can cause enough signal breakthrough to the gate to trigger the SCR on. This ‘rate effect’turn-on can be caused by supply-line transients, etc. Rate-effect problems can be overcome by wiring a C–R smoothing network between the anode and cathode, to limit the rate of rise to a safe value.

 

AC power switching circuits

Figure 19.3 shows an SCR used in an AC power switching applica-tion; alternative component values are shown for use with 240V or (in parenthesis) 120V AC supplies. The AC power line signal is full-wave rectified via D1–D4 and applied to the SCR anode via lamp load LP1. If S1 is open, the SCR and lamp are off. If S1 is closed, R1–R2 apply gate drive to the SCR, which turns on and self-latches just after the start of each half-cycle and then turns off again automatically at the end of the half-cycle as its forward current falls below the minimum holding value. This process repeats in each half-cycle, and the lamp thus operates at full power under this con -dition. The SCR anode falls to about 1V when the SCR is on, so S1 and R1–R2 consume little mean power. Note that the lamp load is shown placed on the DC side of the bridge rectifier, and this circuit is thus shown for use with DC loads; it can be modified for use with AC loads by simply placing the load on the AC side of the bridge, as in Figure 19.4.

Note that SCRs can also be used, in various ways, to apply variable AC power to various types of load, but that these tasks are usually best carried out by TRIACs, as described in Chapter 20; two special
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Figure 19.3. Full-wave on-off SCR circuit with DC power load.
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Figure 19.4 . Full-wave on-off SCR circuit with AC po wer load.

[image: ]

 

types of SCR variable AC power control circuits are, however, shown at the end of this chapter.

 

Bell/buzzer alarm circuits

One useful application of the SCR is in DC-powered ‘alarm’ cir-cuits that use self-inter rupting loads such as bells or buzzers; these loads comprise a solenoid and a series switch, and give an action in which the solenoid first shoots forward via the closed switch, and in doing so forces the switch to open, thus making the solenoid fall back and re-close the switch, thus restarting the action, and so on. Figure 19.5 shows such an alarm circuit; it effectively gives a non-latching load-driving action, since the SCR unlatches automatically
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Figure 19.5. Basic SCR alarm circuit.
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each time the load self-interrupts. The circuit can be made fully self-latching, if desired, by shunting the load with resistor R3, as shown, so that the SCR anode current does not fall below the SCR’s minimum holding value as the load self-inter rupts.

Figures 19.6 to19.14 show a selection of alarm circuits of this type. All of these are designed around the inexpensive type C106 SCR, which can handle mean load currents up to 2.5 amps, needs a gate current of less than 200µA, and has a ‘minimum holding current’ value of less than 3mA. Note in all cases that the supply voltage should be about 1.5V greater than the normal operating voltage of the alarm device used, to compensate for voltage losses across the SCR, and that diode D1 is used to damp the alarm’s back-emfs.

Figure 19.6 shows a simple non-latching multi-input alarm, in which the alarm activates when any of the S1 to S3 push-button input switches are closed, but stops operating as soon as the switch is released.
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Figure 19.6. Multi-input non-latching alarm circuit.

 

Figure 19.7 shows the above circuit converted into a self-latching multi-input ‘panic’alarm by wiring R3 plus normally-closed reset switch S4 in parallel with the alarm device. Once this circuit has latched, it can be unlatched again (reset) by briefly opening S4.
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Figure 19.7. Multi-input self-latching panic alarm.

 

Figure 19.8 shows a simple burglar alarm system, complete with the ‘panic’ facility. The alarm can be activated by briefly opening any of the S1 to S3 ‘burglar alarm’ switches (which can be reed relays or microswitches that are activated by the action of opening doors or windows, etc.), or by briefly closing any of the ‘panic’
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Figure 19.8 . Simple burglar alarm system, with panic facility.
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switches. C1 acts as a noise-suppressor that ensures that the alarm only activates if the S1 to S3 switches are held open for more than a millisecond or so, thus enhancing the circuit’s reliability. The cir-cuit consumes a typical standby current of 0.5mA (via R1) from a 6V supply.

The standby current of the burglar alarm circuit can be reduced to a mere 1.4µA (at 6V) by modifying it as shown in Figure 19.9, where Q1 and Q2 are connected as a Darlington common emitter amplifi-er that inverts and boosts the R1-derived ‘burglar’signal and then passes it on to the gate of the SCR.

 

Water, light and heat alarms

The basic SCR-driven alarm circuit can be used to indicate the pres-ence of excess water, light, or temperature levels by driving the SCR gate via suitable sensing circuitry; Figures 19.10 to 19.14 show alarm circuits of this type.

The Fi g u re 19.10 ‘ wa t e r- a c t iva t e d ’ a l a rm uses Q1 to activate the SCR when a resistance of less than about 220k appears across the t wo metal probes. Its operation as a wa t e r- a c t ivated alarm relies on the fact that the impurities in normal water (and many other liquids and vapours) make it act as a conductive medium with a moderately
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Figure 19.9. Improved burglar alarm circuit.
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Figure 19.10. Water-activated alarm.
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l ow electrical resistance, which thus causes the alarm to activa t e when water comes into contact with both probes simultaneously. C1 suppresses unwanted ac signal pick-up, and R2 limits Q1’s base cur-rent to a safe value. By suitably adjusting the placing of the two metal probes, this circuit can be used to sound an alarm when wa t e r rises above a pre-set level in a bath, tank, or cistern, etc.

Figure 19.11 is a ‘light-activated’circuit that can be used to sound an alarm when light enters a normally-dark area such as a drawer or wall safe, etc. The LDR and RV1 form a light-sensitive potential divider that has its output buffered via Q1 and fed to the SCR gate via R1; this output is low under dark conditions (LDR resistance is high), but goes high under bright conditions (LDR resistance is low) and thus drives the SCR and alarm on; the light-triggering point can be pre-set via RV1. Almost any small cadmium sulphide photocell can be used in the LDR position.
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Figure 19.11. Light-activated alarm.

 

Temperature-activated alarms can be used to indicate either fire or overheat conditions, or frost or underheat conditions. Figures 19.12 to 19.14 show three such circuits; in each of these TH1 can be any n.t.c thermistor that has a resistance in the range 1k0 to 20k at the required trigger temperature; pre-set pot RV1 needs a maximum resistance value roughly double that of TH1 under this trigger con-dition.

The Fi g u re  19.12 ove r-temperature alarm uses R1–R2 and TH1–RV1 as a Wheatstone bridge in which R1–R2 generates a
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Figure 19.12 . Simple over-temperature alarm.
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fixed half-supply ‘reference’ voltage and TH1–RV1 generates a temperature-sensitive ‘variable voltage, and Q1 is used as a bridge balance detector and SCR gate driver. RV1 is adjusted so that the ‘reference’and  ‘variable’ voltages are equal at a temperature just below the required trigger value, and under this condition Q1 base and emitter are at equal voltages and Q1 and the SCR are thus cut off. When the TH1 temperature goes above this ‘balance’ value the TH1–RV1 voltage falls below the ‘reference’ value, so Q1 becomes forward biased and drives the SCR on, thus sounding the alarm. The precise trigger point can be pre-set via RV1. The circuit’s action can be reversed, so that the alarm turns on when the temperature falls below a pre-set level, by simply transposing the TH1 and RV1 posi-tions as shown in the frost or under-temperature alarm circuit of Figure 19.13.
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Figure 19.13 . Simple frost or under-temperature alarm.

 

Note in these two circuits that if TH1 and Q1 are not mounted in the same environment, the precise trigger points are subject to slight variation with changes in Q1 temperature, due to the temperature dependence of its base-emitter junction characteristics. These cir-cuits are thus not suitable for use in precision applications, unless Q1 and TH1 operate at equal temperatures. This snag can be over-come by using a two-transistor differential detector in place of Q1, as shown in the Figure 19.14 over-temperature alarm, which can be made to act as a precision under-temperature alarm by simply trans-posing RV1 and TH1.
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Figure 19.14. Precision over-temperature alarm.
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Variable AC power control

All SCR circuits shown so far give an on/off form of power control. SCRs (and TRIACs) can be used to give variable power control in AC circuits in se veral ways. One of these is via the ‘phase-delayed switching’technique of Figure 19.15, in which power is fed to the load via a self-latching solid-state power switch that can be trig-gered (via a variable phase-delay network and a trigger pulse gen-erator) at any point in each power half-cycle, and automatically unlatches again at the end of each half-cycle. The diagram shows the load voltage waveforms that can be generated.

Thus, if the power switch is triggered near the start of each half-cycle (with near 0° phase delay) the mean load voltage equals almost the full supply value, and the load consumes near-maximum power; if it is triggered near the end of each half-cycle (with near-180° phase delay) the mean load voltage is near-zero, and the load consumes minimal power; by varying the trigger signal’s phase-delay between these extremes, the load’s power feed can be varied between zero and maximum. This form of variable power control is very efficient (typically 95%), and can (among other things) be use to control the speeds of many types of electric motor, including those of electric drills and model trains (see Figures 19.16 and 19.17).
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Figure 19.15 . Variable phase-delay-switching AC power con-troller, with waveforms.
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A drill speed controller

Most electric drills are powered by series-wound ‘universal’(AC  or DC) electric motors. These motors generate a back-emf that is pro-portional to the motor speed, and the motor’s effective applied volt-age thus equals the true applied voltage minus the back-emf; this gives the motor a degree of speed self-regulation, since any increase in motor loading tends to reduce the speed and back-emf, thereby increasing the effective applied voltage and causing the motor speed to rise towards its original value, and so on.

