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INTRODUCTION

This handbook is intended as a single source of much-needed information
covering the proper design of power transistor circuits, specific circuit applications,
and areas of promise for future transistor circuit development. The information
presented here will be helpful to the design engineer, development engineer,
hobbyist, and experimenter.

The power transistor is an extremely efficient and versatile device. Capable
of handling large amounts of power, it is nevertheless very compact physically.
Circuits have been designed to solve any practical combination of voltage, current,
and power requirements. Usable transistor circuits have been designed for series
operation at 300 volts and higher, and for parallel operation at current levels
exceeding 1000 amperes. One of the first applications of the power transistor was
as a replacement for the power output stage in automobile radios. Since the power
transistor could work directly from the 12-volt vehicular battery, the vibrator
power supply was eliminated. Other early applications for the power transistor
were as a replacement for dynamotors or vibrators in D-C to D-C converters.

The power transistor was, in fact, one of the first semiconductor devices to
achieve widespread application and production. The diamond-shaped germanium
power transistor developed by Motorola in 1954 demonstrated excellent power-
handling characteristics as well as a new standard of high reliability. Today, power
transistors are found in many types of power supplies, TV sweep circuits, elec-
tronic automobile ignition systems, audio amplifiers, and industrial control appli-
cations. There are more than 10 million Motorola power transistors in field use,
and it is conservatively estimated that these units have registered more than 10
billion hours of operation under extreme environmental operating conditions.
Failures have been negligible.

Refinements are continually being made in transistor design and application.
For example, Motorola now specifies all of its industrial germanium power
transistors for continuous operation at junction temperatures of 100°C. This is
a conservative rating, to assure the ultimate in transistor life and reliability.
High-temperature storage life tests have been conducted on Motorola units at
125°C without detrimental effects.

It is important that the circuit design engineer thoroughly understand the
operating characteristics and ratings of power transistors. It is the purpose of this
handbook to provide the background necessary to utilize the characteristics and
ratings in designing circuits which will provide completely reliable operation and
permit the benefits of transistorized circuits to be more widely utilized.






Semiconductor Electronics

CHAPTER 1

Semiconductor Electronics

The transistor has unique amplification characteristics resulting from the
electrical properties of a class of elements and compounds known as semi-
conductors. Semiconductors are so called because they display conductive charac-
teristics intermediate between metals (which are good electrical conductors) and
insulators (which are very poor conductors).

At the present time the chemical elements most often used as the basic
material in semiconductor devices are germanium and silicon. Both are in
Group IV of the periodic table and have four valence electrons in the outer shell.
In the crystalline space lattice these electrons join with the valence electrons of
neighboring atoms to form a completely saturated system of covalent bonds.
This structure is represented schematically in Figure 1-1A. The structure is
identical for both germanium and silicon.

Since all the electrons are locked in place in this structure, there are no free
electrons to impart conductivity. These materials when very pure are poor
electrical conductors, although thermal effects may give a few electrons enough
energy to break their bonds and by drifting to conduct electricity in an applied
field. The spaces vacated by such electrons—called “holes” in semiconductor
terminology—leave a net positive charge on the associated atom. These atoms
are not free to move, hence the charge cannot drift with an applied field. However,
the atoms may capture a free electron drifting by in a process known as recombi-
nation. The captured electron may have originated from another nearby bond,
in which case that hole may be said to have moved, thus imparting conductivity.

The conductivity is greatly enhanced by adding controlled amounts of certain
impurities. For example, the addition of small amounts of antimony to the pure
germanium imparts relatively high conductivity. In this case extra or free electrons
are introduced into the semiconductor since the antimony, called a donor impurity,
has five valence electrons, only four of which can be shared in the covalent bonds
(see Figure 1-1B). This extra electron is free to drift, ionizing the impurity atom.
Materials with these excess electrons are called N-type materials. Phosphorus,
also a pentavalent element, is generally used as the N-type impurity agent
for silicon.

When a trivalent element such as indium is added to germanium (or boron
to silicon), the three valence electrons are taken up in the covalent bonds leaving
one of the electron bonds in the parent atom unsatisfied. In this manner a
positively charged hole exists which can capture electrons drifting by. This is
known as P-type material (Figure 1-1C). Both N- and P-type materials are used
in transistors and other semiconductor devices.

When P- and N-type materials are brought together, a PN junction is created.
In actual practice the PN junction is formed by growing a crystal of either P- or
N-type material and in one area alloying or diffusing-in the type of impurity
required to create the opposite type of material. When indium is alloyed into
the N-type germanium, a small amount of the indium penetrates the germanium
and overrides the effect of the antimony, causing areas of the semiconductor slab
to become doped P-type.
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Although both P- and N-type materials are neutral in charge, the excess
electrons in the N-type material are able to cross the interface and combine with
the holes in the P-type material. When this occurs, the impurity atoms become
ionized. The N-type, upon losing an electron, becomes positively charged and
the P-type impurity atom, upon receiving an electron, becomes negatively charged.
These ions then form a potential barrier which is negative on the P side and
positive on the N side. This potential barrier inhibits further flow of charges
across the interface and a state of equilibrium is reached. (See Figure 1-2.)
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Figure 1-1 — Lattice Structure of Semiconductor Materials
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Figure 1-2 — Charge Distribution of PN Junction

It should be noted that the entire crystal is still electrically neutral but a
sharp potential difference exists across the interface. At a given temperature only
a certain number of electrons will have enough energy to diffuse across this barrier.

To increase the number of electrons that cross the interface, it is necessary
to decrease this potential barrier. This can be done by applying a forward bias,
using a battery with the positive terminal connected to the P side and the negative
terminal connected to the N side. Then some of the ions on both sides lose their
charge thereby lowering the barrier potential, as shown in Figure 1-3.

—~ t LARGE CHARGE FLOW

MODERATE RESISTANCE
TO HOLE FLOW IN —= O
THIS DIRECTION —_-

Vg

Figure 1-3 — Forward Bias of PN Junction

In Figure 1-4 we have an NP junction with a reverse bias applied: that is
the negative terminal of the battery is connected to the P-type material and the
positive terminal is connected to the N-type material. The result is an increase
in the number of ionized atoms on each side of the interface. Consequently the
barrier potential has been increased and the diffusion of charges across the
interface is greatly reduced.
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Figure 1-4 — Reverse Bias of NP Junction

When PN and NP junctions are combined, with the N-type region common
to both as shown in Figure 1-5, a PNP transistor is created. With a forward bias
applied to the PN junction, the number of carriers from the P region (or emitter)
which diffuse into the N region (or base) can be modulated by varying the
forward bias. If the thickness of the N region or base is small enough, the dif-
fusion of positive carriers will continue through the NP interface. With a reverse
bias applied across the NP interface, there is little resistance to the flow of
positive carriers. Some of the positive carriers combine with electrons that have
entered from the base lead, creating a slight base current flow, I,. However,
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Figure 1-5 — Potential Profile of PNP Transistor
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the great majority of positive carriers cross through the collector region into the
external circuit. Note that the purpose of the collector bias voltage is not to
create current flow but to allow usable power to be delivered to the load resist-
ance. The transistor can be shown to have power gain since a small input power
can control a large load power. Consider input power as Igz2R;,, where R;, is
the input resistance of the emitter-base junction. Load power is Io2R, and power
gain is

P, _ ISPRy
Pin IEQRin
The emitter-base junction input resistance may be as low as a fraction of an
ohm while the typical load resistance may be a thousand times as great. This
explains why a transistor can provide a large power gain.

The ratio of Io/Ig is called the common-base current gain, hg,, which is
normally 0.95 - 0.99. To attain higher power gains it is only necessary to in-
crease Ry, as long as there is a specific minimum voltage maintained across the
collector and base under D-C and A-C conditions. In the case of an A-C input,
the collector voltage swings from a very low to a very high value, approaching
the battery voltage. The gain is also a function of the emitter material, base
width, and geometry of the device, especially the ratio of collector diameter to
emitter diameter. There is a limit to the maximum voltage which can be placed
across a junction; additional voltage will cause the charges to avalanche and
become dependent upon voltage. At this point, which is known as the break-
down voltage, there is no longer any control of the transistor. This condition is
not destructive, however, as long as the current is limited below the safe power
point.

G =

EMITTER JUNCTION

BASE RING

; Tz‘l N/

WELD SEAL

COLLECTOR JUNCTION

C-COLLECTOR

E-EMITTER B-BASE

Figure 1-6 — Power Transistor Construction
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The P-type emitter is heavily doped and contains a large excess of holes
or positive carriers. The N-type base contains a moderate excess of electrons
and the collector a small excess of holes.

The interfaces between the regions of different types are considered to be
very abrupt and thin, and base width, W, very small compared to the junction
diameters.

Since there are many more holes at the interface of the P-type than there
are electrons in the N-type, there is a high probability that many holes will
penetrate the barrier and diffuse into the base. These will diffuse into the col-
lector because of the very narrow base spacing.

The most common form of transistor is the PNP alloy-junction germanium
type. These are fabricated by alloying a suitable impurity into both sides of the
die. Other junction-forming techniques include barrier layer, diffused, grown
junction, and mesa methods. These procedures are also used to produce NPN
transistors. ,

In manufacturing the transistor, contacts to the die and junctions are
made with wires or pins extending through a protective cover. The base contact
is made to the N-type germanium die; the two junction contacts (called emitter
and collector) are connected to the P-type alloyed regions.

The transistor shown in Figure 1-6 is a power transistor which will amplify,
control, and dissipate relatively large amounts of power. These features are a
result of the design geometry and the particularly efficient means provided to
conduct heat away from the semiconductor junction.

The following chapter describes the physical and electrical characteristics
of these versatile devices.
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CHAPTER 11

Transistor Characteristics . . . Mechanical . . . Electrical
Thermal . . . Characteristic Curves . . . Maximum Ratings

2;1 - Mechanical Characteristics

The mechanical characteristics of power transistors are primarily concerned
with the physical structure of the device. The single-ended diamond-shaped
(TO-3) package was introduced by Motorola in 1955. The straight pins of this
package facilitated socket mounting through a heat sink. The TO-3 package has
since become one of the industry standards. Sockets generally are not usable
with currents of 10 amperes and above due to contact voltage drops and ex-
cessive heating losses. The TO-41 package which has the same shape as the TO-3
is available and provides solder lugs for #12 wire to minimize contact losses.
A more recent power package, the low silhouette TO-36 supplied by Motorola,
is shown in Figure 2-1B.

.140 MAX DIA INSULATED

LOCATOR PIN
312
#10-32 NF 2A THREAD MAX-H = oo 1.220
.345 NOM. RAD. y MAX DIa
(MEASURED AT ’
SEATING PLANE) <]

Figure 2-1 — Typical Outline Dimensions
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To accomplish heat transfer, Motorola power transistors employ a copper
mounting base to which the collector junction is soldered. (This feature will be
discussed further under thermal resistance, Section 2-13). Because the collector
of the transistor mechanically and electrically contacts the mounting base,
the case serves as the collector terminal. The base and emitter pin terminals
project through the mounting base and are insulated from it by glass “feed-
throughs”, which also provide a hermetic seal around the lead. The transistor
assembly is completely sealed from external environment by a cap which is
either hot or cold welded to the mounting base. While physical appearance may
vary with the type of weld employed, the functioning of the seal is the same
in either case.

2-2 — Electrical & Thermal Characteristics

To design a circuit, the engineer must take into account the various in-
herent electrical and thermal characteristics of transistors. A transistor consists
of two PN junctions sharing a common, single-crystal base region. Figure 2-2
shows a typical PNP transistor, with the emitter PN junction forward-biased
(positive on the emitter) and the collector PN junction reverse-biased (nega-
tive on the collector).

As the voltage Vg across the emitter junction is varied, the number of
“charge carriers” to the collector also varies. Thus by changing the input volt-
age, the output current is changed. There are certain basic electrical properties
of transistor junctions which account for the relation between input voltage and
current and output current and voltage. This relation can be shown by using
the classical “black box” (Figure 2-3).

EMITTER BASE COLLECTOR
\% I —
\I r EB1 / / 10:_1___0 o——z—o I0
.10 v
P N P fo o l?2 .Y
Rpg BLACK BOX
+ — e Figure 2-3 — Black Box
Veg Vee Equivalent of Transistor

Figure 2-2 — Typical Biasing of PNP Transistor

If the transistor is represented as the “black box”, then the relationships of
the various voltages and currents may be represented by a number of circuit
equations. When the output is short-circuited and the input open-circuited, the
parameters which relate voltage to current are called “hybrid” or “h” para-
meters. The “h” parameter equations are:

vy = hysis + bypv, and (2-1)
i = hyiy + hgave. (2-2)
When vy = 0 (Short Circuit output),

10
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Then hy, = ‘i’l , and (2-3)
1
hyy = —2- . (2-4)
1
When i; = 0 (Open Circuit input),
Then hys = —L, and (2-5)
Vo
hyo = b (2-6)
22 Vo

The subscript “11” represents the input (i), “21” a forward transfer (f),
“12” a reverse transfer (r), and ‘“22” the output (0). Conventional terminology
of “h” parameters for small signal conditions is as follows:

ovy

Input impedance (ohms) h; = 3, (2-7)
Forward current gain hy = gif (2-8)
Reverse voltage ratio h, = aav\; (2-9)
Output admittance (mhos) h, = :‘2 (2-10)

The normal mode of operation is common emitter, signified by the addi-
tion of subscript “e”; for example, small-signal common-emitter current gain is
h;,. Similarly, common base is signified by a “b” subscript, and common collector
by a “c”. In addition to small-signal “h” parameters, large-signal and DC “h”

parameters are commonly encountered. All of these are defined in Table 2-1

TABLE 2-1
(“h” PARAMETERS FOR COMMON-EMITTER CIRCUIT)

Description Small Signal Large Signal DC
. OVgs AVgs Vs
Input Resist: = = =
nput Resistance hie oL Hip Al hie I
. ol Alc T'c — Icro
Current Gain e = = *hpp = =———
en | hg s Hm: AIB hFE T's + Icno

*Where I'c and I'y are the values read on a meter.

Since power transistors are usually operated at nearly short-circuit (AC)
output, the h;, and hy, parameters are specified and may be used directly for
circuit design. Because the input is rarely open-circuited, h,, and h,, are seldom
specified in data sheets on power transistors.

11
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2-3 — Characteristic Curves

Static or DC curves relating input conditions, transfer functions, and output
conditions show how the emitter and collector junctions control the output cur-
rent. Some typical characteristic curves for Motorola power transistors appear
later in this section. The “h” parameters can be obtained from the particular
curve representing the same information because they are merely the slope at
any point. For example, h;, may be obtained from the 1. vs I curve as shown
in Figure 2-6.

In addition to the “black box” information, other PN junction character-
istics can be represented by a plot of variables. Such things as leakage current
and breakdown voltage of the collector are best represented graphically. The
effects of temperature on these curves are seen by plotting the curves at several
different temperatures. Thus it is possible to completely characterize a transistor
by “black box” theory, and voltage, current, and temperature plots. (It will be
shown in Section 2-12 that curves also provide a visual description of the max-
imum ratings of the transistor.) Of course, static curves do not give any fre-
quency information. The frequency cutoff point will be defined in Section 2-5.

2-4 — Special Specifications

End use determines the special Power Gain, Transconductance, and Distortion
specifications associated with certain transistors. For example, the Motorola
2N176 Power Transistor was designed for use in the power output stage of
automobile radios and hence requires a power gain specification in a specific
circuit. Also distortion specification is required for this audio output stage.
With switching transistors the important characteristics are DC or large-signal
current gain and input resistance. In the latter case however, it is simpler to
specify transconductance instead of input resistance. Transistor transconduct-
ance is defined as the ratio of collector current to base-emitter voltage, or:

IC hFE
grp = (note that ggy, = ).
" Vg T hig

2-5 — Current Gain Frequency Cutoff -

Current gain frequency cutoff (f,,) for the common emitter configuration,
(also called the beta cutoff frequency) is the frequency where the small-signal,
forward-current gain is .707 of the current gain value to be found at a given
reference frequency. The .707 point represents a 3 db reduction in current gain.
The cutoff frequency is usually between Skc and 10kc for power transistors.
The common base frequency cutoff, f,,,, (generally not specified for power tran-
sistors) is approximately equal to hy, times f,.

2-6 — Switching Characteristics

Switching characteristics involve delay time, rise time, storage time, and
fall time. These time periods are derived from a display of the output pulse and

12



Transistor Characteristics . . . Mechanical . . . Electrical
Thermal . . . Characteristic Curves . . . Maximum Ratings

a standard input pulse on an oscilloscope. Figure 2-4 is typical of such a display.
In audio switching applications, nonsaturated rise and fall times t, and t; are
related to f,, according to the following empirical relations:

te X fge =.3 (2-11)
te X foe = .6 (2-12)
where t, = nonsaturated rise time, the 10% to 90% points in microseconds,
te = nonsaturated fall time, the 10% to 90% points in microseconds, and
f,. = common emitter cutoff frequency, cps.

INPUT PULSE

‘ DURATION

e S ke
I |
DELAY ! |
TIME d": II'- I
I
10— 1 — 4 — — — —— f——— ] — =
0 A N
—| RisE PULSE — TO 90% TO 10%
TIME END STORAGE FALL TIME
t TIME

T, t

ts

Figure 2-4 — Pulse Response Times

2-7 — Collector Cutoff Current

Collector cutoff current, Ipg, (sometimes shortened to I¢o) is the small
current that flows from the collector to the base because of the inverse collector
potential, which exists when the transistor is cut off. This current is caused by
random diffusion of charge carriers across the collector junction, plus leakage
currents across the surface of the germanium die that composes the transistor
assembly. Every transistor type has a maximum cutoff current value which helps
define the range in which it can be used. Typical value of cutoff currents are
much less than the maximum value given on data sheets.

Igpo is one of the transistor parameters that is extremely temperature sen-
sitive. Because power transistors generally operate at very high junction temper-
atures, changes in Iy, at these temperatures can greatly affect stability. The
leakage component of Icpq is voltage dependent and therefore the total Iy
is a function of voltage and temperature.

Variation of Iz, with temperature and voltage, for a typical transistor is
shown in Figure 2-5. At a given temperature and for a given collector junction
area, diffusion (or saturation) component of Igpo varies directly with base re-
sistivity, the greater the resistivity, the greater the diffusion component. Thus
this component is larger with higher voltage devices which have higher base
resistivity.

2-8 — Emitter Cutoff Current

Emitter cutoff current (Izpo) varies in the same manner as Iqpo and the
curves are similar.

13
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2-9 — Collector Saturation Voltage

Collector saturation voltage, Vg st (Figure 2-9) is the minimum voltage
necessary to sustain normal transistor action at a particular collector current. At
this point the emitter-base voltage equals the collector-emitter voltage. At col-
lector voltages lower than Vy 4. the base-collector diode is forward-biased and
the current-voltage relationship changes abruptly. Thus the saturation voltage
is the minimum collector-emitter voltage required to maintain full conduction
when enough base drive is supplied. Further application of base drive will reduce
Vg sat With diminishing effect. Since the Vg ¢ Vs I curve is almost a straight
line, some transistor manufacturers list the characteristic as saturation resistance
(T'og sat) - Yo sat is part of the output characteristic curve as shown in Figure 2-9.

2-10 — Collector Breakdown Voltage

Collector breakdown voltage is the inverse voltage at which the collector
junction current begins to avalanche. Under some conditions of operation, es-
pecially with inductive loads, the actual voltage appearing at the collector may
for a brief time greatly exceed the collector supply voltage, therefore the effects
of inductive transients and surges must be taken into consideration. Different
types of breakdown voltage characteristics are defined and discussed in Sections
2-16 - 2-19.

2-11 — Power Transistor Characteristic Curves

The important characteristic curves are as follows:

Temperature Collector cutoff current vs temperature (Figure 2-5)

Transfer Collector current vs base current (Figure 2-6)

Transfer Collector current vs base-emitter voltage (Figure 2-7)

Input Base current vs base-emitter voltage

Output Collector current vs collector-to-emitter (Figure 2-8)
voltage with base current family (Figure 2-9)

Output Collector current vs collector-to-emitter

voltage with base-emitter voltage family

Temperature Current gain vs collector current and temperature
(Figure 2-10)
(Figure 2-11)

Temperature Transconductance vs collector current and temperature
Some typical curves for Motorola devices, with an indication of their use-
fulness, are shown here. The composite curve of Figure 2-12 is an example of

how transistor characteristic curves may be used to obtain input to output wave-
shape relations in a single-ended Class “A” audio amplifier.
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The input characteristics of a transistor (base-emitter) are also affected by
temperature. The manner in which Vg changes with temperature depends on
several transistor characteristics. The equivalent input circuit shown in Figure
2-13 will help demonstrate why Vg can have either negative or positive tem-
perature coefficient.

B Rppg' «—1Ig g — Ic
O AV
S
Iceo i:
t 1
E
O
E

Figure 2-13 — Input Equivalent Circuit

The relations of base-to-emitter voltage, (Vpg) can be expressed as:

Ve = (Ig — Icpo) Rgp + Vg, or (2-13)
I

Ve = h e Rgp, — lopo Rpp + Ve (2-14)
FE

The Ipo function has a positive temperature coefficient whereas the emitter
diode voltage (Vg,g) has a negative one. Both of these reduce Vyg as temper-
ature increases, causing the external base-emitter voltage to have a greater nega-
tive temperature coefficient than the internal junction (Vg,) alone. The current
gain term can have positive or negative temperature effects depending on the

I

level of collector current. Thus the term Rgg. can have a positive or negative

hFE
coefficient. At some current levels the effects can cancel each other and Vgg
will then be independent of temperature.
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Figure 2-14 — Percent Change of Base-to-Emitter Voltage Versus
Mounting Base Temperature, Motorola 2N375

% CHANGE OF
VBE, BASE-TO-EMITTER VOLTAGE
o

19



Transistor Characteristics . . . Mechanical . . . Electrical
Thermal . . . Characteristic Curves . . . Maximum Ratings

The Vgy vs temperature curve for the Motorola 2N375 transistor is shown
in Figure 2-14. Note that somewhere between 1 = 1 and 3 amps, Vg is con-
stant. If the Vg Vs temperature curve is a reasonably straight line, the Vg
temperature coefficient can be plotted as in Figure 2-15.
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+3
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+—"2N1165

/
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-5
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n

0
2N375 ¢ 1 2 3 4 5 AMPS

IC’ COLLECTOR CURRENT (AMPS)

Figure 2-15 — Base-to-Emitter Voltage Change Versus Collector
Current, Motorola 2N375, 2N1165

2-12 — Maximum Ratings

There are generally four maximum ratings given to a power transistor.
These are: :

1. Maximum power dissipation

2. Maximum collector junction temperature

3. Maximum collector current

4. Maximum collector voltage

Ratings 1 and 2 are related by the thermal characteristics of the device.
Ratings 3 and 4 form a zone of reliable V; — I operating areas. The following
sections describe in detail operation characteristics within these maximum
ratings.

2-13 — Maximum Power and Temperature

Maximum power and junction temperature are related since junction tem-
perature rise is caused by power dissipation. The maximum allowable junction
temperature is 100°C for Motorola germanium power transistors. This 100°C
rating is based upon long term continuous operation at this temperature. Pro-
duction life tests are made with the transistor held at 100°C for 500 to 1,000
hours and even longer time periods. Only a slight degradation in performance
is allowed at the end of this test. For shorter intervals of time it is obvious that
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the transistor will withstand temperatures higher than 100°C. One of the limita-
tions is the melting point of indium which is 156°C. There is also a slight soften-
ing of the junction at approximately 125°C.

The average power dissipation may be approximated as:

Pp =IgVce (2-15)

For a given power level this equation will plot as a hyperbolic curve as
illustrated in Figure 2-8. The power dissipation is related to junction temperature
by a thermal coefficient which is usually called thermal resistance. The term
thermal resistance arises from converting heat effects to an equivalent electrical
analogy. In the analogy, the following conversions exist:

Thermal Symbol Units Electrical
Power Dissipation Po Watts Constant current generation
Temperature Rise AT °C Voltage rise
Thermal Resistance 9 °C/W Resistance
Thermal Capacitance C W-sec/°C  Capacitance
(Specific heat)

In the steady state case, the equivalent circuit will be as detailed in Figure 2-16.

] ﬁ B JUNCTION TEMP_TgJ ‘\:\
. POWER
d TRANSISTOR Lo DISSIPATION

% ! casg TEMP (T¢) s Jc

é @ mmmz., HEAT SINK Tare (T i‘ Y
T o BEAT STNK 0 I

AMBIENT TEMP (TA)

v
%)
>

=)
Q

T
0 = 1 "HS
ga =%t 055% Ogu r ¥

717177777,
ABSOLUTE ZERO
Figure 2-16 — Thermal-to-Electrical Analogy

The equivalent electrical circuit yields to Kirchoff’'s Law and the following
equations result:

Ty =Pp 03¢ + Pp bcs + Pp Osa + Ta (2-16)
Ty =Pp (030 + Oos + 054) + Ty (2-17)
Let 0JA = GJC + 00s + 0SA (2-18)

where 0j, is total thermal resistance (junction to ambient)
05 is transistor thermal resistance (junction to case)
fs is insulator thermal resistance (case to heat sink)
g4 is heat sink thermal resistance (heat sink to ambient)
then T;=Ppls, + Ty (2-19)
(Note that the junction temperature “floats” upon the ambient temperature)
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The thermal resistance of the transistor is the sum of the thermal resistances
in the heat conduction path from collector junction to the surface of the mounting
base. Motorola industrial power transistors in the TO-3 case have 0.8°C/W
maximum thermal resistance or less. The automotive power units are designed
with a thermal resistance of 1.2°C/W maximum. The maximum power and
temperature ratings of the transistor may be represented by a derating curve
as shown in Figure 2-17 where the solid line is a negative derating slope equal
to transistor thermal resistance (f;c).
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Figure 2-17 — Power-Temperature Derating Curve

In the practical situation the ambient temperature is the uncontrolled vari-
able and the junction temperature must be controlled by the thermal resistance
of the heat sink. The heat sink thermal resistance is dependent upon the type
of material (usually aluminum), shape, thickness, color, area, temperature and
air flow. The minimum value of 5, may be calculated from the following
equation:

TJ max "~ TA

P, — bcs — O5¢ (2-20)

Osa =

As an example:
Pp = 10 watts (total dissipation)
Ocs = 0.6°C/W (mica insulator)
030 = 0.8°C/W (industrial power transistor)
Ty max = 100°C

T, = 50°C
1 —_
B, = ﬂ)m_sg — 4— 8=3.8C/W.

Motorola provides a heat sink, Type MS-10, which would be applicable to
this example. It has a s, = 2.75°C/W at the 10-watt level. The MS-10 heat sink
is illustrated in Figure 2-18.
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ol Figure 2-18 — Transistor Heat Sink MS-10

The most convenient and satisfactory way to mount the Motorola power
transistors to the heat sink is with a Motorola Mounting Kit MK-10, MK-15,
or MK-20. These kits provide a high-quality power transistor socket, mounting
screws, a transistor insulating washer, drilling template and mounting instructions.
Table 2-2 lists the various kits and the thermal resistance (f.g) of the insulators.

TABLE 2-2 MOTOROLA MOUNTING KITS

. . Typical Mounting Thermal Resistance
Kit No. Insulating Washer (©cs) °C/W (includes contact resistance)
Dry With DC4*
_— No insulator 0.20 0.10
MK-10 Teflon 1.45 0.80
MK-15 Mica 0.80 0.40
MK-20 Anodized Aluminum 0.40 0.35

*DC4 is Dow Corning No. 4 Silicone Lubricant. The use of the DC4 or equivalent is highly recom-

mended especially for high power applications. The grease should be applied in a thin layer on both

zldesd (?fdthe washer. When transistors are replaced in the sockets a new layer of the grease should
e added.

The teflon insulator is very durable and heat resistant but is somewhat
inferior in heat conductivity and is not as strong mechanically as the mica
and aluminum insulator.

The mica and anodized aluminum washers are recommended for good
thermal conduction. However, mica is subject to flaking and cracking and the
anodized aluminum to scratching or denting. Scratching of both sides may result
in penetration of the thin insulating layer with consequent electrical shorting.

An exploded view of the mounting method using these kits is given in
Figure 2-19.

Power transistors which are equipped with solder lugs on the pins cannot
be used with the standard sockets. These may be mounted to a heat sink by
bolting directly to the metal, or by using any of the insulating washers recom-
mended in the mounting kits. When insulating washers are used, the bolts also
must be insulated from either the transistor case or the heat sink. This may be
accomplished by using a suitable fibre shoulder washer. An alternative method
is to insulate the individual heat sinks.

A nomograph which relates allowable power dissipation to ambient tempera- -
ture when-using the MS-10 and the Motorola mounting kits is given in Figure
2-20. An example of how the nomograph is used follows.
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Figure 2-19 — Method of Mounting Motorola Power Transistors
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Figure 2-20 — Nomograph For Motorola Heat Sink MS-10

(Allowable Power Dissipation Versus Ambient Temperature)
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Problem: What maximum ambient temperature is allowed when the follow-
ing conditions are true:
Pp = 10 watts
fcs = 0.6°C/W (MK-15 insulator kit)

050 = 0.8°C/W
035 = 03¢ + Ocs = 1.4°C/W
Solution:

(Refer to Figure 2-20)

1—Set 10 watts on nomograph (Point A on power scale)

2—Set ;5 = 1.4°C/W (Point B on thermal resistance scale)

3—Connect Points A and B with a straight line extending to
temperature scale.

4—Read maximum allowable T, = 58°C at Point C.

The entire problem of temperature and power limits may be generalized
for any heat sink as shown in the nomograph of Figure 2-22. Scale E of the
general nomograph indicates total heat sink area for flat square sheets of ¥3”
bright aluminum. Thermal resistance of these sheets plotted against the total area
(both sides) is shown in Figure 2-21.

1000

UNITS MOUNTED IN THE CENTER |
\ OF SQUARE SHEETS OF 1/8-INCH
N THICK BRIGHT ALUMINUM. HEAT
\ SINKS WERE HELD VERTICALLY
\ IN STILL AIR. (HEAT SINK AREA ||

1S TWICE THE AREA OF ONE SIDE)

EXPERIMENTAL AVERAGE
g = 32.6A -.472 :

[
o
o

LA

HEAT SINK AREA (SQUARE INCHES)

N
10 A
1.0 10.0 100

GSA' THERMAL RESISTANCE (°C/WATT)

Figure 2-21 — Heat Sink Area Versus Thermal Resistance
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Figure 2-22 — General Heat Sink Nomograph

An example of the general nomograph is as follows.

Problem: What heat sink thermal resistance, fg,, and area is required
when

T max = 100°C
T, =75°C
Pp = 6 watts (total)
0yc = 0.8°C/W
fcs = 0.6°C/W

0Js = 0,]0 + 005 = 14°C/W

Solution:
(Refer to Figure 2-22)
1—T; — T, = 25°C; enter scale A at 25°C.
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2—Enter Scale D at 6 watts.

3—Join 25°C and 6 watts with a straight line intersecting line B.

4—Read # = 4.1°C/W (total thermal resistance, fy,) on Scale B.

5—Obtain fg, (heat sink thermal resistance) mathematically;
Osa = 074 — O35, 0T o = 4.1 —1.4=2.7°C/W.

6—Enter line B at 2.7°C/W and construct a line from this point
through the construction point C extending to E.

7—Read 200 sq. in. This would be 100 sq. in. per side or a flat
square sheet 8”7 X 10” X 10”.

The temperature control methods which have been described are general. When
designing with heat sinks, the mounting base temperature of the transistor
should be monitored with a thermocouple under the worst foreseeable conditions.
The many factors which determine the ability of a heat sink to transfer heat
into the ambient makes this precaution vital.

2-14 — Pulse Power Dissipation Effects

Pulse power dissipation effects depend on the thermal capacitance of the
device as well as the thermal resistance. The two generally are considered as a
parallel R-C network. The effects can be expressed as a thermal time constant
which is the product of resistance and capacitance, r;o = 03¢ X Cj¢ (in seconds).

This time constant is defined as the time in seconds required for the
junction temperature to rise to 63% of its final value. Power surges must be
limited so that junction temperature does not go above the maximum limit rating
of 100°C.

Consider the example where repetitive power pulses (Pp) are being handled
by the transistor. If an infinite heat sink is used such that the case temperature
equals ambient temperature, the temperature rise may be shown to be:

1—e _‘tl/TJC
AT:TJ —TC:Pme —_— (2-21)
[ —e —t/75¢ ]

The repetition rate (frequency is the inverse of the period t, or F =
1/t. The pulse width is shown as t,. The duty cycle will be defined as the ratio
of pulse width to the period in percent, or duty cycle = (t,/t) 100% . The junc-
tion temperature will rise less as the duty cycle and pulse width decrease. Of
course, the pulse shape must be considered as a perfect rectangle as shown in
Figure 2-23. When the repetition rate is in excess of about 5 kc, rise, fall, and
storage times will effectively widen the pulse duration. These effects also will
increase the duty cycle and less maximum pulse power can be tolerated.

Equation 2-21 was derived by a mathematical analysis of the thermal net-
work, assuming that the power pulses are the equivalent of a constant-current
generator feeding a parallel R-C network. Essentially the thermal network
integrates the power pulses, resulting in a temperature rise in the junction.

If the expression inside the bracket of Equation 2-21 is designated 1/Cpj ¢,
the term Cpjc, or coefficient of power of the transistor can be plotted as a func-
tion of pulse width and duty cycle for a thermal time constant of 50 ms as shown
in Figure 2-24.
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Figure 2-23 — Power Pulses
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Figure 2-24 — Coefficient of Peak Power Versus Pulse Width and Duty Cycle

1

The peak allowable power (Pp) may be determined by rearranging Equation
2-21 and using the chart of Figure 2-24.

Infinite Heat Sink Situation:

Pp = (ZM:T_C) Cpyo (2-22)
03¢

For instance, for Motorola industrial power transistors in the diamond TO-3
package T, = 100°C, §;c = 0.8°C/W, and, at Tq = 25°C,

Pp = 90 Cpjo (2-23)

In a practical situation the heat sink will be finite and a finite thermal
resistance between ambient and the case will add to the internal thermal resist-
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ance. However, most heat sinks will have very large thermal capacitances as
compared to that of the transistor. A heat sink “coefficient of power,” Cpgy can
be found by plotting the bracketed term of Equation 2-21 as a function of pulse
width, duty cycle, and the thermal time constant, r¢s, of the heat sink. The
power pulses will then cause a rise of case temperature on the basis of the heat
sink “coefficient of power,” or,

For a Finite Heat Sink:

Te=Ty + (2-24)
CPCA
The peak allowable power for a finite heat sink is:
T, —T4
Pp=—"——"— (2-25)
i 10 fca
Cric Croa

Frequently the pulse width will be very short compared to the heat sink
thermal time constant and the value of Cpo, may be approximated by (t/t;).
For nonrepetitive pulses Cpgs = 7¢a /t;. That these approximations are true may
be determined by expanding the exponential terms of Equation 2-21 into an
infinite series and allowing the time constant () to approach infinity in the first
case, and in the second case allow the period (t) to.approach infinity.

When 6, = O (infinite heat sink), Equation 2-25 is identical to Equation
2-22. Both equations have assumed no steady state power except in the one limit
where the pulse width is much longer than the transistor time constant. Gen-
erally there will be a certain amount of steady power. Upon this steady state
power the peak pulses will be superimposed. Obviously the peak allowable power
will be diminished when steady state power is present. Steady state power (Pgg)
causes a certain level of junction temperature when no pulse power is present,
and can be represented as an increase in ambient temperature when considering
allowable peak power. The following is the general peak allowable power
formula:

P, = Ty —Ta — 054Pss . (2-26)

0.] C 0CA

Cric Crea
Two examples involving peak allowable power will be presented to more
fully explain the use of the preceding expressions and the normalized chart
of Figure 2-24.

Example Number 1

Given:
1-—Ambient Temperature, T, = 70°C.
2—Steady State Power, Pgg = 0.
3—Pulse width, t; = 2 millisec.
4—Period, t = 10 millisec.
5—Heat Sink plus interface, o, = 3°C/W.
6—Heat Sink time constant ¢, = 500 millisec.
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Problem:
What is the allowable peak power with a 90 watt
Motorola Industrial Power Transistor?

Solution:

t 2
1—Duty Cycle, le 1o =20r 20%; hence Cpgy =5

2—Enter chart of Figure 2-24 at t; = 2 millisec and 20% Duty Cycle.
Read Cpjc = 4.

3—Calculate Py, from Equation 2-25. P, :%):—% = 37.5 watts.
=t

Notice in this example the pulse width was short compared to the thermal time
constant and an approximation based on duty cycle alone would give 40 watts
allowable.