The speed of an electric drill can be varied electronically by using the ‘phase-delayed  switching’technique. Figure 19.16 shows a par-ticularly effective yet simple variable speed-regulator circuit. This uses an SCR as the control element and feeds half-wave power to the motor (this causes a 20% reduction in maximum available speed/power), but in the off half-cycles the back-emf of the motor is sensed by the SCR and used to give automatic adjustment of the n ext gating pulse, to give automatic speed regulation. T h e R1–RV1–D1 network provides only 90° of phase adjustment, so all motor pulses have minimum durations of 90° and provide very high torque. At low speeds the circuit goes into a high-torque ‘skip cycling’mode, in which power pulses are provided intermittently, to suit motor loading conditions.
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Figure 19.16 . Electric drill speed controller.

 

Model-train speed controller

Figure 19.17 shows how the ‘phase-delayed switching’ technique can be used to make an excellent 12 volt model-train speed con-troller that enables speed to be varied smoothly from zero to maxi-mum. The maximum available output current is 1.5 amps, but the unit incorporates short-circuit sensing and protection circuitry that automatically limits the output current to a mean value of only 100mA if a short occurs on the track. The circuit operates as fol-lows.

The circuit’s power line voltage is stepped down via T1 and full-wave (bridge) rectified via BR1, to produce a raw (unsmoothed) DC supply that is fed to the model train (via the track rails) via the series-connected SCR and direction control switch SW3. At the start of each raw DC half-cycle the SCR is off, so DC voltage is 344
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Figure 19.17. Model-train speed controller circuit with automat-ic short-circuit protection.
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applied (via R4 and ZD1) to UJT Q1 and its associated C1–RV1 (etc.) timing circuitry, and C1 starts to charge up until eventually the UJT fires and triggers the SCR; as the SCR turns on it saturates, removing power from Q1 (which thus resets) and feeding the rest of the power half-cycle to the model train via R2//R3 (= R2 and R3 in parallel) and SW3. This timing/switching process repeats in each raw DC half-cycle (i.e., at twice the power line frequency), giving a classic phase-triggered power control action that enables the train speed to be varied over a wide range via RV1.

Note that the circuit’s output current passes through R2//R3, which generate a proportional output voltage that is peak-detected and stored via D1–C2 and fed to Q2 base via R8–R9. The overall action is such that, because of the voltage storing action of C2, Q2 turns on and disables the UJT’s timing network (thus preventing the SCR from firing) for several half-cycles if the peak output current exceeds 1.5 amps. Thus, if a short occurs across the track the half-cycle output current is limited to a peak value of a few amps by the circuit’s internal resistance, but the protection circuitry ensures that the SCR fires only once in (say) every fifteen half-cycles, thus lim -iting the mean output current to a mere 100mA or so.

 

Optocoupled SCRs

SCRs are semiconductor power switching devices that (like transis-tors) are inherently photosensitive. An optocoupled SCR is simply an SCR and a LED mounted in a single package and configured so that the SCR’s gate current is controlled by the LED’s optical output, thus enabling the SCR to be controlled by a remote input current that is electrically fully isolated from the SCR’s output (load) circuitry. Figure 19.18(a) shows the typical outline of an
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Figure 19.18 . Typical outline (a) and characteristics (b) of an optocoupled SCR.
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optocoupled SCR that is mounted in a 6-pin DIL package, and Figure 19.18(b) lists the typical parameter values of such a device, which has a mean output load current rating of only 300mA but has a surge current rating of 5A at a pulse width of 100µS and a duty cycle of 1%.

Optocoupled SCRs are very easy to use; the input LED is driven in the way of a normal LED, and the SCR is used like a normal low-power SCR. The most important application of the optocoupled SCR is a ‘slave’ device that controls the gate current of a high-power SCR, which can activate a load of any desired power rating; Figure 19.19 shows an example of this type of application.
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Figure 19.19 . High-power control via an optocoupled SCR slave.

20 Triac circuits

 

A triac is a controllable medium- to high-power semi-latching solid-state AC power switch. This final chapter explains its basic opera-tion and shows various ways of using it; most of the practical circuits show two sets of component values, for use with normal domestic/commercial 50Hz or 60Hz AC voltage supplies with nom-inal values of either 240V (as used in most of Europe) or (in paren-thesis) 120V (as used in most of the USA.); in each design, the user must use a triac with ratings to suit his or her own particular appli-cation.

 

Triac basics

A triac is a three-terminal (MT1, gate, and MT2) solid-state thyris-tor that uses the symbols of Figure 20.1 and acts like a pair of SCRs wired in inverse parallel and controlled via a single gate terminal. It can conduct current in either direction between its MT1 and MT2 terminals and can thus be used to directly control AC power. It can be triggered by either positive or negative gate currents, irrespective of the polarity of the MT2 current, and it thus has four possible trig-gering modes or ‘quadrants’, signified as follows:

I+   Mode = MT2 current +ve, gate current +ve I-     Mode = MT2 current +ve, gate current –ve III+ Mode = MT2 current –ve, gate current +ve III+ Mode = MT2 current –ve, gate current –ve

The trigger current sensitivity is greatest when the MT2 and gate currents are both of the same polarity (either both positive or both negative), and is usually about half as great when they are of oppo -site polarity.

Figure 20.2shows a triac used as a simple AC power switch; assume that SW2 is closed. When SW1 is open, the triac acts as an open switch and the lamp passes zero current. When SW1 is closed the triac is gated on via R1 and self-latches shortly after the start of each half-cycle, thus switching full power to the lamp load; the triac automatically unlatches at the end of each AC half-cycle as the instantaneous supply voltage (and thus the load current) briefly falls to zero.
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Figure 20.1. Triac symbols.
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Figure 20.2. Simple AC power switch with resistive (lamp) load.
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In Figure 20.2, the task of R1 is that of limiting the peak instanta-neous switch-on gate current of the triac to a safe value; its resist-ance (combined with that of the load) must be greater than the peak supply voltage (roughly 350V in a 240V AC circuit, 175V in a 120V circuit) divided by the triac’s peak gate current rating (which is usually given in the triac manufacturer’s extended data sheets).

Note in Figure 20.2 (and in most other triac circuits shown in this Chapter) that, for safety reasons, the load is wired in series with the AC supply’s neutral (N) line, and master on/off switch SW2 can iso-late the entire circuit from the live (L) line.

 

Triac rate effect

Most triacs, like SCRS, are susceptible to ‘rate-effect’ problems. Internal capacitances inevitably exist between the main terminals and gate of a triac, and if a sharply rising voltage appears on either main terminal it can – if its rate-of-rise exceeds the triac’s dV/dt rating – cause enough break-through to the gate to trigger the triac on. This unwanted ‘rate-effect’turn-on can be caused by supply line transients; the problem is, however, particularly se vere when dri v-ing inductive loads such as electric motors, in which load currents and voltages are out of phase, thus making a large voltage sudden-ly appear on the main terminals each time the triac unlatches as its main terminal current falls to near-zero in each operating half-cycle.

Rate-effect problems can usually be overcome by wiring an R–C ‘snubber’network between MT1 and MT2, to limit the voltage rate-of-rise to a safe value, as shown (for example) in the triac power switch circuit of Figure 20.3, where R2–C1 form the snubber net-work. Some modern triacs have enhanced dV/dt ratings (typically 750V/µS) and are virtually immune to rate-effect problems; these triacs are known as ‘snubberless’types.

 

RFI suppression

A triac can be used to give variable AC power control by using the ‘phase-delayed switching’technique described in Chapter 19 (see 348
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Figure 20.3. Simple AC power switch with inductive load and C1-R2 snubber network to give rate-effect suppression.
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Figure 19.15), in which the triac is triggered part-way through each half-cycle. Each time the triac is gated on its load current switches sharply (in a few microseconds) from zero to a value set by its load resistance and instantaneous supply voltage values; in resistively loaded circuits such as lamp dimmers this switching action inevitably generates a pulse of RFI, which is least when the triac is triggered close to the 0 °               ° and 180 ‘zero crossing’ points of the supply line waveform (at which the switch-on currents are mini-mal), and is greatest when the device is triggered 90° after the start of each half cycle (where the switch-on currents are at their great-est). The RFI pulses occur at twice the supply line frequency, and can be very annoying. In lamp dimmers, RFI can usually be elimi-nated by fitting the dimmer with a simple L–C filter network, as shown in Figure 20.4; the filter is fitted close to the triac, and great-ly reduces the rate-of-rise of the AC power line currents.
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Figure 20.4 . Basic AC lamp dimmer with RFI suppression via C1-L1.

 

Diacs and quadracs

A diac is a 2-terminal bidirectional trigger device; it can be used with voltages of either polarity and is usually used in conjunction with a triac; Figure 20.5 shows its circuit symbol. The diac’s basic action is such that, when connected across a voltage source via a current-limiting load resistor, it acts like a high impedance until the applied voltage rises to about 35V, at which point it triggers and acts like a low-impedance 30V zener diode, and 30V is developed across the diac and the remaining 5V appears across the load resistor. The diac remains in this state until its forward current falls below a min-imum holding value (this occurs when the supply voltage falls
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Figure 20.5. Diac symbol.
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below the 30V ‘zener’ value), at which point the diac turns off again.

The diac is most often used as a trigger device in phase-triggered triac variable power control applications, as in the basic lamp dimmer circuit of Figure 20.6. Here, in each power line half-cycle, the R1–RV1–C1 network applies a variable phase-delayed version of the half-cycle to the triac gate via the diac, and when the C1 volt-age rises to 35V the diac fires and delivers a 5V trigger pulse (from C1) into the triac gate, thus turning the triac on and simultaneously applying power to the lamp load and removing the drive from the R–C network. The mean power to the load (integrated over a full half-cycle period) is thus fully variable from near-zero to maximum via RV1.
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Figure 20.6. Basic diac-type variable phase-delay lamp dimmer circuit.

 

In the early development days of the triac some specialist devices were manufactured with a built-in diac in series with the triac gate; such devices were known as quadracs and used the Figure 20.7 cir-cuit symbol. Quadracs were not a commercial success, and are now obsolete.

 

AC power switch variations

The simplest type of triac power switch is that of Figure 20.2, in which the triac is gated on via R1 when SW1 is closed; only 1V or so is generated across the triac when it is on, so R1 and SW1 con-sume very little mean power; Figure 20.3 shows the same circuit fitted with a ‘snubber’network. There are many useful variations of these basic circuits. Figure 20.8, for example, shows a version that can be triggered via an AC-derived DC supply. C1 charges (via 350
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Figure 20.7. Quadrac symbol.
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Figure 20.8. AC power switch with AC-derived DC triggering.

[image: ]

 

R1–D1) to +10V on each positive AC power line half-cycle, and this charge triggers the triac when SW1 is closed. Note that R1 is sub-jected to almost the full AC line voltage at all times, and thus needs a fairly high power rating, and that all parts of this circuit are ‘live’, making it difficult to interface to external control circuitry.

Figure 20.9 shows the above circuit modified to give ‘isolated’ interfacing to external control circuitr y. SW1 is simply replaced by transistor Q2, which is driven from the phototransistor side of an optocoupler. The coupler’s LED is driven via an external DC supply via R1, and the triac turns on only when SW1 is closed; SW1 can be replaced by electronic switching circuitry if desired.

Figure 20.10 shows a variation in which the triac is AC triggered in each half-cycle via the AC impedance of C1–R1 and via back-to-back zeners ZD1–ZD2, and C1 dissipates near-zero power. Bridge rectifier D1–D4 is wired across the ZD1–ZD2-R2 network and is loaded by Q2; when Q2 is off, the bridge is effectively open and the triac is gated on in each half-cycle, but when Q2 is on a near-short appears across ZD1–ZD2–R2, and the triac is off. Q2 is driven via the optocoupler from the isolated external circuit, and the triac is on when SW1 is open and off when SW1 is closed.

Figures 20.11 and 20.12 show variations in which the triac is trig-gered via a transformer-derived DC supply and a transistor-aided switch. In Figure 20.11 Q1 and the triac are both driven on when SW1 is closed, and are off when SW1 is open. In practice, SW1 can be replaced by electronic circuitry, enabling the triac to be activat-ed via heat, light, sound, time, etc. Note, however, that the whole of this circuit is ‘live’; Figure 20.12 shows the circuit modified for
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Figure 20.9 . Isolated-input (optocoupled) AC power switch, DC triggered.
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Figure 20.10 . Isolated-input AC power switch, AC triggered.
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Figure 20.11 . AC power switch with transistor-aided DC trigger-ing.
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Figure 20.12. Isolated-input AC power switch with DC tri g g e ring.
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optocoupler operation, enabling it to be activated via fully-isolated external circuitry.

 

UJT triggering

Another way to obtain fully isolated triac switching is via the UJT circuits of Figures 20.13 and 20.14. In these the triggering action is obtained via UJT oscillator Q2, which operates at several kHz and feeds output pulses to the triac gate via pulse transformer T1, which provides the desired ‘isolation’. Because of its fairly high oscillat-ing frequency, the UJT triggers the triac within a few degrees of the start of each AC power-line half-cycle when the oscillator is active.

In Figure 20.13, Q3 is in series with the UJT’s main timing resistor, so the UJT and triac turn on only when SW1 is closed. In Figure 20.14, Q3 is wired in parallel with the UJT’s main timing capacitor, so the UJT and triac turn on only when SW1 is open.

 

Optocoupled triacs

The gate junctions of a ‘naked’triac are inherently photosensitive, and an optocoupled triac can thus be made by mounting a naked
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Figure 20.13 . Isolated-input (transformer-coupled) AC power switch.
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Figure 20.14 . Isolated-input AC power switch.
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Figure 20.15 . Typical optocoupled triac outline and operating characteristics.
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triac and LED close together in a single package. Figure 20.15 shows the outline and lists the characteristics of a typical six-pin DIL version of such a device, in which the LED has a maximum current rating of 50mA, the triac has maximum ratings of 400V and 100mA r.m.s. (and a surge current rating of 1.2A for 10µS), and the entire package has an isolating voltage rating of 1.5kV and a typi-cal input current trigger sensitivity of 15mA.

Optocoupled triacs are easy to use and provide excellent electrical isolation between input and output. The input is used like a normal LED, and the output like a low-power triac. Figure 20.16 shows the device used to activate an AC line-powered filament lamp, which must have an r.m.s. rating below 100mA and a peak inrush current rating below 1.2A.

Figure 20.17 shows an optocoupled triac used to activate a slave triac, thereby driving a load of any desired power rating. This circuit is suitable for use only with non-inductive loads such as lamps and heating elements. It can be modified for use with inductive loads such as electric motors by using the connections of Figure 20.18. 354
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Figure 20.16. Low-power lamp control via an optocoupled triac.
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Figure 20.17. High-power control via a triac sla ve.
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Figure 20.18. Driving an inductive load.
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Here, the R2–C1–R3 network provides a degree of phase-shift to the triac gate-drive network, to ensure correct triac triggering action, and R4–C2 form a snubber network, to suppress rate effects.

 

Synchronous Ôzero-voltageÕpo wer switching

A synchronous ‘zero-voltage’(or ‘integral cycle’) power switch is one in which the triac invariably turns on just after the start of each power half-cycle (i.e., near the waveform’s zero-voltage point) and then turns off again automatically at the end of it, thus generating minimal RFI. In most power switching circuits shown so far in this chapter the triac turns on at an arbitrary point in its initial switch-on half-cycle, thus producing a potentially high initial burst of RFI, but then gives a synchronous zero-voltage switching action on all sub-sequent half-cycles.

A truly synchronous zero-voltage circuit uses the switching system of Figure 20.19, in which the triac can only be gated on near the
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Figure 20.19. Synchronous zero-voltage AC power switching system.
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start or ‘zero-voltage’point of each half-cycle, and thus produces minimal RFI. This system is widely used to give on/off control of high-current loads such as electric heaters, etc.

Figure 20.20 shows a practical synchronous zero-voltage AC power switch. 10V DC is AC-derived via R7–D1–ZD1 and C2 and is switched to the triac gate via Q2, which is controlled via SW1 and ‘zero-voltage’detector Q3–Q4–Q5 and can supply gate current only when SW1 is closed and Q3 is off. In the zero-voltage detector, Q4 or Q5 are driven on whenever the AC line voltage is more than a few volts (set by RV1) above or below zero, thereby driving Q3 on via R5 and inhibiting Q2. Thus, gate current can only be fed to the triac when SW1 is closed and the instantaneous AC line voltage is within a few volts of zero; this circuit thus generates minimal switching RFI. Figure 20.21 shows the circuit modified so that the triac can only turn on when SW1 is open. Note in both cases that only a narrow pulse of gate current is fed to the triac, and the mean gate current is thus only 1mA or so. SW1 can be replaced by an elec-tronic switch or optocoupler, if desired, thus enabling the load to be activated by light or temperature levels or by time, etc.

 

Optocoupled synchronous power switching

Synchronous ‘zero-voltage’triac-driving circuits are widely used in
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Figure 20.20. Synchronous AC power switch.
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Figure 20.21. Alternative version of the synchronous AC power switch.
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modern electric heating and filament-lamp lighting control systems. Until fairly recently, several companies produced special synchro-nous ‘zero-voltage’triac -gating ICs for use in such applications; the best known of these ICs were the CA3059 (from RCA) and the TDA1024 (from Signetics), which each had built-in AC-derived DC power supply circuitry, a zero-crossing detector, triac gate drive cir-cuitry, and a high-gain differential amplifier/gating network. In the mid-1990s, however, all of these ICs were made obsolete by the introduction of a new and modestly priced type of IC that functions as an optocoupled low-power  synchronous  ‘zero-voltage’triac  that can easily be used as a slave for synchronously driving normal high-power triacs.

Several companies (including Isocom, Motorola, Sharp, Siemens, and Toshiba) manufacture optocoupled synchronous zero-voltage triacs. Most of these devices take the form of a six-pin DIL IC, as shown in Figure 20.22, and house a simulated triac that has its gate drive controlled via an integral photosensitive zero-crossing detec -tor (ZCD), which can be remotely energised via an integral LED. Typically, this type of optocoupled triac has maximum AC ratings of 400V peak and 100mA r.m.s. (with a surge rating of 1.2A for 10µS), will only trigger when the instantaneous AC voltage is below

a fixed zero-cross inhibit voltage (V ) value of ±15V nominal IH (±25V maximum), has a maximum LED forward current rating of 60mA, has a typical input current trigger sensitivity of 8mA or less,
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Figure 20.22 . Typical optocoupled synchronous Ôzero-voltageÕ triac outlines and pin notations.
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and the entire package has an isolating voltage rating of several kV.