Example Number 2:

Given: A DCto AC inverter with the following conditions:
1—Ambient Temperature (T,) = 50° .
2—Frequency = 500 CPS

However there are two power pulses per cycle during switching and the
effective Period, t, = 1 millisec.

3—Switching time (t;) = 10usec, (Rise and Fall are equal).
4—Duty cycle (t;/t) = 1%.

5—Peak collector current (I,,,,) = 10A.

6—Peak collector voltage (Vogmax) = 60V.

7—Transistor Thermal resistance (;:) = 0.8°C/W.
8—External Thermal resistance (6p,) = 1.7°C/W.
9—External thermal time constant (r¢,) = 500 millisec.

10—Maximum allowable junction temperature (T ,.x) = 100°C.

Problem:
Will the allowable Tj,,, of 100°C be exceeded?

Solution:
If the peak power plus steady state power is less than the calculated
allowable power,then T; < 100°C. Actual Peak power dissipated Pp, =

VCE max X ICmnx =30X5 =

2 2
load).

Calculate allowable power from Equation 2-26.

Where Cp from the 1% duty cycle line of Figure 2-24 is 100; also
Cpoa is 100:

150w (assuming a straight line switching
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Solution:
p _ 100—50—25x2
L 0.8 1.7
100 ' 100

Py =~ 1800 watts

Since the actual peak power (150w) is less than the allowable power
(1800w) Ty uax Will not exceed 100°C.

Caution — — — The peak allowable power is based strictly upon temperature rise.
Many times this value will be beyond the safe voltage and current limits of the
transistor, as defined in the next Section. Both safe areas and allowable power limits
must be observed.

2-15 — Maximum Voltage and Current in Power Transistors

In alloyed germanium PNP power transistors there exist definite areas for
reliable operation with regard to collector voltage and collector current. Typical
areas are shown in Figure 2-25. In this figure the term “maximum reliability
area” means that as long as the collector load line is within this area the transistor
will not short out. The dotted area is bounded on the outer side by the “absolute
maximum limit” line which must not be exceeded, since a collector-to-emitter
short may result. The cross-hatched area can be considered as a “derated” zone
of operation which provides the designer with a safeguard insofar as unknown
or occasional power surges are concerned. On the other hand, when operating in
the dotted area, the designer must be absolutely certain that no power surge
will occur that might cause the operating point to cross over the maximum limit.
It is only necessary for the collector load line to penetrate the “unsafe” area for
a few microseconds to trigger a short. This short is induced by what is called
“second breakdown”, which is discussed in more detail at the end of this chapter.

!—-RCS
B -

< C

ABSOLUTE MAXIMUM
e LIMIT

Figure 2- 25 — Reliable Vc-Ic Areas

MAXIMUMO
RELIABILI

A AREA “///\/}
\_/

COLLECTOR-EMITTER VOLTAGE
(VOLTS)

COLLECTOR CURRENT (AMPS)
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In general, it is permissible to switch through high power dissipation areas
if the switching is rapid. The reason for this is that the junction temperature,
which must also be considered, is dependent on the average power dissipation
rather than the maximum power dissipation. The characteristics numbered on
the graph, Figure 2-26, are commonly used test conditions and also cover most
of the common operating conditions.

-I5 <0 or -Vpp< 0
Ig = 0 BVcgq

Ig > 0 (+BVcgpR)
VBE = 0 (BVCES)
VBE> 0 (+ON BASE)
Iz = 0(BVCBO)

SECOND BREAKDOWN LINE

CNCHCECHONONS)

LOCUS OF SECOND
\ \ BREAKDOWN TRIGGER POINTS

IC’ COLLECTOR CURRENT

COLLECTOR-TO-EMITTER VOLTAGE

Ve

Figure 2-26 — Collector Current Versus Collector-to-Emitter Voltage

Line 1: Base current held constant at some negative value. This is the most
common mode of operation. A constant base-emitter voltage, nega-
tive on the base, would show a similar curve.

Line 2: Base current equal to zero. (Commonly called am = 1 curve)

Line 3: Base current held constant to some positive value.

Line 4: Base emitter voltage equal to zero.

Line 5: Base-emitter voltage held constant with positive voltage on the base.

Line 6: Emitter open. Corresponds to collector-base breakdown character-
istic or the I¢pg line.

Line 7: Characteristic trace after second breakdown had been triggered.

A test set-up to observe transistor characteristics is shown in Figure 2-27.

The oscilloscope used should have a bandpass of several megacycles. All of the
numbered lines shown result while subjecting the base-emitter junction to the
indicated condition and increasing the voltage across the collector base junction.
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AUTOTRANSFORMER

60 CPS

©
- o
—I_-—o

‘RS’ THE CURRENT SENSING RESISTOR, SHOULD BE NONINDUCTIVE

Figure 2-27 — Typical Breakdown Voltage Characteristic Test Display

Line 2 is often called BVggo, V am, or gm = 1. It is the curve which would
be generated by opening the base. Line 3 has been named BV gp, indicating
that this is the breakdown curve when there is a resistance between base and
emitter. Line 4 is generally called BVgs, Vegp, or “first breakdown”, a non-
destructive condition. Lines 3, 4 and 5 usually have a negative resistance portion
beginning at a high voltage and low current (from 1-50mA) and falling back
to a lower voltage and higher current (100-500 mA) before going into avalanche.
Line 5 is called BVgx. Line 6 is the path of collector cutoff current (Igpo), and
the point where the current begins to avalanche is called collector-to-base break-
down (BVggo) or “Diode Avalanche”.

The shape of the lines is determined by the physical construction of the
transistor and the materials used. Such things as base resistivity, base width,
surface conditions of the germanium, collector cutoff current (Igpp) and ava-
lanche multiplication are all determinants of line shape. The references at the end
of the Chapter all have excellent sections discussing the relation of transistor
characteristics to breakdown. There is also a brief discussion of this relation
in the Appendix of the Chapter.

2-16 — Second Breakdown Voltage

Second Breakdown Voltage, a destructive condition, was first observed
when the first breakdown condition (Vg = 0) was allowed to continue until
point “A” was reached as illustrated by line 4 (BVcgs) of Figure 2-26. The
current was allowed to increase after the curve had entered into the first negative
resistance portion and a second negative resistance occurred which switched the
characteristic onto Line 7 of Figure 2-26. Further investigation has shown that
other base-emitter conditions trigger second breakdown. If the base-shorted-to-
the-emitter (Vg = 0) condition is used as a reference point, there exists a locus
of points where second breakdown is initiated for both negative and positive
base-to-emitter voltage conditions which is shown by the dashed line. Thus, high
negative base drive will cause second breakdown to be generated at much
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greater collector current by a lower collector voltage than at the Vg = 0 point.
When the base is positive the locus is more difficult to determine since the trigger
point lies in a negative resistance region. The exact locus varies considerably
from one device to the next. However, if the collector diode breakdown and the
BV s are within specifications for the transistor, the locus will always be to
the right of and above lines D-E and E-F of Figure 2-25. Triggering second
breakdown from positive base drive almost always results in a collector-to-
emitter short or a drastically altered transistor. Negative drive action does not
appear to be as drastic and usually the phenomenon can be observed repeatedly
on an oscilloscope curve tracer.

The exact physical reaction is still somewhat of a mystery, although the
results of other types of breakdown have been fully described. Second breakdown
seems to result in a “channeling of current” between the collector and emitter.
In second breakdown the collector-to-base junction exhibits certain instabilities
when high voltage is applied. The point at which these instabilities occur is
controlled by the voltage imposed on the base-to-emitter junction. This spot
heating can actually melt the germanium and allow the indium of the collector
and the emitter to flow together producing a collector-emitter short.

The locus of points where second breakdown occurs is independent of
temperature within normal operating ranges. However as temperature changes,
a particular point on the locus will shift with a certain base-emitter condition.
For instance, as temperature increases, the Vg = 0 point will shift toward the
Iz = 0 line. This is because more I, flows through the internal base resistance
(Rgg,) which causes the internal base-emitter junction to see a more negative
voltage on the base side. In fact, high Ipo current will cause the Vi = O line
to lose its negative resistance portion (the tail) and approach the low temperature
Ig = O case.

A back bias voltage just equal to the Iogo X Ryp, product would cancel out
this effect and its output characteristic line would follow the temperature Vgg = 0
curve. Thus the basic “reliable” and “absolute maximum” lines are independent
of temperature but load lines may shift with temperature.

Safe areas are assured by Motorola for a specific transistor by the following
tests: (Refer to Figures 2-25 and 2-26)

Loy 2 a¢ TABLE 2-3
3 BASIC TESTS USED BY MOTOROLA TO ASSURE RELIABILITY

o

-

©

1. BVgg is measured at or to the right of Point D (generally the transistor

is given a curve tracer test which sweeps it beyond this point). This is the

basic test to assure the maximum collector-to-emitter voltage rating.

2. Igpo is measured at or above Point F.

3. Points C and E are determined by sampling tests.

4. Point B is based upon either minimum usable low voltage current gain

or upon the collector saturation voltage.

(Note that the area above line BC,while not necessarily unreliable,may
involve the use of current gain that is too low for practical considerations
or may be above the current handling capabilities of the emitter pin.)

Thus, there exists a high reliability safe area AB'C’'DED’A and two probably
safe areas BBCDC'B’ and D’EFD'. Specific operating areas for Motorola’s power
transistors are shown in the last section of this Chapter.

34



Transistor Characteristics . . . Mechanical . . . Electrical
Thermal . . . Characteristic Curves . . . Maximum Ratings

(A) LOW-FREQUENCY
PURE RESISTANCE LOAD

LOAD
LINE

POSSIBLE SHORT -INDUCING SURGE

(B) D-C TO A-C
INVERTER

(C) HIGH-FREQUENCY
AUDIO AMPLIFIER

(D) TV HORIZONTAL
DRIVE
(TUNED CONDITION)

Figure 2-28 — Typical Load Lines

2-17 —Load Line Analysis

Generally the circuit variations which may affect the shape of a particular
load line cannot be rigorously analyzed. All circuits should be checked with an
oscilloscope to determine what areas the load line circumscribes. If possible the
test should be run over the entire operating temperature range. A test set-up to
observe the load line is indicated in Figure 2-29. The load line of an audio
amplifier can be observed by inserting a sampling resistance, as small as practical,
in the collector lead and observing the collector current with an oscilloscope as

shown in Figure 2-29

The oscilloscope used for load line testing should have a bandpass of several

megacycles. Some typical load lines are shown in Figure 2-28.
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" ”B " ®

| O O
VCE -o0—o
INE
1 IIHF OSCILLOSCOPE
ra L Lo
SPYV V—

“RS, THE CURRENT SENSING-RESISTOR, SHOULD BE NONINDUCTIVE

Figure 2-29 — Typical Audio Amplifier Load Line Analysis Setup

2-18 — Punch-Through Voltage

Another voltage phenomenon unique to transistors is termed ‘“punch-
through” voltage. This phenomenon can be explained in terms of base width and
base resistivity. As reverse voltage is increased across the collector to base diode,
the space charge region or depletion layer at the junction increases in width.
Most of the increase takes place in the base region, moving towards the emitter
junction. This increase varies as the base resistivity. Since the effective base width
is from the edge of the emitter space charge zone to the edge of the collector
space charge zone, the base width will decrease as the collector edge advances
toward the emitter. At some collector voltages the collector space charge zone
will reduce the base width to zero and the emitter will be electrically shorted
to the collector. The voltage required to do this is called “punch-through” voltage.

Punch-through does not damage the transistor if current is limited, although
transistor action is temporarily disrupted. Once the voltage is removed normal
action is resumed. Although Motorola does not specify a punch-through charac-
teristic, every power transistor is given a punch-through test during the manu-
facturing process.

This test is assurance that each transistor has a “punch-through” voltage
equal to or in excess of the collector diode breakdown (BVg)-

2-19 — Specific Reliability Areas

The general “high reliability” and “absolute maximum” lines for Motorola
power transistor are listed in table 2-4. The table listings indicate the value of

current and voltage for a specific transistor at each point of the general curve
of Figure 2-25.
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TABLE 2-4 (See Figure 2-25)
SPECIFIC RELIABILITY AREAS FOR MOTOROLA TRANSISTORS

B c ] E F(BVczo) &

VCE sat (BVGES) ICBO

at Ic of at Ve of
2N176 3A 25V, 3A 30v, .3A 30v,.1A 40v
2N350A 3A 35V, 3A 40V, .5A 40V,.1A 50V —_
2N351A 4A 32.5V,4A 40V, .5A 40V,.1A 50V —
2N375 5A 40V, 5A 60V, .5A 60V,.1A 80v
2N376A 5A 30v, 5A 40V, .5A 40V,.1A 50v —
2N618 5A 40V, 5A 60V, .5A 30v,.1A 80V —
2N627 10A 20V, 10A 30v, .5A 30v,.1A 40V —
2N628 10A 25V, 10A 45V, .5A 45V,.1A 60V —_
2N629 10A 30V, 10A 60V, .5A 60V,.1A 80V 45V,4A
2N630 10A 35V, 10A 75V, 5A 75V,.1A 100V 50V,4A
2N669 3A 25V, 3A 30v, 3A 30v,.1A 40v —
2N1162 25A 4V, 25A 35V,1.0A 35V,.5A 50V —_
2N1163 25A 4V, 25A 35V,1.0A 35V,.5A 50V —
2N1164 25A 4V, 25A 60V,1.0A 60V,.5A 80V —
2N1165 25A 4V, 25A 60v,1.0A 60V,.5A 80v —_—
2N1166 25A 4V, 25A 75V,1.0A 75V,.5A 100V —
2N1167 25A 4V, 25A 75V,1.0A 75V,.5A 100v —
2N1359 5A 30V, 5A 40V, .5A 40vV,.1A 50V —_
2N1360 5A 30v, 5A 40V, .5A 40V,.1A 50V —
2N1362 5A 50V, 5A 75V, .5A 75V,.1A 100V —
2N1363 5A 50V, 5A 75V, .5A 75V,.1A 100V —
2N1364 5A 60V, 5A 100V, .5A 100V,.1A 120V —
2N1365 5A 60V, 5A 100v, .5A 100v,.1A 120V —
2N1529 10A 10V, 10A 30v, .5A 30V,.25A 40V —
2N1530 10A 10V, 10A 45V, .5A 45V,.25A 60V —_
2N1531 10A 10V, 10A 60V, .5A 60V,.25A 80V —
2N1532 10A 10V, 10A 75V, 5A 75V,.25A 100V —
2N1533 10A 10V, 10A 90V, .5A 90V,.25A 120V —
2N1534 10A 10v, 10A 30v, .5A 30V,.25A 40V —
2N1535 10A 10V, 10A 45V, .5A 45V,.25A 60V —
2N1536 10A 10V, 10A 60V, .5A 60V,.25A 80V —
2N1537 10A 10V, 10A 75V, .5A 75V,.25A 100V —
2N1538 10A 10V, 10A 90V, .5A 90V,.25A 120V —
2N1539 10A 10V, 10A 30v, .5A 30V,.25A 40V
2N1540 10A 10V, 10A 45V, 5A 45V,.25A 60V —
2N1541 10A 10V, 10A 60V, .5A 60V,.25A 8ov —
2N1542 10A 10V, 10A 75V, .5A 75V,.25A 100V —_
2N1543 10A 10V, 10A 90V, .5A 90V,.25A 120V —
2N1544 10A 10V, 10A 30V, .5A 30V,.25A 40V —
2N1545 10A 10V, 10A 45V, .5A 45V,.25A 60V —
2N1546 10A 10V, 10A 60V, .5A 60V,.25A 8ov —
2N1547 10A 10V, 10A 75V, .5A 75V,.25A 100V —
2N1548 10A 10V, 10A 90V, .5A 90Vv,.25A 120V —
2N1549 20A 5V, 20A 30v, .3A 30v,.15A 40v —
2N1550 20A 5V, 20A 45V, 3A 45V,.15A 60V —
2N1551 20A 5V, 20A 60V, .3A 60V,.15A 8ov 45V,5A
2N1552 20A 5V, 20A 75V, 3A 75V,.15A 100v 50V,5A
2N1553 20A 5V, 20A 30v, 3A 30v,.15A 40v —_
2N1554 20A 5V, 20A 45V, .3A 45V,.15A 60V —
2N1555 20A 5V, 20A 60V, .3A 60V,.15A 8ov —
2N1556 20A 5V, 20A 75V, .3A 75V,.15A 100v —
2N1557 20A 5V, 20A 30v, .3A 30V,.15A 40V —_
2N1558 20A 5V, 20A 45V, .3A 45V,.15A 60V —
2N1559 20A 5V, 20A 60v, .3A 60V,.15A 80v —_—
2N1560 20A 5V, 20A 75V, 3A 75V,.15A 100v —_

*A point connected by straight line between “C”” and “D” for 2N629-630 and 2N1551-1552 devices only.
For all other devices C-D is a straight line.
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APPENDIX TO CHAPTER 2
At least four voltage-current instability considerations, where current will
avalanche independently of voltage, are encountered with power transistors.
These are:

1. BVgpo — Breakdown Voltage Collector-to-Base, Emitter Open

2. BVoggr — Breakdown Voltage Collector-to-Emitter, Base Open,
Where R can be 0 to o«

3. Vpr — Punch-Through Voltage
4. Second Breakdown of Collector

1. — Collector-to-Base (Emitter Open)
BVggo is essentially the collector-base diode breakdown and for PNP
germanium alloyed-junction transistors follows the relation (Reference 1):

BV¢gpo = 83.4(pp) 61 (2-27)
where py, is the resistivity of the base region.

Actually the BV¢p( is not always encountered in power transistors since leakage
current and a surface breakdown may occur first on a nonpredictable basis.
Neither type of diode breakdown is destructive if the current is limited. Excessive
current will cause excessive power dissipation which can melt the junction. A
typical diode breakdown voltage-current relation is shown in Figure 2-30.

SURFACE COLLAPSE

L \z \ AVALANCHE

BvCBO
m = o

s - J mig

Ves

Figure 2-30 — Typical Ic Versus Vi

The slight rounding of the curve of Figure 2-30 is due to the multiplication
effect (m) which is related to avalanche voltage and collector voltage as follows
(Reference 2) :

1 .
m=——" (2-28)
(Veg)?

~ (BVgpo)?

2a. — Collector-to-Emitter; Special Case (Base Open, R = o)

The collector current path as a function of voltage (BVgo) with the base
open is well known (Reference 3) and is affected by BV, current gain (hgg),
Icpo and multiplication effect (m) in the following manner:

mlgpo
e 20 2-29
Lo 1—mhgy . ( )
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Combining Equations 2-28 and 2-29 and dropping out an insignificant
leakage effect, the collector current will be:

Iepo
pm— F) - 0
I 1 (Ver)? (2-30)

T+hee  (BVepo)®
where hgg is low voltage common-emitter DC current gain

hFB
1—hgy *
Since I approaches infinity, i.e. avalanche, when the denominator of Equation
2-30 approaches 0, the following expression is true:

BVero _ 83.4(py) %t

Whyg + 1 Whpg + 1
The significant point in Equation 2-31 is that BV g is independent of Igpo
even though the current-voltage path to breakdown is dependent on Iggo as
expressed in Equations 2-29 and 2-30. Also since hgp decreases as current
increases, BV has a slight positive slope as shown in Figure 2-31. Certain
transistors will have a slight negative slope in the BVqyo curve at very low
currents.

at the I in question and is equal to

BVigo =

(2-31)

BVcro

|
i 1 BVcBo
1 ]

Figure 2-31 — Comparison of Typical BV¢go and BVgro

Ve

2b. — Collector-to-Emitter; Special Case (Base Shorted to Emitter, R = 0)

The third form of breakdown, shown in Figure 2-32, occurs when the base
is tied to the emitter. This is often called BV g and is the most commonly used
maximum voltage rating. Generally the abrupt change in the BV g will have a
negative slope, as will be explained in the following section.

Ic
BVCES BV
CBO
P BVC EO J

- ICBO |

Figure 2-32 — Comparison of Typical BVcro, BVcrs, and BVcro
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LR
B le Icpo|B' hpplg ]

Is Rpp $'+ cc ‘+VCC
Ry E
IET R
Figure 2-33 Figure 2-34
Equivalent Transistor and Bias Network Simplified Equivalent Circuit

2¢. — Collector-to-Emitter; General Case

A general equation may be derived for the I; vs Vg curve for all conditions
from Base Open, Emitter Open, and Base-Emitter Shorted.

The equivalent circuit shown in Figure 2-33 and simplified in Figure 2-34
is characteristic of a PNP transistor and its external bias resistors. The collector
current for the equivalent circuit is a function of collector voltage and various
circuit parameters as follows:

_ mhgy Vg + hpg mlgpy (Rpp, + Rp)

I, =
© Rg + Rgg: + (Rpps + Rp) (1 — mhgg) 32
(2-32
RyR3
where Rp = —=—=—,
P 7 Ry+Ry
R,V
Vgp = € and
BB R,IR,

hppp is the low voltage common-base current gain.

By combining Equation 2-28 and 2-32 and equating the denominator to 0
so that I, approaches infinity, an expression may be derived for the general
collector breakdown voltage:

BV =BVggo 3/ 1 —— hes (2-33)

1+ Rg + Rgg:

RB + RBB'
If the external emitter resistor (Rg) is allowed to approach infinity, BVq
will approach BV g, which is the emitter open situation (see Equation 2-27).
If Ry is very large, BV = BVpo /1 — hgp. This is the special case with the
base open. If both Ry and Ry are zero, the BV gy case, then the breakdown

is the same as the special case of the base shorted to the emitter:

31— _hey 2-34
BVC = BVCBO J 1 + REB' ’ ( )
R

BB/

It is known that under the BV gg condition the voltage usually approaches
BVcpo (following the Icpo path), then reverses and approaches BVigo as
current increases. The exact mechanism causing the negative resistance effect
is rather complex since hygy, Rgp, and Ry, are functions of collector current.
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Actually certain transistors do not show this effect. However, at very low I the
emitter diode resistance, Rpy,, may be much larger than Rgg,; then BVgpg ~
BV(po. As I increases, Rgp, may become smaller than Rgg, and at a large
value of I, BVegg = BVgo. The general solution presented here is also valid
where Ry and Ry are not zero and the resistance ratios can be fixed as desired
such that Vg vs I curves will follow all possible paths between BVgpg and
BVggo- It is also possible to use the voltage value across the junction rather
than resistances to obtain the same effects. Also in the general case, I¢cgo does
not affect the breakdown voltage but does affect the path; for example, as tem-
perature increases the BV pg path approaches the BV sy path.

3. — Punch-Through (Emitter Open)

Another type of collector voltage effect which is independent of the others
discussed is related to the collector space charge. As voltage increases the col-
lector space charge widens until it touches the emitter space charge region
thereby permitting the emitter voltage to follow the collector voltage. Transistor
action ceases when the collector and emitter space charges make contact but no
avalanching occurs. This effect has been labeled “Punch-Through.”

The BV o and BV g curves will be abnormal (see Figure 2-36) if the
punch-through voltage occurs near their value. Common cases of punch-through
are shown in Figure 2-35 and the abnormal BV, and BV gg curves are shown
in Figure 2-36. Punch-through follows the equation (Reference 1):

2
Vpr = 630W s (2-35)
[
where W is base width in mils and p, is base resistivity in ohm-cm.

SURFACE COLLAPSE
Ie \ AT SAME POINT AS I, TRUE PUNCH-THROUGH

______ |

Figure 2-35 — Typical Punch-Through Action

BVcEo
Ic

BVcEs
&
AR

Figure 2-36 — Abnormal BVcro and BVois Curves Resulting from
Low Punch-Through Voltage

Ven
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Ve

Figure 2-37 — Typical Second Breakdown Voltage Curve

4. — Second Breakdown

In the case where the VI, curve approaches BV y, a second break-
down condition can occur if the collector current is allowed to increase without
limit. This more serious voltage-current instability is generally tested with the
base tied to the emitter. When it occurs, the voltage drops suddenly to a low
value as shown in Figure 2-37.

When second breakdown was first observed, during BV gg testing of
2N176 transistors it was thought to occur only when Vgz = 0 or when the
base was positive with respect to the emitter. These tests often caused irreversible
changes in the voltage-current relationship and some units actually shorted be-
tween emitter and collector so that the junctions acted as diodes tied together.
Upon dissection sthe shorted devices showed a small hole through the base
wafer, usually near, its geometrical center.

This physical action of second breakdown is thought to be due to a “Pinch”
effect which develops when a large positive base bias causes the current flow
to channel into an ever-shrinking area. The power dissipation is concentrated
in a very small area and the resultant temperature rise melts the junctions
together.

Further investigations have shown that second breakdown can occur with
the base physically and electrically open (BVgo case). Also it was discovered
that both positive and negative base drive will set the trigger and a complete
locus of these trigger points is shown in Figure 2-38.

]

LOCUS OF TRIGGER POINTS
-VER (NEGATIVE DRIVE)
+Vpp (POSITIVE DRIVE)

_______7 BVCB
i —y
—ved EB=0

SECOND )| BREAKDOWN

Figure 2-38 — Locus of Second Breakdown Trigger Points
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The second breakdown ‘voltage is always the same regardless of where

triggered, although negative drives do not seem to cause irreversible changes as
easily as positive ones. The pin hole occurs near the center of the junction for
negative as well as positive drive, which seems to disprove the “Pinch” effect
theory since the emitter current should then be spread to the outer edge of the

junction.

Second breakdown also occurs with-the emitter open if diode avalanche
current is allowed to increase to high values. This indicates that the phenomenon
occurs in the collector junction but can be controlled in the emitter junction.
It must be kept in mind that the above discussion is based on typical behavior of
power transistors. Actual voltage-current plots of a large group of transistors

will show many extreme variations.
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CHAPTER 1II
Power Amplifiers

3-1 — Bias Considerations

Bias voltage on the emitter junction determines collector current just as grid
bias determines plate current in a vacuum tube. The definitions of Class A, B,
and C operation which apply to tubes also apply to transistors. Class A allows
360-degree operation of a sine wave. Class B is with zero bias (cutoff) and allows
180-degree conduction. Class C is biased beyond cutoff and allows less than 180-
degree conduction. Another commonly used bias is Class AB which allows small-
signal Class A operation and large-signal Class B operation. These classes of
operation are illustrated in Figure 3-1.

. WAVE SHAPE
c /. . OF OUTPUT
CLASS ! «— Ic
]
A — 7l A
AB\‘ ! 3600
I
B -\ !
|
_____ 2] .7
B] AB;  VBE
180° >180°
| I
I I
|
Lo
I
%) ! | mopuLATED
II Vpp INPUT
|
Yy

Figure 3-1 — Waveshapes of Classes of Operation

The collector voltage is determined by the collector supply voltage, the D-C
load resistance, and the collector current. The simple circuit of Figure 3-2 illus-
trates a complete bias arrangement. Input and output bias are interrelated through
the current gain or transconductance transfer function. The transistor operation
can be represented graphically by a combination of input, transfer, and output
curves. In addition, all D-C and A-C external resistors are graphically repre-
sented in Figure 3-3.

R
hig c
v — A4 4
]
i Ic ¥ v
, H out
i
- L
VBB

Figure 3-2 — Typical Class A Amplifier with Bias
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=1g VBB

SLOPE = -Rp Vpg, BASE-EMITTER VOLTAGE
,
M~-INPUT w

Figure 3-3 — Graphical Analysis of Typical Class A Operating
Conditions Using Current Gain Curve

Figure 3-3 completely describes the operation of a typical Class A audio
amplifier. Both D-C and A-C conditions are obtainable from this composite
curve. The D-C conditions will be described first.

The area in the third quadrant concerns the emitter-base junction or the
input. The vertical axis represents the voltage and the horizontal the current.
If the transistor is removed and no base current flows, the input voltage, Vyp,
will equal Vyy. If the transistor and Ry, were replaced with a direct short,

Vg would be zero and the base supply current would equal \I;BB. When the tran-
B

sistor and Ry, are inserted, the input operating point, Q,, will be established

Wwhere the —Ry; slope intersects the composite (hyy; + hyi Rg) curve, where hyy

is the input resistance of the transistor. This composite curve relates base cur-

rent to voltage drop from base to common emitter. If Ry were zero, the Q, point

would be at the intersection of —Ry, and the Vyg vs Iy curve.

The effect of Ry on the input (in this case the base) is amplified by the
current gain of the transistor. The equivalent resistance network is shown in Fig-
ure 3-4. The input network is composed of two resistances hi and the equiv-
alent hpy x Ry, The source network is composed of a D-C voltage source, Vg,
an A-C voltage source, Vix, and a source resistance Ry. The base current can be
thought of as circulating through the entire network.
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Figure 3-4 — Equivalent Input Circuit

The relationships of base current and the voltage drops in the input circuit
may be graphically constructed to form the input quadrant of Figure 3-3. The
Iz vs Vgpg line relates the base current and the voltage across hyg. The
Iz vs Vg line shows the effect of voltage drop across the equivalent resistor
hyzRE. This is a curved line since current gain decreases as current increases.
The two curves may be added in the voltage direction to obtain the series total
curve I vs V.

The input point, Q,, determines a certain base current, Iy, which, projected
onto the I vs I transfer curve (Quadrant II), establishes another operating
point, Q,. This transfer point then determines the magnitude of the collector
current, I.

The collector current in the output Quadrant I is essentially independent
of collector voltage, while the collector-emitter voltage is determined in the fol-
lowing manner. Consider the transistor removed from the circuit so there is zero
collector current. The voltage at the collector terminal then equals V¢. If the
transistor is replaced with a wire of negligible resistance (with Ry, in place), the

Ve
(Rg 4+ Re)
is on the vertical axis where Vi = 0.) The line joining these two points, Vg and

—Xﬂ—, establishes the negative slope of (R + R(). The output operating
Rp 4+ Rg

point, Q, is where the slope of (Ry + R() intersects the collector current pro-
jected from the transfer point Q..

The A-C conditions are projected in the same manner as the D-C. The
projection of the sine wave in Quadrant IV illustrates the manner in which a
small signal inserted into the base is amplified and transferred to the load. Note,
however, that in Quadrant I the time-variable part of the signal is projected onto
the line labeled “slope of — R;,” (the A-C load line) rather than the slope of the
—(R¢ + Rg) line — at zero signal level these two lines intersect. The A-C Ry
is usually not the same as the D-C Rg.

collector supply current equals . (This point, not shown on the graph,
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Figure 3-5 — Graphical Analysis Using Transconductance Curve

If the transconductance transfer curves are available, the combination
curves in Figure 3-5 will be useful. The description of this set of curves is the
same as that discussed for Figure 3-3.

While the circuit shown in Figure 3-2 was for illustrative purposes, it also
represents the simplest equivalent circuit for one- or two-battery systems. Gen-
erally only one battery is used, as shown in Figure 3-6.

The graphical method of determining collector current has been discussed
but basic circuit equations give much information that graphs cannot give. For
instance, while the effect of I, upon bias is very important, it is difficult to
derive exact information graphically. However, it is possible to draw the D-C
equivalent of Figure 3-6, as shown in Figure 3-7, and write the equation for
the external circuit as well as the equation for emitter current in terms of tran-
sistor and circuit parameters.

_ _R4R,
Rn——w 3-1)
R,B = RB + R3, (3-2)
R
Vep = *R—B X Ve (3-3)

Since R has little effect on emitter current, only the emitter and base con-
ditions are considered here. The circuit of Figure 3-7 can be represented in the
form of Figure 3-8A which includes the equivalent circuit of the transistor itself.
This circuit can be further simplified by transferring R’ +Ryp’ into the emitter
lead and inserting a battery (of the same polarity as Vy;;) in the base lead equal
to Icpo(R’y + Ryy'). This simplified circuit is shown in Figure 3-8B.

Solving for emitter current in the circuit of Figure 3-8,

_ Ve — V' + Icso (R’ + Ryy')

- R’p + Ryyp’ (3-4)
hpg + 1

where Vg'g is the emitter diode voltage at a specific 1.

Iy ,
RE +
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3-2 — Stability

It is important to maintain a fixed operating point, unchanged by transistor
and temperature variations. If the Q point were to drift, a large portion of the
output wave shape would be clipped on one or the other peaks. This may be
seen by shifting the Q point on the graphs of Figure 3-3 or 3-5. Also, as will be
explained later in the section, too much shift can cause thermal runaway. Thus
stability is always a prime consideration.

The factors that are affected by temperature are Vi'w Icpo, and hgpg. As in
any germanium diode, Vp'y has a negative temperature coefficient of approxi-
mately 1.8 mw/°C. The current gain, hyp, can have either a positive or negative
temperature coefficient, depending on the value of emitter current. Usually, at
low emitter currents, the coefficient is positive. As emitter current increases, a
point will be reached at which the coefficient is zero. Above this point, coefficients
are negative. At low voltages Iopo will double approximately every 10°C. A
curve for Igp, versus temperature is shown in Figure 3-12.

Examination of Equation 3-4 indicates that to minimize the effects of hpgp
on the operating point, Q, R’y should be small and Ry, large. This is shown graph-
ically in Figure 3-9, which is based upon the combined characteristic curves of
Figure 3-3.

Figure 3-9 shows that the change of collector current, I, as a function of
gain is reduced by increasing the emitter resistor, Rp. With an emitter resistance
present, an increase of base resistance, R’y, will increase the change in I with
an increase in gain.

8e.
Bz
O
R
3
25
o O
O
N R
[ .
A\ Ic WITHOUT Ry
I, BASE CURRENT “A Ic WITH 1 OHM Ry
/———— Rp ADJUSTED 50 THAT
oA I8 2 Q, IS THE SAME WITH
<
& AND WITHOUT R
(wicH g E
>
«$
«X@e’ g
<pb E
< -
o @fg >m
N
&
S

Figure 3-9 — Effect of R Upon Stability
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Iogo, as well as current gain, affects 1. Equation 3-4 shows that to reduce
the effect of Ispo (assuming hpy to be constant), R’y should be small. The
Icpo influence on I or Iy is best represented by what is called stability factor,
which relates the change of Ij; as a change of Iy due to an increase in temper-
ature.

The current stability factor is defined as

Alg

= , (3-5)
' Alggo
and by differentiating Equation 3-4,
R’y + Rgp' _ 1
St~ R’y + Rpp’ Ry 1 (3-6)

R +
B hm 1 Ryt Rpy o hept1

Several important considerations are indicated by the stability equations.
For instance as Ry increases, the current stability factor decreases (also shown
by the graphical analysis of Figure 3-9). As Ry’ decreases, the stability also de-
creases due to less resistance in the base circuit from which Igpo can develop a
bias voltage. As gain, hyy, increases, the Sy increases. At very high current gain

RI R ’
S, = —B—;Eﬁ. (3-7)

The voltage stability factor is defined as
_ AVgg

Sy = ;
v Algpo

(3-8)

and for the circuit of Figure 3-7 is
Sy = —=S1(Rg + R¢) —Re. 3-9)

Power transistors usually are transformer coupled and the resistance R in
series with the collector is virtually zero. Hence,
Sy = —S/Ry. (3-10)
The current stability factor is difficult to keep below 10 without excessive
power losses in most power transistor circuits. Since high temperature Iopo can
be on the order of 10 mA, the Al can be as much as 100 mA. The stability
equation will generally provide an approximation of emitter current shift as a
function of temperature, but because gain and base-emitter voltage also vary
with temperature, the following equations will provide a more exact method of
determining values of the bias network resistors.

3-3 —Resistive Bias Design Equations
From data sheets and supplementary information the following must be known:

hFE min» hFE max» VBE min» VBE max»

ICBO min» ICB() max? IEmaxs IEmin and RE .
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Generally, the voltage across Ry is set to a fixed value — about 0.5V to 1.0V
— in order to reduce the effect of changes in the emitter diode voltage. These
values take into account all variations due to transistor characteristic spreads and
temperature change from Tj ;, to Ty 1), Motorola industrial power transistors
have a Ty, of 100°C. The minimum T} is determined with the following equa-
tion:
. TJ max ~ TA max ___ 100 — TA max

GIA -
VCEIE max VCE I max

(3-11)

Substituting minimums for the maximum values in the above equation:
TJ min — VCEIE minaJA =+ TA min * (3'12)

I max and Iy, can be written in terms of the known information with a
modification of Equation 3-4 to include Ryy, as part of Vg, Emitter current is
a maximum when Vyg is a minimum and Ip, and hpgp are maximum.