Optocoupled synchronous zero-voltage triacs are easy to use and provide excellent electrical isolation between input and output. The input is used like a normal LED, and the output like a low-powered triac. In most practical applications, the optocoupled triac is used to activate the gate of a ‘slave’ triac, thereby driving a resistive AC load of any desired power rating. Figure 20.23 shows a practical cir-cuit of this type, which can be manually or automatically switched on or off via a DC input current.

Note in Figure 20.23 that R1 is used to limit the peak switch-on cur-rent of the optocoupled triac (and thus the peak gate current of Q1)

at IC1’s absolute maximum V value minus 2V, i.e., typically at  IH

23V; with the R1 value shown, the peak switch-on current is limit-ed to 280mA. R2 is used to limit the LED input current of IC1 to a sensible working value.
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Figure 20.23 . Basic po wer switching circuit using an optocou-pled synchronous Ôzero-voltageÕtriac.

 

Figure 20.24 shows how the above circuit can be incorporated in a complete electric power switching system. Here, when SW1 is closed, the AC power line is connected to both the load/Q1 circuit-ry and to the primary of low-power isolating transformer T1, which has its output converted into a 12V DC supply that powers IC1’s LED control circuit, which is electrically fully isolated from the AC supply. The LED control circuit can take any of a variety of forms; some simple examples of these are shown in Figures 20.25to 20.28.

The simplest LED control circuit that can be used in the Figure 20.24 system consists of an on/off toggle switch that, when closed,
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Figure 20.24 . Basic power switching system using an optocou -pled synchronous Ôzero-voltageÕtriac.
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Figure 20.25 . Dual push-button LED control circuit for use in the Figure 20.24 system.
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Figure 20.26 . ÔThermostatÕ LED control circuit for use in the Figure 20.24 system.
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Figure 20.27. Automatic LED control circuit, using a silicon diode as a temperature-sensing element, for use in the Figure 20.24 system.
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connects the IC1 LED to the 12V DC supply via a 680R resistor that limits the LED ‘on’current to about 15mA, thereby switching the electric load fully on.

Figure 20.25 shows a dual push-button LED control system, in which the LED and load turn on when S1 is briefly closed, and off when S2 is briefly closed. Here, CMOS NOR gates IC1a–IC1b are
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wired as a manually triggered bistable multivibrator that has its output buffered by emitter follower Q1 and latches into the ‘output high’state when S1 is briefly closed, thereby energising the circuit’s red LED via R3 and feeding a 15mA control current to the LED input of the optocoupled triac. The bistable latches into the ‘output low’state when S2 is briefly closed, thereby killing the DC power feeds to the red LED and the triac.

The Figure 20.25 circuit gives purely manual on/off LED control of an electrical power load such as a heater. Figure 20.26 shows a simple circuit that also provides the option of automatic control via an adjustable thermostat switch that is normally closed but opens when its temperature exceeds a selected value. Here, the red LED and the electric heater are off when SW1 is in the ‘off ’ position or in the ‘auto’position when the thermostat is open, but are on when SW1 is in the ‘on’position or in the ‘auto’position when the ther-mostat is closed.

Figures 20.27 and 20.28 show high-precision versions of the basic Figure 20.26 circuit, with the thermostat replaced by a temperature-sensitive electronic switching circuit. The Figure 20.27 circuit uses an ordinary silicon diode (D1) as a thermal sensing element. Here, zener diode ZD1 is wired in series with R1 so that a constant 5.6V is developed across the two potential dividers formed by R2–R3–RV1–RV2 and R4–D1, and a near-constant current thus flows through each of these dividers. A constant reference voltage is thus developed (via RV1) between the R1–ZD1 junction and pin-2 of the 741 op-amp, and a temperature-dependent voltage with a coefficient of –2mV/ °C is developed between the R1-ZD1 junction and pin-3 of the op-amp. Thus, a differential voltage with a coeffi-cient of –2mV/ °C appears between pin-2 and pin-3 of the op-amp, which is wired as a high-gain (open loop) voltage comparator with slight hysteresis applied via R6.

In Figure 20.27, RV1 is a linear rotary pot that is used to manually adjust the heater system’s operating temperature over a ±10°C (nominal) range, and RV2 is a multiturn preset that is used to set the circuit’s nominal (with RV1 at mid-scale setting) trip temperature. To initially set up the circuit, set RV1 to mid-scale, adjust the tem-perature of D1 to the desired mid-scale trip value, then trim RV2 so that the red LED is on but goes off again if the D1 temperature is increased slightly (by briefly applying finger heat to D1). In prac-tice, the circuit has a typical switching sensitivity of about 0.5 °C.

The Figure 20.28 circuit uses an inexpensive NTC (negative tem-perature coefficient) bead or disc thermistor, with a nominal resist-ance of 4k7 at 25°C, as its thermal sensing element. Here, potential divider RV1–TH1 applies a temperature-sensitive voltage to pin-3 of the 741 op-amp, and potential divider R1–R2–RV2–R3 applies a preset reference voltage to pin-2 of the op-amp. The two potential dividers are actually wired in the form of a Wheatstone bridge, and the op-amp is used as a high-gain bridge balance detector; the bridge balance point is unaffected by variations of supply voltage. Capacitors C1 and C2 help to ensure circuit stability.

The action of the Figure 20.28 circuit is such that (when SW1 is in the Auto position) the output of SW1 is normally low but switches 360
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high and activates the red LED and the external triac when the TH1 temperature is below a value pre-set via RV1 and RV2. RV2 is a linear rotary pot that is used to manually adjust the heater system’s operating temperature over a limited range, and RV1 is a multiturn preset that is used to set the circuit’s nominal (with RV2 at mid-scale setting) trip temperature. To initially set up the circuit, set RV2 to mid-scale, raise the temperature of TH1 to the desired mid-scale trip value, then trim RV1 so that the red LED is on but goes off if the TH1 temperature is increased slightly.

Note that the Figure 20.28 circuit has a typical switching sensitivi -ty similar to that of the                                   ° Figure 20.27 design (about 0.5C), but that its thermistor has a far longer thermal time constant than the sens-ing diode of the Figure 20.27 circuit; the Figure 20.28 circuit is thus slower-acting than the Figure 20.27 circuit. Also note (in Figure 20.28) that the thermal ‘span’range of RV2 can be increased (or reduced) by increasing (or reducing) the value of resistor R2.
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Figure 20.28. Automatic LED control circuit, using a NTC ther-mistor as a temperature-sensing element, for use in the Figure 20.24 system.

 

Finally, note that in all cases where an ‘automatic’ heater-control circuit is used to regulate the temperature of a room, the actual ther-mal sensor device (thermostat, thermistor or sensing diode) must be sited roughly 1 metre above floor level, in a position where it can directly and safely sense the temperature of normally-circulating air; this position must be free of draughts or direct radiation from the heater, and must not be obstructed by furniture, etc.

 

ÔBurst ÞreÕAC power control principles

There are three basic ways of controlling the AC power feed to resistive loads such as filament lamps or electric heaters via a triac. Two of these have already been described; the variable phase-delay-switching system (see Figure 19.15) gives fully-variable power con-trol, but generates substantial RFI and is thus unsuitable for driving high-power (greater than about 200W) loads; the synchronous zero-voltage power switching system (see Figure 20.19) generates mini-mal RFI but gives only a simple on/off – rather than fully-variable – type of power control.

361

[image: ]

 

The third method of AC power control is the burst-fire integral-cycle system shown in Figure 20.29, in which bursts of complete half-cycles are fed to the load at regular line-frequency-related intervals. Thus, if bursts are repeated at 8-cycle intervals, the mean load voltage equals the full supply line value if the bursts are of 8-cycle duration, or half voltage (equals quarter power) at 4-cycle duration, or one sixteenth voltage (equals 1/256th power) at one half-cycle duration, etc. The burst-fire system thus gives variable power control and generates minimal RFI, and is often used to con-trol the heat output of electric heaters.
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Figure 20.29 . Burst-Þre (integral cycle) AC power controller.

 

Note that the burst-fire integral-cycle control system operates on the synchronous ‘zero-voltage’triac switching principle, and practical circuits of this type can thus be made by using suitable control cir-cuitry in conjunction with the basic power switching system of Figure 20.24. Two suitable circuits are shown in the next section of this Chapter.

 

ÔBurst-ÞreÕheater control circuits

The optocoupled synchronous circuits shown in Figures 20.23 to 20.28a, when powering a heater load, give a simple form of control in which the heater is either fully off or is operating at maximum power. Figures 20.30 and 20.31 show circuits that drive the heater in the synchronous burst-fire mode, thus enabling the heater’s ther -mal output to be varied over a wide range. The Figure 20.30 circuit enables the heater’s thermal output to be varied manually, via RV1. The Figure 20.31 circuit varies the heater’s output automatically, to maintain a room’s temperature at a precise pre-set value.