RypVg ,
!;(—(10 - VBE min T ICBO maxRB
Ip max = —— g . (3-13)
R + R B
" (hFE max + 1)
RyVee ,
BTu - VBE max + ICBO min R B
2
IE min — = 7 (3'14)
R, + Ry
. (hFE min + 1)
Solving equations 3-13 and 3-14 for R,:
R, = RBVCC
o Rg + Ry +V —1 R’
E max B m BE min CBO max™ B
(3-15)
R, = RBV(‘,C
’ R’y ,
IE min RE +m + VBE max ~ ICBO min R B
(3-16)

Solving Equations 3-15 and 3-16 simultaneously for the value of the
equivalent base resistance R'y:
R’B — (IE max IEmin) RE + VBE min ~ VBE max . (3_17)
IE min IE max

- + I(‘B() max ~ ](‘B() min
hFE min + 1 hFE max + 1 )

If Rpy' is considered separately, the Vy,;, terms must be replaced by Vi'e
and the value of Ryy" must be subtracted from the entire term on the right hand
side of Equation 3-17.

From Equation 3-2

R, = R, — R, (3-18)
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Usually Ry is known and from Equation 3-1

_RgRy
R, — Rp

The following is an example showing how to use these equations to deter-

mine the bias network resistor values.
Given:

R, (3-19)

Veg = 12 volts
Iy min = 500 mA
IE max — 600 mA
TA min — 25°C

TA max — 40°C
TJ max — 100°C

Ry = 20 (based upon dropping 1 volt across Ry
as previously discussed)

R, = 1.4Q (assumed value of D-C resistance of
driver transformer secondary)

To find Ty i, assume worst conditions (maximum power at maximum
temperature). y,, thermal resistance from junction to ambient, is, from Equa-
tion 3-11,

. TJ max TA max 100 — 40

= = = 8.3°C/W.
0JA VCE X IE max 12 X 0.6 /

From Equation 3-12

TJ min — VCE X IE min X B.IA + TA min — 12X 0.5 X 8.3 + 25 =175°C.

Assume that for 75°C, the minimum I¢g( is 1 mA, and the maximum value
at 100°C is 20 mA. Generally the minimum Iqgg is almost negligible; the max-
imum value is found in the data sheet.

The range of Vg and hgy at the extreme junction temperatures can be

found in Figures 3-10 and 3-11. Similar curves are generally found in the data
sheet.

g os

2 o

2

S:g 0.4

g TT—Lowgapy @1, -500ma

S o]

E 0.2 \\ i\
E —
8‘ 0.1

1

<3

9 0

g 20 30 40 50 60 0 80 90 100
;‘é Ty, JUNCTION TEMPERATURE (°C)

Figure 3-10 — Typical Power Transistor Vi Versus Ty
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Figure 3-11 — Typical Power Transistor hy;; Versus T,

Vg max = 0.23 volt (at 75°C)
VEE min = 0.15 volt (at 100°C)

hFE max — 90 (at 75°C)
hpg min = 50 (at 100°C)

Find the bias network values, R’g, Rg, R,, and R;.
From Equation 3-17:

_(06—-05)2+0.15-023  0.12

Re =05 06 = 00223 40
51 " 91 -+ 0.02 — 0.001
From Equation 3-18:
Ry =54—1.4=40
From Equations 3-15 or 3-16:
4x 12
R, = = 37.80

5.4

From Equation 3-19:

_ 4x378 _

R1‘37.8—4“

4.5

Note: It is possible to arrive at negative values or extremely low positive values
of R’g. Such cases can be handled by increasing the value of Ry or allow-

ing a greater range of I to provide practical values of R'p.

For Class AB operation, the network is solved for one transistor. The

values found are twice the actual value of R; and R..

Quite often the above design results in excessively large values of Ry.

Thermistor control is then required.

3-4 — Designing with a Thermistor

Thermistors are negative temperature coefficient resistors used in place of
or in parallel with either R, or R, (Figure 3-6) to compensate for variations
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Figure 3-12 — Thermistor Value and lozo Versus Temperature

in emitter current because of temperature change. The parallel combination of
R, and R,, namely Ry of Equation 3-1, is actually the factor for which compen-
sation is required.

It is possible that one thermistor or two thermistors with or without fixed
shunt resistors may be necessary.

A thermistor cannot be used in place of R, or in parallel with R, because
self-heating will cause its resistance value to continue to decrease. This is because
a nearly constant voltage is imposed upon it.

A normalized thermistor curve is shown in Figure 3-12 along with a typical
Iepo power transistor curve. To find the value of any thermistor in the range 1 to
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1000 ohms and 50°C to +100°C, the value at 25°C is multiplied by the normal-
ized factor as found from the curve. For instance at 50°C a thermistor having a
value of 25 ohms at 25°C would be

0.4 X 25 = 10 ohms at 50°C.

Graphical curve-shaping techniques have been developed which make it
possible to design compensating networks covering a wide temperature range.
Reference 5 provides a good treatment of this method. The equivalent R’y is
found as a function of temperature either experimentally or calculated with
Equation 3-17.

A two-temperature method, which is simpler and usually adequate is de-
scribed below. This method does not provide tracking but will keep I within
limits at the two temperature extremes.

1. Equation 3-17 will be solved for R’y at minimum ambient temperature,

T4 win» and another value of R’y at maximum ambient temperature, T, iy

All resistors and voltages associated with T, ,,;, will use the subscript C for

cold, and with T 1,4, an H for hot. Thus in this step we find R’y and R'gy.

2. Solve for R, and R,y using Equation 3-15 or 3-16.

3. Solve for Ry and Ry using Equation 3-18, assuming a practical value

for the transformer secondary D-C resistance Rj.

4. Solve for Ry; and Ry with Equation 3-19.

5. The values obtained in Step 4 are the equivalent parallel-series resistance

combinations of fixed resistors and thermistors. The general equation to find

the thermistor value in parallel with a fixed resistor is

Ryo = RpcRpy (1 —K) , (3-20)
K (Rp¢ — Rpn)
where
Ry is the cold value of the parallel combination of a fixed resistor and a
thermistor. R may turn out to be either R, or both R; and R,
Ry is the hot value of the parallel combination.
R is the cold thermistor value, and
K is the ratio of the hot thermistor value to the cold value as found in
Figure 3-12.
The general value of the fixed resistor is

RypcRpe
R=——>""°_| (3-21)
Rype — Rpg

where R is the fixed resistor and is not temperature dependent.

The following is a modified version of the two-temperature method which
uses a potentiometer in place of R,. The potentiometer provides a gain adjust-
ment to correct for characteristic distributions at room temperature of various
units of the same type. Then a thermistor-resistor combination for R; will cor-
rect for characteristic shifts caused by an increase or decrease of temperature.
The transistor with the lower gain will require the lower value of R,. The method
to find the circuit values is a “cut and try” one. The cold temperature limit set-
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tings for R, are found in conjunction with a value of R;. Then a thermistor is
selected to control the Iy, of the higher gain transistor at the hot temperature.
Next the Iy of the lower gain transistor is checked to determine whether it is
still within limits. Summarizing then six steps:

1. Arbitrarily choose Ry and the cold Rgg.

2. Solve for the cold R’y with a modified form of Equation 3-18:

R'pc = Rpe + Ry (3-22)

3. Determine the value of R, for the high and low gain limits. A modified
form of Equation 3-15 with all values at the cold temperature is used:

R‘) max — RBCVCC
o I [RE + ﬂ—] + Ve win — IooR’se
) hFE max + 1
R2 min — RBCVCC (3-23)
IE [RF + —R’]L‘] +VBE max ~— ICBOR’B
) hFE min + 1

(3-24)

The value of Ry, should be at least ten times the value of Rp¢ to min-
imize an error resulting from the effect of R, on the value of Ry¢. Note also
the higher gain transistor will almost always have the lower Vpg.

4. The hot Rpy must now be computed by rearranging Equation 3-15 and
solving for Ry.

R
I% not [RE + h_FI_“_l.%:T] + VEE not — Icpo notRs

VCC + 1 IE hot
CBO hot — h F1
FE hot

Rpu =

2 max

(3-25)
Values selected are those associated with the higher gain transistor at the

hot temperature.
5. Insert into a modified Equation 3-13 the value of Rpy and the other
characteristic values of the lower gain transistor at the hot temperature:

RguaVee
R = Vap ot + Leno not (Rem + Ry)
I ot = 2 min
E hot RE RBH + RS
hFE hot + 1

(3-26)
If this I ,,0¢ value is not within the allowable limits the values of Rg and Ry
must be adjusted until it is.
6. The parailel network or R; and Ry which forms Ry now is determined
from modified versions of Equations 3-20 and 3-21:

Ry = 3.27
"C7 "K(Rpe — Rgn) ( )
RyoR
R, = —— 3-28;
'~ Ryo— Rpg (3-28)
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Example (using potentiometer and thermistor, see Figure 3-13):

200 @
R
R, C
160 2
1-
12V=v.
+
R
1015:1 RE
: 0.3
Ryc

200 0
@ 25°C

Figure 3-13 — Thermistor Control

Given:
Cold Hot
Ta 25°C 75°C
T; 35°C 85°C
I 0.5A (min) 0.6A (max)
Icro 0.2 mA 4.0 mA
hpg max 100 (high gain transistor) 120
g min 50 (low gain transistor) 60
VBE max 0.5 V (low gain transistor) 0.4 volt
VEE min 0.4 V (high gain transistor) 0.3 volt
Veo 12V 12V
Find:

Values of potentiometer, R; and Ry.

Solution:
1. Let Ry = 0.3Q and Ry = 10Q.

2. From Equation 3-22 assume R; = 0. Then R’y = 10Q
3. From Equation 3-23
10 x 12

R2 max —
1
0.5 [0.3 + ﬁ] +04—-02x10-3x%x 10

R2 max — 2000
From Equation 3-24
10 X 12

R2 min — 10

- — -3
50+1]+O.5 0.2 X 10—3 x 10

0.5 [0.3 +
R2 min — 16OQ
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4. From Equation 3-25, for the higher gain transistor:
0.6 [0.3 4+ 0]+ 0.3

o = 12 + 4 x 10-3 0.6
200 120+ 1
Rpy = 8.14Q
5. From Equation 3-26 for lower gain transistor
8.14 x 12
S - 0444 1079 X 8.14
IE hot — 8.14

0.3+ 0T 1

Iy not = 0.557A, which is in limits.
6. For this example K = 0.18 at 75°C (from Figure 3-12).
From Equation 3-27:
10 X 8.14(1 — 0.18)
0.18(10 — 8.14)

Ry = 200Q thermistor.

Rpe =

From Equation 3-28:

200 x 10 .
R] = m = 10.5Q resistor.

The complete circuit is shown in Figure 3-13.

Other temperature compensated (T.C.) resistors are available which do
not change with temperature as much as thermistors. These have both negative
and positive coefficients. The positive type may be used in place of Ry or R, of
Figure 3-6.

3-5 — Diode Stabilization

The use of one or two diodes to provide stabilization is also a very efficient
method of temperature compensating power transistors. Two such circuits are
shown in Figures 3-14 and 3-15.

1-

;

Figure 3-14 — Single Diode Compensation Figure 3-15 — Two Diode Compensation
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The single-diode method of compensation is based on the assumption that
the forward voltage drop across the diode (which has a negative temperature
coefficient of 1.8 mv/°C) will compensate for the change in V. However Vg
can have either positive, negative, or zero change with temperature, so the diode
method is suitable only in specialized cases.

The two-diode method uses one diode, D, in the same manner as the single
diode in the method discussed above. The second diode, D., is reverse biased
and should have a leakage current, Io3g, somewhat larger than the transistor
Icpo- Diode D, allows an Icpg path which is in series with the transistor collector
diode. This provides a low voltage drop for I.po without affecting normal bias
settings. When D4, D, Rp, and Ry are at optimum values, excellent stability will
usually result. Normally these values are determined by experimental methods
although graphical methods such as shown in Figures 3-3, 3-5, and 3-9 can be
of assistance.

3-6 — Testing of Stability

Stability should be tested throughout the entire temperature range. All
prototype circuits should be completely tested with as many possible combina-
tions of the variables as is practical. If I is the only suspected cause of un-
stable operation, a simple room temperature check can be made using an Iggo
simulator. This simulator, described in Figure 3-16, injects a constant current
(equal to the value of Iy at the hot temperature) into the base. The stability
of the circuit is checked by monitoring emitter or collector current. Collector
current is usually monitored because the meter resistance will not upset the
circuit. The value of Rypq should be at least ten times the value of R’y of Equa-
tion 3-2.

1—

= Ve

ICBO SIMULATOR
Rg

Figure 3-16 — lczo Simulator

3-7 — Thermal Runaway

Thermal runaway occurs when the junction temperature builds up because
the heat sink is not capable of dissipating heat fast enough. If all other transistor
characteristics are temperature independent, the I.p, factor increasing with
temperature causes a regeneration effect on junction temperature.
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Consider that the term S; X Iopo X Ve is the D-C power loss in excess of
the normal power loss IcV¢yg. This additional power dissipation causes a rise in
junction temperature which increases Igpo, in turn creating more power dissipa-
tion and so on. The final junction temperature can be expressed as:

T; = Ta + 05416Ver + 05aS1Verlosors: (3-29)

Also, for germanium transistors:
[ (Ty — To) 8350]

ToT
Icpors = Iesoro X € 0% (3-30)
where T, is some reference temperature and Igporo and Igpory are the collector
cutoff currents measured at T, and Tj respectively. The value, 8350, is a con-
stant associated with the germanium junction.

130
120
110
100
o 90 '
b=
= / [
j=}
E 80 ),
a2 70 /
& /
= +
g 60 4
Z n
2 CONDITIONS: 2N375
£ 50 Ve = 10V
Q CE =
2 40 / 1c=0.54A
= /| Sp=10
sob4 ’ Icpo 2t 25°C = 0.2 x 107344
8=5C/W
20 JA
10
0

0 10 20 30 40 50 60 70 80 90 100 110

T,, AMBIENT TEMPERATURE (°c)

Figure 3-17 — Thermal Runaway for a Typical Condition

Therefore,
[(TJ —Tp) 8350]
Ty =Ty + 05algVer + 05451 Verlesoro e ToTs™ - (33D

*T; and T, in the exponential term must be expressed in degrees Kelvin.
(Add 273° to all Centigrade readings.) All other temperatures are ‘n degrees
Centrigrade. A plot of T, vs T, is shown in Figure 3-17.
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Thermal runaway will occur when the rate of increase of junction tempera-
ture is greater than the rate of increase of ambient temperature. This thermal
runaway factor can be expressed by differentiating Equation 3-31 with respect to
ambient temperatures.

daT; 1
Tr =4, [(TJ —T,) 8350]
8350 G TG T
11— [—'j GJASIVCEI(JBOTO] e T,To
(Ty) (3-32)
or
Ty = ! . (3-33)

8350
— —— X 0745 Vgl
(T;)? 7491V cEloBOTS

Thermal runaway approaches infinity when the denominator approaches
zero.

350
Ty = o when T2 X 054S1Verlepory approaches unity. (3-34)
J
Therefore to prevent thermal runaway,
(T;)*
03451 Verlopors < _—"83’50 . (3-35)

For Motorola industrial power transistors, T; .« is 100°C or 373°K, and the
criteria for thermal runaway is

373 X 373
03451V erlepory < 8350 <l16.7. (3-36)

Note: Equation 3-36 must not be solved for 6;,.

This criteria means that to avoid thermal runaway for a transistor having a max-
imum Tj; = 100°C, the product of thermal resistance, current stability factor,
collector-to-emitter voltage, and I¢po at 100°C must be less than 16.7.

The allowable ambient temperature would then be calculated by rewriting
Equation 3-29 as

Ta =T; — 6541V e — 05451 Verlopors (3-37)
;_T J “ )

hy
Temperature rise due ~ Temperature rise due
to quiescent power  to I induced power

The maximum allowable thermal resistance can then be expressed as

TJMAX _ TAMAX (3-38)
IE VCE+SI VCE ICBO/TJMAX

eJA max —
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Given: Motorola 2N1531 in a Class A circuit where:
Iz =0.5A
Vep = 10V
Tp max = 50°C
Ty max = 100°C.

Permissible change of I due to distortion reasons is:
Al = 50 mA from 25°C ambient
Find: Permissible S; and 6;, to avoid thermal runaway.

Solution:
1
S = Alw
Alcpo
Iopo at 25°C =0.2 X 10—3A
Iopo at 100°C = 12 X 10—3A

100°C
AICBO] pec = 118 X 1073A

50 x 10—3
— 202 =424
Si 11.8 X 103

Thermal runaway criteria:

SiVerbsslero 1 1000 < 16.7
4.24 X 10 X 6.66 X 12 X 10—3 = 3.38

From Equation 3-38:

TJ max TA max

0 max =
A 1:Ver + SiVeelepo Ty max
; B 100 — 50
JAmax T 050 4 4.24 X 10 X 12X 10-3

HJA max — 910°C/W
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3-8 — Basic Power Amplifiers (Class A)

Power amplifiers are concerned with one purpose, to deliver a certain
amount of power into a load, generally a loud speaker. Obviously an amplifying
device used in such applications must have high gain, high efficiency, extended
frequency response, and be capable of large power dissipation. A power tran-
sistor is such a device.

CLASS A SINGLE-ENDED POWER AMPLIFIERS: Class A single-ended power
amplifiers, as defined in Section 3-1, allow 360° of sine wave conduction. A typ-
ical common-emitter power stage is illustrated in Figure 3-18.

Rp
"o 2 Vee
+-r 12v
B[
e

Figure 3-18 — Typical Class A Audio Amplifier

The common emitter connection provides the greatest gain and is most often
used. This stage will be analyzed in the succeeding section.

The D-C circuit in Figure 3-18 is the same as Figure 3-7 and the setting of
the Q point is as described in Section 3-1. Since the R and Ry, resistors are now
bypassed, the composite characteristic curves for A-C operation will not include
their effect and the equivalent A-C circuit will be as shown in Figure 3-19.

Figure 3-19 — Common Emitter Equivalent AC Circuit
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In the A-C equivalent circuit, R’, includes the D-C resistance of the trans-
former and the equivalent bias network plus the transformed value of the gen-
erator resistor, R, looking back into the secondary of the driver transformer, T;.
The value of R';, is the transformed value of the load resistance looking into the
primary of the output transformer, T,.

POWER GAIN: Analysis of the circuit in Figure 3-18 will show that the
power output is limited by the voltage and the load resistors. This analysis re-
sults in Equations 3-39 and 3-40 which apply up to the point of signal clipping,
assuming V¢g,¢ and Igpo to be negligible. Also see Figure 3-20.

100
w0 ||
\ \ TRANSFORMER COUPLED
N N \ SINGLE ENDED
60 \ N ] —+
\ p (VCE)Z
N 0A =T R
40 AV N L

% | ]
\ @\\é CLASS A
N S AUDIO

10 \

Py, POWER OUTPUT (WATTS)

'S
P
/3
/
vl
//
/

AN \ \\\

N

1 2 4 6 8 10 20 40 60 80 100
Ry,, LOAD RESISTANCE (OHMS)

Figure 3-20 — Single Ended Power Output — Load Resistance Nomograph

P, = i2R", (3-39)
_ (Veo)?
Po max — ZR'L (3'40)

where i, is rms collector current and V¢ is D-C collector supply voltage.
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Considering the output transformer, Ty:

Ny \* . (Veo)?
ax = O 3-41
P() max ( N1 ) X 2RL ( )
Input power to a stage is:
Py = (iy)* (R'g + hye) (3-42)
Assuming h;, << Ry, power gain, G, of the stage is:
Gs — & _ ic2R’L . (hfe)2R’L (3_43)

Pi ibz(R’g + hie) R’g + hie
Maximum stage power gain will occur when R’, is zero and maximum power
transfer occurs when R’, = h,,.

Maximum stage power gain , _ (he) Ry, (3-44)

at maximum power transfer 5 2hy,

Usually no attempt is made to match the load resistance, Ry, to the tran-
sistor output resistance, r,, because the load is completely dependent upon power
level and available supply voltage.

COMMON EMITTER CONNECTION: A correlation between hy, and h;, in power
transistors can be seen in the simple equivalent circuit of the input shown in
Figure 3-21.

g B Thh !
AN O MV L $ TO COLLECTOR

Vg reb’

L

Figure 3-21 — Equivalent AC Transistor Input Circuit

From Figure 3-21, the input resistance, r;,, may be developed:

Tie ~ hye =~ Iy’ + hyeley’ (3-45)
Thus transistor power gain may be written
(he) 2R, (3.46)

Iy el
Combining Equations 3-45 and 3-46
(hg)?R’y,

G, = (3-47)
hie
Since
hy,
e = hf ’ (3'48)

1e
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G, = (hg) (8RL)- (3-49)
Power Gain =(Current gain)(Voltage gain)

The correlation of h;,, hpp, and G, for one group of Motorola power tran-
sistors has been plotted along with a frequency cutoff correlation line in Figure
3-22.

FREQUENCY, kc—» 1 2 3 4 5 8 10
CUTOFF (Fae) I T
hje in OHMS —» 8 10 20
38 I 74
PERCENT OF UNITS of Sk
.37 | / )
8 L/ d
Ess 2N376 <] / / ol | ||
5] hje e
g Z J OHMS s
<« 3 =7 4
oz (VAR //
S W
1€,
E 2N351 \
33
® [ 11/ h
& 77 /| | hie
$ 32 =3
) // g \
2N350 d
31 va /
é// / //
30
10 20 40 60 80 100 200 400 600 800 1000

hFE AT 0.7 AMPERE, 2 VOLTS

Figure 3-22 — Typical Relation of G., h:., h;., and F,.

COMMON-BASE CONNECTION: Common-base connection requires that the
signal be fed into the emitter as shown in Figure 3-23. Input current very nearly
equals output current because the current gain is near unity.

Figure 3-23 — Common Base
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The input resistance is:

Iip ~ hy, =~ Ty’ + ;bb > (3-50)
fe
and power gain is

_ (by)*Ry  _ (hy)®Ry, 3-51
G, = = = o (3-51)

Ten hfe

Because hg, =~ 1, (hg)2 =~ 1. Also
hie 1.

o~ hyy ~ = . 3-52
Tip hlb hfe o ( )

Thus Equation 3-51 can be rewritten

Gy, = greRy. (3-53)
The power gain of the common base configuration is then equal to the
voltage gain portion of the common-emitter equation (3-49).

COMMON COLLECTOR: Similar arguments hold for common-collector cir-
cuits where voltage gain is nearly unity. Thus for the circuit of Figure 3-24,
input resistance and power gain are:

1. ~h;e + (hge + 1) Ry, = he Ry, (3-54)
and
Gc = hfe (3-55)

which is the current gain portion of the common emitter equation 3-49.

Figure 3-24 — Common Collector

3-9 — Distortion (Class A)

The distortion of a Class A-biased amplifier is theoretically zero but due to
nonlinear characteristics of the transistor, a certain amount of distortion exists.
Distortion can be minimized in common-emitter circuits by driving the base from
a low source impedance, as illustrated in Figure 3-25. The usual practice is to
match the driving impedance with the transistor input impedance for maximum
power gain. This level (10-30 ohms) results in low distortion. Distortion versus
source impedance is shown in Figure 3-26 for a typical 2N176 Motorola power
transistor at 2 watts output power, with h;, ~ 15 ohms.
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Figure 3-25 — Effect of Source Resistance Upon Distortion
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Figure 3-26 — Distortion Versus Source Impedance for 2N176

3-10 — Efficiency (Class A)

The maximum efficiency of a transformer-coupled Class A stage occurs at
maximum output power and cannot exceed 50% for pure sine wave operation.
The efficiency is a direct function of power output.
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Current and voltage waveforms are shown in Figure 3-27.

- I/RL Vee/Ry, = IQ

N Y
A KV /R

[ CC''L
[ \/*
f

b i
~J
A Vo —>
VC l ccC CE
)

Figure 3-27 — Relation of DC Collector Voltage and Current to AC Voltage and Current

IC—_->

The power dissipated in the device will be the time integral of the transistor
current and voltage.

1 21r_
P, = _f Vi.dt, (3-56)
2r Jo
where
V.= V(J(‘, —_ KVCC sin ot, (3‘57)
. Ve KVee .
i.= RLLC —RLL sin ot, (3-58)
P, = power dissipated in the transistor, and
K = a proportional constant from O to 1 depending on
the voltage output level. K is defined as the
ratio of the peak signal voltage divided by V¢:
K= Yo (3-59)
Veo
Thus:
27
1 (Voo)? o K2 (Vge)? . ]
P = 2 -
1 =5 [ R, - R, sin? ot | dot (3-60)
0
(Voo) KZ(Vee)?
P, = - — . - ,
=R R (3-61)
The output power delivered to the load at any level will be:
K2(Veo)?
Py = T . (3-62)

The power supplied from the battery (Pp.) must equal the power dissipated
in the transistor plus the load power:
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Ppe = Py + Py, or . (3-63)
Pd = PDC - PU' (3'64)
From Equations 3-61t03-63,
Ppo =) (3-65)
Ry,
or from Figure 3-27,
Ppe = V(‘CIQ- (3-66)

This D-C power from the battery is independent of the signal power.
The efficiency is defined as output power divided by supply power;

P,
= ps (3-67)
DC
P,
n = o (3-68)
1
n=—5"" (3-69)
1+ 2
P,
By combining Equations 3-61, 3-62 and 3-69, Class A efficiency, 7, becomes
K2
n=— (3-70)

Since both efficiency and power output varies as K2, the relation of 5 to P,
is linear. At maximum power output, K will equal unity and the best Class A
efficiency will be 0.5 or 50%. Actual efficiency cannot reach 50% because of
saturation voltage at peak current.

The peak current equals

_ 2\[(fl‘ - V(‘,Esat
| L °
Ry

3-11 — Push-Pull Amplifiers (Class A, AB, and B)

Because of the efficiency limitations of single-ended Class A operation, the
more efficient push-pull Class AB circuit is often used at high power levels.
Push-pull is also attractive from output transformer considerations. It permits
reduction of core size because the D-C currents in each half of the primary
winding tend to cancel each other’s effect on core saturation flux. A typical
push-pull circuit is shown in Figure 3-28. The A-C output equivalent circuits for

I (3-71)

— Ree

Figure 3-28 —
Push-Pull Schematic
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Class B and Class A are shown in Figures 3-29 and 3-30.

The effects of adjusting the bias to obtain the desired class of operation in
push-pull arrangements can best be illustrated by examining the composite
transconductance transfer characteristic curves in Figures 3-31 and 3-32.

Figure 3-31 shows that pure Class B operation will have a cross-over dis-
tortion effect in the output wave shape due to the nonlinearity of the transcon-
ductance curve. The current gain I versus I curve will show similar effects.
With Class B operation the composite static curves are identical with the dy-
namic curves. To eliminate the cross-over distortion in the dynamic curves, a
forward bias is applied. This has the effect of sliding the lower curve, Q., to the
right. The static curves for each transistor are still the same. However, both
bases share the same forward voltage bias because with transformer coupling
the base to emitter junctions of Q; and Q. are effectively in parallel. The com-
posite dynamic V-1 curve is the sum of the two static curves added together
in the current direction.

feib hfeib
R, Reo/4 Ree/2
Figure 3-29 — Class B Push-Pull Figure 3-30 — Class A Push-Pull
Output Equivalent Circuit Output Equivalent Circuit

: DYNAMIC
T I CURVE
T [ Teg|
Ioy Q, BIAS :
CROSS-OVER I CLASS A CLASS AB
v DISTORTION v | OUTPUT OUTPUT
BE2 <«— VBE2
g COMPOSITE
‘BE1 LOAD CURRENT
Q, BIAS
QZ ICZ >
< \INPUT VOLTAGE y4
BASE-TO-BASE SMALL SIGNAL
WAVE SHAPE INPUT
|
. LARGE SIGNAL
Figure 3-31 — Class B Push-Pull ! INPUT

Composite V-l Curve
Figure 3-32 — Class A and AB Push-Pull

Composite V-l Curve
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For small signals both transistors conduct for the full 360° as in single-
ended Class A operation. The total collector output current for small signals is
the sum of the output current of the individual transistors. Distortion cancella-
tion is comparable to single-ended use since the composite dynamic curve is much
more linear at small signals than curves of the individual transistors, which are
very nonlinear.

With large-signal input the operation becomes essentially Class B. If large-
signal Class A operation is desired, the bias is increased and the dynamic com-
posite curve applies over a larger range.

Graphical analysis of the input and output characteristics helps explain
certain aspects of push-pull operation. For instance, the composite input curve
shown in Figure 3-33 is similar to the curve for transconductance.

f .
I

B1 DYNAMIC

CURVE
7 VBE1
—

VeE2 /) 1
B2

Figure 3-33 — Composite Dynamic Push-Pull Input Curve

The composite output characteristic curve is shown in Figure 3-34, which
illustrates an inverted output characteristic for one of the transistors, Q. The
output characteristics of the two transistors share a common point at the battery
potential Vgc. The load lines for the various classes of operation are indicated
on the composite curve. The composite dynamic load line extends from I, to

. Ipy
& LOAD LINE PER TRANSISTOR CLASS A
= - SLOPES - Rgc/2
£
(S . Q
pele 1A LOAD LINE CLASS AB
S5 COMPOSITE LOAD LINE
) A >/—‘— CLASS A AND AB
] N\ 1AB ee ALSO LOAD LINE CLASS B
\ . =
é o Vee S\ o< N SLOPE=-R /4
i Q28 0] COLLECTOR-TO-EMITTER VOLTAGE
—_ B
2Vee -\QZAB§ z

QA

COLLECTOR CURRE
OF Q2

IP2

Figure 3-34 — Composite Push-Pull Output Characteristic
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Ipo, passing through V. It is the same regardless of the class of operation. How-
ever, the load line for each transistor varies considerably with bias and exerts a
considerable effect on gain. These load lines can be observed very easily on
an oscilloscope by the insertion of a current-sensing resistor in series with one
collector. When operating Class B, the dynamic composite line, R../4, is also
the individual transistor load line. With Class A operation the load resistance
per transistor, R../2, is represented by the dashed line and is equal to twice the
Class B load resistance. When operating Class AB the load resistance per tran-
sistor shifts from the Class A value at low signals to the Class B value at large
signals for half the wave and becomes infinite (the horizontal portion) during
the cutoff portion of the wave shape.

The manner in which maximum output is related to V. and load resistance
can best be demonstrated by assuming perfect transformers. It can be shown
that the equivalent collector-to-collector resistance, regardless of class of opera-
tion, is:

2N )2
R = (‘Nf_) Ry (3-72)

The maximum power output per transistor during its conduction will be
equal to the rms value of V. squared, divided by the load resistance per
transistor, or

(Vee)?
Po max — 2R’L . (3‘73)
With Class B operation
Ry = R4(.c , (3-74)

A single transistor see one-fourth of the total collector-to-collectar resistance.
This effect is due to the 2:1 turns ratio of the transformer primary which gives a
4:1 impedance ratio. The R’y y; is the composite dynamic load line of Figure 3-34.

For Class A operation

Rec 3-75
2 : ( = )

Ry =
Equations 3-74 and 3-75 are illustrated by the composite output curve.
Thus maximum Class B power output is
_2(Vee)?

oB max — R

P (3-76)

ce

Note that both the total and the individual transistor power during its 180°
conduction interval are the same as the maximum Class B power output. Average
power output per transistor for 360° would be half this value. Class B power
output curves are shown in Figure 3-35.

Class A power output per transistor is

V)2
PIOA max :( RLC) . (3'77)

cc
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Figure '3-35 — Push-Pull Power Output — Load Resistance Nomograph

Since both transistors operate 360° in Class A operation, the power is
additive in the load.
Thus, total maximum Class A power output is
2
POA max — 2(;(‘(") . (3'78)

ce

Therefore the maximum power output for Class A operation and Class B
operation is the same. Then the maximum power output for push-pull operation is

(N2} (Veo)?
P()Pl‘nmx_ (Nl) X 2RL . (3'79)

Maximum push-pull power output is similar to the Class A single-ended
Equation 3-41 except that N; in the push-pull case has half the number of total
primary turns.

Also with pure Class B push-pull the actual power output will usually be
somewhat lower than the theoretical power because of the cross-over portion
which eliminates part of the useful conduction:

75



Power Amplifiers

PUSH-PULL INPUT RESISTANCE: The input resistance of transformer-coupled
push-pull stages is complicated somewhat by the nonlinearity of Vgg versus 1.
The following equations, however, are close to the true values:

For Class A operation

R;, ~ h;, and (3-80)

Ry, =~ 2hy,. (3-81)
For Class B operation

R;, =~ h;., and (3-82)

Ry, ~ 4h;,. (3-83)

PUSH-PULL POWER GAIN: Power gain relationships can be developed in the
same manner as the single-ended relationships.
For both Class A and B operation

_ (hfe)2Rec 3-84
Ge —_— Thb . ( )
Class A —
(hfe)QRcc
Gea = 2h., (3-85)
Class B —
(hs) 2R,
Gep = —;—ﬁ (3-86)

Therefore, Class A push-pull operation will theoretically result in twice the
power gain of Class B operation. This means power gain will vary with power
output in Class AB operation. Also current gain drops as collector current
increases and all classes of operation show a loss in power gain at high power
levels.

3-12 — Push-Pull Distortion

If the relation of base-emitter voltage to collector current were perfectly
linear, a single-ended Class A stage would have zero harmonic distortion. This is
also true for Class A push-pull. But linearity may not eliminate harmonic distor-
tion in Class B or Class AB push-pull operation.

Consider two transistors, chosen with perfectly linear Vy; versus I curves
but with different transconductarces. This condition is shown graphically in
Figure 3-36. In the special case where the slopes of the two devices are equal
there will be no distortion. In practice, transistors do not have linear character-
istics; however, matching of both current gain and transconductance will reduce
the large signal distortion in Class B push-pull. Also if the matching is perfect
all even order harmonics will be canceled.

There would be little use for Class AB operation if the hypothetical linearity
were possible since increased distortion would result even if matched units were
used. This distortion effect is shown in Figure 3-37.

The actual transconductance curve (and sometimes the current gain) will
be very nonlinear at low collector currents and will asymptotically approach a
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Class B Push-Pull Transconductance Class AB Push-Pull
Dynamic Curve Showing Effect of Mismatch Operation of Linear Transistor

straight line function for a large part of its useful range. Thus with carefully
matched devices, very low distortion is possible with Class AB operation, as
shown in Figure 3-32.

In actual circuits the resistances of the generator and bias network fre-
quently can be optimized to improve over-all linearity although at a sacrifice in
gain. For instance, employing the common-collector configuration (emitter fol-
lower) will usually decrease distortion. If the load impedance for the emitter
follower is a pure resistance it will swamp out the transistor nonlinearities. This
type of linear operation is discussed in Section 3-18 on the design of a 10-watt
amplifier.

3-13 —Push-Pull Circuit Efficiency

Efficiency of a Class A push-pull stage is a linear function of power output
and is equal to the efficiency of a Class A single-ended stage, namely 50%
maximum at maximum power output. However the Class B efficiency is not a
linear function, as shown by the following analysis: The collector current wave
shape per transistor is a half-wave pulse and the voltage wave shape a sine wave.
This combination results in a power wave shape similar to that in Figure 3-38.

Figure 3-38 — Class B Push-Pull

Collector Current, Voltage and

Power Dissipation Waveshapes

P MAXIMUM POWER
D NN W OUTPUT CONDITION
P LOW POWER
D OUTPUT CONDITION

vzo
W///
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The power pulses have a frequency component double that of the voltage
frequency. The peak of the power pulses varies directly with the output voltage
level, whereas the valley between the pulses varies inversely as the output voltage.
This variation in power distribution throughout the conduction period has the
effect of increasing the power dissipation as output power is decreased from
maximum until a peak is reached at the power level equal to four-tenths of the
maximum power output.
The power dissipated in each transistor for the full cycle is

m

! . KVee .
Py = > (Vee — KV sin ot) ( R’LLI: sin ot ) dwt,' (3-87)
or
K(V00)2[ Ko ]
Pa=-g 1'% | 3-88
d WR’LB 4 ( )
The efficiency is

T=—% (3-89)

d

14 P

4]

where P, is the power dissipated by each transistor for the full cycle and P, is
the average power delivered to the load by each transistor for the full cycle.
Class B output power for each transistor at any level is

_ (KV¢o)*®

P, = 4R, PeT full cycle. (3-90)
From Equations 3-88, 3-89 and 3-90
K
Mpp max — 47" . (3-91)

~ Because maximum efficiency results with K = 1, which is when peak signal
voltage equals V¢,

Npr max = %z 78.5%. C(3-92)

Class B push-pull efficiency is directly proportional to the voltage level in
the output signal, but does not vary directly with power out. Thus a plot of effi-
ciency against power output will be similar to that of Figure 3-39, where effi-
Ciency, %ppuay is plotted against the ratio of power out to the maximum power
output (K2).

The maximum dissipation within each transistor can be obtained by com-
bining Equations 3-88 and 3-90 and expressing the power dissipation in terms
of power output and some constants. Setting power output dP,/dP, = 0 will
result in the values of P, and P,, where P, is a maximum.

0’
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Figure 3-39 — Class B Push-Pull Efficiency Figure 3-40 — Class B Push-Pull Power
as a Function of Output Power Dissipated as a Function of Power Output

Combining Equations 3-88 and 3-90 yields

P,
p, = 2VeVPo _ p (3-93)
VR’ p
Differentiating Equation 3-95 yields
dP V,
d = % — (3_94)
dPO 77'\/R’LB \/Pu
Maximum dissipation occurs when this expression equals 0.
Where P4 is maximum
(Veo)?
P = . 3-95
o (3-95)
Substituting Equation 3-93 in Equation 3-95:
_ (Veo)?
Pd max — 7T2R’LB . (3-96)

Therefore at maximum power dissipation P, = Py ., and the efficiency, 5, =
50%.
This maximum dissipation occurs when

2

K=—, (3-97)
T
and the output power is
4
Po = Po max» (3'98)
s
or
Po =~ O'4Po max (3'99)

at th(? rpaximum total dissipation, as shown in Figure 3-40. For each transistor,
the dissipation is one-half the amount from Figure 3-40.
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The peak current for push-pull operation is the same for either Class A or B:

P Ve
peak — N
R()(}

(3-100)

3-14 — Amplifier Design Procedures

The design of audio amplifiers requires a logical approach and the making

of certain arbitrary decisions. The following points have proved useful in out-
lining design program requirements.

I.

Il

Ideal Design Case

A. Approximate an ideal design by assuming perfect transistors, base the
design upon typical gain, and so forth..

B. Solve for load resistance, power gain, collector peak voltage, and “Q”
point from maximum power output requirements and convenient supply
voltage.

Actual Design Case

(Based on values obtained in the ideal design case.)

A. Set up a general bias network, establishing values where practical (see
Section 3-3). In single-ended Class A, set Ry, such that nominal I X Ry is
in the 0.5 V to 1.0 V range.

B. Establish a practical load line based on Ry, R, transistor saturation re-
sistance (R 4,¢), and transformer losses. The design center load resistance
will not allow clean output with all variations. Thus, a lower resistance must
be assumed. A practical method is to design for a 50% increase in power
output for Class A and 25% for Class B which allows for various losses.
Thus. ..

Vee)?2
Class A R, = NVee)® s (3-101)
3PO max
and
2(Vee)? 3-10
0= e - 102
Class B R 1.25P, 1ax ( )
Rc sar
=
Z
z v
R
5 Vee l“ 2/3(“—%&”
Tg __________ IC max = -
3 Rec + Rg + Re e
O
<]
= |
-
19
(]
O

v A ’
cc V273 e
Vog» COLLECTOR-TO-EMITTER VOLTAGE — — o

Figure 3-41 — Graphical Method to Find Ic m.x and I min
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C. From Figure 3-41, since Iopax =~ Ipmax the following
equations can be developed:

vcc[l—\/fzﬁ(HR—Cfﬁ)]
R'L

I 7 max =
. Re + Rg + Re sat
which, when R 4 is much smaller than R7, reduces to
0.19V e
1 = (3-103)
E max RC T RE + RC st
273 Vee
Ly e = Y22 Ve (3-104)
R L

DESIGN EXAMPLE
Class A single-ended, transformer-coupled

Voo = 12V

PO max = 2W

T, range 25°C - 40°C
1. lIdeal Case

Vo2 (12)2
R = _ Yoo _ V27 _360h
BT BBy 2% 2 O
Vee 12
=% — = =333 mA
lo=x, = 36 m

Vipear = 2Vee =2 X 12 = 24V
A Motorola 2N 176 power transistor is chosen.
Nominal hy, = 45

hy, = 16
(hpg)?Ry, _ (45)236
= = = 4650
Ge h;e 16
= 10 log 4650 = 36.7 db
2
n=_-22=—=
Power in = G. 1650 0.43 mw.

1I. Actual Case
Assume 0.5V across Ry at 500 mA; then Ry = 1Q.
Assume output transformer DC resistance R = 10.
R sat from 2N176 data sheet is about 0.50.

Ty max = 0.19V ¢ _ 0.19 x 12 — 912 mA
Ro+ Rg+Rgge 1+1+05
V2/3 Ve _ 0.81 X 12
Igmin = —T'L— =7 2

An I pax Of 912 mA is somewhat excessive, and a value of 600 mA would
be more practical. To establish these values, a bias network is established
(see Section 3-3).

= 405 mA.
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3-15 — Miscellaneous Circuits

Variations upon the classical single-ended and push-pull circuits continue
to be evolved. Some of these are reproduced in Figures 3-42 through 3-47.

e cT
3 ! SPEAKER
H—
Figure 3-42 —
Center Tap Speaker Push-Pull -_?__—

Figure 3-43 — Complementary

1

+1

LS
L.

Figure 3-45 — Half Bridge

Figure 3-44 — Bridge with Split Power Supply
-V
c
It —

—¢
LA

e

Figure 3-46 — Figure 3-47 —

Half Bridge Cap. Coupled Load R.C. Coupling with Diodes
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3-16 — Amplifier Applications

In this section typical Class A and push-pull Class B power stages will be
discussed. Motorola types 2N627 and 2N629 were used for the measurements
described.

Figure 3-48 shows a typical single-ended circuit. The emitter resistor, Ry,
provides emitter degeneration which greatly improves stability and lowers dis-
tortion. Biasing is accomplished by use of resistors Ry, R,, and R3. A bypass
capacitor, C,, prevents loss of signal in the bias network. If a wide temperature
range will be encountered, one of these resistors could be replaced by a ther-
mistor, or some of the more sophisticated bias arrangements previously de-
scribed could be used. The impedance which the base sees should be low to allow
full use of the linear transconductance of Motorola power transistors. In this
case, a 6-ohm source resistance proved optimum.

Pr

<——RS

c 0.25hy
IKC 62 v v 20 \ R,
INPUT I Ry cc
A i
e +]| = - Ic
Rg=10Q
N
Q- TYPE 2N627 5-WATT AMPLIFIER  Rjg = 330 @ Q,- TYPE 2N629 10-WATT AMPLIFIER
_ Voo = 28V
Veesl2 V cc
Ry, =89 Ry =300
R1=0.25Q Ry =0.5 2
I.c = 1.0 AMP I.c = 1.0 AMP

Figure 3-48 — Series Transistors with Transformer Input and Capacitor Output
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o0
hypg -14.4 <
34 I \
~
33
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By, POWER OUTPUT (WATTS)

Figure 3-49 — Power Gain Versus Power Output (5-Watt Amplifier)
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Figures 3-49 and 3-50 show the performance of a S-watt amplifier using
a 12-volt supply. Figures 3-51 and 3-52 show the performance of a 10-watt
amplifier using a 28-volt supply. The families of curves were obtained by using
transistors having different D-C current gains. The current gain was measured
at 10 amperes. As might be expected, the higher gain devices show higher power
gain and less variation in gain with power output. This effect is reflected in the
distortion curves which show lower values for the high-gain transistors.

5
8
B 4
s
®]
@
=] hpp -14.4

NOTE: FE 7
2 3 F—hgg at 10AMPS hpp~17.5 —
: e
Z hpg-27_ |
|

ff: hpg-25 /
3
P )
2 / 7
E / 5/
é 1 ////A
~ F: —

ol

0.1 0.2 0.4 06 08 1 2 3 4 6

By, POWER OUTPUT (WATTS)
Figure 3-50 — Distortion Versus Power Output (5-Watt Amplifier)

41 I
hpg - 27
hgp - 25
FE —\—\
T 2"
40 ! ——
2 hpg - 1.7.5—\‘
~ [————
3 39 hpp - 14.4
~
: A
o)
a9
W 38
Ay
NOTE: hpp AT 10 AMPS
37
36
0.1 0.2 0.4 0.6 0.8 1 2 4 6 8 10
F,, POWER OUTPUT (WATTS)

Figure 3-51 — Power Gain Versus Power Output (10-Watt Amplifier)
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Figure 3-52 — Distortion Versus Power Output (10-Watt Amplifier)

The schematic of the push-pull Class B amplifier is shown in Figure 3-53.
The function of the resistors is the same as in the single-ended amplifier. Here the
very low source resistance of 0.9 ohm must be used to minimize distortion, largely
because of current gain nonlinearity in the very low current gain region. Per-
formance curves for the 10-watt amplifier using a 12-volt supply are shown in

\\b Q1 Ry = 220
= A "A Zummmm—
IKC Ry AAN ¢ R
INPUT Ry =0.259 + | - < l 2 hy L
= -
- “Re-0.90 | oo 3Q
Vee
\_/ e
TYPE 2N627 10-WATT AMPLIFIER TYPE 2N629 25-WATT AMPLIFIER
Vo= 12 VOLTS Voc =28V
Ry =159 Ry, =409
Ry =39 Ry =10
Icq = 0.1 AMP Icq = 0.2 AMP
Icm = 1.5 AMPS Iem = 1.7 AMPS

Figure 3-53 — 10-25 Watt Class B Amplifier Circuit

85



Power Amplifiers

Figures 3-54 and 3-55; data for the 25-watt amplifier operating from a 28-volt
supply is shown in Figures 3-56 and 3-57. Note the importance of matching the
current gain. Actually since this amplifier is essentially voltage driven, the trans-
conductance of the push-pull pairs should be matched in order to obtain minimum
distortion. Transconductance should also track over the current operating
range, but a match at low current and at maximum current will usually suffice.
Use of emitter resistors will make the matching problem less critical.

This amplifier does not operate in true Class B since the transistors must
be operated at projected cutoff in order to minimize crossover distortion. Even
so, some crossover distortion still persists as evidenced by the rise in distortion
at very low levels. Careful matching and/or over-all negative feedback can be
used to reduce this distortion to an acceptable level.

It should be mentioned that the generator used for these measurements had
a measured distortion of 0.3%. Another point bears emphasizing. Since the
common-emitter transfer characteristic of a power transistor is more linear
when driven from a low impedance source, matching to the source for maxi-
mum gain is generally not done. In the case of the push-pull amplifier described,
an emitter follower circuit or some other feedback amplifier will generally be
required for the driver.

" T ]

NOTE: hFE at 10 AMPS
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Figure 3-54 — Power Gain Versus Power Output (10-Watt Push-Pull)
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Figure 3-55 — Distortion Versus Power Output (10-Watt Push-Pull)
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Figure 3-57 — Distortion Versus Power Output (25-Watt Push-Pull)

In comparing the 10-watt single-ended amplifier with the 10-watt push-pull
amplifier, it can be noted that only at very high powers is the distortion lower
for the push-pull stage. This is due to the difficult problems of matching tran-
sistors and minimizing crossover distortion. Logically then, for a low-power
operation where efficiency is not important, one can effectively use a single-
ended Class A stage. The Class B stage must be used when efficiency is impor-
tant and it is always important at high powers where the problem is to provide
sufficient heat sinks.

3-17 - - A 2-Watt High-Fidelity Amplifier

INTRODUCTION: Class A stages are most satisfactory at low power levels.
To produce an amplifier with a reasonable power gain and low signal input volt-
age requirements, the emitter-follower — common-emitter configuration shown
in Figure 3-58 was chosen. It permits the power transistor to be driven from a
low impedance source, which minimizes distortion and easily lends itself to di-
rect coupling.
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Figure 3-58 — 2-Watt Amplifier

CIRCUIT DESCRIPTION: R; and R, form the bias network for the entire am-
plifier. Their values will be determined by Rg, the required stabilization, and the
desired value of quiescent current in Q.. They should be chosen so that V;; =
I4uRg + 0.4 for germanium transistors. The 0.4 volt accounts for the sum of the
drops across the base-emitter junctions. With proper design, Iqpo in Q. will
have negligible effect upon quiescent point stability, but Iy, in Q, is important.
Thus, knowing the maximum expected I.;o at maximum operating junction
temperature, the permissible shift in Vg, for a given stability may be computed.
Then the values of R, and R, are determined.

Since the emitter current of Q, equals the base current of Q, plus some
additional drain through R;, maximum values of Q; emitter current will occur
when the lowest gain transistors are used for Q,. Knowing this, Ry and R, are
chosen so that the minimum Vg is about 1 volt under peak signal conditions.
This will significantly increase the stability by operating Q; at the lowest pos-
sible voltage, resulting in less power dissipation and less Igpo.

R largely determines the stability of the system and is the sole determinant
of the tolerable variation in current gain of Q,. It should be chosen so that the
voltage drop across it is large compared with the changes in base-to-emitter
voltage required to keep emitter current constant over the expected temperature
range for the various types of transistors proposed for Q,. Generally, a 1.5-volt
drop will ensure excellent stability when germanium transistors are used. Ry
serves to improve the circuit with regard to I¢pg in Qu. The Iop, of Q, will cause
a few millivolts shift in Vy,. This causes little change in the collector current of
QQ, because of the stabilizing action of Rg; however, a drastic change in the col-
lector current of Q, results. R; causes the current in Q, to be higher than that
required to drive Q, to cutoff. Thus, some loss in current due to Igpg in Q, will
not limit the power output. R; will lower the input impedance of Q, and cause
a loss of power gain through Q,, but it can be shown that this is slight as long as
R; is not smaller than the input resistance of Q,. Over-all power gain will remain
virtually unchanged, because normally the input impedance of Q; will be much
greater than the shunt resistance of the bias network.
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STABILITY: I, can be simulated by using a high-voltage battery in series
with a large resistance to produce the desired constant current. The results of
I¢po simulation are shown in Table 3-1. Power output and distortion were essen-
tially unaffected by different value of Iyy-

TABLE 3-1 — lczo STABILITY

Collector . . Icso = 120 uA in Q
Current  Jopo = 0 Ioso = 120uAin Qi Tero =2mA in Q. and 2 mA in Q.
lg1 (MA) 10.6 11.3 7.7 8.5

lg: (MA) 510 550 520 560

Stability is adequate. Using Shea’s stability definition (SI = A?IE ) , S is
CBO

about 5 for Q, and 4 for Q.. The values of I.yo are representative of actual
values encountered when operating this amplifier at an ambient temperature of
60°C. Igpg, however, is not the only undesirable result of high-temperature op-
eration. The forward voltage drop of the emitter-base junction decreases, caus-
ing additional emitter current. Figure 3-59 illustrates the results of this effect.
Motorola 2N652 and 2N376 transistors were used in the circuit. Temperatures
shown are ambient temperatures. The power transistor junction temperature
was approximately 25°C higher because of the heat dissipator which was used.
The junction of Q; was only about 10°C higher, since the can was fastened to
the chassis by a fuse clip. Performance over the temperature range of —25°C
to +60°C is adequate.
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Figure 3-59 — Power Output and Q: Collector Current Versus
Ambient Temperature (2-Watt Amplifier)
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Excessive Igpg in Qo will reduce the current through Q; to a value insuffi-
cient to provide full drive. To help determine the optimum value of Rj, Figure
3-60 was prepared using Igpo simulation. The figure shows the expected current
through Q, and the effect of Iyzo on power output when various values of Rj
are used. In actual use, of course, some compensation would occur at high tem-
peratures, because Iopo in Q; and changes in the base-emitter conductance of

2.5
2.0 — [~
1.5 \

N

1K 2 100 2

\ N Rs=200
0 2 4 6 8 10
IcBO, COLLECTOR CUTOFF CURRENT (mA)

Figure 3-60 — Power Output Versus R; and oo of Q: (2-Watt Amplifier)
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Figure 3-61 — Collector Current of Q; Versus R; and gz of Q.
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the transistors would increase the current through Q,. Other characteristics of
the amplifier are virtually unchanged, as R; is varied over the range shown.
With the circuit in Figure 3-58, Iy should not exceed 3.0 mA at 12 volts Vo
and at the highest junction temperature. As the data shows, when R; = 20 ohms,
Iopo could reach 7.0 mA with no adverse effects. However, lower I¢po in the
power transistor permits a sizeable reduction in the dissipation required of Q;.
The effect of R; on the current through Q, is shown in Figure 3-61.

Several transistors having a wide range of current gain were used in both
stages of Figure 3-58. The current gain of the driver need only be over 75 to
have no measurable effect upon performance; therefore, type 2N652 was chosen.
Figure 3-62 shows the effect of the D-C current gain of Q, upon the collector
currents of both transistors. From this curve, it appears that a minimum of 60
is required. Several Motorola types were used for the power transistor. Type
2N376 has a reasonable design center and is used in all the data which follows.
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= 0 20 40 60 80 100 120 140 160 180 200

Hpp D C CURRENT GAIN

Figure 3-62 — Collector Currents of Q: and Q. Versus DC Current Gain (2-Watt Amplifie

FREQUENCY RESPONSE AND DISTORTION: Harmonic distortion is shown in
Figure 3-63. Values shown are typical. The frequency response at a low refer-
ence level is shown in Figure 3-64. The effect of bypassing, or rather attempting
to bypass, the emitter of the output stage is shown by the lower curve. The band-
width becomes too narrow and even a 4000-uf capacitor is not large enough for
adequate low-frequency response. About 18 db more gain results and distortion
is increased by about a factor of six. Signal source impedance for these meas-
urements was 10,000 ohms. Response improves and distortion increases slightly
as the source impedance is lowered. Distortion of the generator used measured
0.1%. The most significant performance curve is shown in Figure 3-65, which
illustrates the power output at a constant total harmonic distortion of 1%. The
half-power point is reached at 10 kc.

The output impedance looking back from the transformer primary is ap-
proximately 310 ohms. Therefore, to provide damping, a feedback voltage taken
from the output transformer should be applied to the stage preceding the driver.
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Figure 3-63 — Distortion Versus Power Output (2-Watt Amplifier)
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Figure 3-64 — Effect of Bypass Capacitor on Frequency Response at 0.5-Watt Level

CIRCUIT VARIATIONS: To increase the gain of the system transformer cou-
pling into the input could be used. By matching to the high input impedance of
Q,, which is approximately 15,000 ohms, an additional 12 db of gain could be
realized. However, gain will vary with transistor parameters and distortion will
be a function of the source resistance. Stability with regard to Icpe in Q, could
be improved because with transformer coupling the bias resistors, R; and R,,
can be made very small, since they no longer shunt the input. Figure 3-66A
shows how stability can be improved in this manner.

Another method of reducing the shunt effect of R; and R, to increase the
gain is to utilize the resistance multiplying circuit for Q,, as shown in Figure
3-66B. The feedback voltage must be taken from the emitter of Q,, however,
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Figure 3-65 — Power Response at 1% Total Harmonic Distortion (0db — 2 Watts)

because Q, will not tolerate any additional loading. This system will provide
about 6 db more gain at the expense of 50% more distortion and some variation
of power gain with transistor parameters. If the signal source has a high im-
pedance, this approach may have merit.

(8) (B)
TRANSFER COUPLED BOOT STRAP

Figure 3-66 — Modified 2-Watt Amplifier
3-18 — A 10-Watt High-Fidelity Amplifier
Selection of an output stage for an amplifier should take into account the

following:
1. Distortion 2. Power Gain 3. Output Impedance

4. Effects of Mismatching 5. D-C Stability
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DISTORTION: The transfer characteristics of the three configurations —
common emitter, common base, and common collector (emitter follower) —
are shown in Figures 3-67, 3-68, and 3-69. The curves show the effects of volt-
age drive, Rg = 0, and current drive, where Rg is much larger than the input
impedance of the transistor. Any practical source impedance would produce a
curve intermediate to the curves shown. Note the rather poor linearity of the
common-emitter stage, regardless of the source impedance used. However, as
has been mentioned earlier, emitter resistance and a low impedance source will
improve this condition greatly. The common-base circuit has excellent current
linearity as one would expect, since ¢ is nearly always close to unity. However,
a low source impedance, which one might be tempted to use in order to match
the driving stage to the input, would result in considerable distortion.

The common-collector stage exhibits the same nonlinearity with current
drive as does the common emitter. This is due to the loss in current gain at high
collector currents. However, with voltage drive the common-collector stage is
remarkably linear. This is because the base-to-common and emitter-to-common
voltages can differ only by the drop across the base-emitter junction, which
changes very little with collector current. Note the lack of offset voltage in any
configuration when current drive is used. Thus, for a low distortion Class B
stage, a current driven common-base configuration should be used since no off-
set bias is required. A voltage driven common-collector stage could also be used,
but a small bias voltage would be required.
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POWER GAIN: The common-emitter stage provides a power gain which is
the highest of the three configurations — approximately equal to current gain
times voltage gain.

The common-base stage has a power gain equal to the common-emitter
voltage gain. However, with the low load resistance needed for a 10-watt am-
plifier from a 12-volt source and the high source impedance required for good
linearity, the gain would be too low to be useful.

The common-collector stage may be thought of as a common-emitter stage
with 100% voltage feedback. Thus only a current gain of hyy results, but this
could be adequate.

OUTPUT IMPEDANCE: To provide damping, the speaker should be driven
from a low impedance source. This could be provided by a feedback voltage
taken from the speaker and applied to any stage in the amplifier. However the
current gain cutoff frequency of ordinary power transistors operated common
emitter is in the 5 to 10 kc region. The associated phase shift in the audio pass-
band makes multistage feedback difficult. Even one stage and a transformer
could oscillate. Therefore, the simplest single-stage feedback circuit, the com-
mon-collector amplifier, is usually recommended.

EFFECT OF MISMATCHING: Since in Class B stage, each transistor operates
for only one-half cycle, each side of a push-pull pair should have identical gain.
The degree of unbalance will be evident as high even-harmonic distortion. A
nonlinear transfer characteristic for a side will appear as odd-harmonic distortion.

With a current driven common-base pair, obtaining a balance is no problem
since current gain is very near unity.

Distortion as a function of current gain mismatch ratio for the common-
emitter and common-collector configuration is shown in Figures 3-70 and 3-71.
A maximum ratio of 2:1 is shown as manufacturers often use this ratio as a
production tolerance for hpp. Optimum bias current was used for each amplifier.
Driver impedance was optimized at 20 ohms base-to-base for the common emit-
ter. 60 ohms base-to-base was judged to be a practical lower limit for the com-
mon-collector amplifier.

10
2N376

2N376 /
10 WATTS /
/

TER
AMON EMIT -
/7‘“6,431:1_(:0 T 7|
o — -

— 3rd COMMON COLLECTOR —
e T S e = -—
2

% HARMONIC DISTORTION
w

2nd
0.3% !
1.0 1.5 .0
hFE HIGH
hpg MISMATCH RATIO = —&———
hgpg LOW

Figure 3-70 — Effect of hx;; Mismatch on 10-Watt Distortion
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Figure 3-71 — Effect of hyz: Mismatch on 1-Watt Distortion

As Figure 3-71 shows, third-harmonic distortion in a common-emitter stage
is too high to be useful in a nonfeedback amplifier. The second-harmonic dis-
tortion is acceptable only with very careful balancing. The common-collector
stage however, exhibits less than half the third-harmonic distortion of the com-
mon emitter; second harmonic is very low. Neither component is affected much
by mismatch. This is understandable, since the transconductance of an emitter-
follower is nearly equal to 1/R;, therefore transistor parameters are not too
important.

A particularly frustrating aspect of common-emitter operation is evidenced
in Figure 3-71 which shows that distortion is high, even at the one-watt level.
Common collector distortion is nearly that of the generator, 0.3%.

D-C STABILITY: The common-base circuit is the most stable, with common-
collector and common-emitter stages following in order.

OUTPUT STAGE: The common-collector stage was chosen for this amplifier
for the following reasons:
1. Low distortion 2. Reasonable power gain
3. Low output impedance 4. Non-critical matching
5. Reasonable stability.

COMPLETE AMPLIFIER: The circuit of the complete amplifier is shown in
Figure 3-72. A power supply for operation from an A-C line is shown. The
supply exhibits excellent regulation and low ripple which is an important re-
quirement when Class B amplifiers are used.

Since the common collector output stage requires a low impedance driving
source, a common collector driver stage is used. Transformer coupling is used
since it provides excellent D-C stability, and permits reserve driving voltage to
be obtained. The D-C winding resistance of the output transformer is used as
an emitter resistor to stabilize the output stage. The driver operates push-pull
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Figure 3-72 — 10-Watt Hi-Fi Amplifier

Class A for low distortion and to eliminate direct current saturation effects in
the transformer, thus reducing the size and cost of this component. Since the
driver also must be driven from a low impedance source, another common-
collector stage is used. It is also transformer coupled to provide voltage step-up
and phase inversion for the push-pull drivers. The first stage is a voltage amplifier.

Frequency response is shown in Figure 3-73 and harmonic distortion in
Figure 3-74. Intermodulation distortion at 10 watts output is 2.9%, measured
by the SMPTE Method, using frequencies of 60 and 6000 cps mixed 4:1.

The D-C current drain is 180 mA, with no signal supplied. Most of this
is drawn by the push-pull driver. Total drain increases to 1.3 amperes under full
output power.
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Power Transistor Switching Applications

CHAPTER IV
Power Transistor Switching Applications

4-1 — Switching Characteristics

One of the early applications of the power transistor was as a switching
device for D-C to A-C conversion in vehicle radio power supplies. In this ap-
plication the transistor electrically performs the same function as the mechanical
vibrator which it replaced, changing the constant D-C voltage into a square-
wave or sine-wave voltage.

Schematically the switching action of a transistor switch is simulated in
Figure 4-1 which shows a switch opening and closing to alternately permit cur-
rent through an output resistance. As the switch is closed, the entire battery po-
tential is applied suddenly to the output resistance and the current increases to

. . v S

its maximum value of R—R. When the switch is opened, the voltage across the
L

output resistance drops to zero, causing the current flow to drop also. At this

time the entire battery voltage is across the switch. The waveform showing voltage

buildup is indicated in Figure 4-2.

° e}

O
swrrcr(l/

Figure 4-1 — Basic Switch Circuit

It will be noted that the output pulse does not duplicate the input pulse
exactly. Even though the input is a step function, there is a finite time required
for the switching action (on-off or off-on) to take place. The term “rise time”
has been defined as the time required for the current to rise from 10% to 90%
of the total current rise.

Switching action can be obtained by using a transistor in place of the
mechanical switch (Figure 4-3). The transistor is driven on and off by applying
a square wave across the base-emitter junction, thereby alternately forward
biasing and reverse biasing the junction. The transistor amplifies a voltage (or
current) when the emitter-base junction is forward biased and the collector-
base junction is reverse biased. When both junctions are reverse biased, no tran-
sistor action takes place and only leakage currents are present.
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INPUT PULSE

SWITCH

Figure 4-2 — Input and Output Waveforms of Basic Switch

O
OFF
B RL Vo
C
+
VIN -
_ +—_—. Vee
o— _f]
E

ON
Figure 4-3 — Basic Transistor Switch
Consider the situation in which the transistor is thought of as a perfect

switch and is a complete open circuit when fully off and a complete short circuit
when fully on. Under these ideal conditions, the current will be limited by the

ratio of collector voltage divided by load resistance,\l;Cc

(see Point A, Figure
L

4-4). This point represents the full “on” situation. When the transistor is open,
there will be zero current flow and the entire battery voltage (Vgc) will be across
the collector-emitter terminals. This “off” condition is represented on the output
characteristic as Point D.

However, from a practical viewpoint we cannot completely open the tran-
sistor because in the “off” condition leakage current, I¢po, continues to flow.
This actual condition is represented by Point C on the output characteristic
curve. Neither can we completely short circuit the device since the “on” current
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is limited by the intersection (Point B) of the saturation resistance and the load
line. These conditions may be represented by the following equations:

Voo — Ves
Ry,
Lite = Icpo- (4-2)

, and (4-1)

IOll =

Veg A
Ry,

SATURATION
REGION >

TRANSITION REGION

T
7 T IRIFFTITTILTTX KR K HKIRELLRLRILS
e T R o R KL

Ic

CUTOFF REGION

Vce

Figure 4-4 — Transistor Output Switching Regions

When the base drive is sufficient to cause the maximum “on” condition, the
switching mode is called saturated operation. If the on drive is not sufficient to
saturate, the switching mode is called nonsaturated operation. In either mode
the transistor is being switched from on to off and off to on through the transi-
tion region of the transistor output characteristics. The speed of this switching
is limited by the rise and fall times of the device. In addition, during saturated
operation the transistor will not respond immediately to being turned off when
the base drive is reversed since a delay time exists to allow the operating point
of the transistor to leave the saturation region. This delay time is called storage
time. The wave shapes associated with transistor switching are illustrated in Fig-
ure 4-5.

It is common practice to refer to the on base current as Iy; and the off
base current as Iy,. The rise, t,, fall, t;, and storage, t, times are indicated on
the waveshapes. In addition, there is the time required for the current to rise to
10% of the maximum value — called delay time, t,.

In following sections we will show some of the response characteristics of
power transistors. The power loss due to switching will be explained in terms
of transistor characteristics. Also specific switching circuits, such as TV sweep
and D-C to A-C inverters, will be described.
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Figure 4-5 — Input and Output Wave Shapes

SATURATED OPERATION: A transistor is said to be in saturation when both
junctions are forward biased. When operated in the saturated region, where I =

Voo — Vs
Ry,

quency cutoff, f,;, and, for a constant collector current, with the on base cur-
rent, Ip;. It also varies directly with collector current when the base current is
held constant.

Storage time is a direct function of forward base drive current, Iy,, and
common-emitter current gain, hgg, and an inverse function of f,, and reverse
base current, Iy,. Storage time is the interval required to remove the excess
minority carriers near the collector-base junction when the transistor is oper-
ating under saturated conditions. Iy, is actually the current attributable to these
minority carriers as they are being swept clear of the collector-base junction, and
their presence accounts for collector current flowing after termination of the
input pulse. The lower the saturation voltage, the greater the storage time. Fall
time is a direct function of collector current and an inverse function of fg,
and IB2’

, Tise time varies inversely with the common-base current gain fre-

NONSATURATED OPERATION: Storage and fall time can be reduced consid-
erably by not allowing the transistor to saturate during forward conduction, al-
though this is done at the expense of rise time. When operating under the non-
saturated condition the collector current, when turned on by an input pulse, rises
on an exponential curve (with respect to time) to a value of hgglg;. There is no
accumulation of minority carriers in the base-collector region, so storage time
is not present and fall time is reduced 15 to 40% for a given collector current.
Figure 4-6 shows the difference in the output pulse when a typical transistor is
pulsed into saturation, and when the collector-emitter voltage is held to a min-
imum of 4 volts to assure a nonsaturated condition.

In nonsaturated operation, fall time varies inversely with frequency cutoff.
Nonsaturated rise and fall times t, and t; are related to f,, according to the fol-
lowing empirical relations:

t, X foo = 0.3
ty X fze = 0.6
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t, = nonsaturated rise time between the 10% to 90% points in
microseconds,

t, = nonsaturated fall time between the 10% to 90% points in
microseconds, and

f,. = common emitter cutoff frequency, cps.

S~<eo__¥ EXCESS CHARGE
(WAVE SHAPE IF
NOT SATURATED)

(a) (B)
NONSATURATED SATURATED
OUTPUT WAVE SHAPE WAVE SHAPE

‘Figure 4-6 — Typical Wave Shapes

SPEED-UP CAPACITOR: When it is impractical to use a back bias to increase
Ig, and reduce storage and fall time, a capacitor can be inserted across the base-
current limiting resistor to reduce all switching time (Figure 4-7). An optimum
value exists for the bypass capacitor (C;) depending on the transistor and the
amount of base current. Generally the current limiting resistor (R;) is set so that :

21
Ip=—° . (4-3)
hFE min

- v< m h £ min

ThUS, I{1 — (VIN EB ax) FE , or (4_4)
2l

VIN hFE min hFF min
R, = — - . (4-5)

! 210 ngE min
The value of C, is then found experimentally to minimize t; and t;. For exam-
ple, a Motorola 2N627 power transistor when switching I = 10 amps and

Vin = 10V requires a 0.5 uf bypass capacitor. Values from 0.1 uf to 5 uf have
been noted for different transistors, and input voltage levels.

!

Figure 4-7 — Speed-Up Capacitor
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4-2 — Switching Characteristics of Motorola Power Transistors

The rise, fall, and storage times as functions of collector current and for-
ward and reverse base current have been evaluated for Motorola 10- and 25-
ampere power transistors, types 2N627 and 2N1163. Figure 4-8 shows the cir-

cuit used to obtain the data. Both saturated and nonsaturated operation was
tested.

R TEKTRONIX
DUI;’I(?NT 541
4
PULSE GEN = -1 20v SCOPE
T T e

Figure 4-8 — Pulse Response Test Circuit

The saturated rise time as a function of Iy, and collector current is shown
in Figure 4-9. Figure 4-9A applies to the 2N627 and Figure 4-9B to the
2N1163. An interesting point revealed by these curves is that with a forced gain

(B = IL) of 10 the rise time is almost independent of collector current. Other
B1

forced gain ratios tend to show similar effects. Another facet of saturated oper-
ation is that rise time will decrease as forced gain increases.

12

Vpp =20V 2N627
Vec=20V
10 t=16 L SEC
f =300
B=1I
T g C/IB1
3]
w
3
g pd
6
3 v /
g & / //
® /
N L)
S 3 ’ N4 < w2 e
S _—
/B =10 / / 4—/
2 / = wh
0
0 2 4 6 8 10

Ic , COLLECTOR CURRENT (AMPS)

Figure 4-9A — 2N627 Saturated Rise Time Versus I and Ic
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Figure 4-9B — 2N 1163 Saturated Rise Time Versus Iz and I¢

The storage time in the saturated condition is affected by the on drive, the
off drive. and the forced gain ratio. The storage time, as shown in Figures 4-10
and 4-11, decreases as forced gain increases and will go to zero as the forced gain
approaches normal current gain hgg, which is the nonsaturated case. Increas-
ing the off drive Iy, will decrease the storage time.

The effects of circuit conditions on fall time can be observed from Figure

I
Ipo

reverse forced gain is decreased (that is, I, increased), the saturated fall time
will decrease.

For nonsaturated operation we are concerned only with rise and fall time
since storage time is not present. Figure 4-13 is an indication of the rise time as
a function of collector current. There is no forced gain present and the rise time
for the 2N627 decreases as collector current increases whereas the reverse is
true for the 2N1163. The fall time has been plotted as a function of base cur-
rent, the collector current starting at 2 amperes and the base drive increased
until 10 amperes were reached. As the base drive and hence collector current
increased, the fall time increased for both the 2N627 and the 2N1163 as illus-
trated in Figure 4-14.

4-12. For similar reverse forced gain (BR = ) , the fall time is similar. As the
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Figure 4-10 — 2N627 Saturated Storage Time Versus I:: and Iz, at Ic = 2A and 6A
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Figure 4-11 — 2N 1163 Saturated Storage Time Versus Iz. and Is, at Ic = 2A and 6A
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Figure 4-14 — Nonsaturated Fall Time Versus Iz,

4-3 — Switching Losses

Power losses in a converter are mainly the result of (1) the input power
used during the on time, (2) the output power dissipation during on time, and
(3) the switching power consumed going from on to off and from off to on.

On switching power loss may be calculated using the following equation
ignoring “off” loss:

ll)

PLoss = 6T (zts VP + 3VCST) (4'6)

where I is peak collector current,

Vp is peak collector voltage,
Vs is minimum collector voltage,
T is the period of one cycle, (in seconds), and
tg the switching time, (in seconds), t, =t, =t;."

A derivation of the power loss equation (4-6) as used in switching modes
follows. It is assumed the rise and fall times are the same, resulting in symmet-
rical switching times. Perfect wave shapes of collector voltage, current, and
power for D-C to D-C converters are shown in Figure 4-15. The effect of fre-
quency upon average power dissipation is shown in Figure 4-16.

Average power is, in effect, the sum of the energy dissipated during each
part of the cycle divided by the total period.