The operation of the Figure 20.30 circuit is fairly simple. Here, IC1 (a CMOS version of the 555 ‘timer’IC) is wired in the astable mode and generates a repeating ramp waveform across C1. This wave-362
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Figure 20.30. Manually variable Ôburst-ÞreÕLED control circuit for use in the Figure 20.24 system.
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Figure 20.31 . Fully automatic Ôburst-ÞreÕ LED control circuit for use in the Figure 20.24 heater control system.
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form has a period of about 680mS (thus spanning roughly 68 half-cycles of a 50Hz power line waveform or 82 half-cycles of a 60Hz waveform during each period) and is centred on half-supply volts and swings symmetrically between one-third and two-thirds of supply voltage value. This waveform is fed to pin-3 of op -amp IC2 via R3, and linear rotary pot RV2 feeds a dc reference voltage that is variable from below one-third to above two-thirds of the supply voltage value to pin-2 of the op-amp, which is configured as a high-gain voltage comparator.

The net effect of the above circuitry is that IC2 converts the 680mS ramp waveform into a switched rectangular output waveform with a mark/space (M/S) ratio that is fully variable from 0:1 (output low for the full 680mS period) to 1:0 (output high for the full 680mS period) via RV1. When SW1 is switched to the Man (manual) posi-tion, this output is fed to the input of the Figure 20.24 optocoupled synchronous electric heater control system, where it enables the mean power input to the heater to be varied (via RV1) from zero to maximum in 68 discrete ‘half-cycle’steps in a 50Hz system or 82 steps in a 60Hz system.

Finally, to complete this look at burst-fire heater control circuits, Figure 20.31 shows a self-regulating synchronous burst-fire heater
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control circuit that automatically varies the input power of a heater to maintain a room’s temperature at a precise pre-set value. Here, the entire circuit to the right of R3 is almost the same as the Figure 20.28 thermistor-controlled automatic circuit, but the IC1 circuit to the left of R3 is taken directly from the Figure 20.30 circuit and superimposes a 680mS ramp waveform (with a peak-to-peak ampli-tude of about 40mV) on the RV1–TH1 junction and pin-3 of IC2.

The net effect of the above combination is that the external heater is turned fully on (via the optocoupled triac in the Figure 20.24 system) if the TH1 temperature is more than (say) 1 °C below a pre-set value, or fully off if it is more than 1°C above the pre-set value, but is operated in the burst-fire mode – with its M/S ratio automat-ically adjusted via TH1 – when the TH1 temperature is within ±1 °C of the pre-set value. The circuit thus automatically adjusts the heater’s thermal output level to meet the room’s heating needs; when the temperature reaches the precise pre-set value the heater does not switch fully off, but generates just enough output power to exactly match the thermal losses of the room.

To initially set up the Figure 20.31 circuit, set RV2 to mid-scale, raise the TH1 temperature to the desired mid-scale trip value, then trim RV1 so that the red LED flashes on and off (at roughly a 1.5Hz rate) but goes fully off if the TH1 temperature is increased slightly. When experimenting with this circuit, note that the thermal ‘span’ range of RV2 is determined by the R5 value, and the burst-fire ther-mal operating span is determined by the R3 value.

Finally, note – when using burst-fire systems to control domestic electric heaters with built-in lamps – that the control system must be fed to the heater elements only, and must not be applied to the lamps.

 

AC lamp dimmer circuits

Triacs can be used to make very efficient lamp dimmers by using the ‘phase-delayed switching’ technique described in Chapter 19 (see Figure 19.15), in which the triac is gated on at some phase-delayed time after the start of each AC half-cycle, thus controlling the mean power fed to the lamp. All such circuits require the use of a simple L–C filter in the lamp feed line to the minimise RFI prob-lems.

The two most popular ways of obtaining variable phase-delay triac triggering are to use either a diac plus C–R phase delay network, or to use a special-purpose IC as the triac trigger. Figure 20.32 shows a practical diac-triggered lamp dimmer, in which R1–RV1–C1 pro-vide the variable phase-delay. This circuit is really a simple variant of the basic lamp dimmer circuit of Figure 20.6, with the addition of the L1–C2 RFI suppressor and with RV1 and SW1 ganged together to easily enable the lamp to be turned fully off.

A weakness of the simple Figure 20.32 design is that it has consid-erable control hysteresis or backlash, e.g., if the lamp is dimmed off by increasing the RV1 value to (say) 470k, it will not go on again until RV1 is reduced to about 400k, and then burns at a fairly high brightness level. This backlash is caused by the diac partially 364
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Figure 20.32. P ractical circuit of a simple diac-type lamp dimmer with RFI suppression.
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discharging C1 each time the triac fires. Backlash can be greatly reduced by using the ‘gate slaving’ technique of Figure 20.33, in which the diac is triggered from C2, which ‘follows’the C1 phase-delay voltage but protects C1 from discharging when the diac fires. If desired, the backlash can be reduced to virtually zero by wiring a current-limiting resistor in series with the diac, to reduce the mag-nitude of the C2 discharge voltage, as shown in Figure 20.34.
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Figure 20.33. I m p r oved diac-type lamp dimmer with gate slav i n g .
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Figure 20.34. Minimum-backlash diac-type lamp dimmer.
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A ÔsmartÕlamp dimmer IC

Many modern lamp dimmers have their triac driven via a dedicated ‘smart’IC that can turn the lamp on or off or control its brilliance, the IC taking its action commands via a touch-sensitive pad or push-button input switch. Siemens are one of the leading producers of this type of IC; their first really successful lamp-dimmer IC was the S566B, which incorporated touch-conditioning circuitry. Its action was such that a very brief input touch or push made the lamp change state (from OFF to a remembered ON state, or vice versa), but a sustained (greater than 400mS) ‘dimming’input touch or push made the IC go into a ramping mode in which the lamp power slowly ramped up and down (between 3 and 97 percent of maxi-mum) until the input was released, at which point the prevailing power level was held and remembered; the ramp direction reversed on alternate dimming touches.

Over the years, the S566B has been replaced by a succession of improved Siemens designs, their current product (introduced in 1990) being the SLB0586 (see Figure 20.35), which draws a mean current of 0.45mA from a 5.6V DC supply and allows the user to select any of three alternative dimming modes via the pin-2 Programme input terminal. Figure 20.36 shows the IC’s basic appli-cation circuit, using a single touch-sensitive control input (made from a simple ‘button’pad or strip of conductive material).
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Figure 20.35 . SLB0586 outline and pin notation.

 

Note in Figure 20.36 that the lamp is connected directly to the neu-tral AC supply line and is connected to the live line via the series-type dimmer circuit and a fuse. The IC is powered (between pins 1 and 7) from a 5.6V DC supply derived from the AC line via R2–C2–ZD1–D1–C3, and has its Extension In input disabled by shorting pin 6 to pin 7. Its pin-5 Sensor In input works on the induc-tive pick-up principle, in which the human body picks up 50–60Hz AC power-line radiation, which the IC detects when the touch pad is touched; the pad must be placed close to the IC, to avoid unwant-ed pick-up. The operator is safely protected from the AC power-line voltage via R7–R8; for correct operation the AC supply must be connected as shown, with the live or ‘hot’lead to pin-1 of the IC, and the neutral line to the lamp.

The Figure 20.36 lamp dimmer circuit can be set to any one of three basic operating modes by suitably using the pin-2 Programme ter-minal. If pin-2 is left open, the circuit gives the same ON/OFF and ramping-control action as already described for the S566B. If, on 366
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Figure 20.36 . Basic SLB0586 lamp dimmer circuit, with touch-sensitive control.
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the other hand, pin-2 is shorted to pin-7, the lamp always goes to maximum brightness when switched ON, and in dimming opera-tions the lamp starts at minimum brightness and then slowly ramps up and down until the sensor is released; the ramping direction does not reverse on successive dimming operations. Finally, if pin-2 is shorted to pin-1, the lamp operation is like that just described except that the ramping direction reverses on alternate dimming operations.

The basic Figure 20.36 circuit can be modified in various ways. If, for example, multi-input operation is required, it can be obtained by wiring any desired number of push-button control switches in par-allel and modifying the circuit as shown in Figure 20.37. Here, the pin-6 to pin-7 connection is broken and replaced by the R9–R10 divider. The push-button control switches are connected between the R9–R10 junction and pin-1 of the IC. If the ‘touch control’ facil-ity is not needed, R7–R8 can be eliminated and R6 can be reduced to 470k (d).

Finally, Figure 20.38 shows how to modify the lamp dimmer so that it can be controlled by an external circuit via an optocoupler, with-out the use of the touch control facility.
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Figure 20.37 . Push-button control applied to the Figure 20.36 circuit.
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Figure 20.38. Optocoupled operation of the SLB0586 lamp
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dimmer circuit.

 

Triac protection techniques

In use, triacs must always have an r.m.s. current rating greater than that of the load that they are driving and must be protected against catastrophic damage from current surges or malfunctions in their loads. Usually, adequate protection can be obtained via a suitably-rated quick-blow fuse that is effectively connected (either directly or via a supply-connection plug) in series with the load and the triac’s main terminals, but in some special applications additional protection may also be needed. Note that the fuse value must always be chosen with great care, and should be of the minimum practica -ble rating; a fuse with too high a rating provides no useful protec-tion.