T t T/2 T/2 4+t T
(Pf] f+ Poff] + Pr] + r + Pon]
P _: :o o ty T/2 T/2 +t,

a T

ave
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Figure 4-15 — Typical Wave Shapes of V3, Ic, and Pc for D-C to A-C Inverters
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Figure 4-16 — Voltage, Current, and Power Wave Shapes Versus Frequency
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Assuming Iggg to be negligible during rise and fall intervals, this equation
may be rewritten:

t; T/2 —t;
1 V, —Veg)t It 1
Puve = [vCS + L_L&Ls)] [1p - TI:] dt+ = BlleoVyldt +
o (o]
(Power loss dl;;ing fall time) (Power loss during off time)
t, T/2 —t,
1 (V, — Vst [Ipt 1
— —~p O Eldt4+ — I, Vel dt
T [Vp . t T [T, Vsl
(o] (o]
(Power loss during rise time) (Power l(rs:juring on time)
I,(V,+2V te + t, IV T IcoV,| T
P, = n(Vy 5’CrS) et ”TCS [7— tr] + ——~C?r L [—2«— tf] (4-7)
L(Switching loss — sum of rise“ ( Ox;(loss) " ( O(‘EY loss) ~

and fall losses)
If rise and fall times are considered equal, the following simplification results:
L2t (Vy =V eg) + 3VsT] + 310V, (T — 2t,) (4-8)
ave — 6T
If two transistors with the same Iy, are being compared, the last term of the
equation can be eliminated. Also, if Vog <<V, for comparison purposes we
can write:

P

P I, (2Vyt,) + 3VesT LV, " Vsl
ave — 6T T3T 2

;_V._J
(High Frequency Loss) (Low Frequency Loss)
Figure 4-17 is a plot of power loss vs square-wave frequency for two Motorola
power transistors, each at two voltage settings. In a practical case a temperature

measurement on a heat sink with a known thermal resistance will give an ac-
curate indication of power loss.

(4-9)

4-4 — DC-to-AC Inverters and DC-to-DC Converters

A DC-to-AC inverter is a circuit designed to change a constant D-C voltage
into a square-wave or sine-wave voltage; usually voltage step-up is employed.
A DC-to-DC converter is an inverter with a rectifier stage added to produce a
D-C output. These are shown in block diagram form in Figures 4-18 and 4-19.

Schematically the action of an inverter is represented in Figure 4-20. The
two switches, S; and S,, are ganged in such a way that if S, is closed S, is open,
and vice versa. One method commonly used to operate switches is a mechanical
vibrator, as illustrated in Figure 4-21. An electronic drive is outlined in Figure
4-22. Switching the voltage across the primary of the transformer yields a polarity
change on the secondary as shown in Figure 4-20. The frequency of alternation
will be determined by the square-wave drive. Since the polarity at the primary
reverses during each half-cycle, the magnetic flux will also reverse and trans-
former action thus occurs. As one-half of the primary is energized, a voltage
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equal to the battery voltage is induced into the open primary winding so that
the off switch sees a back voltage equal to twice the battery potential, plus
whatever inductive kick may be present.

The electronic inverter mechanical vibrator power supply can be replaced
by an electronic transistorized inverter using a multivibrator to provide the nec-
essary square-wave drive as shown in Figure 4-23. Design equations which apply
to this application are listed in Table 4-1.

100
| D-C TO D-C CONVERTER
- CONDITIONS
//
— pr104 I 60V 2N1167 /
Ipon=14 60 V 2N630 — // y
1 =0.16 A 30 V 2N1167 S~ q
B OFF _ ; w4
10 — 30 V 2N630
— Vp=30V&60V —— AT 7.
7 — N7 4
2 \ h 7
3 /\\/ 3; 4
E 21 z
PS
2 600 CPS VRV G
S AT =2
o LT z
; /' P A
% 1A 900 CPS
1 —
0.1
10 100 1000 10,000
SQUARE-WAVE FREQUENCY (CPS)
Figure 4-17 — Power Loss Versus Frequency
[ ] e
DC ..[f INVERTER Ry ——l r
Vi J SQUARE-WAVE OUTPUT
Figure 4-18 — Block Diagram D-C to A-C Inverters
DC
DC = INVERTER RECTIFIER %
VN Vour

Figure 4-19 — Block Diagram D-C to D-C Converter
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81

Figure 4-21 — Vibrator Method of Switching Figure 4-22 — Electronic Switch
I,
v
: v
MULTI- N s O
VIBRATOR 3 L

Figure 4-23 — Transistor Inverter with Multivibrator Drive

TABLE 4-1
Design Chart for Multivibrator Drive Inverter Transistor Switch (See Figure 4-23)

1. T; and T, must be capable of passing square waves.
2. T; must supply enough voltage to keep the transistor input saturated
(full on) at the design load current.

N N,
3 o— NiVCc. 4 IC:F;!IL
N
5 IL: %. 6. VBE:F:VI
L
I
7. grg VC
BE

Resistor Coupled Inverter

The square-wave drive can also be obtained by feeding back part of the
output into the transistor input, forming an oscillator. A cross-coupled resistor
feedback oscillator is shown in Figure 4-24, with applicable design equations
given in Table 4-2.
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o
R, Ry,
Figure 4-24 — Resistive-Coupled Transistor Inverter
TABLE 4-2
Design Chart for Resistor-Coupled Inverter (See Figure 4-24)
2Vcc N2
1. Iy = 2. I = —==1;.
B R, CT R, *
3. Choose transistor with adequate hyg i, at I
4. Set forced gain (hgg forced) equal to ¥2 hgg pmin-
21 V,
5. Therefore I; = c . 6. R, = 2Veo
hFE min IB

Single Transformer Inverter

Since the resistor-coupled feedback oscillator is somewhat inefficient and is
difficult to control with regard to frequency, it is preferable to transformer-
couple the feedback voltage, as indicated in Figure 4-25. Table 4-3 lists the
design details for this type of inverter.

In the one-transformer saturable-core multivibrator, both the transformer
and the transistor affect frequency of operation. Consider Equations 4-10 to 4-19
in Table 4-3. If either transistor is fully on, the whole supply voltage less Veg gat
is across one-half of the primary, and the change of flux as a function of time
must be constant to satisfy Equation 4-10. Thus the collector current, with no
load, supplies an increasing magnetization current which generates the magnetic
force. However, as the transformer approaches saturation, the incremental
permeability, u, begins to decrease and if the voltage is to remain constant the
term di/dt must increase rapidly. This will cause a sudden spike of collector
current which will be limited by the amount of feedback voltage into the base.
This feedback voltage will begin to decrease as the magnetic coupling decreases
due to saturation. The voltage across the transistor will move out of saturation
and the voltage across the coil will be Vi = Voo — Veg. As Vg increases,
V, decreases which means that the flux must decrease. As flux reverses it must
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traverse a path determined by the B-H curve. However, the voltage across the
on transistor decreases to zero very rapidly and will reverse as the other transistor
begins to turn on because of the feedback voltage reversal. The time for this
reversal is determined by the transistor response. As the second transistor
switches the battery across the other half of the primary, the second half of the
cycle begins. It is similar to the first half-cycle but with opposite polarity.
The collector current wave shapes and the I —

Power Transistor Switching Applications

Figures 4-27 and 4-28.

Figure 4-25 — Single-Transformer Inverter

TABLE 4-3

Design Chart for Single Transformer Inverter (See Figure 4-25)

1.

. Determine necessary I =

RiVee
(or experimentally determine necessary starting bias).

=0.3V,

. Find from data sheet minimum ggy; at I..

Ig

. Determine necessary Vg = ——.

8rE
IC
hFE min

R,R
. Vpp =2Ig [Eﬁ] + Vi
1 2
N, = ME.
VCC
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+Bg

_BS

Figure 4-26 — Magnetization Curve

7. Formulas for saturable-core single transformer (see Figure 4-26),

d A

¢ = BA
A¢ = AB - A, and
AB = +B, — (—B,) = 2B,.

One-half cycle AT = 1

2f
V, = N,2B,A2f
(o Vex 108
= 4B,AN, P
I,LH = B
H = Ni
di
— 2 —
Vo= (ND2A 5

Where
i = magnetization current

V, = voltage across one half primary
(Vi=Vee — Vos)

p = permeability

¢ = magnetic flux

B = flux density (lines/cm?)
B, = saturated flux density

A = cross section area of core (cm)?2
H = magnetic force

N, = number of turns on one half of the primary.
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BB
p
- LOAD LINE
EXCURSION
Ic
NO LOAD FULL LOAD
Figure 4-27 — Collector Current Wave Shape s 2V

cc cc
Figure 4-28 — Load Line of
One-Transformer Inverter

for One-Transformer Inverter

Two Transformer Inverter

At large load currents it may be undesirable to saturate the output trans-
former since this will cause a high collector current spike. A two-transformer
circuit which uses a low-power saturating transformer in the feedback loop is
shown in Figure 4-29. The same conditions apply in this case as in the single
transformer with the additional considerations listed in Table 4-4.

The no load and full load collector current wave shapes are similar to those
shown in Figure 4-30. Notice there is no spike at no load.

Figure 4-29 — Two-Transformer Inverter
TABLE 4-4

(See Figure 4-29)
Design Chart for Two-Transformer Inverter ((Same as Table 4-3 except):
1. T, must be designed to oscillate at least 10% lower in frequency than T;.
2. f= M'
4N A By

Values are for driver transformer T,, and note that the feedback voltage Vgp
is used and not V.
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—_— e

NO LOAD FULL LOAD

Figure 4-30 — Collector Current of Two-Transformer Inverter

Transformer Considerations

Inverters which operate at high frequency generally use ferrite core material.
Silicon steel is used at 60 cps and 400 cps, two common frequencies. Tape-wound
toroids are used where very high efficiency and quiet operation is desired.
In any of these, leakage reactance must be held to a minimum to avoid voltage
spikes. Load lines should be checked on the oscilloscope (see Section 2-17)
to be sure that actual Veg-Ig excursions are in the safe operating area for the
particular device.

At high input voltages a bridge circuit similar to that shown in Figure 4-31
may prove useful. Assuming that there are no spikes, the Vi will see the
D-C supply voltage (V¢c¢), whereas in most transformer-coupled circuits Vgg
will approach 2V .

The following sections illustrate specific switching circuit designs. Although
most of the designs are common-emitter, it may be shown that any inverter
circuit can be represented by one equivalent common-emitter circuit.

— —Vcc

%

A T

COMMON CORE

Figure 4-31 — Bridge Inverter
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4.5 — 700-Watt Converter

POWER CONSIDERATIONS: The development of the Motorola 25-ampere
2N1162-1167 transistors opened new possibilities for efficient, high-current
28-volt converters. Since these transistors have a typical current gain of 25
at 25 amperes and transconductance of 25 mhos, it is apparent that a pair can
efficiently switch 700 watts (25A X 28V). The saturation voltage at 25 amperes
is approximately 0.3 volt, which means that during the on time about 7.5 watts
will be dissipated in the collector-emitter junction. To allow for current-gain
variations, about 2.5 amperes base drive is necessary to assure saturated condi-
tions at all temperatures. Under these conditions about 1 volt appears from base
to emitter. Thus nearly 2.5 watts is dissipated in the base-emitter junction during
the on interval. This means that a pair of transistors would be dissipating an
average continuous power of 10 watts.

So far it has been assumed that switching time is negligible. Actually a
considerable power loss can occur during switching intervals. The rise and
fall times in this converter are each about 50 usec at 25 amperes, other circuit
conditions are contributing to the rise and fall times. Calculations indicate that
dissipation is increased by 25 watts (continuous) due to the switching times.
Consequently a total of 35 watts is lost in the transistors.

With a heat sink, the case temperature of the transistors was 70°C when
the ambient temperature was 25°C. This would indicate a junction temperature

35
of about 84°C (70°C + 0.8 X —2—°C) .However, the temperature kept increasing

when power was on continuously, indicating the possibility of thermal runaway.
A 10-CFM blower was used to stabilize the case temperature to below 60°C.
The transistors were insulated from the heat sink with an anodized aluminum
washer and silicone grease helped lower the thermal resistance from the transistor
case to the heat sink.

TRANSFORMER AND CIRCUIT CONSIDERATIONS: A two-transformer design
was used as shown in the diagram of Figure 4-32. This allowed the feedback
transformer to do the saturating while reducing the collector current spikes.
Since the output transformer does not saturate, the saturation losses were consid-
erably reduced. However, the output transformer must still be able to faithfully
transform a square wave and have reasonably low losses at heavy currents.
The driver transformer was designed to oscillate from 200 to 1200 cycles with
2- to 12-volt drive. A multiple tap on the output transformer was wound on a
double 4%2” Hypersil C core, each half about 34 of a square inch in cross section.
The driver transformer consisted of three identical windings of #16 wire wound
trifilar to provide various circuit configurations. The driver core was stack
laminated of “mu” metal with a core area of about 3 of a square inch and
about 1 X 1 X Y2-inch outside dimensions. The circuit operated common-emitter
push-pull. A 0.5-ohm potentiometer was inserted between the feedback winding
and the driver transformer to allow proper switching action and help control
the frequency. Performance was improved by inserting small resistors in series
with the base. These 0.25-ohm resistors seem to equalize the drive and eliminate
burnout problems. Since they do affect the frequency of operation (more voltage
is required on the driver transformer), this factor must be taken into account.
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0.50 10W
T, *PX 1486
6
6T
#16
0.25 9 10M6225 |
2N1167 4
2w
3
5 4 10 28v 18T
12T 23 o AAA )| —e—"12 2l Ty *Px 1485
6 12T] 10w 250 puf , 50V | & 2
A 3
416 WIRE |1 100Q 10W g1
TRIFILAR m
9
2w
2N1167
82T R
0.258 10M62Z5 #12 L

10
*PHOENIX TRANSFORMER CO.
PHOENIX, ARIZONA

Figure 4-32 — 700-Watt Inverter

PERFORMANCE: From this circuit a power output of 575 watts was obtained
with a power input of 700 watts, for an efficiency of about 82%. Bias and
feedback resistors account for about 25 watts while another 35 watts was lost
in the transistors. The other 65 watts apparently was lost in the transformers.
An additional 20 watts was required to operate the blower, which was driven
from the output. Currents of up to 34 amperes were switched and power outputs
of more than 700 watts were obtained on an intermittent basis.

4-6 — An Efficient Two Stage DC-to-DC Converter

An efficient converter can be obtained by using a low-power, saturating
oscillator to drive a high-power amplifier (Figure 4-33). This arrangement offers
several advantages. The saturating transformer can be quite small since only a
few watts of power need be handled. For this reason it is practical to use high-
quality, rectangular-loop core material. The power transformer can be a conven-
tional Class B pulse type with a silicon steel core, capable of passing a square
wave with little distortion. A low-power audio transistor, such as the Motorola
2N176 for 12-volt operation or the Motorola 2N375 for 28-volt operation,
fulfills the driver requirement.

Since the oscillator switches at low currents, the dangerous region of
secondary breakdown can be avoided, eliminating the burnout problem. C,, Ry,
and C,, R, form speedup networks to improve switching time. R3 and R, are
equalizing resistors which prevent excessive drive to high-gain units, and C;
and C, are line filters. Matched output transistors should be employed. Switching
time in the oscillator is 4 microseconds.
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100 Ry L

0.2 f 1t
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* *
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4
AMA
100 Ry

—0 o—_l
OSCILLATOR + -

*SEE PARTS LIST

Figure 4-33 — Two-Stage Converter

The amplifier switches 10 amperes of collector current in 10 microseconds.
As with similar circuits, the amplifier transistor must not be removed from the
socket with the power applied, otherwise the resulting high-voltage spikes will
damage the remaining amplifier transistor. If an excessive load is applied or if
a short circuit occurs, the base drive will not hold the collector voltage at the
saturation value and thermal damage may occur. The output should therefore
be fused.

Efficiency of this circuit is shown in Figure 4-34.

100

/
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g |

Z 9 14 V INPUT 28 V INPUT
L]

E 80 /,j

et ///

2 70

-}

3}

2

<}

P

<3}

50

0 20 40 60 80 100 120 140 160 180 200 220 240
PoyT » POWER OUT (WATTS)

Figure 4-34 — Efficiency Versus Power Out for Two-Stage Converter
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PARTS LIST FOR THE OSCILLATOR-AMPLIFIER CONVERTER CIRCUIT
SHOWN IN FIGURE 4-33

D-C D-C Repetition
input Output Frequency Q,,Q, Q,,0, R, R,
14V 200V 400 cps 2N176 2N627 0.5 ohm, 5W
28V 400V 800 cps 2N375 2N629 1.0 ohm, 5W
The following parts are independent of input voltage.
C,,C, — 0.2 UF, 200V DC
Cs,C, — 500 UF, 50V DC
R,R, — 100 ohms, 1W
CRy2as — Motorola 1N2614
T,* — MTR — 916 PX — 1301
TRIWEC TRANSFORMER CO. or PHOENIX TRANSFORMER CO.
Chicago, lllinois Phoenix, Arizona

Transformer T,: This transformer was wound on a Stackpole AP 11-424
Ceramag core and yoke with No. 22 Nyclad copper magnet wire. Bifilar winding
was used. The primary has 108 turns and is center tapped. The secondary has
108 turns, with a center tap and with two additional taps 13 turns from each
side of center.

*Transformer T, can be wound using the following material:

Material — Arnold Core Sectron 4 MIL C Core

AJ-H-12  Area = 0.5sq.in. B, = 12 kilogauss

When the oscillator is connected, the correct phase relationship between
the primary and feedback windings must be maintained. If oscillation is not
obtained and the phase terminals are not marked, reverse the collector or
the base leads.

4-7 — Low Power DC-to-DC Converter Circuits

Figure 4-35 illustrates a circuit using Motorola power transistors and silicon
rectifiers in conjunction with available converter transformers. Table 4-5 lists
the components used.

R, B,y
ANA- T3
31|s
1
C
1 —O
Q c2 —F§ cT vV OUT
-SR
wifa —T 2 I+ -
1€ fo. ~ 3
c1
xS O
Q
v i Figure 4-35 — Low-Power D-C to D-C
+ JS - Converter (See Table 4-5)
12-14 V DC
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4-8 — 50-Watt 110-Volt AC Source for Automobiles

This inverter (Figure 4-36) uses standard components. It has been designed
to operate 110-volt equipment within its power rating from a 12-volt automobile
electrical system (14-volts nominal). This inverter has been used to operate
the following:

. Electric Shaver

. Dictating Machines

. Fluorescent Desk Lamp

. AC-DC Radio

. “Pencil Tip” Soldering Iron

. 40-Watt 117-Volt AC Trouble Lamp
. Portable Phonograph.

NN WN =

Base bias and collector to base coupling is provided through resistors Ry
and R,, which are 100 ohm, 2 watt. Bias stability is provided by the 15-ohm,
2-watt resistors Ry and R,.

The raw output from the secondary of T, is the waveform shown in
Figure 4-37.

This inverter has a frequency output of approximately 60 cps and the
peak-to-peak voltage (between the flat tops) is 250 volts at 50 watts. For
applications 1, 3, 5, and 6, this output is satisfactory even though the waveform
is approximately a square wave.

The hash filter, compesed of C,, L, and C,, removes most of the spikes,
giving a roughly trapezoidal wave form as shown in Figure 4-37B. This filter
makes practical applications 2, 4, and 7. The frequency is reduced to about
56 cps by the filter.

With a 50-watt load the efficiency is approximately 75% . The voltage with
a 50-watt load is about 106 volts.

The physical size of a completed unit is approximately 3 X 4 X 5 inches.
Weighing about four pounds, it is provided with a cigarette lighter plug and a
standard 110-volt outlet receptacle. Current drain with a 50-watt load is approxi-
mately 5 amperes.

Rj 100
AAA FILTER CHOKE
L410 AL H
2N176 Y'Y\
R3 15 Q
p 117V
12-14 V c c 100 V AC
—O —_ 1 2
Rg15 Q g T sps 0.25 L1 OUTLET
J 24V,
2ACT
2N176 23
UTC FT-10
NN
Ry 100 ©

Figure 4-36 — Automobile 12-Volt D-C to 110-Volt A-C Inverter
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.

(J

(A) NO FILTER (B) WITH FILTER

Figure 4-37 — Automobile Inverter Output Wave Shapes

4-9 — 400-cps 3-Phase Oscillator and Amplifier

A circuit to drive a 20-watt 3-phase load at 400 cps is shown in Figure 4-38.
The 3-phase oscillations are supplied by an RC-coupled oscillator so that a 120°
phase difference exists at the collector of each of the 2N651 transistors. An
emitter-follower amplifier drives the output power transistors. The power transis-
tors are driven into saturation, which provides a clipped sine wave on the
secondary of the output transformer. This circuit has been used to drive a 3-phase
aircraft gyro motor from a 12-volt D-C supply.

—-12 vV DC

AMPL

OSCILLATOR

Eo.sp.ﬂ Y PHASE 2
Ty

AMPL I LOAD 2
= 2
<]
% o
A 2N1162 1
& ” LOAD 1
= 2N1162
=
=%
s
<

Ty - PRIMARY 24 V TC
SECONDARY 115 V
LOAD CAN BE 200 Q TO 1K Q (PER PHASE)

AMPL 1
Figure 4-38 — 3-Phase Inverter, 12-Volt D-C to 115-Volt A-C
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4-10 — DC-to-AC Variable Frequency Inverter

Ty
T3
4 ” 200T § %251‘
®
L ]
Dy
Q
110 V DC
2.2K 2.2K
47
T1 47
%1901‘
190T
- ( g >Q2
Dy
Figure 4-39 — Variable-Frequency D-C to A-C Inverter
PARTS LIST FOR FIGURE 4-39
D,,D, — 50-Volt Silicon Diode Motorola 1N536
Q,,Q. — Motorola 2N1359
Q;-Q,, — Motorola 2N1365
T, — Core Stackpole Ceramag 20 Area 25/64 Sq. In.
T, — Core Westinghouse Hypersil E17
T, —  Superior Type 10B Variable Autoformer

Many square-wave applications require a variable frequency output. One
method of obtaining such an output is by using a two-transformer inverter to
drive an amplifier, (Figure 4-39). The voltage across the input-saturating trans-

127



Power Transistor Switching Applications

former is varied to change the frequency, as shown in Equation 4-16 which
is repeated here.

Ve x 108

4B, AN,

The amplifier is a series bridge type. Swamping resistors are used to

equalize the collector-emitter voltage of the series string. The output voltage is
110 volts at a square wave frequency of 20 to 200 cps. The input is 110 volts DC.

(4-16)

4-11 — 6-Volt D-C to 6-KV A-C Inverter

This application provides a high-voltage A-C or oscillatory output for
driving gaseous luminous tubing. The output can be rectified and doubled to
provide a 12-KV D-C source for cathode ray tubes.

L, T
5
5
3500
220
%La 6KV
Ql =
IZ Ly
2N176 oV 3
(2) T I —? + 3
= ! |
i
( E§Q2 : —.[;
|

—— -+ TOQy COLLECTOR OF TIME
BASE GEN FIGURE 4.41
————— - TO GND OF ABOVE

Figure 4-40 — 6-Volt D-C to 6-KV A-C Inverter

The circuit shown in Figure 4-40 differs from the inverters previously
shown in that the common-collector configuration is used instead of a common-
emitter. Consequently, transistors Q; and Q, need not be insulated from the
chassis. This circuit also requires that the ratio of turns of L, (used for base
drive) to L; be approximately 6:5.

SPECIAL OSCILLATOR TRANSFORMER T.: Core Material: Ceramag U Cores —
AP11-264 (2). Most TV flyback transformers are wound on a similar core,
which can be used for this application.
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L, and L, are handwound, side by side on the cardboard bobbin with taps
brought out on either side. The winding is covered with 3 thicknesses of bond
paper saturated with coil dope. Lj is universal wound on this paper layer.
The winding width is 34 -inch. After every 250 turns a layer of doped paper is
applied to the winding. This is to add strength to the coil, which builds up to a
diameter of approximately 2% inches. The coil is well doped, dried, and covered
on the sides and top with masking tape painted with dope.

L, — 6 turns, C.T. #18 Nylclad
L, — 10 turns, C.T. #18 Nylclad
Ls — 3,500 turns, #36 Nylclad, Silk

The inner lead of Lj is grounded to any convenient point on the frame
and the outer terminal brought out by a well-insulated lead.

Windings L; and L, must be correctly phased to obtain oscillation. Correct
phasing is best established by trial and error. Reverse base leads if oscillation
is not obtained on the first try. When this inverter is used in conjunction with
the time base generator described below, an effective portable flasher unit is
obtained which is capable of driving gaseous tubes for warning lights, flashing
advertising signs, direction signs, and so forth.

4-12 — Power Drive Time-Base Generator (Flasher)

This is a self-running switch which delivers short burst of power (peak of
4-5 amperes) into a load at a repetition rate of a hundred times a minute.
The actual repetition rate and the duration of the power bursts can be controlled
over wide limits. A flashing warning light for traffic or construction hazards
can be constructed using this time-base generator with a 6-volt incandescent bulb
(such as a G.E. 1630) for the load.

A time-base circuit with a 6-volt supply is shown in Figure 4-41. This circuit
consists of an NPN general purpose transistor (2N35 or equivalent) and 2N176
power transistor. This combination forms a negative-resistance relaxation oscil-
lator whose period is controlled by the time constant of R;C,. Pulse duration
increases as the value of R, is increased.

240 =
AAA—
& RETE R,
6v == . LOAD
o + 1

+ - 2N35
NPN 4
4 Q2
s 2N176
1 51K > 100
R,

Figure 4-41 — Power Drive Time Base Generator
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OPERATION: When switch S, is closed, capacitor C, starts to charge, raising
the voltage on the base of Q, positive with respect to the emitter rate determined
by the time constant of R,C,. At some critical voltage, Q; begins to conduct,
followed by Q.. When Q, is driven into saturation, practically the full battery
potential is across the load. Conduction of Q, causes capacitor C; to discharge
until at a low critical value Q, is cut off, causing Q, to cut off also. This action
is repetitive and establishes the time base. The frequency of the circuit shown
in Figure 4-41 is approximately 90 pulses per minute. Other time rates can be
obtained by using different values of R; and C,. Frequency varies inversely with
the value of R, or C,.

As the value of R, is increased, the pulse duration is also increased. In the
circuit shown in Figure 4-41 the pulse duration is approximately 10 milliseconds.
If the value of R, were increased to 1,000 ohms, the burst duration would be
approximately 50 milliseconds.

The value of Ry should be low to minimize Iggq, a very small residual
generated bias which could gate current into the load causing a standby power
loss. However, the value of R; must be large enough so that it does not affect
the saturation of Q, during the on period.

4-13 — Horizontal TV Deflection System

The circuit shown in Figure 4-42 shows how switching transistors are used
in a transistorized horizontal deflection system for portable TV sets. Associated
waveforms are shown in Figure 4-43. The current wave shapes were obtained
by using a sampling system consisting of three 0.24-ohm wire-wound resistors
in parallel.

Transistor Q, is turned on for approximately 48us and off for 16us by the
voltage from the driver, as shown in Figure 4-43. For the first 9us, collector
current flows in the reverse direction because of the positive potential on the
collector. After this initial 9us it requires 39us for collector current to build up
to its peak forward value which is limited only by the inductance of the trans-
former and yoke. At the end of this period, base voltage goes positive, reducing
base current to zero and causing collector current to fall to zero. This collapsing
current induces a high voltage across the yoke and transistor during the retrace
period. Capacitor C,, in resonance with Lj, tunes this circuit to a frequency
of Vat,, where t, is the retrace time. As this voltage passes through 180 degrees
and becomes positive, base current again flows and the cycle repeats. In the
driver circuit, C; and L; form a resonant circuit at the third harmonic of the
retrace frequency to reduce the peak voltage from collector to emitter. With
this circuit, the peak voltage of 90 to 110 volts is reduced to 80 or 90 volts.
This voltage reduction is only for the driver and has no effect on the output stage.

An advantage of using this circuit with transistors is that energy can be
returned to the battery through bilateral action of the transistor, resulting in
improved efficiency. At the end of the retrace cycle, the collector voltage begins
to swing positive. Base and collector current will be high, limited only by the
transistor saturation resistance and lead resistances. These currents decay rapidly
to zero, however, because of the damping effect of the transistor on the free
oscillations. Current then flows in the conventional manner. Thus part of the
energy stored in the yoke during the forward sweep is returned to the battery.
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OUTPUT

Il o2

" Ly

Figure 4-42 — TV Horizontal Output Deflection Circuit

TRANSISTOR REQUIREMENTS: The two important requirements of the output
transistor Q, are high efficiency and the ability to withstand the high collector-to-
emitter voltage. The Motorola 2N629 and 2N630 series fulfill these require-
ments. If the yoke is designed to give a higher voltage than the transistor can
stand, a zener diode (10M91Z) can be used to clip the collector-to-emitter volt-
age to a safe level. An added precaution, however, is transistor protection af-
forded by the zener diode 10M91Z.

POWER CONSIDERATIONS: Figure 4-43D and 4-43C shows power dissipa-
tion as a function of time and emitter voltage during the fall time.

Assuming that the current and voltage relations are linear with respect to
time, the following equation approximates the power dissipated during the off
time.
chlpf( tto)2

(6,)T

Reducing t;,, by one-half reduces the power dissipated by a factor of 4.

However, when switching time is reduced, the peak collector-emitter voltage is

increased, so the inductance of the load may have to be reduced to limit this volt-
age pulse to a safe value.

Py = (4-20)

High collector-to-emitter voltage can also be reduced by increasing the
peak yoke and collector currents without degrading the deflection system.
The amount of deflection from a magnetic yoke is proportional to

Do VI,V
where 1, and V,,, are the peak current through
and the peak voltage across the deflection yoke.
The circuit of Figure 4-42 supplies 600 volt-amperes to the yoke for 70°-
90° deflection of a 14-inch tube.
With a peak-to-peak collector current of 8 amperes, 90 volts is required
from collector to emitter. If the peak voltage is reduced to 70 volts, collector
current must be increased to 10.3 amps to maintain the same deflection.

(4-21)

pp?
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Figure 4-43 — Waveforms of TV Horizontal Drive Circuit (See Figure 4-42)
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SERIES OPERATION: By operating two transistors in series, a much higher
back voltage can be tolerated than is possible with a single transistor. Such a
series arrangement is shown in Figure 4-44. A similar series arrangement is dis-
cussed in Chapter 6 on compound circuits. Germanium diodes D, and D, were
used across each collector to emitter to increase the amount of reverse current
flow during the first part of the sweep. These damping diodes decrease battery
current by 100 ma from 1.7 to 1.6 amperes. A bifilar secondary winding on
the input transformer is required to ensure equal drive to each transistor. If the
drive is not equal, a voltage spike on the leading edge of the collector-emitter
voltage waveform results, which could cause transistor failure.

L. 0.25
=~

=L

NG

= 12
I

Figure 4-44 — Series-Connected Low-Voltage Transistors in TV Horizontal Output

The 1K resistors help balance the voltage across each transistor. In addi-
tion f,;, and C,, should also be matched, so that nearly equal voltage division is
obtained. Table 4-6 shows the results of matching pairs of the 2N629-630 series

for various combinations of hgy, f,;, and C

ch*

TABLE 4-6
12 Volts Input
Unit hlm fah Cch
Number 10 amps 1amp 5V Back Voltage

Q, 20 288 ke 450 yuf 41V
Q, 15 300 ke 450 yuf 43V
Q, 16 256 ke 480 yupuf 43V
Q, 15 266 kc 485 yuf 41V
Qs 16 261 ke 355 wuf 43V
Qq 24 256 ke 350 ppuf 40V
Q; 17 279 ke 455 yuf 40V
Qg 17 270 ke 460 puf 43V
Q, 13 282 ke 610 ppuf 60V
Q0 18 278 ke 460 ypuf 45V
Qyy 25 259 ke 360 puf 45V
Q5 16 248 ke 420 yuf 40V
Q4 18 269 ke 420 puf 55V
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POWER LOSS & DEFLECTION EQUATIONS: Relations for power loss and beam
deflection have been derived below as they relate to this transistorized deflection

system:
1. Power Loss During Turn-Off (referring to Figure 4-43):

1 tto
Py = § Voledt (4-22)
(o]

v, = Yort (4-23)
4
t
Ve=Ipp [1 - ‘] (4-24)
tto
V I tto
P, = _CETL‘ (t — 2/ t,) dt. (4-25)
ty o
VCPIPF tzto
=0 4-26
Pto (6(1) T ( )

2. Amount of Electron Beam Deflection: For a given accelerating voltage
and yoke configuration, deflection, d, is proportional to the peak ampere

turns.

D « I,)N (4-27)
However, L, the inductance of the yoke, equals

L = kN2, (4-28)
so that D« I, /L. (4-29)
During flyback, V, = L%. (4-30)
Therefore, V,, = ZI;IW, (4-31)
and V, o« LI, (4-32)

where V,,, and I, are peak-to-peak values of voltage across the yoke and current
through it, and t, is the duration of the retrace.

Therefore D « I, \/V,,/1,, and (4-33)

D « VI, V (4-34)

JULM
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Electronic Ignition Systems
CHAPTER V

Electronic Ignition Systems

5-1 — Introduction

The conventional ignition system, the basic design of which has remained
virtually unchanged since first sketched by Charles Kettering in 1910, is one of
the weak links of the modern internal combustion engine.

One disadvantage of this system is that the voltage output of the ignition
coil decreases as engine speed increases, thus reducing the intensity of the spark
produced by the individual spark plugs. This results in incomplete combustion
of the fuel vapor-air mixture, causing inefficient engine operation and wasting
gasoline.

Erosion of the points also occurs because of the high current flow each time
the contacts open. This greatly reduces breaker point operating life.

While there have been minor improvements in points and ignition coils,
resulting in a fair order of reliability, increased demands on the ignition system
have more than offset these improvements. These demands are the result of
more horsepower, faster engine speeds, higher compression ratios, and special
fuels containing antiknock lead compounds.

As the overworked ignition system has been subjected to these additional
demands, actual failures as well as a significant decrease in engine performance
and efficiency have been unavoidable. The inconvenience of these failures has
prompted considerable effort toward improving ignition system reliability.

Electronic systems have figured in these improvement efforts, but problems
associated with electron tube circuitry (high plate voltages, warmup time, fragil-
ity) prevented progress in this direction. It required the recent great advances
in the semiconductor industry to provide the devices necessary to realize the
full potential of the electronic ignition system.

The use of semiconductor devices, such as power transistors, in electronic
ignition systems offers many advantages. For example, the resulting circuitry
is extremely rugged and requires no warmup time. It operates directly from nor-
mal battery voltages over a wide voltage range; an important consideration be-
cause of battery voltage drop during cold weather starting.

5-2 — Semiconductor Applications to Automotive
Ignition Systems
There are three basic methods in which semiconductor devices can be used
in automotive ignition systems. Each affords improvement over older systems
both in performance and the life expectancy of ignition components. These

methods are as follows:
1. Transistor Switching in the Conventional System
The transistor handles the primary current. The breaker points carry
only the transistor base current, resulting in less breaker point wear.
The transistor itself is capable of switching much more current than

simple breaker points.
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2. Oscillatory Spark System
Redesigned conventional or ferrite core transformers are used with

power transistors in blocking or other oscillator systems to generate a
high-voltage burst or pulse train. This may be either keyed for timing,
or continuous, depending upon the application.
3. Capacitive Energy Storage System

Although this method requires a relatively complex electronic system, it
is very effective. The energy required to produce the high-tension output
to fire the spark plugs is stored in the capacitor according to the relation-
ship E = 1/2 CV?2, as opposed to E = 1/2 LI* in conventional systems
where energy storage is provided by the inductance.

5-3 — Performance Requirements of an Ideal System

The end result of any ignition system is an electric spark. This spark must
appear across the spark plug gap at exactly the right time in reference to the
piston stroke and with sufficient power to ignite the fuel charge. Sufficient voltage
must be available to ionize the spark gap.

The open circuit spark potential required for any engine is a function of
several factors, and may range from 12 to 35KV. The peak spark power is ap-
proximately 900 watts for high-performance systems.

5-4 —The Conventional System

In the conventional, non-electronic systern (Figure 5-1), a set of breaker
points are alternately opened and closed by a cam geared to the motor crankshaft.
On closure, a substantial primary current (4-6 amperes) flows into the primary
coil, Li, bringing the transformer core up to full magnetic saturation. This mag-
netic charging takes a little time, as represented by the rising curve of Figure
5-3A. When the breaker points are opened, the energy stored in the core induces

1

HIGH
VOLTAGE

R

Figure 5-1 — Conventional Ignition System
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a voltage (e = L di/dt) in the high-voltage coil, L,, which depends on the rate
of collapse of the magnetic field. This rapid collapse is augmented by the capac-
itor, C, which provides a low-impedance discharge path, and also reduces arcing
between the points. The voltage generated across coil L, is stepped up by the
turns ratio between coils L; and L,. This ratio is usually on the order of 1:100
in standard 12-volt ignition coils. In conventional 12-volt systems, resistor R is
used to lower the coil voltage.

5-5 —Transistor Switching

In a transistor switching circuit (Figure 5-2) the breaker points carry only
the base current of the transistor, which is approximately 1/20 of the primary
coil current. By reducing current through the breaker points this method elim-
inates burning and wear, and resultant mistiming. For this reason the transistor-
ized system should be relatively maintenance-free.

HIGH
VOLTAGE

A
Ry

Figure 5-2 — Primary Coil Current Versus Time

During the interval after the breaker points open, a large reverse voltage
appears across the primary coil and across the transistor. With a conventional
12-volt coil having a turns ratio of 1:100, 300 volts could be developed across
the transistor at maximum output. This is the same high voltage that causes arc-
ing and pitting of contacts in conventional systems. It is also capable of damaging
the transistor unless some form of protection is provided.

One method of protecting the transistor is to install a zener diode across
the terminals. The zener voltage should be somewhat less than the BV g rating
of the transistor used.

By trading primary current for voltage it is possible to store in the coil the
energy (E = 1/2 LI?) necessary to provide high output voltage, yet considerably
reduce reverse voltage across the transistor. This is accomplished by designing
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the ignition coil with a higher turns ratio. For example, special coils with 100
turns on L, and 30,000 turns on L, can be used to limit voltage across the tran-
sistor to 100 volts.

Current waveforms of Figure 5-3 show that the primary coil current in-
creases to peak value much faster in the transistor system than it does in the
conventional system.
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CONVENTIONAL SYSTEM TRANSISTORIZED SYSTEM
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Figure 5-3 — Transistor Switching Circuit

The dramatic improvement in output voltage possible at higher engine
speeds with the transistorized ignition system is shown in the curve of Figure 5-4.
This is important because at these speeds high firing potentials are necessary,
yet it is in this area that the output from conventional systems falls off rapidly.
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Figure 5-4 — Available High Voltage Versus Engine Speed
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5-6 — High-Voltage Oscillator

A transistor can also be used to generate either a continuous or an inter-
mittent source of oscillatory high voltage necessary to develop the ignition spark.
This voltage can be obtained from a transistor blocking oscillator having a suit-
able ignition transformer. Suitable feedback is obtained from a standard or spe-
cially wound ignition coil. Coils with open silicon steel cores give oscillatory fre-
quencies of 1 to 4 kc. Using closed ferrite cores, frequencies as high as 20 kc can
be obtained. A feedback winding, L, (Figure 5-5) is provided on the ignition
coil to obtain the blocking oscillation.

In an oscillator system, the protective considerations for the transistor are
the same as in the switching system previously discussed; the coil should be
wound to a turns ratio of 1:300 and zener diode protection should be provided.

HIGH
— VOLTAGE

Figure 5-5 — Blocking Oscillator Ignition System

5-7 — Capacitor Storage System

A third system of producing a high voltage is the capacitor storage system,
shown in Figure 5-6. In this system, a source of D-C voltage charges the capac-
itor, C;, which is then abruptly discharged by a transistor, Q;.

DC Q
300 V 1

HIGH
VOLTAGE

3

TO KEY
Figure 5-6 — Capacitor Storage Ignition System
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The capacitive storage system gives a very hot spark from a standard igni-
tion coil. The 300-volt D-C supply is obtained from a D-C to A-C inverter using
two power transistors and a silicon diode bridge rectifier which converts the AC
to DC. In this circuit, Q, sees the full D-C voltage of the supply as well as any
high-voltage transients reflected back from the ignition coil. Therefore this sys-
tem requires a transistor designed for this high voltage, or several in series as
well as a protective zener diode.

This system is effective but it is relatively complex electronically and there-
fore perhaps less attractive than the transistor switching and oscillatory spark
systems.
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CHAPTER VI
Special Transistor Circuits

6-1 — Introduction

Appropriate parallel and series circuit arrangements of power transistors
permit their use in high-voltage, high-current, or high-power applications. For
example, power transistors have been used in parallel circuits to handle more
than 1000 amperes and in series for more than 300 volts. That such applications
are almost unlimited is indicated by one application in which 90 power transistors
were used in parallel. Such circuits also insure reliability in extended areas of
operation as well as yielding higher gain and lower distortion.

6-2 — Parallel Operation

Power transistors are used in parallel (Figure 6-1) to increase current- and
power-handling capabilities. Since the number of thermal paths are also in-
creased, this method allows greater power dissipation.

B Rp 1 Vee

]
-

BE R
VBB %RE E

Figure 6-1 — Parallel Connection

To equalize collector current flow, the transistors should be matched or
feedback resistors should be used to compensate for variations between indi-
vidual units. Emitter resistors are generally used for current equalization be-
cause they also provide temperature stability. Current equalization can be ob-
tained with a base resistor having a value equal to that of the emitter resistor
times hre.

Either graphical or analytical methods can be used to determine the value
of the emitter resistor required. The following example illustrates how a graph-
ical analysis is used to determine the emitter resistance required. For this type of
analysis the transconductance curves, which are emitter-to-base voltage, Vyp,
versus collector current, I, are the most useful.

Consider the problem of matching a pair of Motorola 2N1165 transistors
to handle a total current of 40 amperes. Each 2N1165 is rated for a maximum
of 25 amperes. As the total transconductance variation is usually somewhat less
than the total current gain variation, a transconductance ratio of 4:1 between
minimum and maximum units will be used. This 4:1 ratio also takes care of
normal temperature variations and aging characteristics. Figure 6-2 was con-
structed from this information and the information shown on the published data
sheet.
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Figure 6-2 — Current Division by Emitter Resistor

In the example shown we have allowed the high-gain transistor to carry a
maximum current of 25 amperes. This is the maximum collector current rating
for the 2N1165. Since the total current to be handled is 40 amperes, the low-gain
transistor must then carry 40 minus 25, or 15 amperes. A source resistance line
connected between the 25-ampere point for the high-gain unit and the 15-ampere
point for the low-gain unit gives us the required emitter resistance, approxi-
mately 0.1 ohm. The graph also shows that the required driving voltage, Vg, for
both units in parallel is approximately 3 volts. Because the 0.1-ohm resistance
represents considerable power loss (P = 132 X Ry 252 X 0.1 = 62.5 watts), it
may be necessary to match transconductance of the units to obtain a higher effi-
ciency. Although the use of a base resistor would reduce power loss as indicated
by the following equation:

P= Is"Ry (6-1)

hFE
stability would be sacrificed to some extent.

6-3 — Series Operation

When a maximum voltage rating of a single power transistor is insufficient
for a particular application, series operation is suggested (Figure 6-3). Various
methods can be used to feed the base connections. Because of the high voltage
existing between base connections, the base leads must be isolated from each
other while sufficient drive is maintained. In the case of A-C or repetitive signals,
simple transformer couplings can be employed (Figure 6-4). The transistors can
be matched for transconductance, or the values of resistors R; and R, can be
selected to balance the maximum voltage across each transistor. For most power
transistor applications, R; and R, will be 10K.
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gg@:

Figure 6-3 Figure 6-4

Basic Series Connection AC-Coupled Series Connection

The resistive driving network in Figure 6-5 is generally used for D-C voltage
regulators. Ry, Ry, and R are determined as follows:

V
R, = oB 6-2
' 7 Ix — ooz — lopos + Ips + Ing (62)
Vg
Ry=— 2> (6-3)
T Ix + Iopos — Ins
R; = Vo (6-4)
Ix

In pulse-type circuits where the transistors are saturated in the on condi-
tion, the circuit in Figure 6-6 is not only more efficient but also offers greater
thermal stability. In this circuit, terminals B, C, and E may be considered as

Figure 6-5 — DC-Coupled Series Connection

143



Special Transistor Circuits

base, collector, and emitter terminals of a composite transistor. The zener diodes
Z,, Z,, and Z; ensure that the maximum collector-emitter voltage of each of the
series transistors is not exceeded.

Xel

il

23

E

Figure 6-6 — Pulse-Type Circuit with Greater Thermal Stability

Resistors Ry, R,, and R provide I¢p paths and ensure that the transistors
will turn off under no-signal conditions. Decoupling diodes D, D, and D4 permit
a common driving signal to be used, because they open up in the absence of a
driving signal and still permit the turn-on current to fully saturate each tran-
sistor. Resistors Ry, R;, and R, used to balance out variations in gain between
the series transistors, are determined as follows:

— VBB - IBTRS - VDI - VBEI

R4 I (6-5)
B1
R5 — vBB - IBTRS - VD2 - VBEZ - VCEI sat (6-6)
IB2
R6 — VBB - IBTRS - VD3 - VBE3 - VCE2 sat — VCEl sat (6-7)

. Ips
Where IBT = IB] + IB2 + IB3

In such a circuit the transistors operate in sequence and not simultaneously
as in the other series circuits shown. When a signal is applied between base and
emitter, Q, is turned on first and is driven to saturation before Q, begins to con-
duct. In turn, Qy is driven into conduction.

Better understanding of the Figure 6-6 series connection can be obtained
by studying the following example. Figure 6-7 shows the collector characteristics
of two Motorold 2N 1164 transistors. Transistor A has a collector breakdown of
80 volts and Transistor B a breakdown of 70 volts. The collector characteristic
of the two units in series is shown in Figure 6-8A. This Figure shows the com-
posite collector breakdown to be 150 volts. Some nonlinearity can be observed
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and a discontinuity appears between 40 and 70 volts where Transistor A begins
to avalanche. The linearity of the composite transistor can be improved with
feedback. The effect of a 1-ohm emitter resistor is shown in Figure 6-8B.
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\NEEE 3% 3
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Figure 6-7 — Output Characteristics of Two Motorola 2N1164 Transistors
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Figure 6-8 — Series Composite Output Characteristics
of Two Motorola 2N1164 Transistors
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Another important characteristic of this series connection is the higher sat-
uration voltage, shown in Figure 6-9. This saturation voltage reaches 1 volt at
8.5 amperes, compared with a typical value of less than 0.2 volts for a single
unit, without the 1-ohm emitter resistor.
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20 1.6 1.2 0.8 0.4 0
Vg » COLLECTOR-TO-EMITTER
VOLTAGE (VOLTS)

Figure 6-9 — Composite Collector Saturation

Region of Two Motorola 2N 1164 Transistors

6-4 — Compound Connections

Occasionally a current gain greater than that available from a single tran-
sistor is required and in some cases it is also desirable to provide improved
linearity. By using two transistors in a compound connection (see Figure 6-10)
the slope of collector current at high emitter currents will be significantly reduced.
A disadvantage is that Q, cannot be driven into saturation. The common-emitter
current gain of this connection is approximately the product of the gains of the
two transistors. The emitter current of transistor Q, is the base current of tran-
sistor Q. Figure 6-11 shows the current gain linearity available from the com-
pound connection.

Compound-connected transistors may be considered as a single transistor
for design purposes. They can be used in complementary symmetry configura-
tions of the push-pull and/or bridge arrangement.

t

Q

Q

Figure 6-10 — Darlington Compound Connection
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CONNECTED AS SHOWN
IN FIGURE 6-10

TRANSISTOR
Q, OR Q, ALONE

Ic, OUTPUT CURRENT

I, INPUT CURRENT

Figure 6-11 — Output Current Versus Input Current

Another compound connection, shown in Figure 6-12, uses a common-
emitter input with a common-base output and floating battery connecting the
collector of the first transistor with the emitter of the second.

This connection provides the current gain of the common emitter with the
frequency and breakdown voltage characteristics of the common-base configura-
tion. The floating battery can be as small as 2 volts, which permits the use of a
transistor with a very low breakdown voltage for Q,. The main disadvantage is
that a separate battery is required.

VCI =~ 2V

o
o
[eXe!

ot il'}l >

E

Figure 6-12 — Common-Emitter to

Common-Base Compound Connection Figure 6-13 — Typical Bridge Connection

6-5 — Bridge Connections

The bridge circuit has advantages for two special applications. In audio
applications, a speaker voice coil can be used as the load since no D-C current
need pass through it. When the transistor is cut off it never sees more than the
supply voltage, Vs, whereas in a transformer-coupled push-pull circuit the
transistor may see twice the supply voltage or more. Hence, with a bridge circuit,
transistors can be used at higher voltages.

A bridge connection also eliminates voltage spiking problems in D-C to
D-C converters since the battery or voltage source acts as a clamp that absorbs
spikes. Figure 6-13 shows a typical bridge connection.
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CHAPTER VII
Power Supplies and Power Rectification

7-1 — Introduction

Power transistors find wide application for the following A-C power-supply
functions.

1. A-C to D-C supplies (generally from 117-volt, 60-cps to low-voltage DC)

2. Controlled rectifiers

3. Electronic filtering and low-ripple supplies

4. Current and voltage regulation.

7-2 — Rectifier Characteristics of Germanium Power Transistors

The collector junction of a power transistor is an excellent diode for recti-
fying high currents at low voltages. The emitter junction also makes a good
rectifier; however, due to thermal resistance considerations it is more practical
to use the collector, or to tie the emitter and collector together. In practice, it is
possible to use as a rectifier the same transistor that is being used in other parts of
the circuit; for example, a 2-watt power output stage using Motorola 2N176
transistors can be supplied with 12 volts from a 2N 176 used as a rectifier. Ger-
manium power transistors used as diodes have excellent low voltage drop in the
forward direction. Reverse breakdown is determined by resistivity in the base
region (py,) according to the following expression:

BV o = 83.4(pp) %1 (7-1)
where pj, is in ohm-cm and BV ¢ is in volts.

Typical forward and reverse V-I curves for Motorola power transistors
when used as diodes are shown in Figures 7-1 and 7-2. Generally speaking, the
forward characteristics are the same for the entire Motorola line. The remark-
ably low voltage drop is shown in Figure 7-1. Tests have shown that 25-50
amperes are needed before a one-volt drop is encountered. The reverse break-
down, of course, follows the voltage rating of the transistors and ranges from
a low of 30 to a high of 120 volts for safe operation. The Motorola 2N1529
through 2N1560 series power transistors are not indicated but the BV, rating
given on the data sheet is the maximum voltage.

All Motorola industrial power transistors have a maximum junction tem-
perature rating of 100°C. The load-current temperature-derating curve is shown
in Figure 7-3. The maximum current rating is determined by the current carry-
ing capacity of the base pin.

Germanium diodes are more efficient at high currents than selenium, sili-
con, or any of the metallic oxide rectifiers. With 100°C junction operation, back-
to-front current ratios of 1000 to 1 and greater are possible at 10-ampere loads.
Stacking units for higher voltage operation is possible with only a slight reduc-
tion in efficiency; stabilizing resistors should be “laddered” across the stack to
equalize the reverse voltage. Parallel operation for higher load currents is no
problem because. of the uniformity of the forward V-I characteristic; however,
current equalizing resistors may be needed.
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7-3 —The Power Transistor as a General Purpose Rectifier

Power transistors can be used as rectifier diodes in any of the conventional
rectifier connections such as half-wave, full-wave with center tapped secondary,
bridge-type full-wave, doublers, and so on.

For these applications, the collector and base form the rectifying diode.
The emitter is not used. Forward conduction occurs when the collector is posi-
tive with respect to the base. In conventional rectifier terminology the collector
is the anode and the base is the cathode. The symbol designating a transistor used
as a diode is shown in Figure 7-4.

3,@33% N

HALF WAVE FULL WAVE :}“g

B89y

BRIDGE

Figure 7-4 — Basic Rectifier Bridge Circuits Showing Transistor as a Diode
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7-4 — Peak Inverse Voltage

Inverse voltage and power dissipation are the two principal ratings to be
considered when setting up simple rectifier circuits.

The inverse voltage is a peak A-C value that may be as much as 2.8 times
as high as the average D-C output.

Transistors may be connected in series for high-voltage applications with
only a small voltage loss because of the low forward conduction.

An example of series-connected rectifiers operating as a 20-ampere half-
wave rectifier at 117 volts AC is shown in Figure 7-5. For 117-volt line opera-
tion, the PIV of the four transistors in series must be approximately 400 volts.
One-watt, 5000-ohm resistors are used to prevent the entire PIV from appearing
across any one transistor.

5K, 1W 5K, 1W 5K, 1W 5K, 1W

Rl R2 R3 R4

+

11TV 60~ RL 1/2-WAVE

O +—O-

Figure 7-5 — Series Rectifier

Motorola power transistors used as rectifiers have small power loss because
of the very low forward voltage drop. A conservative figure for rectifier power
dissipation is 0.5 watt per ampere. For 2.5-ampere load current these transistors
do not require a heat sink at room temperature. For a load current of 10 amperes
a heat sink capable of dissipating 5 watts must be provided and at 20 amperes,
10 watts must be dissipated. The heat sink requirements are given in Chapter 2.
In most equipment this heat sink requirement is satisfied by anchoring the tran-
sistors to a metal chassis or panel.

To handle more power (and larger currents) the units can be operated in
parallel. Figure 7-6 shows five Motorola 2N627 transistors used as a 12-volt
100-ampere half-wave power supply. Center-tapped or bridge-type power sup-
plies can also be designed in this manner.

7-5 — Power Control

Motorola power transistors offer unusual versatility and usefulness as power
supply rectifier components in controlled current and voltage applications. A
simple controlled full-wave rectifier circuit is shown in Figure 7-7.

In this circuit the current passed on each half-cycle is controlled by the
value of R. Current is maximum when R is zero. The current through the
transistor is limited by the load impedance, R;. As R is increased, the base
current to Q; and Q, becomes more and more limited, reducing the current ap-
plied to the load.

This results in a very smooth and effective control of output current and
voltage into the load. Since R is carrying only the transistor base current, a 2-
to 4-watt potentiometer can be used to remotely control load currents of several
amperes. A battery charger using this principle is illustrated in Figure 7-8. The
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e O

o9y

g
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Figure 7-6 — Parallel Rectifier Figure 7-7 — Controlled Rectifier

7“ 2N1539 6-VOLT BATTERY
(2) THORDARSON HilF 7
21F11 Mo i
OR o
EQUIVALENT
. CONTROL
RESISTOR oLOW
117 V AC 0 OFF
HIGH 150
_; 2N1539 1000 w
4w
6.3V, 6 AMPS

Figure 7-8 — Battery Charger

153



Power Supplies and Power Rectification

1o, OUTPUT CURRENT (AMPS)

! | T 1 |
1 5 10 50 100 250

CONTROL RESISTANCE (OHMS)

O ——

Figure 7-9 — Charging Rate Versus Control Resistance

variation in the output current of this supply as a function of control resistance
and with a 6-volt storage battery as a load is shown in Figure 7-9.

7-6 — Electronic Filter (Capacitance Multiplication)

An electronic filter using a power transistor is very effective in reducing
power supply ripple. An example is shown in Figure 7-10. The effective filter
capacitance, Cy, appearing across the load is approximately

CF = thfe9 (7'2)
where
Cris the base filter capacitance, and
h¢, is the current gain of the transistor.
° . ® oO-
|
|
470 |
|
| Ry,

-1l c b ca- C 25 VOLTS
115V +T P TUVF VERY LOW
RMS 2000 | HUM

uf 4 C |
1.5K ~f |
500
uf |
° L ® O +

Figure 7-10 — Capacitance Multiplier
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Figure 7-11 — Electronic Filter
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Figure 7-12 — Ripple Voltage Versus Output Current

This capacitance multiplying factor results in an effective Cy in the order
of 25,000 microfarads in Figure 7-10 and about 160,000 microfarads in the cir-
cuit shown in Figure 7-11. The curves of Figure 7-12 were taken on the latter
supply and show the very low ripple voltages obtained at high load currents.
Equally effective filtering by the conventional choke-capacitance filter would
require a very large and expensive inductor or capacitor for these currents.

This filter may be applied to almost any D-C voltage supply if the Vg
voltage is maintained low.

7-7 —Regulated Low Voltage Power Supplies

The use of zener diodes as control elements, reference elements, and filter
elements in power supplies has been covered in the Motorola Silicon Zener
Diode Handbook.
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Figure 7-13 — Zener Shunt Regulator
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Figure 7-14 — Zener Shunt Transistor Regulator
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Figure 7-15 — Zener Series Transistor Regulator

The regulated supplies discussed take the form of the simple zener shunt
regulator, Figure 7-13; the zener shunt-transistor regulator, Figure 7-14; the
zener series-transistor regulator, Figure 7-15; and various zener-transistor com-
binations for feedback regulation, constant current, and high power regulation.

For complete information on regulated power supplies, including theoretical
and design considerations, figures of merit and circuit analysis, the Motorola
Zener Diode Handbook should be consulted.

A typical high-quality, high-power supply which features zener control of
power transistor current handling elements, utilizing both positive and negative
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Figure 7-16 — Typical High-Quality, High-Power Supply

feedback to improve stability, is shown in Figure 7-16. This is an example of the
power supply sophistication which can be obtained by using controlled power
transistors.
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Stabilization Bake

As a standard step in the manufacturing process, every
Motorola Power Transistor is subjected to a 125° stabilization
bake for 100 hours to stabilize units under accelerated life test
conditions.

158



Transistor Testing

CHAPTER VIII

Transistor Testing

This section outlines the basic tests Motorola employs to ensure that a par-
ticular device meets its specification. The end use of the device determines the
tests to which it is subjected. Production test equipment is naturally much more
sophisticated than the simple circuits discussed here but the basic functions are
the same.

COLLECTOR AND EMITTER CUTOFF CURRENT (Iqp( and Ipo) may be checked
with the circuit shown in Figure 8-1. The collector-to-base or emitter-to-base
voltage should be set to the value indicated on the data sheet and the current read
on a low-resistance meter. At room temperature and low voltages, readings will
range from several microamperes to several milliamperes.

LIMITING RESISTOR

AAA- @
LOW -RESISTANCE
L VARIABLE METER
Z# VOLTAGE Ipo
SOURCE

IeBo

Figure_ 8-1 — lcso - Iepo D-C Test Circuit

COLLECTOR BREAKDOWN VOLTAGE is generally measured with an oscillo-
scope sweep test. (See Figure 8-2.) This method avoids the excessive dissipation
which is the disadvantage of a D-C test. The wave shapes of current versus volt-
age are described in Chapter 2. The variable sweep voltage is obtained with a

Dy
Ty Ty
-0
m
I o € 17V
I a5 60CPS
¢ Gl ISOLATION
Vo QS: ) TRANSFORMER
o <D
>
Y X
O——O
+ 0
OSCILLOSCOPE

Figure 8-2 — Collector Breakdown Voltage Sweep Test Circuit
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variable transformer, T,, isolated from the line by transformer, T;. The col-
lector-to-common voltage is fed directly to the Horizontal Deflection Amplifier
of the scope. The voltage developed by the flow of collector current through R
is fed into the Vertical Deflection Amplifier. The five positions on the switch are
for the following tests:

Position Function Condition
1 BVcrpo Emitter Open
2 BVgs Base-Emitter Shorted
3 BVex Vg = +0.1 Volt or greater
4 BVcEer Ry = 10 ohms
"~ (value specified on data sheet)
5 BV¢ro Base Open
VTVM
R ” 3 Vo &
i1 Ry DISTORTION
ANALYZER
SIG \
GEN
kxL> 10 R,

Figure 8-3 — Power Gain and Distortion Test Circuit

POWER GAIN AND HARMONIC DISTORTION must be tested in an audio cir-
cuit similar to that in Figure 8-3. The bias voltages and currents are adjusted to
the values specified in the data sheet. The load resistance is also specified in the
data sheet. The following adjustments are made:

1.

2.
3. Use value of Ry, on data sheet by adjusting Vg and Iy,

Set I; to data sheet value by adjusting Vg and Ryy.
Iy ~ Vgp/ Rgg.
Set V; to data sheet value by adjusting V.

RL%E

Ig
Set drive impedance, R’g, to data sheet value.

N 2
R’s = (Rg + Rgpn) ( N2 ) + Ryg.
1
Adjust signal input to get P, given in data sheet. P, can be measured di-
rectly by a power output meter (not shown) across L; or measured in-
directly by using a VIVM to show desired v,,.
P, =

Ry,
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6. Measure harmonic distortion with distortion analyzer.

7. Calculate P;,
Py = Vinlin = Viu Vrie/ Ry

_ P
8. Calculate power gain in db; G, = 10 log 3 °.
in
D-C CURRENT GAIN AND TRANSCONDUCTANCE are easily measured with
D-C meters as indicated in Figure 8-4.
Io Io
¢ = — and = .
hpg Iy and gpg Vor
At high currents, a heat sink may be necessary to dissipate power. Meter
leads should contact transistor pins directly, rather than the socket or heat sink,
to avoid measurement of voltage drop across the pin-socket connection.
. I I .
Since hgpy + 1 = I—Eor hpg = I—E-—l, D-C current gain can also be deter-
B B
mined by adjusting Vi and Rgy to give desired value of Iy and then measuring

. 1
Iz. The current gain then equalsI—E —1.

IH—

Figure 8-4 — D-C Current Gain and Transconductance Test Circuit
SMALL SIGNAL CURRENT GAIN, INPUT RESISTANCE, AND FREQUENCY CUT-
OFF (COMMON EMITTER) can be measured on the test setup shown in Figure 8-5.
i_c____ vo/Rc — V()Rs
iy ve/Ry Ry, ’

hfc =

The collector load resistor, R,, should be very small compared with the
transistor output impedance so that short circuit output is approximated. The
value of R is made many times larger than the h;, of the transistor. The value
of v, is then set to provide a small A-C value for i, (approximately 50 micro-
amperes), using the equation i, =v,R,. L;, C;, and C, are used to isolate A-C
and D-C effects. Then v, is measured and substituted in the equation

v,R
b=
cvg
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X f<
VIVM f Cl 1o hFEREE+Rs]
Vo VTVM
RS ry RC
Vg
VARIABLE
FREQUENCY
SIGNAL | L, c. -
GENERATOR 1 =V Cy
V. &
| W T T 1

Figure 8-5 — Common-Emitter Small Signal Current Gain, Frequency Cutoff,
and Input Resistance Test Circuit
The meter can be calibrated to read current gain directly as a function of v,,.
Input resistance is determined by using the circuit in Figure 8-5 with the
same circuit values as used to determine h¢, and the equation

h.. = E = ———VebRS
e i Vg
Ve, is measured and substituted in the above equation. The meter can be cali-
brated to read h;, directly as a function of v,
Common-emitter frequency cutoff is found by adjusting the signal level to
a convenient v, at a low frequency and then increasing the signal frequency
(holding v, constant) until v, drops to 0.707 of its original value. The original
or reference frequency is given on the data sheet and is usually 1 kilocycle.
SMALL SIGNAL FREQUENCY CUTOFF (COMMON BASE) — Frequency cutoff
(common base) is a more difficult measurement than the common-emitter con-
figuration. The circuit in Figure 8-6 can be used. Because the frequencies usually
lie between 100 and 1000 kc, proper wiring techniques must be observed. The
common-emitter current gain, hg,, will be equal to about 2.4 at the Fq,, frequency
and the input resistance, h;,, will be in the order of several ohms at I = 1 am-
pere. Thus the isolating network should be about 100 ohms. To avoid D-C power
loss, an R-F choke is usually inserted as shown in Figure 8-6.

1K+1%

o—
1KC—-1MC | VIN
T
GENERATOR X;N‘;g)
_L X~ 1oon

= 12v
—_I

Figure 8-6 — Common-Base Frequency Cutoff Test Circuit

SATURATION VOLTAGE of the collector is generally tested under a forced
gain condition using the test setup in Figure 8-7.

Using an arbitrary value of V¢, adjust I to the value in the data sheet
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by selecting the appropriate values of Rgg; I¢ :%. Similarly, Iy, as given
cc

on the data sheet, is obtained by proper selection of the value of Rpp;

V, .
Ig= RCG. Ver sat 18 then read directly. The meter leads should contact the tran-
BB

sistor pins directly, rather than the socket or heat sink, to avoid measurement of
voltage drop across the pin-socket connection. In the “worst case” situation, sat-

uration voltage is read with the base shorted to the collector, and no forced
gain exists.

Example: With a 2N627, a convenient Voo = 12 volts, collector current

12
= 10 amperes, and base current = 1 ampere. Then Ry = 0 1.20, and
12
Rgp :T = 12Q.
Rpp
AN
AMN——¢ | _Yec
Rcc c RCC
L - Jec
B~ Ry
v,
CE -l It FsB
Voo = — =5—
CC= Ty R
FORCED GAIN

Figure 8-7 — Saturation Voltage Test Circuit

THERMAL RESISTANCE of power transistors can be tested in several ways
using a test setup such as that shown in Figure 8-8. The basic method is to dis-
sipate a known amount of power and measure the case temperature with a
thermocouple. Then the power is abruptly removed and a temperature-sensitive

===

S1b 4
2_ VCC
+

FT_ . TEST
VEE 7_L TRANSISTOR

4
TO OSCILLOSCOPE

THERMAL RESISTANCE
Figure 8-8 — Thermal Resistance Test Circuit
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characteristic, such as Iopq or diode voltage, is quickly measured. The tempera-
ture-sensitive characteristic must be repeatable and previously calibrated in
terms of junction temperature for the particular device. The test circuit in Fig-
ure 8-1 can be used to determine Iy at various temperatures. Thus a certain
reading of the characteristic will be associated with a definite junction temper-
ature. Thermal resistance is determined from the equation

aJC =(T; — TC)/P-

Collector cutoff current at low voltages and forward diode voltage at low
currents are both repeatable characteristics. The circuit of Figure 8-8 uses the
collector diode voltage. Power is dissipated when switch S; is in the position
shown. The switch is then quickly opened and within a short time as compared
with the transistor thermal time constant (usually a few milliseconds), switch
S, is reversed by a mercury relay, and a constant current is injected through
the diode. The voltage drop is measured on a scope. A chart of forward voltage
versus temperature is consulted, or the scope or a voltmeter can be calibrated
directly in thermal resistance.

REFERENCES

IRE standards on methods of testing transistors,
IRE Proc. Nov. 1956, Pg. 1543-1560.

R. F. Gates, R. A. Johnson, “The Measurement of
Thermal Resistance’” Syracuse University Re-
seasrsch Institute Report EE 542-588R2, Aug. 1,
19
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9-1 — Selection Charts

Transistor Specifications

CHAPTER IX

Transistor Specifications

Motorola Power transistors range from the 2N176 3-ampere 30-volt auto
radio devices specified at 2 watts output to the 2N1167 25-ampere 100-volt
transistor designed for D-C to D-C converter use and capable of switching 2.5
kilowatts. Power transistors are frequently categorized by current gain, and
breakdown voltage to form families of similar types. Motorola power transistors
are listed in the handy cross reference charts that follow.

Once a transistor is picked from the reference chart; the data sheet must
be consulted to obtain detailed information.

TABLE 9-1

3-AMPERE hrg @ 0.7A,2V

SERIES ;

TO-3
DIAMOND o 2N350A 2N351A 2N376A 4
PACKAGE »° ‘ =

& 2N176* 2N176* 2NB69* @
* Typical Gain
TABLE 9-2

3-AMPERE hee @ 1A, 2V
INDUSTRIAL 90 60 - 140

SERIES o | 120 2N1364 2N1365 | 100 ]| .

TO-3 2= | 100 2N1362 2N1363 75 8
DIAMOND = | 80 2N375 2N618 60 | @
PACKAGE 50 2N1359 2N1360 40 |

TABLE 9-3

5-AMPERE hee @ 3A, 2V
INDUSTRIAL

SERIES , 2N1533 2N1538 2N1543  2N1548

TO-3 g 2N1532 2N1537 2N1542 2N1547. | 75 | @
DIAMOND = 2N1531 2N1536 2N1541 . 2N1546 | 60 | =
PACKAGE 2N1530 2N1535 2N1540 . 2N1545 “

2N1529 2N1534 ONI539  2N1544 ]
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TABLE 9-4
hre @ 10A, 2V
10- AND 15-
AMPERE 7] 2n630 2N1556 2N1560
INDUSTRIAL . ixéggz 2N1555 2N1559
SER'is 2 | 2nis51 @
TO- 2 2N628 2N1554 2N1558 | =
DIAMOND | 2N1550 ~
PACKAGE 2N1553 2N1557
TABLE 9-5
25-AMPERE hee @ 25A, 2V
INDUSTRIAL 15-65 15 - 65
SERIES Pin Types Lug Types
T0-3 100 | 2Nile6 2N1167 @
DIAMOND - IN1164 2N1165 5
PACKAGE ' 1 2n1162 2N1163 @
TABLE 9-6
hgg @ 5A, 2V
15;::::5“ 2N1100 2N1099
70.36 2N174 @
- 2N1358 S
LOW SILHOUETTE SNA43 IN1T3 a
PACKAGE 2N442 2N278
2N277

9-2 —Typical Data Sheet Information

Data sheets provide the following types of information:

1. TYPE OF TRANSISTOR — type number; method of construction — alloy, dif-
fusion, etc.; PNP or NPN; silicon or germanium.

. APPLICATIONS — switching, amplification, etc.

. IMPORTANT FEATURES — high gain at high current ratings, narrow gain
spreads, etc.

. OUTLINE DRAWING — with all dimensions and tolerances, connection to case,
availability of pins or solder lugs, etc.

. ABSOLUTE MAXIMUM RATINGS — electrical and thermal limits. The transistor
must not be used beyond these absolute limits or permanent damage may
occur. The ratings are related to each other and the reader is urged to study
Chapter 2 for a complete understanding. The first subscript of the symbol in
a PNP transistor indicates the terminal at negative potential. The second
subscript is the common circuit terminal. The third subscript indicates the
condition of the third terminal with respect to the common terminal.

w N

IS N
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Transistor Specifications

Example: BVggx is 100 Vdc (2N1532). Meaning — breakdown voltage will
occur when the potential across the collector and emitter terminals is 100
volts or more. The collector is at a negative potential with respect to the
emitter, which is the common circuit terminal. “X” indicates that the base
terminal has a positive voltage with respect to the emitter, usually much
greater than the Iopo X Rgg product.

COMMON VOLTAGE RATINGS

BVgx — Base-emitter back biased. This is the absolute maximum surge
voltage limit.

BV gs — Base-emitter shorted externally. A practical switching limit. This
rating is always less than the BV gy rating and is always tested at
a higher current.

BVpo — Base lead externally open. Practical audio or regulator limit.
Generally about 2/3 the value of BV g, but approaches BV g
at high currents.

BV(¢go — Emitter lead externally open. This is the collector diode limit
and is generally the same as BV px.

BVggo — Collector lead externally open. This is the emitter diode limit.

COMMON CURRENT RATINGS
Collector Current (Continuous) — The limit for maximum reliable oper-
ation (see Chapter 2).
Collector Current (Peak) — This is the limit based on safe breakdown (see
Chapter 2).

6. TEMPERATURE-POWER RATINGS

90

30

o w

Collector Junction Temperature — A true limit. Power dissipation and
thermal resistance, each of which are related to temperature rise, are listed
here for convenient reference (see Chapter 2).

Temperature Derating Curve — This is a typical curve, applicable to all
Motorola Industrial Power Transistors having a maximum power rating
of 90 watts. With an infinite heat sink, case temperature equals the am-
bient temperature. In free air, with no heat sink, case temperature is only
slightly lower than the maximum junction temperature of 100°C, and the
allowable power dissipation is appreciably less. With a typical heat sink,
allowable power dissipation will fall between these two curves.

N
.

Q‘INITE HEAT SINK
(T = Ty
N

20 40 60 80 100
AMBIENT TEMPERATURECC
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7. ELECTRICAL CHARACTERISTICS

Iopo is tested for a maximum value at approximately two-thirds of BV g
and at 2 volts. These low-temperature tests are made at 25°C case
temperature. A high-temperature rating is also necessary and is made
at one-half of BV g and at 90°C.

Igpo is an indication of back-bias current flow.

BVags, BVerxs BVero, and BV g are ensured by testing to the character-
istic test points given.

Current Gain values fall within the two-to-one range given. This is the ratio

of Io/1g.

Base-Emitter Drive Voltage is the voltage necessary to maintain saturation

at the values given for I and I.

Collector Saturation Voltage is a measure of the efficiency of a transistor

when it is switched fully on and tested at a forced current gain of 10.

Frequency Cutoff is usually specified for the common-emitter configura-

tion and is rather low for most power devices. Feedback may be used to

increase the circuit cutoff frequency.

Switching Characteristics are associated with a specific circuit shown on

the data sheet, or the ON base current, I,;, and OFF base current, I,, are

specified. ‘

Transconductance, 1/Vygg, is an indication of the base voltage required to

obtain a specified collector current when the transistor is out of saturation.

8. CHARACTERISTIC CURVES

Typical curves which show relationships of current, voltage, gain and tem-
perature, enabling the designer to select proper operating points for his
application.

9-3—Abbreviations and Symbols

The following are abbreviations generally used by industry.