Triacs are usually used to drive either electric-heater, electric-motor, or filament-lamp loads. In electric-heater driving circuits, a quick-blow fuse with a current rating greater than that of the heater but less than the maximum current rating of the triac provides ade-quate protection. Similarly, electric-motor driving circuits can be protected by a quick-blow fuse with a current rating greater than the stalled current rating of the motor but less than the maximum cur-rent rating of the triac. In general, in filament-lamp driving circuits, the triac should have a current rating at least three times greater than the normal running current of the lamp, and should be protected by a quick-blow fuse with a rating of 500mA (1A absolute maximum) per 100W of lamp rating in 240V AC system, or 1A (2A absolute maximum) per 100W of lamp rating in 120V AC systems; in some special filament-lamp driving circuits, additional protection may also be needed, as described later in this Chapter. To understand the principles of triac protection in filament-lamp driving circuits it is necessary to understanding certain characteristics of fuses, filament lamps, and triacs, as follows.

FUSE BASICS. An ordinary ‘quick-blow’ fuse consists of a short length of wire, which burns out (‘blows’) if the current passing through it exceeds a certain limit, which is determined by the wire’s diameter. Most quick-blow fuses use a copper wire, which has a melting temperature of 1083°C and a resistance that – when refer-enced to 20°                                                  ° C – increases by about 0.4% per C increase in temper-ature. Thus, when the current passed through the fuse exceeds roughly 40% of its rating, its resistance and power dissipation and 368
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temperature all increase exponentially with further increases in cur-rent, until a point is reached where the ability of the fuse to dissi-pate power is exceeded by the prevailing input power level; under this condition the fuse eventually blows at its weakest point; when a fuse blows, its wire first melts at the failure point, which is then widened as current briefly arcs across the gap and vaporises the adjacent metal.

All fuses carry a ‘rating’ figure (such as 500mA, 1A, 2A, 5A, etc.), which indicates the maximum current that the fuse can safely carry without blowing or suffering a reduction in its working life. The fuse will only blow if its rating figure is exceeded (‘overloaded’) for a significant period of time; thus, a 2A quick-blow fuse may take absolute maximum times of several days to blow at 2.2A, 2.5 hours at 3A, 1 second at 4A, 40mS at 6A, 8mS at 10A, 2mS at 20A, 500µS at 40A, and so on. All quick-blow fuses can thus safely handle large-amplitude current transients or surges, provided that they do not exceed a certain critical duration.

FILAMENT LAMP BASICS. An ordinary filament lamp consists of a tightly coiled resistive filament of tungsten wire that is supported on a number of insulated struts, has its two ends made externally available, and is enclosed in a sealed glass envelope or bulb. In use, an electric current passed through the filament raises its temperature to a white heat, causing it to emit white light; the glass bulb that encloses it is normally filled by a non-reactive gas such as argon, to stop the filament burning up under this condition.

The tungsten filament’s wire has a melting temperature of 3370°C and a resistance that – when referenced to 20°C – increases by about 0.45% per °C increase in temperature, making the resistance value rise sharply with filament temperature; Figure 20.39 shows the typ-ical resistance variations that occur in a 240V, 100W lamp. The resistance is 576R under normal ‘white heat’ running conditions, but is only 40R under non-operating conditions at normal room temperatures (the lamp thus shows more than a 14:1 resistance vari-ation over its full usage range). Note from this data that this 100W lamp consumes a normal r.m.s. running current of 417mA from the 240V AC supply but – if it is initially switched on at a moment
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Figure 20.39. Typical resistance variations that occur in the Þla-ment of a 240V 100W lamp.
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when the AC voltage happens to be at the peak point in a half-cycle – may pass an initial switch-on surge current of up to 8.46A, thus generating a 2030W switch-on power surge in the lamp. Figure 20.40 shows the comparable resistance figures for a 120V, 100W lamp, which consumes a normal r.m.s. running current of 833mA and may pass an absolute peak switch-on surge current of 16.5A.
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Figure 20.40 . Typical resistance variations that occur in the Þla-ment of a 120V 100W lamp.

 

In practice, the lamp’s initial switch-on power surge makes its fila-ment resistance rise very rapidly (in a few milliseconds) to a value reasonably near to the filament’s normal operating value; the lamp-driving triac (and its protective fuse) must be able to handle this surge current without suffering damage.

Tungsten filament lamps have a typical operating life of about 2000 hours. The outer surfaces of the coiled tungsten filament slowly ‘boil off ’ with continued use, until the weakened filament eventual-ly blows at its most vulnerable (thinnest) point, in the same basic manner as in a fuse, i.e., the failure point first melts and is then partly vaporised by arcing; usually, the vaporised metal blackens part of the glass bulb’s inside surface. Filament lamp failures occur in three basic types, which can be classified as ‘simple’, ‘recursive’, or ‘catastrophic’; these failure types have the following characteris-tics.

Most lamp failures are of the ‘simple’type, in which the filament simply burns through and then arcs at its weakest point, vaporising the local metal; the lamp emits an audible ‘ting’as the two halves of the ruined filament spring apart; usually, the arcing debris black-ens only the end of the bulb. This type of failure often occurs at the moment of initial switch-on and is usually harmless to triac drivers.

The ‘recursive’ type of lamp failure can be regarded as a small number of ‘simple’ failures occurring in quick succession. At the end of the first failure, the broken but still hot and vibrating ends of the filament briefly make contact and weld together, passing a surge of current through the remaining (but shortened) length of filament, which quickly suffers another failure at another weak point, and so on. In this type of failure, the lamp usually flickers on and off a few times before finally dying; the inside of the bulb normally becomes 370
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widely blackened as a result of the multiple arcing that occurs in this process. This type of failure may be accompanied by very heavy current surging, which may damage a driving triac that is not adequately rated or fuse-protected.

The ‘catastrophic’ type of lamp failure is fairly rare and can be regarded as a very savage type of recursive failure, in which the internal arcing is so severe that the entire inner surface of the lamp and the filament’s supports becomes coated in conductive vaporised metal, thus shorting out part of the filament and causing an abnor-mally low resistance to appear between the lamp’s terminals. Failures of this type occur most frequently in poorly designed flash-ing-lamp disco displays, in which the triac-driven lamps are switched on and off in response to the filtered amplitudes of the music,  often  going  through  thousands  of  on/off  sw i t c h i n g sequences (and their associated heavy surge currents) in a single hour; triacs need special protection in this type of application. In extreme cases of this type of failure, the triac may develop an inter-nal short-circuit, and the fuse may then blow as the lamp filament self-destructs, thus destroying all three components during the ‘failure’process.

TRIAC BASICS . From the ‘current overload protection’ point of view, the two most important parameters of a triac are its basic

‘r.m.s. on-state current rating’, I , and its non-repetitive peak  T(RMS)

surge on-state current rating over a period of one full cycle duration,

I    . Typically, I      is ten times greater than I        in 60Hz sys-TSM TSM T(RMS) tems, and eight times greater than I in 50Hz systems. Thus, a  T(RMS)

4A triac can typically handle I surge current of up 32A in a  TSM

50Hz system, or 40A in a 60Hz system.

TRIAC PROTECTION CIRCUITS. When all of the above data is put together, it transpires that the simplest on/off-switching or ‘dimmer’ type of lamp-driving triac circuit should take the basic form shown

in Figure 20.41. The lamp’s normal ‘fully on’ running current, I , L equals the AC supply voltage divided by the lamp’s power rating,

the triac needs a minimum current rating of 3 × I , and the fuse L must be a quick-blow type with a current rating of 500mA (1A absolute maximum) per 100W of lamp rating in 240V AC system, or 1A (2A absolute maximum) per 100W of lamp rating in 120V
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Figure 20.41. Basic triac and fuse selection data for use in simple on/off lamp switching and lamp dimmer types of application.
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AC systems.

Ideally, all modern lamp-driving ‘on-off ’ types of triac circuit (including those used in flashing-lamp disco displays) should take the basic form shown Figure 20.42, in which the main triac is gated via an optocoupled synchronous ‘zero-voltage’triac (as described earlier in this Chapter), thus completely eliminating all switch-on surge current problems.
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Figure 20.42. Ideally, all on/off-type lamp switching circuits should be gated via an optocoupled synchronous Ôzero-voltageÕ triac, to eliminate all switch-on surge current problems.