Symbol Meaning : Symbol Meaning
A Ampere (ac rms or dc) Breakdown voltage, o
BV¢gs collector-to-emitter junction
: (base shorted)
a Ampere (peak) Breakdown voltage, collector-to-
BVcex emitter (base-emitter-back
biased)
B Base electrode C Capacitance and collector
electrode
BV Breakdown voltage o
kd & C Internal collector junction
e .
Breakdown voltage, capacitance
BV¢go collector-to-base
(emitter open) C (dep)  Depletion layer capacitance
Breakdown voltage,
BV collector-to-emitter .
oro (base open) C (dif) Diffusion capacitance
Breakdown voltage, collector-to-
BVcer ?L"s'itstfa'n(csgfc'f'ed baseto-emitter Cip, Input capacitance, common base
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Symbol Meaning Symbol Meaning
C Load capacitance Common base small-signal
hg, short-circuit forward current
transfer-ratio
Cop Output capacitance, common base Common emitter small-signal
by, short-circuig forward current
C.. Output capacitance, transfer-ratio (base input)

common emitter .
Common-emitter DC short-circuit

hypg forward current transfer-ratio
AVy Zener voltage regulation current gain lo/Iy :
Common emitter large-signal
H short-circuit forward current
E Emitter electrode FI transfer-ratio )

Common base small-signal

hy, short-circuit input impedance
f Frequency ! (emitter input)
Common base small-signal Common emitter small-signal
£ short-circuit forward current h. short-circuit input impedance
ab transfer-ratio cutoff frequency 1e (base input)

(emitter input)
Common base small-signal

Common emitter small-signal h open-circuit output admittance
fae short-circuit forward current op (epmitter input) P

transfer-ratio cutoff frequency
Common collector small-signal
h,. open-circuit output admittance

fret Reference frequency (base input)

Common emitter small-signal

fose Maximum frequency of oscillation h,e open-circuit output admittance
(base input)

. Common base small-signal
fog Power gain cutoff frequency h,;, open-circuit reverse-transfer
voltage ratio (emitter input)

f Frequency at which common Common collector small-signal
T emitter current gain is unity h,. open-circuit reverse-transfer
voltage ratio (base input)

G,, Power gain (common base) Common emitter small-signal
h,. open-circuit reverse-transfer
voltage ratio (base input)
G, Power gain (common collector)
I Current
G, Power gain (common emitter)
) i(eurge) Surge current
M> 8FE Static or D-C transconductance
B> B 1 Average base current (dc)
g Small-signal transconductance I Instantaneous base current
b (ac rms)
Gy, Gy Large-signal transconductance i, Base current (peak)
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ICEO

ICER

ICERV

ICES

IEBO

Ip
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Meaning

Collector current (dc)

Collector current (ac rms)

Collector current (peak)

Collector cutoff current
(emitter open)

Collector cutoff current
(base open)

Collector cutoff current
(specified resistor from base
to emitter)

Collector cutoff current
(reverse voltage on base)

Collector cutoff current
(base shorted to emitter)

Average emitter current (dc)

Instantaneous emitter current
(ac rms)

Instantaneous emitter current
(peak)

Emitter cutoff current
(collector open)

Forward current (dc)

Forward current (peak)

Forward recovery current
(specified instantaneous value)

Output current (dc)

Reverse current (dc)

Reverse current (peak)
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Symbol

1Rr

IZK

IZM

kc

mA

mAac

mAdc

pma

Meaning

Reverse recovery current
(specified instantaneous value)

Average Zener current

Zener knee current

Zener maximum current

Zener test current

Instantaneous zener current
(ac rms)

Kilohm

Kilocycles per second

Conversion loss

Thousandth

Milliampere (average)

Milliampere (peak)

Milliampere (ac rms)

Milliampere (dc)

Megacycles per second

Micro (millionth)

Microampere (average)

Microampere (peak)
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Symbol Meaning Symbol Meaning
pf Microfarad PIV Peak inverse voltage
ph Microhenry Q Transistor
pmho Micromho 'y, Tpp’ Internal base spreading resistance
mW Milliwatt (max, average, or rms) Ry External base resistance
mw Milliwatt (peak) R¢ External collector resistance
NF Noise figure, Ry External emitter resistance
nsec Millimicrosecond (nano) R(sat) Saturation resistance
Q Ohms R, Resistance, load
P :’a(‘)lve/:argiisizit;;a')tion of all terminals rms Root mean square
p :’poev;% dissipation all terminals T Temperature
P, zovvézgdg)ssipation of base t Time
Py Power dissipation of base (peak) Ty Temperature, ambient
P, :;(:,vg;gii)ssipation of collector Te Temperature, case

Power dissipation of collector .
Pe (peak) TCBV Temperature coefficient of

breakdown voltage
Py Power dissipation of device tq Pulse delay time

Power dissipation of emitter

P, (average) te Pulse fall time
Pe Power dissipation of emitter (peak) ter Forward recovery time
pf Micro microfarad (pico) T; Temperature, junction
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tp

Bca

63

B¢

Vac

VBB

VBE

VCC

VCE(sat)

VEC

VEE

Vg

Transistor Specifications

Meaning

Pulse time

Pulse rise time

Pulse storage time

Thermal resistance,
case to ambient

Thermal resistance,
junction to air

Thermal resistance,
junction to case

Volt (dc)

Volt (peak)

Volt (ac rms)

Base voltage (dc) supply

Emitter voltage (dc)
(base to emitter)

Collector voltage (dc) supply

Collector to emitter
saturation voltage

Emitter voltage (dc)
(emitter to collector)

Emitter voltage (dc) supply

Floating potential

Forward voltage drop
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Symbol

Meaning

Output voltage (dc)

Output voltage (ac)

Voltage, punch-through

Reverse voltage (dc)

Reverse voltage (peak)

Zener voltage

Watts (max, ave, rms)

Watts (peak)

Zener impedance

Zener impedance, knee

Zener impedance, test

Resistivity

Efficiency

Partial derivative

Flux

Time constant

Natural logarithm
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9-4—Specifications

(Case Drawings and Derating Curves on Pages 200 to 205 )

2N375, 2N618, 2N1 359,'2N'I 360,
2N1 362, 2N 1‘363, 2N1 364, 2N1365 (See Case No. 1= Derating Curve No. 1)

Motorola types 2N1359-60, 2N375, 2N618, and 2N1362-65 are germanium PNP
high voltage power transistors designed to use in high quality industrial and military
equipment. All units are specified to include close parameter control for switching
and amplifier applications throughout the audio frequency range. The hermetically
sealed, industry standard TO-3 package, originally developed by Motorola, is de-
signed to meet or exceed the mechanical and environmental requirements of military

specification MIL-S-19500.

ABSOLUTE MAXIMUM RATINGS

Characteristic

2N1359 2N375 2N1362 2N1364

Symbol 2N1360 2N618 2N1363 2N1365  Unit
Collector to Base Voltage BVeeo 50 80 100 120 Vdc
Collector to Emitter Voltage BVces 40 60 . 75 100 Vdc
Collector Current (continuous) Ic 3 3 3 3 amp
Collector Current (Peak) Ic 10 10 10 10 amp
Collector Dissipation, 25°C Mounting
Base Temperature Pc 90 90 90 90 watt
Collector Junction Temperature T 100 100 100 100 °C
ELECTRICAL CHARACTERISTICS, GENERAL (at25°C Mounting Base Temperature)
Characteristic Symbol Min Max Unit
Collector-Base Cutoff Current Iceo ’
Ve = 40V (2N1359, 2N1360) — 3.0 mA
Ve = 60V (2N375, 2N618) — 3.0 mA
Ves = 75V (2N1362, 2N1363) — 3.0 mA
Vee = 100V (2N1364,2N1365) — 3.0 mA
Collector-Base Cutoff Current Tceo )
at Tg = +90°C, Ves = 15 BVces Rating — 20 mA
Emitter-Base Cutoff Current ‘ Itzo
Ve = 12V — 0.5 mA
Collector-Emitter Breakdown Voltage BVees
Ic = 500 ma, Ves =0
2N1359, 2N1360 40 — Vdc
2N375, 2N618 60 — Vdc
2N1362, 2N1363 75 — Vdc
2N1364, 2N1365 100 — Vdc
THERMAL CHARACTERISTICS
Characteristic Symbol  Min Typ Max Unit
Thermal Resistance Junction to Case 010 — 0.6 0.8 °C/W |
Thermal Time Constant Tic — 50 —  millisec
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ELECTRICAL CHARACTERISTICS, COMMON EMITTER (at 25°C Mounting Base Temperature)

2N1359, 2N375, 2N1360, 2N618,
Characteristic Symbol 2N1362, 2N1364 2N1363, 2N1365 Unit
Min Typ Max Min Typ Max
Current Gain hrr
Vs = 4V, Ic = 1.0A 35 55 90 60 90 140
Vee = 4V, Ic = 3.0A 15 22 — 20 35 —
Transconductance 8grE
Vee =4V, Ic = 1.0A 08 125 — 1.0 16 —  mhos
Frequency Cutoff fae
Vee =4V, 1c = 1.0A 7 10 — 5 85 — ke
Collector Saturation Voltage Vee(sar)
Ic = 2.0A, Iz = 200 mA — 0.4 1.0 — 0.3 0.8 Vdc
Base-Emitter Drive Voltage Vee
Ic = 2.0A, Iz = 200 mA — 0.7 — — 0.6 —  Vdc

SWITCHING CHARACTERISTICS, TYPICAL

Pulsed Drive
Saturated Base Current Response Time in ysec
Collector
Current On Oft Tr Ts Tr
300 ma 10
3A 100 ma 5 20

2N627, 2N628, 2N629, 2N630 (See Case No. 2 , 3 = Derating Curve No. 1)

Motorola types 2N627 through 2N630 are germanium PNP alloy-junction power
transistors with collector common to case. They are designed for high-current switch-
ing and audio applications. High current gain at 10 amperes, conservative maximum
collector to base voltage ratings, low saturation resistance, thermal resistance below
0.8°C/W and built-in voltage transient protection allows efficient and reliable use in
switching applications. Ring emitter internal design and hermetically sealed standard
TO-3 package with solder terminals* meets or exceeds the mechanical and environ-
mental requirements of military specification MIL-S-19500.

*Units are also available without solder terminals as types MN-61A through MN-64A. These units have
.052” dameter X .360” long pins.

ABSOLUTE MAXIMUM RATINGS

2N627 2N628 2N629 2N630

Characteristic Symbol (MN-61A) (MN-62A) (MN-63A) (MN-64A) Unit
Collector to Base Voltage BVcso 40 60 80 100 Vdc
Collector to Emitter Voltage BVees 30 45 60 75 Vdc
Emitter to Base Voltage BVzgo 20 30 40 50 Vde
Collector Current Ic 10 10 10 10 amp

(based on maximum at which char-
acteristics are specified. Permanent
damage will not result if this rating
and no other is exceeded.)

Maximum Junction Temperature — T,

Continuous 100 100 100 100 °C
Collector Dissipation for Po

Mounting Base

Temperature of 25°C 90 90 90 90 watt

(See Power-Temperature Derating Curve)
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THERMAL CHARACTERISTICS

Characteristic Symbol

Typ

Max

Unit

Thermal Resistance Junction to Case (288}

0.6

0.8

°C/W

ELECTRICAL CHARACTERISTICS, GENERAL

at mounting base-temperature 25°C = 3°C except where noted

Characteristic Symbol

Typ

Max

Unit

Collector Cutoff Current Iceo
Ves = BVeso(max), Is = 0 (all types)

20

mAdc

Collector Cutoff Current
Ves = 2V, Iz = 0 (all types)

Iceo

100

200

/J.AdC

Collector Cutoff Current
Vee =15V, Ig =0,
Ta=90°C 2N627,28
2N629,30

Iceo

mAdc

Collector Cutoff Current Iceo
Vo =30V, Iz =0,
Ta=90°C 2N627,28
2N629,30

mAdc

Emitter Cutoff Current Tsso
Ve = 12V, Ic = 0 (all types)

0.4

1.0

mAdc

Collector to Emitter Saturation Voltage Vor(sar)
Ic = 10A, Iz = 1A (all types)

0.4

1.0

Vdc

Base to Emitter Drive Voltage Ves
Ic = 10A, Iz = 1A (all types)

0.7

Vdc

Collector-Emitter Breakdown Voltage BVogs
Ic =250 ma, Ves =0
2N627
2N628
2N629
2N630

volts

ELECTRICAL CHARACTERISTICS, COMMON EMITTER

Characteristic Symbol Min

Unit

DC Forward Current Gain hex
Ve =2V, Ic = 1.0A —
Ver = 2V, Ic = 10.0A 10

175
30

DC Forward Transconductance gri:
Vee =2V, Ic = 10.0A 6

18

mho

Current Gain Frequency Cutoff,
Small Signal foe
Ve =2V, 1Ic = 2A 5

ke

Power Gain G.
Power Output = 2 watts, f — lkc
Ry =269, Vee = 12V, Rs = 109,
Ic = 0.5A -

38

db

Small Signal Current Gain ) hte
f = 1kc, Ves = 12V, Ic = 0.5A —

60

Small Signal Input Impedance hie
f = 1kc, Veog = 12V, Ic = 0.5A —

15

ohm
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2N1162, 2N1163, 2N1164, 2N1165, 2N1166, 2N1167

(See Case No. 2,3 =Derating Curve No. 1)

Motorola types 2N1162 through 2N1167 are germanium PNP, alloy-junction power
transistors with collector common to case. They are designed for high current switch-
ing and audio applications. High current gain at 25 amperes, conservative maximum
voltage ratings and low saturation resistance allows efficient and reliable use in
switching applications. Rugged internal design and hermetically sealed standard TO-3
package with or without solder terminals® meets or exceeds the mechanical and en-
vironmental requirements of military specification MIL-T-19500A.

*The 2N1162, 2N 1164, and 2N 1166 are supplied with .052” pins. The 2N1163, 2N1165 and 2N1167 have
solder lugs attached.

ABSOLUTE MAXIMUM RATINGS

Characteristic Symbol g:”gg g:”gg ;:”gé Unit
Collector to Base Voltage BVceo 50 80 100 volts
*Collector to Emitter Voltage BVees 35 60 75 volts
Collector DC Current Ic 25 25 25 amps
Junction Temperature — Continuous (2) T 90 90 90 °C
Junction Temperature — Intermittent (2) Ty 100 100 100 °C
Collector Dissipation, Mounting Base
Temperature of 30°C Pc 50 50 50 watts

*BV g test swept to 1.0 ampere to assure reliable operation.

SWITCHING CHARACTERISTICS, TYPICAL

Saturated Pulsed Drive Response Times in , sec
Collector Base Current
Current On Off Td + Tr Ts Tr
5 amps 330 ma 11
100 ma 5 17
10 amps 660 ma ’ 15
200 ma 4 20
25 amps 1700 ma ) . 19
500 ma 3 18
THERMAL CHARACTERISTICS, MAXIMUM
Characteristic Symbol Max Unit
Thermal Resistance Junction to Mounting Case Osc 1.2 °C/Watt

ELECTRICAL CHARACTERISTICS, COMMON EMITTER

Characteristic Symbol Min Typ . Max Unit
DC Forward Current Gain hrg ’
Voe =2V, Ic = 5A — 65 125 —
Vor = 1V, 1Ic = 25A 15 25 65 —
Current Gain Frequency Cutoff,
Small Signal foe
Ve =2V, 1c = 2A — 4 — ke
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ELECTRICAL CHARACTERISTICS, GENERAL*

Characteristic - Symbol Min Typ Max Unit
: Collector Cutoff Current Icso
Ves = BVeeo (maX) Ie=0 —_ 3 15 - ma
Vee =2V, Iz =0 — 125 225 ua
Ves = 15V Ie=0,
Ta = 90°C (2N1162 2N1163) — 10 20 ma
Ve =30V, Iz =0,
Ta=90°C (2N1164 thru 2N1167) — 10 20 ma
Emitter Cutoff Current Izeo
Ver =12V, Ic =0 — 0.5 1.2 ma
Collector to Emitter Saturation Voltage Vee(sar) )
Ic = 25A, Is = 1.6A —_ 0.3 1.0 © volts
Base to Emitter Drive Voltage, Ves
(at Saturation) :
Ic = 25A,1z: = 1.6A — 0.7 — volts

*At base temperature of 25°C = 3°C except where noted.

2N1529 thru 2N 1538 (sce Case No. 1=Derating Curve No. 1)

Motorola types 2N 1529 through 2N 1538 are germanium PNP alloy power transistors
designed for use in high-quality industrial and military applications. Close parameter
control provides reliable design in switching and amplifier applications from DC through
the audio frequency range. High voltage and current ratings allow operation as a switch
at power levels up to 500 watts. The hermetically sealed, industry standard TO-3 pack-
age, originally developed by Motorola, is designed to meet the mechanical and en-
vironmental requirements of military specification MIL-T-19500.

ABSOLUTE MAXIMUM RATINGS

2N1529 2N1530 2N1531 2N1532 2N1533

Characteristic Symbol 2N1534 2N1535 2N1536 2N1537 2N1538 Unit
Collector to Emitter

Voltage BVcex 40 60 80 100 120 Vdc
Collector to Emitter :

Voltage BVces 30 45 60 75 90 Vdc
Collector to Emitter g

Voltage BVceo 20 30 40 50 60 Vde
Collector to Base

Voltage BVceo 40 60 80 100 120 Vdc
Emitter to Base

Voltage BVeso 20 30 40 50 60 Vdc
Collector Current .

(Continuous) Ic 5 5 5 5 5 amp
Collector Current

(Peak) - : ic 10 10 10 10 10 amp
Collector Junction

Temperature Ts 100 100 100 100 100 °C
Collector Dissipation

(25°C Mtg. Base Temp.) Pc 90 90 90 90 90 watt
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THERMAL CHARACTERISTICS

Characteristic Symbol Typical Maximum Unit
Thermal Resistance 05c 0.6 0.8 °C/W
ELECTRICAL CHARACTERISTICS, GENERAL (At 25°C Mounting Base Temperature)
Parameter Symbol Min Typ Max Unit
Collector-Base Cutoff Current Iceo
Ves = —25V 2N1529, 2N1534 — — 2.0 mA
Ve = —40V 2N1530, 2N1535 — — 2.0 mA
Veg = —55V 2N1531, 2N1536 — — 2.0 mA
Ve = —65V 2N1532, 2N1537 — — 2.0 mA
Ve = —80V 2N1533, 2N1538 — — 2.0 mA
Collector-Base Cutoff Current Iceo
Ve = —2V (all types) — — 200 )
Collector-Base Cutoff Current Iceo
at Tsg = +90°C
Ve = V2 BVees rating — —_ 20 mA
Emitter-Base Cutoff Current Iggo
Vs = 12V (all types) — — 0.5 mA
Collector-Emitter Breakdown Voltage BVors
Ic = S00mA, Ve =0
2N1529, 2N1534 30 — — volts
2N1530, 2N1535 45 — — volts
2N1531, 2N1536 60 — — volts
2N1532, 2N1537 75 — — volts
2N1533, 2N1538 90 — — volts
Collector-Emitter Leakage Current Icex
Ve = 1.0V
Vee =40 2N1529, 2N1534 — — 20 mA
Ver = 60 2N1530, 2N1535 — — 20 mA
Vee = 80 2N1531, 2N1536 — — 20 mA
Ver = 100 2N1532, 2N1537 — — 20 mA
Ve = 120 2N1533, 2N1538 — — 20 mA
Collector-Emitter Breakdown Voltage BVoro
Ic = 500mA, Iz =0
2N1529, 2N1534 20 — —_ volts
2N1530, 2N1535 30 — — volts
2N1531, 2N1536 40 — — volts
2N1532, 2N1537 50 — — volts
2N1533, 2N1538 60 — — volts
Collector-Base Breakdown Voltage BVceo
Ic = 20mA
2N1529, 2N1534 40 — —_ volts
2N1530, 2N1535 60 — volts
2N1531, 2N1536 80 — volts
2N1532, 2N1537 100 — volts
2N1533, 2N1538 120 — —_ volts
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ELECTRICAL CHARACTERISTICS, COMMON EMITTER (At 25°C Mounting Base Temperature)

Characteristics Symbol Min Typ Max Unit
Current Gain hre -
Vee = —2V.Ic = 3A
2N1529 — 2N1533 20 — 40 —_
2N1534 — 2N1538 35 — 70 —
Base-Emitter Drive Voltage Vse
Ic = 3A, Is = 300mA
2N1529 — 2N1533 — — 1.7 volts
2N1534 — 2N1538 —_ — 1.5 volts
Collector Saturation Voltage Vee(sat)
Ic = 3A,Izs = 300mA
2N1529 — 2N1533 —_ 0.6 1.5 volts
2N1534 — 2N1538 — 0.4 1.2 volts
Frequency Cutoff fae
Voe = —2V,Ic = 3A
2N1529 — 2N1533 — 10 — ke
2N1534 — 2N1538 — 8.5 — ke
Switching Characteristics
Ic=3A
Delay 4 Rise Time ta + tr — 10 — uSec
2N1529 — 2N1533 — 8 — usec
2N1534 — 2N1538
Storage Time ts — 2 — uSec
2N1529 — 2N1533 — 3 _— usec
2N1534 — 2N1538
Fall Time te —_ 5 — usec
2N1529 — 2N1533 — 5 — uSec
2N1534 — 2N1538
Transconductance gre
Veg = —2V,Ic = 3A
2N1529 — 2N1533 1.2 2.0 —_ mhos
2N1534 — 2N1538 1.5 2.5 — mhos
SWITCHING TIME MEASURING UNIT
2N1529-33 2N1534-38 St
Ic 3 3 I—ﬁ
Amps
(Amps) A
\4 3 3 R
(Volts) g
Lox 300 200 3w
(ma) TEST TRANSISTOR
R
ohms 65 10 70T 08
ta + tr E H
(usec) 10 8 [ =v
t 20VLi-_d
( séc) 2 3
K o
te 5 5 PULSE
(usec) GENERATOR
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2N 1539 thru 2N1548 (sce Case No. 3-See Derating Curve No. 1)

Motorola types 2N1539 thru 2N1548 are germanium PNP alloy power transistors
designed for use in high-quality industrial and military applications. Close parameter
control provides reliable design in switching and amplifier applications from DC
through the audio frequency range. High transconductance and low saturation resist-
ance make these types extremely useful for efficient converter applications, and high
voltage and current ratings allow operation as a switch at power levels up to 500 Watts.
The hermetically sealed, industry standard TO-3 package, originally developed by
Motorola, is designed to meet the mechanical and environmental requirements of mili-
tary specification MIL-S-19500.

ABSOLUTE MAXIMUM RATINGS

2N1539 2N1540 2N1541 2N1542 2N1543

Characteristic Symbol 2N1544 2N1545 2N1546 2N1547 2N1548 Unit
Collector to Emitter :

Voltage BVeex 40 60 80 1'00 120 Vdc
Collector to Emitter

Voltage BVoees 30 45 60 75 90 Vdc
Collector to Emitter

Voltage BVcro 20 30 40 50 60 vdc
Collector to Base

Voltage BVoeso 40 60 80 100 120 Vde
Emitter to Base

Voltage BVzso 20 30 40 50 60 Vdc

Collector Current
(Continuous) Ic 5 5 5 5 5 amp

Collector Current
(Peak) Ic 10 10 10 10 10 amp

Collector Junction
Temperature T; 100 100 100 100 100 °C

Collector Dissipation
(25°C Mtg. Base Temp.) Pc 90 90 90 90 90 watt

THERMAL CHARACTERISTICS

Characteristic Symbol Typical Maximum Unit

Thermal Resistance 03¢ 0.6 0.8 °C/W

ELECTRICAL CHARACTERISTICS, GENERAL (At 25°C Mounting Base Temperature)

Parameter ) Symbol Min Typ Max Unit
Collector-Base Cutoff Current Iceo ‘
Ver = —25V 2N1539, 2N1544 — — 2.0 mA
Ver = —40V 2N1540, 2N1545 — — 2.0 mA
Vee = —55V 2N1541, 2N1546 — — 2.0 mA
Vop = —65V 2N1542, 2N1547 — — 2.0 mA
Ve = —80V 2N1543, 2N1548 —_ —_— 2.0 mA
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ELECTRICAL CHARACTERISTICS, GENERAL . (contiriued)

Parameter Symbol Min Typ Max Unit
Collector-Base Cutoff Current Tceo
Vee = —2V (all types) — — 200 7.
Collector-Base Cutoff Current Iceo
at Te = +90°C
Ves = Y52 BVcgs rating — — 20 mA
Emitter-Base Cutoff Current IEBo
"Ves = 12V (all types) — — 0.5 mA
Collector-Emitter Breakdown Voltage BVers
Ic = SOOmA, VEB =0
2N1539, 2N1544 30 — — volts
2N1540, 2N1545 45 — — volts
2N1541, 2N1546 60 — — volts
2N1542, 2N1547 75 — — volts
2N1543, 2N1548 90 — — volts
Collector-Emitter Leakage Current Icex
VBE = 10V
Ver = 40 2N1539, 2N1544 — — 20 mA
Vee = 60 2N1540, 2N1545 —_ — 20 mA
Ver = 80 2N1541, 2N1546 — — 20 mA
Ver = 100 2N1542, 2N1547 — - 20 mA
Vor = 120 2N1543, 2N1548 — — 20 mA
Collector-Emitter Breakdown Voltage BVceo
Ic = 500mA, IB =0
2N1539, 2N1544 20 — — volts
2N1540, 2N1545 30 volts
2N1541, 2N1546 40 — — volts
2N1542, 2N1547 50 —_ — volts
2N1543, 2N1548 60 — — volts
Collector-Base Breakdown Voltage BVczo
Ic = 20mA
2N1539, 2N1544 40 — — volts
2N1540, 2N1545 60 — — volts
2N1541, 2N1546 80 — — volts
2N1542, 2N1547 100 — — volts
2N1543, 2N1548 120 — — volts

SWITCHING TIME MEASURING UNIT

2N1539-43 2N1544-48

St

L]

\ 4

R"

(Amps) 3 3
(Volts) 3 3
(rlgg) 120 80
(ohll‘ns) 165 250
Cunecs ° 5
(,M;ZC ) 3 3
(use) ; 8

TEST TRANSISTOR

PULSE
GENERATOR
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ELECTRICAL CHARACTERISTICS, COMMON EMITTER (At 25°C Mounting Base Temperature)

Characteristics Symbol Min Typ Max Unit
Current Gain hrg
Vo = —2V,Ic = 3A
2N1539 — 2N1543 50 — 100 —_
2N1544 — 2N1548 75 — 150 —_
Base-Emitter Drive Voltage Ve
Ic = 3A, Is = 300mA
2N1539 — 2N1543 — — 0.7 volts
2N1544 — 2N1548 — — 0.5 volts
Collector Saturation Voltage Ve (sar)
Ic = 3A, Is = 300mA
2N1539 — 2N1543 — 0.2 0.6 volts
2N1544 — 2N1548 — 0.1 0.3 volts
Frequency Cutoff fae
Veg = —2V,Ic = 3A
2N1539 — 2N1543 — 4 — ke
2N1544 — 2N1548 — 4 — ke
Switching Characteristics
c=
Delay + Rise Time ta + tr
2N1539 — 2N1543 — 5 — 1Sec
2N1544 — 2N1548 — 5 — usec
Storage Time ts
2N1539 — 2N1543 — 3 — uSec
2N1544 — 2N1548 — 3 — USec
Fall Time te
2N1539 — 2N1543 — 5 —_ 1Sec
2N1544 — 2N1548 — 8 — uSec
Transconductance grE
Vo = —2V,Ic = 3A
2N1539 — 2N1543 3.0 6.0 — mhos
2N1544 — 2N1548 5.0 7.5 — mhos

2N1549 thru 2N1552  (Sece Case No. 2,3 - See Derating Curve No. 1)

Motorola types 2N1549 thru 2N1552 are germanium PNP alloy-junction power
transistors with collector common to case. They are designed for high-current switch-
ing and audio applications. Conservative maximum voltage and current rating allow
reliable operation at power levels up to 1200 watts. Extremely fast switching speed
allows their usage in converters at extended frequencies. Rugged internal design and
hermetically sealed standard TO-3 package is designed to meet the mechanical and
environmental requirements of military specification MIL-S-19500. For units with
solder lugs attached, specify devices MP1549 through MP1552.
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ABSOLUTE MAXIMUM RATINGS

Characteristic Symbol 2N1549 2N1550 2N1551 2N1552 Unit
Collector to Emitter

Voltage BVecex 40 60 80 100 Vdc
Collector to Emitter

Voltage BVces 30 45 60 75 vdc
Collector to Emitter

Voltage BVceo 20 30 40 50 Vdc
Collector to Base

Voltage BVcro 40 60 80 100 Vde
Emitter to Base

Voltage BVzsro 20 30 40 50 Vdc
Collector Current

(Continuous) Ic 15 15 15 15 amp
Collector Current X

(Peak) ic 20 20 20 20 amp
Collector Junction

Temperature T; 100 100 100 100 °C
Collector Dissipation

(25°C Mtg. Base Temp.) Pc 90 90 90 90 watt

THERMAL CHARACTERISTICS

Characteristic Symbol Typical Maximum ~ Unit

Thermal Resistance 03¢ 0.6 0.8 °C/W

ELECTRICAL CHARACTERISTICS, COMMON EMITTER (At 25°C Mounting Base Temperature)

Characteristic Symbol Min Typ Max Unit
Current Gain hre
Vee = 2V, Ic = 10A
(all types) 10 — 30 —
Base-Emitter Drive Voltage Ve )
Ic = 10A,Iz = 1.0A
(all types) . — — 1.3 volts
Collector Saturation Voltage Ve (sar)
Ic=10A,I: = 1.0A )
(all types) — 0.5 1.0 volts
Transconductance gre
Vee = 2V, Ic = 10A
(all types) 6 12 18 mhos
Switching Characteristics
Ic = 10A
Delay -+ Rise Time (all types) ta+ tr — 5 — usec
Storage Time (all types) ts — 2 — uSec
Fall Time (all types) te — 10 —_ uSec
Frequency Cutoff foe )
Veg =2V, Ic = 5A
(all types) — 10 — ke
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ELECTRICAL CHARACTERISTICS, GENERAL (At 25°C Mounting Base Temperature)

Parameter Symbol Min Typ Max Unit
Collector-Base Cutoff Current Icro
Ves = 25V 2N1549 — — 3.0 mA
Ves = 40V 2N1550 —_ — 3.0 mA
Ves = 55V 2N1551 —_ - 3.0 mA
Vos = 65V 2N1552 — — 3.0 mA
Collector-Base Cutoff Current Iceo
Ver = 2V (all types) — — 200 uA
Collector-Base Cutoff Current Icro
atTe = +90°C
at Ve = 15 BVcrs rating — — 20 mA
Emitter-Base Cutoff Current IeBo
es — 12V (all types) — — 0.5 mA
Collector-Emitter Breakdown Voltage - BVces
Ie= 3001‘1‘1A, Vee = 0
2N1549 30 — — volts
2N1550 45 — — volts
2N1551 60 —_ — volts
2N1552 75 — — volts
Collector-Emitter Leakage Current Tcex
Vee = 1.0V
Ve = 40 2N1549 — — 20 mA
Vee = 60 2N1550 — — 20 mA
Vee = 80 2N1551 — — 20 mA
Veg = 100 2N1552 — — 20 mA
Collector-Emitter Breakdown Voltage BVcro
Ic = 300mA, Iz =0
2N1549 20 — — volts
2N1550 30 — — volts
2N1551 40 — — volts
2N1552 50 — — volts
Collector-Base Breakdown Voltage BVeso
Ic = 20mA
2N1549 40 — — volts
2N1550 60 — — volts
2N1551 80 — — volts
2N1552 100 — — volts

SWITCHING TIME MEASURING UNIT

2N1549-52
5 Lf
Ic
(Amps) 1
\% R
(Volts) 10
Tox 2 é e
(Amps) TEST TRANSISTOR 1
R O
(ohms) 10 _Zo=500
td + tr 5 ; E
(psec) P =v
‘. 20V L.
s 2
(usec)
O
te 10 PULSE
(usec) GENERATOR
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2N1553 thru 2N1560 (see Case No. 2,3 - Derating Curve No. 1)

Motorola types 2N1553 thru 2N1560 are germanium PNP industrial alloy power
transistors with collector common to case. They are characterized by high efficiency
and power gain in converter and switching circuits. Conservative. maximum voltage
and current ratings allow reliable operation as a switch at power levels up to 1200
watts. Rugged internal design and hermetically sealed standard TO-3 package is

designed to meet the mechanical and environmental requirements of military speci-
fication MIL-S-19500. For units with solder lu

through MP1560.

ABSOLUTE MAXIMUM RATINGS

gs attached, specify devices MP1553

2N1553 2N1554 2N1555 2N1556
Characteristic Symbol  2N1557 2N1558 2N1559 2N1560 Unit
Collector to Emitter
Voltage BVcex 40 60 80 100 Vdc
Collector to Emitter AT
Voltage BVces 30 45 60 75 Vdc
Collector to Emitter o
Voltage BVceo 20 30 40 - 50 Vdc
Collector to Base
Voltage BVczo 40 60 80 100 Vdc
Emitter to Base .
Voltage BVzeo 20 30 40 50 Vdc
Collector Current
(Continuous) » Ic 15 15 15 15 amp
Collector Current )
(Peak) Ic 20 20 20 =20 amp =
Collector Junction : :
Temperature T; 100 100 100 100 °C
Collector Dissipation .
(25°C Mtg. Base Temp.) Pc 90 90 90 90 watt
THERMAL CHARACTERISTICS :
Characteristic Symbol Typical Maximum Unit
Thermal Resistance 810 0.6 0.8 °C/W
ELECTRICAL CHARACTERISTICS, GENERAL (At 25°C Mounting Base Temperature)
Parameter Symbol Min Typ Max Unit
Collector-Base Cutoff Current Iceo
Ve = —25V 2N1553, 2N1557 — — 3.0 mA
Ve = —40V 2N1554, 2N1558 — — 3.0 mA
Vos = —55V  2N1555, 2N1559 — — 3.0 mA
Vos = —65V 2N1556, 2N1560 — — 3.0 mA
Collector-Base Cutoff Current Icso
Vs = —2V (all types) — 200 uA
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ELECTRICAL CHARACTERISTICS, GENERAL (continued)

Parameter Symbol Min Typ Max Unit
Collector-Base Cutoff Current Icso
atTs = +90°C
at Ves = 15 BVcgs rating — —_ 20 mA
Emitter-Base Cutoff Current Ieso
Ves = 12V (all types) — — 0.5 mA
Collector-Emitter Breakdown Voltage BVces
Ic = 300mA, Ves =0
2N1553, 2N1557 30 — - volts
2N1554, 2N1558 45 — — volts
2N1555, 2N1559 60 — — volts
2N1556, 2N1560 75 — — volts
Collector-Emitter Leakage Current Icex
Vee = 1.0V
Vee = 40 2N1553, 2N1557 — —_ 20 mA
Vee = 60 2N1554, 2N1558 —_ — 20 mA
Vee = 80 2N1555, 2N1559 —_ _ 20 mA
Vee = 100 2N1556, 2N1560 — — 20 mA
Collector-Emitter Breakdown Voltage BVceo
Ic = 300mA,Is =0
2N1553, 2N1557 20 — — volts
2N1554, 2N1558 30 —_ — volts
2N1555, 2N1559 40 — — volts
2N1556, 2N1560 50 — — volts
Collector-Base Breakdown Voltage BVeeo
Ic = 20mA
2N1553, 2N1557 40 — — volts
2N1554, 2N1558 60 - — volts
2N1555, 2N1559 80 — — volts
2N1556, 2N1560 100 — — volts

ELECTRICAL CHARACTERISTICS, COMMON EMITTER (At 25°C Mounting Base Temperature)

Characteristics Symhol Min Typ Max Unit

Current Gain hre

Vee = —2V, Ic = 10A
2N1553 2N1554 2N1555 2N1556 30 — 60 —
2N1557, 2N1558, 2N1559, 2N1560 50 — 100 —
Base-Emitter Drive Voltage Ve

Ic = 10A, Iz = 1.0A
2N1553, 2N1554, 2N1555, 2N1556 — — 1.0 volts
2N1557, 2N1558, 2N1559, 2N1560 — — 0.7 volts
Collector Saturation Voltage Vee(sar)

Ic = 10A,Iz: = 1.0A
2N1553, 2N1554, 2N1555, 2N1556 — 0.4 0.7 volts
2N1557, 2N1558, 2N1559, 2N1560 — 0.25 0.5 volts
Transconductance gFE

Veg = —2V, Ic = 10A
2N1553 2N1554, 2N1555 2N1556 8 16 30 mhos
2N1557 2N1558, 2N1559, 2N1560 12 20 40 mhos
Switching Characteristics

Ic = 10A

Delay + Rise Time (all types)  ta 4 t. — 10 —_ usec

Storage Time (all types) ts — 5 — usec

Fall Time (all types) te — 25 — 1S€ec
Frequency Cutoff foe

Ver = —2V, Ic = 5A
2N1553 2N1554, 2N1555 2N1556 _— 6 — ke
2N1557, 2N1558, 2N1559, 2N1560 — 5 — ke
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SWITCHING TIME MEASURING UNIT

SpLf

TEST TRANSISTOR

2N1553-56 2N1557-60
Ic
(Amps) 10 10
\%
(Volts) 10 10
Ton
(ma) 666 400
R 30 50 20 508
(ohms) ot
tattr 10 10 P
(psec) 20vi__ 4
ts
(usec) 5 5
¢ PULSE
¢ GENERATO
(,KLSCC) 25 25 R

MILITARY TYPES

2N297A MIL-T-1 95°0A/36 (Signal COI’PS) (See Case No. 1= Derating Curve No. 2)

The Motorola type 2N297A is a germanium PNP alloy-junction power transistor
designed for general purpose industrial and military applications where extremely
high reliability is mandatory. They are specified in such a manner as to assure control
of the most important characteristics for both linear and switching applications.