In very extreme cases, particularly in flashing-lamp disco displays, the above circuit can be modified to give the main triac additional protection against damage from the ‘catastrophic’type of lamp fail-ure by wiring a ballast resistor in series with the load, as shown in Figure 20.43; this resistor must be a normal wire-wound type with a resistance equal to at least 5% of the lamp’s hot resistance and with a power rating equal to at least the same percentage of the lamp’s power rating. If the lamp suffers a near-short-circuit during a catastrophic failure, this ballast resistor limits the surge current to a value that blows the fuse but does not damage the triac; the bal-last resistor gives a slight reduction in lamp brilliance under normal running conditions.
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Figure 20.43. In extreme cases, such as in ßashing-lamp disco displays, the main triac (Q1) can be protected against damage from a ÔcatastrophicÕ lamp failure by a ballast resistor, wired as shown.
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Capacitors, 14–27
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optocouplers, 275–6, 277, 358–9

Coils, inductor, 29, 32–4

Colpitts oscillators, 224, 226, 227, 228

quartz crystals, 88–9

Common-base/collector/emitter amplifier circuits, 184–6,

189–209, 217–19

Common source amplifiers, 294–6

Commutator d.c. motors, 55–7

375

[image: ]

 

Compression capacitors, 27

Constant-current generators (CCGs), 192–5 Constant-volume amplifiers, 298–300

Convertors, d.c./a.c., 300

Copper wire gauges, 30–1

Cores:

inductors, 29, 32–4

transformers, 37

Crystal oscillators, 226–7, 228, 311

Crystal sets, 178–9

Crystals:

quartz, 88–9, 226

see also Piezoelectric

Current boosting voltage regulators, 170–2 Current constancy, 193

Current mirrors, 252

Current transfer ratio (CTR) of optocouplers, 271 CW transmitters, 323

 

Damping diode circuits, 43–4, 163–4

Dark-activated relays/switches, 80–1

Darlington connection, 187, 190–2, 197, 199, 200 De Sauty bridge, 135–6, 137

Delayed switches, 319

Detectors, RF, 178–9

Diacs, 348–9, 363–4

Dielectric constants, table of, 19

Dielectric material codes, capacitors, 27 Differentiator/discriminator diode circuits, 158 Digital amplifiers, 189–90

Digital circuits, 199–202, 315–20

Dimmers, 82, 83, 152, 320–1, 348, 349, 354, 363–7, 367–71 Diode circuits, 148–79

Diode rectifier circuits, 159–60, 161

Diodes, 148–51

amplified, 199, 200

damping by, 43–4, 163–4

transistors as, 183–4

Disc capacitors, 16, 25, 27

Distortion meters, 122–5

DMOS devices, 285, 286

Drill-speed controller, 343

Drivers, power amplifiers, 247–8

 

Earphones, 75–7

EIA coding of capacitors, 23–7

Electret microphones, 77, 78–9

Electrical Institute of America see EIA coding of capacitors Electroacoustic devices, 69–79

Electrolytic capacitors, 19–20, 22, 23, 25 Emitter follower oscillators, 225–6

Emitter followers, 195–6, 200

Equalisation pre-amps, 212–14

376

[image: ]

 

Farad, 23

Feedback biased circuits, 205

Feedback oscillators, 223

Field-effect transistors (FETs), 279–323 Field strength meters, 177–8

Filament lamps, 81–2, 367–71

Film capacitors, 18, 19–20, 27

Film resistors, 3, 5, 6, 7

Filter capacitors, 156

Filter circuits, 105–25

scratch/rumble, 248–9

Fire alarms, 340–1

Flasher circuits, 266–7, 370, 371

Foil capacitors, 18, 19–20, 22

Frequency compensation, attenuators, 94–6 Frequency modulation (FM):

oscillator circuits, 225–6, 227

transmitters, 254–6

Frequency response, phonograph discs, 210–11, 212 FRI suppression, 347–8

Frost alarms, 340–1

Full-scale deflection (fsd) of meters, 46–8, 257–60 Full-wave limiters, 174

Full-wave rectifier circuits, 153–4

Fuses, 367–8

 

Gate circuits, 164, 167, 347–8

Germanium diodes, 148–9, 175, 176

Ghosted half-wave circuits, 256–7

Gouriet oscillators, 224

Greencaps, 23

Grounded-collector/emitter see Common-base/collector/emitter

amplifier circuits

 

Half-wave limiters, 174

Half-wave rectifier circuits, 151–3

a.c. voltmeters, 54

Hartley oscillators, 223, 225, 253, 254

Hay bridge, 136–8

Headphones, 75–7

amplifiers, 295

Heat-activated alarms/switches, 339, 340–2, 358–63 Henry (unit of inductance), 28

HEXFET devices, 288

High-gain circuits, 208–9

Hysteresis in power switches, 363–4

 

ICs seetable at end of index

IGBTs, 289, 290

IGFETs, 279, 283–6

Impedance-matching devices, transformers as, 36–7 Indicator lamps, LEDs as, 263–4
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Inductance bridges, 134–41, 147

Inductors, 28–34

Infra-red photo-diodes, 150–1, 268

Input buffers, multi-range voltmeters, 259–61 Insulated-gate bipolar transistors (IGBTs), 289, 290 Insulated-gate field-effect transistors (IGFETs), 279, 283–6 Integral-cycle power controllers, 360–3

Integrated circuits (ICs) seetable at end of index Integrators, CMOS, 311

Interfacing circuits, optocouplers, 275–6 Intermediate switches, 39

Intruder alarms, 43, 46, 87–8, 338–9

Inverters, CMOS, 306–8, 310

Isolation transformers, 35, 357

 

Junction diodes, 148–9

Junction-gate field-effect transistors (JFETs/JUGFETs), 279–83,

284, 291–300

 

L-type attenuators, 90–1, 92, 94–5, 96–7 L–C filters, 113–18

L–C oscillators, 222–5, 253–4

Ladder attenuators, 96–7, 103–4

Lamp switches and dimmers, 82, 83, 152, 320–1, 348, 349, 354,

363–71

Lamps:

filament, 81–2, 367–71

flashing, 370, 371

Lateral MOSFETs, 288–9

Lie detectors, 251

Light-activated alarms, 339, 340

Light-activated relays/switches, 80–1

Light-dependent resistors (LDRs), 79–81, 268, 331, 340 Light-emitting diodes (LEDs), 151, 262–7

optocouplers, 273–4, 276–7, 344–5, 356–60 Light-sensitive oscillators, 331

Limiter circuits, 160–1, 357

Linear amplifiers, 184–6, 195–6

CMOS, 308–11

Linear biasing circuits, 204–5

Linear circuits, VMOS, 321–3

Long-tailed pair phase splitters, 218–19, 248 Loudspeakers, 74–5, 76

 

Magnet operated reed relays, 45–6

Magnetic microphone/pickup pre-amps, 210–14 Mark/space ratio generators, 232–3

Matched-resistance attenuators, 97–100

Maxwell bridge, 136–8

Metal detectors, 254

Metal film resistors, 3, 6, 7

Metal-oxide semiconductor see MOS field-effect transistors 378
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Meters:

field strength, 177–8

moving coil, 46–55, 256–61

suppressed-zero, 174–5

total harmonic distortion (THD), 122–5 wavemeters, 177–8

see also Voltmeters

Metronomes, 329, 330

Microphones, 77–9

pre-amps, 210–11

Microswitches, 38

Millivoltmeters, 257–61

Mixers, audio, 216–17, 310

Model train speed controller, 343–4

Modulation, oscillator circuits, 225–6

Monostable multivibrators, 233–6

Morse-code oscillators, 329

MOS field-effect transistors (MOSFETs), 277, 279, 283–90,

301–11

Motors, d.c., 55–68, 201–2, 275–6

Moving-coil earphones, 76, 77

Moving-coil loudspeakers, 74–5

Moving-coil meters, 46–55, 256–61

Moving-coil microphones, 77

Moving-iron earphones, 76

Multi-function meters, 55, 56

Multi-range voltmeters, 259–61

Multi-tone signalling circuits, 329–31

Multi-turn pots, 14

Multicolour LEDs, 264–5

Multivibrators, 187–8, 228–37

astable, 229–33, 250–1, 297–8

bistable, 236–7

monostable, 233–6

 

Noise limiters, 249–50

Notch acceptors/rejectors, 115

Notch filters, 106–10, 112, 120–4

Npn transistors, 180–3

Null-point amplifiers, 128

 

Ohm, 8

Ohm’s law, 2

Operational amplifiers (op-amps), current boosters, 171–2 Optocouplers, 269–78

power switches, 344–5, 350, 351, 352–4, 355–60, 366–7 silicon controlled rectifiers, 344–5

solid-state relay, 277–8

Optoelectronic circuits, 262–78

Optoelectronic transducers, 79–84, 151

OR logic:

diode gate circuits, 164

relays, 42, 43
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Oscillators, 220–8

beat-frequency (BFOs), 225–6, 227, 253–4

C–R, 220–2

crystal, 226–7, 228, 311

Hartley, 223, 225, 253, 254

L–C, 222–5, 253–4

light-sensitive, 331

notch filter, 112–13

phase-shift, 106, 107, 220

quartz crystals, 88–9

relaxation, 325–6

Wien bridge, 108–9, 221–2

Oscilloscopes:

attenuators, 95–6

timebase generators, 328

trace doublers, 167

Overload protection, 165–6

moving-coil meters, 55

smart MOSFETs, 289

triacs, 367–71

Oxide film resistors, 3

 

Pad attenuators, 97–104

Passive attenuators, 90–104

Passive filter circuits, 105–25

Permittivity, table of, 19

Phase-delayed switching, 342, 343–4, 347–8, 349, 363 Phase-shift oscillators, 106, 107, 220

Phase splitters, 207, 218–19

Phonograph disc frequency response, 210–11, 212 Photo-diodes, 150–1, 268

Photocells, 79

Phototransistors, 268–9

optocouplers, 273–4, 276

Photovoltaic devices, 82–4

Pickup pre-amps, 210–14

Pierce oscillators, 227

Piezoelectric alarms and sirens, 73–4, 87–8 Piezoelectric earphones, 77

Piezoelectric microphones, 77, 78

Piezoelectric sounders, 70–3

Piezoelectric transducers, 87–9

Piston trimmer capacitors, 27

Plate capacitors, 16, 25

Pnp transistors, 180–2

Polarity protection circuits, 165

Poly (polymeric) capacitors, 21, 22, 23, 24 Potentiometers (pots), 12–14

symbols, 1–2, 12

Power amplifiers, 209, 238–48

Power control circuits, 332, 342–5, 349

Power line filters, 117

Power supply circuits, 153–5

Power switching circuits, 38–40, 336–7, 344–5
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triac circuits, 346–71

Pre-amplifiers, 209–15, 295–6

Preset pots, 14

Pressure pad switches, 38

Probes, RF, 175–6

Programmable unijunction transistors (PUTs), 324, 332–4 Pseudo full-wave circuits, 256–7

Pulse generators, 233–6, 326–7

 

Q value of inductors, 29

Quadracs, 348–9, 350

Quartz crystals, 88–9, 226

 

Radio control transmitters, 323

Rate-effects in triacs, 347, 348

Reactance:

of capacitors, 14, 16, 17

of inductors, 28–9

Reactance-measuring bridges, 131–8, 147 Record Industry Association of America see RIAA pre-amps Rectangular waveform generators, 326, 329 Rectifier circuits, 151–60, 161

a.c. voltmeters, 53–4

Rectifiers, silicon controlled (SCRs), 335–45 Reed relays, 45–6

Reference voltage generators, 149, 168–73 Reinartz oscillators, 224–5

Relaxation oscillators, 325–6

Relay drivers, 190–2, 202–3

Relays, 41–6

diode circuits, 166–7

light-activated, 80–1

optocoupled solid-state relay, 277–8

Resistance:

filament lamps, 368–9

inductors, 28–9

moving-coil meters, 47, 48

Resistance bridges, 126, 127–31, 139–47 Resistance chart, 4

Resistors, 1–14

coding, 8, 10–12

matching, 144–6

temperature coefficients, table of, 143

values of, 8–12

Resonance of capacitors, 17

Resonant L–C filters, 113–16

RF detectors, 178–9

RF probes, 175–6

RF sniffers and tell-tales, 176–8

RFI suppression, 347–8

RIAA pre-amps, 210–14

Ribbon microphones, 77–8

Rod resistors, 3, 5

381

[image: ]

 

Rotary pots, 12–14, 358, 359, 360

Rumble filters, 248–9

 

Sawtooth waveform generators, 326–9

Schmitt triggers, 188, 237

Schottky diodes, 151, 175

Scratch filters, 248–9

Sensitivity of moving-coil meters, 46–8

Sensors, 69

Servomotor systems, 62–8

Shunt switching, moving-coil meters, 50–1 Signal diode circuits, 175–9

Signal-injector tracers, 250–1

Silicon controlled rectifiers (SCRs), 335–45 Silicon controlled switches (SCSs), 333–4 Silicon diodes, 148–9

Silicon unilateral switch (SUS), 333

Silver mica capacitors, 21, 22

Sine-to-square wave convertors, 188, 237 Sinewave generators, 220

Sirens, 73–4, 331

Slide pots, 14

Smart MOSFETs, 289

Sniffers, RF, 176–8

Snubber networks, triac circuits, 347, 348 Solar cells, 82–4

Solenoid devices, 46

Sounders, piezoelectric, 70–3

Source follower circuits, 293–4

Speech coils, 74

Speed control/regulation, d.c. motors, 60–2 Square wave generators, 188, 229–33

Stepper motors, 64–8

Stop/go waveform generators, 236–7

Super-Alpha connection, 187

Suppressed-zero meters, 174–5

Sure-start circuits, 231–2

Swamp resistors, multimeters, 52

Switched attenuators, 91, 100–4

Switches/switching, 37–40

d.c. motors, 57–60

phase-delayed, 342, 343–4, 347–8, 349, 363

silicon controlled (SCSs), 333–4

VMOS, 316–20

see also Power switching circuits Symbols, abbreviations, units etc

C (capacitance), 14–15

F (Farad), 23

H (Henry), 28

L (inductance), 28

Omega (ohm), 8

Q (inductors/inductance), 29

R (ohm), 8

for capacitors/capacitance, 14–15, 23
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for CMOS inverters, 306

for diacs, 349

for diodes, 148, 150, 151

for field-effect transistors, 279, 284, 285, 301 for filament lamps, 82

for IGFETs/MOSFETs, 284, 285

for inductors/inductance, 28, 29

for JFETs, 279

for light-dependent resistors (LDRs), 79 for light-emitting diodes (LEDs), 79

for MOSFETs, 284, 285, 301

for photo-diodes, 151

for phototransistors, 268

for potentiometers (pots), 1–2, 12

for programmable unijunction transistors, 333 for quadracs, 350

for quartz crystals, 89

for relays, 41

for resistors, 1–2

for silicon controlled rectifiers, 335

for silicon controlled switches, 334

for silicon unilateral switches, 333

for solar cells, 83

for thermistors, 86

for thermocouples, 87

for thermostats, 84

for transformers, 34–5

for transistors, 180, 279, 284, 285, 301, 324, 333 for triacs, 346

for unijunction transistors, 324

for VMOS power FETs, 312

Synchronous power switching, 354–60, 362–3

 

Tantalum capacitors, 25

Tell-tales, RF, 176–8

Temperature-activated alarms, 340–2

Temperature coefficients:

capacitors, 26, 27

resistors, table of, 143

Thermistors, 85–6, 359–60

Thermocouples, 86–7

Thermoelectric sensors, 84–7

Thermostats, 84–5, 358, 359, 360

Thyristors, 333–4

Time-constant circuits, 117–20, 121, 122 Time-delay circuits, 191–2, 319

Timebase generators, oscilloscopes, 328 Tone controls, 209, 215–16

Tone filters, active, 120–3

Total harmonic distortion (THD) meters, 122–5 Touch-activated switches, 317–18, 365–6 Trace doublers, oscilloscopes, 167

Transducers, 69

Transformer-driven half-wave rectifiers, 151–2
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Transformer ratio-arm bridge, 141–2

Transformers, 34–7, 154–5

Transistor circuits, 183–261

Transistors, 181–2

bipolar, 180–3

diodes as, 183–4

FETs, 279–323

IGBTs, 289, 290

IGFETs, 78, 279, 283–6

JFETs/JUGFETs, 279–83, 284, 291–300

MOSFETs, 277, 279, 283–90, 301–11

npn, 180–3

phototransistors, 268–9, 273–4

pnp, 180–2

PUTs, 324, 332–4

switching, 44

d.c. motors, 57, 58, 59

symbols, 180, 279, 284, 285, 301, 324, 333

TTL circuits/interfaces, 275–6, 316–17

unijunction (UJTs), 324–34, 352, 353

see also table at end of index

Transmitters, FM, 254–6

Triac circuits, 346–71

Triggering, monostable pulse generators, 235–6 Trimmer capacitors, 27

Trimpots, 14

TTL circuits, driving VMOS, 316–17

TTL interfaces, optocouplers, 275–6, 277 Tuning capacitors, 27

Twin-T filters, 110–12, 113, 114, 122–4

 

Ultrasonic piezoelectric transducers, 87–8 Unijunction transistors (UJTs), 324–34, 352, 353

 

Vane capacitors, 27

Varactor/Varicap diodes, 150–1, 179

Variable capacitors, 27

Variable potentiometers (pots), 12–14

symbols, 1–2, 12

Variable power control circuits, 342–5, 349 Variable voltage circuits, 172–3

Vertical DMOS devices, 288

VFETs, 286–7, 312–13

VLF astable multivibrators, 297–8

VMOS devices and circuits, 287, 312–13 VMOS power FETs, 312–13

Voice coils, 74

Voltage-controlled amplifiers, 298–300

Voltage droppers, 173–4

Voltage followers, 186

Voltage gain circuits, 205–9

Voltage multiplier circuits, 160–3

Voltage rangers, 91–4
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Voltage reference generators, 149, 168–73 Voltage regulators, 168–73

Voltmeters:

a.c., 52–5, 256–61

d.c., 48–50, 296–7, 298

Volume controls, 209, 215

 

Wagner earth, 140

Water-activated switches, 318–19, 339–40 Waveform generators, 220–37, 326–9

Wavemeters, 177–8

Wheatstone bridge, 126–31, 147

White-noise generators, 149, 227–8, 229 Wide-band amplifiers, 207

Wien bridge oscillators, 108–9, 221–2

Wien filters, 107–10, 114, 123

Wire gauges, table of, 31

Wire-wound pots, 14

Wire-wound resistors, 3, 5, 6, 7

 

Zener diodes/circuits, 149–50, 168–75, 182–4, 228, 229, 252–3,

358, 359

 

Devices, components, ICs etc by type number

 

2N2646, 326, 327

2N3819/2N3820, 291

2N6027, 334

4001B, 72–4

4007UB, 302–6, 308–9

4011B, 71, 73–4

BRY39, 334

C106, 338

CA3059, 356

D13T1, 334

LF356, 329

LH1540AT, 277–8

PB2720, 71–4

S566B, 365

SAA1027, 64–7

SLB0586, 365–7

TDA1024, 356

TIS43, 326, 327

VN10/VN46/VN66/VN88 family, 312

VN66AF, 313–23
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Figure 4.19. Worked example of a 1k0, —20dB =n-type attenuatol
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Figure 7.33. Polarity protection circuit.
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Figure 6.12. Bridge energiser, giving 9V d.c. and 5V peak-to-peak
1kHz outputs.
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