ABSOLUTE MAXIMUM RATINGS

Characteristic Symbol Min Unit
Collector to Base Voltage BVoso 80 Vdc
Emitter to Base Voltage BVgso 40 Vdc
Operating Temperature Range* —_ __ﬁg;:o °C
Collector Dissipation for Mounting Base
Temperature of 75°C* Pc 30 watt
*Motorola Transistor Ratings — T; = 100°C, P, = 90 watts with case at 25°C.
ELECTRICAL CHARACTERISTICS
Characteristic Symbol Min Max Unit
DC Current Gain hre
Vee =2V, Ic= .5 A 40 100 —_
DC Current Gain hre
V(}E = 2V, Ic = 20 A 20 —_— —
Current Gain Frequency Cutoff foe
Small Signal
Vee = 14Vdc, Ic = .5 amp 5 — ke
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GROUP A INSPECTION — TABLE |

(at 25°C *=3°C mounting base temperature unless otherwise specified)

AQL
Conditions % Inspection Limits
Examination or Test Defective  Level Symbol Max Min  Unit
Subgroup 1
Visual and
Mechanical
Examination — 1.0 1] —_ —_ —_ —
Subgroup 2
Emitter Cutoff Vee = 40 Vdc Izeo —_ 3.0 mAdc
Current Ie= 0
Collector Cutoff ~ Veg = 2 Vdc Icso — 200  4Adc
Current Ise= 0
Collector Cutoff Ves = 60 Vdc Iceo — 3.0 mAdc
Current Ie= 0
Base Current Vee = 2Vdc Is 50 12.5 mAdc
Io = 0.5 Adc
Base Current Vee = 2Vdc Ie — 100 mAdc
Ic = 2 AdC
Base Voltage Vee = 2Vdc Vs — 1.5  Vde
Io= 2Adc 1.0 ]
Floating Potential Ve = 60 Vdc Vi 00 180 mVde
Voltmeter Input
R = 10 meg. min.
Collector Voltage Ic= 2Adc Vor(sar) 0.0 1.0  Vdc
(Saturation) Iz = 200 mAdc
Collector Voltage Ic = 300 mAdc BVero 400 —  Vdc
Ise= 0
Collector Voltage Ic = 300 mAdc BVoes 500 —  Vdc
Vi = 0
Subgroup 3 .
Small-Signal Short- Vep = 14.0 Vdc foe 5 — ke
Circuit Forward- :
Transfer Io = 0.5 Adc
Current-Ratio :
Cutoff Frequency 4.0 1
High-Temperature TB = +71°C — — —
Operation (min)
Collector Cutoff Ves = 30 Vdc
Current Ie= 0 Icro — 6.0 mAdc

2N1011 MIL-T-19500A /67 (Signal Corps) (See Case No. 1= Derating Curve No. 2)

The Motorola type 2N1011 is a germanium PNP alloy-junction power transistor
designed for general purpose industrial and military applications where extremely
high reliability is mandatory. They are specified in such a manner as to assure control
of the most important characteristics for both linear and switching applications.

ABSOLUTE MAXIMUM RATINGS

Characteristic Symbol Min Unit
Collector to Base Voltage BVcso 80 Vdc
Emitter to Base Voltage BVEgzo 40 Vde:
Emitter Current I 5.0 amp
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ABSOLUTE MAXIMUM RATINGS (continued)

Characteristic Symbol Min Unit
. —65° to
Operating Temperature Range* —_— °
p g Temp re Range + 950 C
Collector Dissipation for Mounting Base
Temperature of 75°C* Po 30 watt
*Motorola Transistor Ratings — T; = 100°C, P, = 90 watts with case at 25°C.
ELECTRICAL CHARACTERISTICS
Characteristic Symbol Min Max Unit
DC Current Gain hre
Vee =2V, Ic=1.0A — 150 —_
DC Current Gain hre
Voe =2V, Ic=3.0A 30 75 —_
Current Gain Frequency Cutoff fae
Small Signal
Ver = 2Vdc, Ic = 3 amp 5 - ke
GROUP A INSPECTION — TABLE |
AQL
Conditions % Inspection
Examination or Test Defective Level Symbol Min Max Unit
Subgroup 1
Visual and Mechanical
Examination — 1.0 I — — —_
Subgroup 2
Emitter Cutoff Current Ves = 40 Vdc Iero — 3.0 mAdc
Ie= O
Collector Cutoff Current  Vee = 2 Vdc Iero — 200 wAdc
Ie= 0
Collector Cutoff Current Ve = 80 Vdc Ieso — 15.0 mAdc
Ip = O
Base Current Vee = 2 Vdc In 6.7 — mAdc
Ie= 1Adc
Base Current Ver = 2Vdc Ie 40 100 mAdc
Ic = 3 Adc
Base Voltage Vee = 2 Adc Viz — 2.0 Vdc
Ic = 3 Adc 1.0 I}
Floating Potential Ves = 80 Vdc Vo — 1.0 Vdc
Voltmeter Input
Resistance =
10 meg. min.
Collector Voltage Ic= 3 Adc Vee(sar) 0.0 1.5 Vdc
(Saturation) Iz = 200 mAdc
Collector Voltage I¢ = 300 mAdc BVcro 40 — Vdc
Ie= O
Collector Voltage Ic = 300 mAdc BVces 80 —  Vdc
Ves = 0
Subgroup 3 -
Small-Signal Short- Vee = 2 Vdc fae 5 — ke
Circuit Forward-Transfer Jc — 3 Adc
Current-Ratio
Cutoff Frequency
High-Temperature 4.0 I
Operation TB = 4 90°C
(min)
Collector Cutoff Current Ver = 30 Vdc Iewo — 20 mAdc
Ie= O
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2N1120 MIL-T-19500A /68 (Signal Corps)
(See Case No. 2 — Derating Curve No. 2)

The Motorola type 2N1120 is a germanium PNP, alloy-junction power transistor
designed for general purpose industrial and military applications where extremely
high reliability is mandatory. They are specified in such a manner as to assure control
of the most important characteristics for both linear and switching applications.

ABSOLUTE MAXIMUM RATINGS

Characteristic Symbol Min Unit
Collector to Base Voltage BVoeo 80 Vdc
Emitter to Base Voltage BVeso 40 Vdc
Emitter Current Ie 15 amp
Operating Temperature Range* — —-_*(_Sg;oto °C
Collector Dissipation for Mounting Base
Temperature of 25°C* Pc 45 watt

*Motorola Transistor Ratings — T; = 100°C, P, = 90 watts with case at 25°C.

ELECTRICAL CHARACTERISTICS

Characteristic Symbol Min Max Unit

DC Current Gain hre

Vee = 2V, Ic = 5.0Adc —_ 100 _
DC Current Gain hre

Vee = 2V, Ic = 10.0Adc 10 50 —
Current Gain Frequency Cutoff fae

Small Signal

Vee = 2Vdc, I¢ = 5 amps 5 — ke

GROUP A INSPECTION — TABLE |

(at 25°C %=3°C mounting base temperature unless otherwise specified)

AQL
Conditions % Inspection Limits
Examination or Test Defective Level Symbol Min Max  Unit
Subgroup 1
Visual and
Mechanical
Examination o 1.0 11 — — — —
Subgroup 2
Emitter Cutoff Ve = 40Vdc Izeo — 5.0 mAdc
Current Ie= O
Collector Cutoff ~ Veg = 2 Vdc Icio — 300 pAdc
Current Ie= O
Collector Cutoff Ves = 80 Vdc Icro — 15.0 mAdc
Current Is= O
Base Current Vee = 2Vdc Is 50 —  mAdc
| Ic = 5 Adc
Base Current Vee = 2Vdc I 200 1,000 mAdc
Ie = 10 Adc
Base Voltage Vee = 2 Vdc 1.0 I Ves — 2.0 Vdc
Ie = 10Adc
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GROUP A INSPECTION — TABLE | (continued)

Floating Potential Vs = 80 Vdc Vo — 10 Vdc
Voltmeter Input
R = 10 meg. min.

Collector Voltage Ic = 10 Adc Vou(sar) — 1.0 Vdec
(Saturation) Ie = 1Adc
Base Voltage Is = 1Adc Vzg — 15 Vdc
(saturation) Ic = 10 Adc
Collector Voltage Ic = 300 mAdc BVoro 40 — vde
Ie= O
Collector Voltage Ic = 300 mAdc BVces 70 —  Vde
Ve = 0
Subgroup 3
Small-Signal Short- Veg = 2 Vdc fae 3 — ke
Circuit Forward-
Transfer Ic= 5 Adc
Current-Ratio
Cutoff Frequency 4.0 1
High-Temperature TB = 4 90°C
Operation (min)
Collector Cutoff Ves = 30Vdc
Current Ie= 0 Iceo — 20  mAdc

AUTOMOTIVE POWER TRANSISTORS

2N1 76, 2N669 (See Case No. 4 — Derating Curve No. 3)
Motorola types 2N176 and 2N669 are germanium PNP, alloy-junction transistors

designed for high power gain and low distortion in audio-frequency applications and
graded for closely controlled power gain ranges.

ABSOLUTE MAXIMUM RATINGS

Characteristic Symbol Rating Unit
Collector to Base Voltage BVeeo 40 volts
Collector Current Ic 3 amps

(based on maximum at which characteristics are
specified. Permanent damage will not result if
this rating and no other is exceeded)
*Collector Dissipation Pc 10 watts
At 80° Mounting Base Temperature
Derate 1.0 watt/ °C rise

Collector Junction Temperature T; 90 °C

*See power-temperature derating curve
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ELECTRICAL CHARACTERISTICS — GENERAL

at mounting base temperature 25°C == 3°C except where noted

Characteristic Symbol Min Typ Max Unit
Collector Cutoff Current Iceo
Ves = 30V — — 3.0 ma
Ve = 2V — 50 — ua
Ve =30V, T =90°C — — 20.0 ma
Emitter Cutoff Current Izso
Ves = 10V _ — 2.0 ma
Collector Breakdown Voltage BVoes -
Ic = 330ma 30 — — volts
THERMAL CHARACTERISTICS — TYPICAL
Characteristic Symbol Typ Unit
Thermal Resistance Junction to Case bic 0.7 °C/W
ELECTRICAL CHARACTERISTICS — COMMON EMITTER
at mounting base temperature 25°C == 3°C except where noted
2N176 2N669
Characteristic Symbol Min Typ Max Min Typ Max Unit
Power Gain, (= 0.5db) G.
Po = 2 watts,
Vee = 12V, Ic = 0.5A,
f =1 kc, Rs = 10 ohms,
Ri = 26.6 ohms 34 35 37 38 40 — db
Total Harmonic Distortion —_ — — 5 — —_ 5 %
under same conditions as
power gain
DC Forward Current Gain hrg
Vee =2V, Ic = 0.5A 25 — 90 — 100 250 —_
Current Gain Frequency Cutoff foe
Ve = 12V, Ic = 0.5A,
f = 1 kc (ref) 4 7 — 3 5 —_— ke
Small Signal Forward Current Gain hye
f=1kc, Ve = 2V,
Ic = 0.5A — 45 — — 90 — —
Small Signal Input Impedance hie
f=1kc, Vee =2V,
Ic = 0.5A 8 16 25 — 20 50 ohms
Collector Saturation Voltage Vor(sar)
Ic =3A,1; =300 ma — 0.4 — — 0.4 — volts
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2N350A, 2N351A, 2N376A (See Case No. 4— Derating Curve No. 3)

Motorola types 2N350A, 2N351A and 2N376A are germanium PNP, alloy-junction
transistors designed and specified for general purpose industrial applications. Units
are controlled for high power gain and low distortion at output levels up to 4 watts
Class A and 15 watts Class B. Power switching characteristics are controlled up to
3, 4 and 5 amps respectively. Packaged in Motorola’s industry standard power tran-
sistor case, these units are easy to mount and capable of withstanding very high
shock and vibration levels.

ABSOLUTE MAXIMUM RATINGS

Characteristic Symbol Rating Unit
Collector to Base Voltage BVoro 50 volts
Collector to Emitter Voltage BVces 40 volts
Collector Dissipation Pc 25 watts

at 70° Mounting Base Temperature
Derate 1.2°C/W

Collector Junction Temperature T; 100 °C

ELECTRICAL CHARACTERISTICS at mounting base temperature 25°C = 3°C except where noted

Characteristic Symbol Min Typ Max Unit
Collector Cutoff Current Tcro
Ver = 30V — - 3.0 ma
Ver =2V — 50 _— ua
Vor = 30V, T = 100°C — _— 30 ma
Emitter Cutoff Current l:ro
Ve = 10V —_ — 2.0 ma
Collector Breakdown Voltage BVees
Ic=1A 40 — —— volts
(This test should be made under
dynamic conditions only)

THERMAL CHARACTERISTICS

Characteristic Symbhol Min Typ Max Unit

Thermal Resistance Junction to Case 010 —_ 7 1.2 °C/W
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TYPICAL SWITCHING CHARACTERISTICS

at 25°C mounting base temperature in circuit illustrated below

Characteristic Symbol  2N350A 2N351A  2N376A Unit
Load Resistance R: 2.2 2.2 22 ohms
““On” Collector Current Ic 3 4 5 amp

(Vo supply adjusted to give
desired current)

““On”’ Base Current 1e 0.3 0.4 0.5 amp
Rise Time t. 5.0 4.5 4.0 usec
Fall Time te 37 40 42 usec

2
L

INPUT PULSE ] ) OUTPUT PULSE

Motorola Industrial Low-Silhovette TO-36 Power Transisior

2N174, 2N1100, 2N 1358 (Case TO-36, Derating Curve 4.)

Motorola types 2N174, 2N1100, and 2N1358 are germanium PNP power transistors
designed for applications requiring high power dissipation up to 150 watts. They are
furnished in the new “low-silhouette” TO-36 package.

ABSOLUTE MAXIMUM RATINGS

Characteristic Symbol 2N174 2N1100 2N1358 Unit

Collector Diode BVes 80 100 80 Vdc
Voltage

Emitter-to-Base BViso 60 80 60 Vdc
Voltage

Emitter Current I 15 15 15 amp
(Continuous)

Base Current Ie 4 4 4 amp
(Continuous)

Maximum Junction T max +100 +100 +100 °C
Temperature

Minimum Junction T min —65 —65 —65 °C

~ Temperature

THERMAL CHARACTERISTICS

Characteristic Symbof Typical Maximum Units

Thermal Resistance Osc 0.4 0.5 oC/W
(Junction to case)
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ELECTRICAL CHARACTERISTICS, GENERAL

Characteristic Symbol Min  Typical Max Unit
Collector-to-Base Cutoff Current Iono
2N174 — i.gg — ,LI‘\\
= —2 volts 2N1100 — — w
(Vero ) 2N1358 — 100 200 LA
Collector-to-Base Cutoff Current Ice
(Vs = —1.5 volts, Ver = — 80 volts) 2N174 — 2 8 mA
—100 2N1100 — 2 8 mA
— 80 2N1358 — 2 8 mA
Emitter-to-Base Cutoff Current Isso
(Veeo = —60 volts) 2N174 — 1 8 mA
—80 2N1100 — 1 8 mA
—60 2N1358 — 1 8 mA
Collector-to-Base Cutoff Current Icso
(Veso = — 80 volts, 71°C) 2N174 _ — 15 mA
—100 2N1100 — — 15 mA
— 60 2N1358 — 4 6 mA
Emitter-to-Base Cutoff Current Isro
(Viso = —30 volts, 71°C) 2N1358 — 4 6 mA
Floating Potential Ve
(Ip = 0, Veso = — 80 VOltS) 2N174 —_— — 1.0 volt
—100 2N1100 — —_ 1.0 volt
— 80 2N1358 — 0.15 1.0  volt
Current Gain hre

(Vep = —2volts, Ic= 1.2 amp) 2N1358 40 55 80 —

(Veg =—2volts, Ic = 5amp) 2N174 25 — 50 —
2N1100 25 —_ 50 —
2N1358 25 35 —_ —

—2 volts, (I¢ = 12 amp) 2N174 — 20 — —
2N1100 — 20 — —
Emitter-to-Base Voltage Ves

(Veos = —2 volts, Ic = 1.2 amp) 2N1358 —_ 0.35 0.5 Vdc
—2 volts, (Ic = 5 amp) 2N174 — 0.65 0.9 Vdc
2N1100 —_ 0.65 0.9 Vdc
2N1358 — 0.65 0.9 Vdc

Saturation Voltage Vee(sat)

(Is = 2 amp, Ic = 12 amp) 2N174 —_ 0.3 09 Vvdc
2N1100 —_ 0.3 0.7 Vdc
2N1358 — 0.3 0.7 Vdc

Collector-to-Emitter Voltage * BVees

(I¢ = 300 mA, Vi = 0)* 2N174 —70 —_ — Vde
2N1100 —80 —_— —  Vdc
2N1358 —70 — —  Vdc

Collector-to-Emitter Voltage * BVc¢eo
(Ic=1.0amp, Iz =0 2N174 —55 — Vde
1.0 amp, Iz =0 2N1100 —65 —_ —  Vdc
300mA, Iz =0 2N1358 —40 — —  Vdc
Common-Emitter Current Amplification
Cutoff Frequency fae
(Ic = 5 amp, Vi = 6 volts) 2N174 —_ 10 — ke
2N1100
Common-Rase Current Amplification
Cutoff Frequency fan
(Ic = 1 amp, Ve = —12 volts) 2N1358 100 — — ke
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ELECTRICAL CHARACTERISTICS, GENERAL (continued)

Characteristic Symbol  Min Typ Max  Unit
Rise Time (“on” Ic = 12 Adc, tr
Ig =2 Adc, Ve = —12 volts) All Types — 15 —  uSec
Fall Time (“off” Ic = 0, te
Ves = —6 volts, Rgr = 10 ohms) All Types — 15 —  usec

* In order to avoid excessive heating of the collector junction, perform test by the sweep method.

(not BV, on 2N1358)

2N277, 2N278, 2N1 73, 2N 1 099 (Case 5, Derating Curve 4)

Motorola types 2N277, 2N278, 2N173, and 2N1099 are germanium PNP power
transistors designed for applications requiring high power dissipation up to 150 watts.
They are furnished in the new “low-silhouette” TO-36 package.

ABSOLUTE MAXIMUM RATINGS

Characteristic Symbol 2N277 2N278 2N173 2N1099 Unit

Collector-to-Base BVen 40 50 60 80 Vdc
Voltage

Emitter-to-Base BVzro 20 30 40 40 Vde
Voltage

Emitter Current 1 5% 15 15 15 15 amp
(Continuous)

Base Current In 4 4 4 4 amp
(Continuous)

Maximum Junction Ts max -+100 +100 +100 +100 °C
Temperature

Minimum Junction Tsmin —65 —65 —65 —65 °C
Temperature

THERMAL CHARACTERISTICS

Characteristic Symbol Typical Maximum Units

Thermal Resistance 05c 0.4 0.5 °C/W
(Junction to case)
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ELECTRICAL CHARACTERISTICS, GENERAL (at 25°C Mounting Base Temperature)

Characteristic Symbol  Min Typical Max Unit
Collector-to-Base Cutoff Current Icro
(Vepo = —2 volts) All Types _— 100 — uA
Collector-to-Base Cutoff Current Ics
(Ves = —1.5 volts, Veg = —40 volts) 2N277 — 2 8 mA
—_ 2N278 —_ — — mA
—60 2N173 —_ — — mA
—80 2N1099 — — — mA
Emitter-to-Base Cutoff Current Ieso
(Vepo = —20 volts) 2N277 — 1 8 mA
—30 2N278 i
—40 2N173 _ = —  mA
—40 2N1099 —_ —_ — mA
Collector-to-Base Cutoff Current Iceo
(Veso = —40 volts, 71°C) 2N277 - = 15 mA
—50 2N278 — - = m
—60 2N173 — —_ _ mA
—80 2N1099 — -  —  mA
Floating Potential Ve
(Ie = 0, Veeo = —40 volts) 2N277 —_ 0.15 1.0 volt
—50 2N278 — — — volt
—60 2N173 — — —_ volt
—80 2N1099 —— —_ —_ volt
Current Gain hre
(Vg = —2 volts, Ic = 5 amp) All Types 35 — 70 —_
(Vor = —2 volts, Ic = 12 amp) — 25 — —
Emitter-to-Base Voltage Vs
(Ves = —2 volts, Ic = 5 amp) 2N277 —  0.65 — vdc
2N278 — 0.65 —_ Vde
2N173 — 0.65 —_ Vdc
2N1099 — 0.65 0.9 Vdc
Saturation Voltage »77 Veg(sar) 03 v
Ig =2 amp, Ic = 12 am 2N27 — . — ¢
(I P fe p) 2N278 — 03 10 vdc
2N173 — 0.3 1.0 Vdc
2N1099 —_ 0.3 0.7 Vdc
Collector-to-Emitter Voltage * BVees
(Ic = 300 mA, Viz = 0) 2N277 —40 — — vde
2N278 —45 — — Vdc
2N173 —50 — — Vdc
2N1099 —70 — — Vde
Collector-to-Emitter Voltage ™ BVero
(Ic=1amp, Iz =0) 2N277 -25 — — Vdc
2N278 —30 — — Vdc
2N173 —45 — — Vdc
2N1099 —55 — Vdc
Common-Emitter Current Amplification
Cutoff Frequency fan
(Ic = 5 amp, Voe = —6 volts) All Types — 10 — ke
Rise Time (“on” Ic = 12 Adc, tr
Iz = 2 Adc, Veog = —12 volts) All Types —_ 15 —  usec
Fall Time (“off” Ic = 0, te
Ves = —6 volts, Rgs = 10 ohms) All Types — 15 —  usec

* To avoid excessive heating of the collector junction, perform these tests with the sweep method.
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2N441 THRU 2N443 (Case TO-36, Derating Curve 4 )

Motorola types 2N441 thru 2N443 are germanium PNP power transistors designed
for applications requiring high power dissipation up to 150 watts. They are furnished

in the new “low-silhouette” TO-36 package.

ABSOLUTE MAXIMUM RATINGS

Characteristic Symhol 2N441 2N442 2N443 Unit
Collector-to-Base BVcs 40 50 60 Vdc
Voltage
Emitter-to-Base BVzeo 20 30 40 Vdc
Voltage
Emitter Current Ie 15 15 15 amp
(Continuous)
Base Current Is 4 4 4 amp
(Continuous)
Maximum Junction T3 max +100 +100 +100 °C
Temperature
Minimum Junction Tsmin —65 —65 —65 °C
Temperature
THERMAL CHARACTERISTICS
Characteristic Symbol Typical Maximum Units
Thermal Resistance 03¢ 0.4 0.5 °C/W
(Junction to case)
ELECTRICAL CHARACTERISTICS, GENERAL
Characteristic Symbol Min  Typical Max Unit
Collector-to-Base Cutoff Current Icro
(Veso = —2 volts) All Types —_ 100 — uh
Collector-to-Base Cutoff Current Icr
(Ves = —1.5 volts, Vg = —40 volts)  2N441 — 2 8 mA
—-50 2N442 —_ 2 8 mA
—60 2N443 — 2 8 mA
Collector-to-Base Cutoff Current Icno
(71°C, Veeo = —40 volts) 2N441 — — 15 mA
—50 2N442 — — 15 mA
—60 2N443 — — 15 mA
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Transistor Specifications

ELECTRICAL CHARACTERISTICS, GENERAL (continued)

Characteristic Symbol Min Typical Max  Unit
Emitter-to-Base Cutoff Current Ieno
(VEBO = =20 Volts) 2N441 —_ 1 8 mA
—30 2N442 — 1 8 mA
—40 2N443 — 1 8 mA
Collector-to-Emitter Voltage * BVcss

(Ves = 0, Ic = 300 mA) 2N441 —40 — —  Vdc
2N442 —45 — — Vdc
2N443 —50 — —  Vdc

Collector-to-Emitter Voltage * BVc¢ro

(Ic=1amp,Iz =0) 2N441 —25 — — Vdc
2N442 —30 — — Vdc
2N443 —45 — — Vdc

Floating Potential A\
(Izr = 0, Ver = —40 volts) 2N441 — — 1.0 volt
- 2N442 —_ — 1.0  volt
—60 2N443 — — 1.0 volt

Current Gain hrs
(Ic = 5§ amp, Vo = —2 volts) All Types 20 — 40 —
Ice=12 amp,ch = All Types — 20 — —

Emitter-to-Base Voltage Ves

(Ic = 5 amp, Veop = —2 volts) 2N441 — 065 — Vdc
2N442 — 0.65 — Vdc
2N443 — 0.65 0.9  Vdc

Saturation Voltage Vee(sat)

(Ic = 12 amp, Iy = 2 amp) 2N441 — 0.3 —  Vdc
2N442 — 0.3 — Vdc
2N443 — 0.3 1.0 Vdc

Common-Emitter Current Amplification
Cutoff Frequency fae
(Ic = 5 amp, Voi = —6 volts) All Types —_— 10 — ke
Rise Time (on Ic = 12 Adc, tr
Ie = 2 Adc, Veg = —12 volts) All Types — 15 —  usec
Fall Time (off Is = 0, te
Ves = —6 volts, Rgs = 10 ohms) All Types — 15— usec

*To avoid excessive heating of the collector junction, perform test with the sweep method.
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POWER TRANSISTOR CROSS REFERENCE LIST

This cross reference list is intended to serve as a guide in selecting Motorola
Power Transistors to replace other types having similar electrical characteristics.
Direct interchangeability will depend on physical dimensions, use of lugs
or pins, and variation in pin diameter and/or length which may be within EIA

TO-3 dimensions but are not standard among manufacturers.

Circuit applications with attendant switching speeds, saturation voltage,
gain, and other factors must be taken into consideration. Motorola’s Applica-
tions Engineering Department is always ready to assist in making a proper choice.

For further assistance please contact the Motorola Sales office nearest you.

EIA Type No.

2N155
2N156

2N376A

Motorola Nearest
Electrical
Equivalent

2N176
2N176
2N1531
2N1532
2N1530
2N1531
2N173
2N174
2N174A
2N176
2N178
2N554
2N555
2N350
2N176
2N669
2N350A

2N376
2N376A
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EIA Type No.

2N378
2N379
2N380
2N386
2N387
2N392
2N399
2N400
2N401
2N418
2N420
2N420A
2N441
2N442
2N443

Motorola Nearest
Electrical
Equivalent

2N176

2N1531
2N1530
2N1531

2N1166
2N1531
2N1531
2N1535
2N1536
2N1551
2N1551
2N554

2N555

2N1551
2N1500
2N1500
2N1554
2N1555
2N1532
2N618

2N627



Motorola Nearest Motorola Nearest
Electrical Electrical
EIA Type No. Equivalent EIA Type No. Equivalent
2N628 2N628 2N1162A 2N1162A*
2N629 2N629 2N1163 2N1163
2N630 2N630 2N1163A 2N1163A*
2N637 2N1535 2N1164 2N1164
2N637A 2N1537 2N1164A 2N1164A*
2N637B 2N1538 2N1165 2N1165
2N638 2N1530 2N1165A 2N1165A*
2N638A 2N1532 2N1166 2N1166
2N638B 2N1533 2N1166A 2N1166A*
2N639 2N1530 2N1167 2N1167
2N639A 2N1532 2N1167A 2N1167A*
2N639B 2N1533 2N1168 2N1535
2N669 2N669 2N1202 2N618
2N677 2N1553 2N1203 2N1362
2N677A 2N1554 2N1261 2N1531
2N677B 2N1555 2N1262 2N1531
2N677C 2N1556 2N1263 2N618
2N678 2N1557 2N1291 2N1529
2N678A 2N1558 2N1293 2N1531
2N678B 2N1559 2N1295 2N1532
2N678C 2N1560 2N1297 2N1533
2N1011 2N1011 2N1358 2N1358
2N1021 2N1538 2N1359 2N1359
2N1022 2N1538 2N1360 2N1360
2N1029 2N1553 2N1362 2N1362
2N1029A 2N1554 2N1363 2N1363
2N1029B 2N1555 2N1364 2N1364
2N1029C 2N1556 2N1365 2N1365
2N1030 2N1557 2N1412 2N1412
2N1030A 2N1558 2N1518 2N1162
2N1030B 2N1559 2N1519 2N1164
2N1030C 2N1560 2N1529 2N1529
2N1031 2N1553 2N1529A 2N1529A*
2N1031A 2N1554 2N1530 2N1530
2N1031B 2N1555 2N1530A 2N1530A*
2N1031C 2N1556 2N1531 2N1531
2N1032 2N1557 2N1531A 2N1531A*
2N1032A 2N1558 2N1532 2N1532
2N1032B 2N1559 2N1532A 2N1532A*
2N1032C 2N1560 2N1533 2N1533
2N1099 2N1099 2N1534 2N1534
2N1100 2N1100 2N1534A 2N1534A*
2N1120 2N1120 2N1535 2N1535
2N1136 2N1539 2N1535A 2N1535A%
2N1136A 2N1542 2N1536 2N1536
2N1136B 2N1543 2N1536A 2N1536A*
2N1137 2N1544 2N1537 2N1537
2N1137A 2N1546 2N1537A 2N1537A*
2N1137B 2N1547 2N1538 2N1538
2N1138 2N1545 2N1539 2N1539
2N1138A 2N1547 2N1539A 2N1539A*
2N1138B 2N1548 2N1540 2N1540
2N1146 2N1557 2N1540A 2N1540A*
2N1146A 2N1558 2N1541 2N1541
2N1146B 2N1559 2N1541A 2N1541A*
2N1146C 2N1560 2N1542 2N1542
2N1147 2N1557 2N1542A 2N1542A*
2N1147A 2N1558 2N1543 2N1543
2N1147B 2N1559 2N1544 2N1544
2N1147C 2N1560 2N1544A 2N1544A*
2N1157 2N1163 2N1545 2N1545
2N1157A 2N1165 2N1545A 2N1545A*
2N1159 2N1536 2N1546 2N1546
2N1160 2N1537 2N1546A 2N1546A*
2N1162 2N1162 2N1547 2N1547
*These are Motorola Meg-A-Life transistors.
(over)
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EIA Type No.

2N1547A
2N1548
2N1549
2N1549A
2N1550
2N1550A
2N1551

2N1554

Motorola Nearest
Electrical
Equivalent

2N1547A*
2N1548
2N1549**
2N1549A*
2N1550
2N1550A*
2N1551
2N1551A*
2N1552
2N1552A*
2N1553
2N1553A*
2N1554

EIA Type No.

2N1554A
2N1555

2N1560A

* These are Motorola Meg-A-Life transistors.

Motorola Nearest
Electrical
Equivaient

2N1554A*
2N1555
2N1555A*
2N1556
2N1556A*
2N1557
2N1557A*
2N1558
2N1558A*
2N1559
2N1559A*
2N1560
2N1560A*

«* If lugs are desi-ed on series 2N 1549 thru 2N1560 the Motorola desig-
nation is MP1£49, etc.
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Amplifier, 2-Watt High Fidelity . ........... 88 .
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Avalanche Voltage . ..................... 33 LoadResistance ........................ 75
Barrier Potential . . .. ... oo 5 Mechanical Characteristics ................ 9
Battery Charger ....................... 153 Mounting Kits ......... ... ... .. ... 23
Bias Considerations . .................... 45  Multiplication Effect .................. .. 38
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Bias Design Equations, Resistive ........... 51 Nonsaturated Operation of Transistors . .. .. 104
Bias Design Equations, Thermistor ......... 54 R ) .
Breakdown Voltage . .................... 14  Operating Point, Transistor ............... 47
Breakdown Voltage Testing .159 Outline Dimensions, Transistors. ............ 9
Bridge Connection, Transistor <147 Parallel Operation, Transistor . ........... 141
Capacitance Multiplier Peak Inverse Voltage ................... 152
Characteristic Curves . ................... PNJunction ............................ 3
Charge Distribution . ....... . PNP Transistor ......................... 6
Circuit Variations ........ Power Amplifiers, Class A Single-Ended . . ... 64
Circuits, Miscellaneous Power Amplifiers, Design . ................ 80
Class of Operation . ..................... Power Amplifiers, Miscellaneous ........... 82
Coefficient of POWer. . ................... Power Amplifiers, Push-Pull .............. 71
Common-Base Connection Power Control ........................ 152
Common-Collector Connection ............ 68  Power Gain, Push-Pull ................ ... 76
Common-Emitter Connection ............. 66 Power GainTesting .................... 160
Compound Transistor Connection . ........ 146  Power Gain, Single-Ended ................ 65
Controlled Rectifier .................... Power, Maximum . ............. .. ....... 20
Converter, DC-to-DC . .................. Power Supplies ........................ 155
Converter, Low-Power . ................. Pulse Power ........................... 27
Converter, TWo-Stage . .................. Pulse Response Testing . ................ 106
Converter, 700-Watt . ...... . Punch-Through Voltage . ................. 36
gg:(r)%né‘ﬁ?;ge.s.u.n.g. oo Ratings, Maximum . .....................
Cutoff Current Testing . ................. Regulator, Feedback ...................

Data Sheets, Typical Information on
DC-to-AC Inverters
DC-to-DC Converters . . . P .
Delay Time . .............couviinnn..
Diode Stabilization
Distortion (Class A)
Distortion, Push-Pull . ...................
DutyCycle . ........... v

Efficiency (Class A)
Efficiency (Class B)

Efficiency, Push-Pull Circuit . ... ...........

Electrical Characteristics . ................

Electronic Filter .. ..................... 154
Fall Time ............................ 103
Filter, Electronic ...................... 154
Flasher . ......... ... 129
Forward Bias ........................... 5
Forced Gain . ......................... 106
Frequency Cutoff . ...................... 12
Frequency Cutoff Testing. ............ 161,162
Harmonic Distortion Testing ............. 160
Heat Sink . ......... ..., 23
Horizontal TV Deflection System. ......... 130
Hybrid Parameters . ..................... 10
Ignition Systems, Capacitor Storage ........ 139
Ignition Systems, Conventional ........... 136
Ignition Systems, High Voltage Oscillator . ..139
Ignition Systems, Switching .............. 137
Ignition Systems, Transistor .............. 135
Input Resistance, Push-Pull ............... 76
Input Resistance Testing ................ 161
Instability, Voltage-Current ............... 38
Inverters, DC-to-AC . ................... 112
Inverter, DC-to-AC, Variable Frequency ....127
Inverter, Multivibrator .................. 114
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Reliability Areas (Veo-Ic) . .. ovo v ..
Resistor Coupled Inverter
Rise Time ............................

Saturated Operation, Transistor ........... 104
Saturation Voltage . ..................... 14
Saturation Voltage Testing ............... 162
Second Breakdown Voltage . .............. 33
Selection Charts . ...................... 165
Semiconductor Electronics . ................ 3
Series Operation, Diode Drive ............ 144
Series Operation, Resistive Drive .......... 143
Series Operation, Transformer Drive ....... 143

Single Transformer Inverter ..............
Specifications . ......... ... ... ...
Speed-Up Capacitor ..............
Stability, Current and Voltage
Stability Testing ...........
Stabilization, Diode . ....................
Stabilization, Thermistor . ................
Storage Time ......................... 103
Switching Characteristics
Switching Losses

Temperature, Maximum . .................
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Testing, D-C Current Gain . ..............

Testing, Harmonic Distortion . ............

Testing, Icso and Ieso
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Testing, Small Signal Frequency Cutoft
Testing, Thermal Resistance
Testing, Transconductance . .
Thermal Characteristics .. ................
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