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Preface

Introduction

The control of electric power with power electronic devices has become increasingly important over
the last 20 years. Whole new classes of motors have been enabled by power electronics, and the
future offers the possibility of more effective control of the electric power grid using power elec-
tronics. The Power Electronics Handbook is intended to provide a reference that is both concise and
useful for individuals, ranging from students in engineering to experienced, practicing professionals.
The Handbook covers the very wide range of topics that comprise the subject of power electronics
blending many of the traditional topics with the new and innovative technologies that are at the
leading edge of advances being made in this subject. Emphasis has been placed on the practical
application of the technologies discussed to enhance the value of the book to the reader and to
enable a clearer understanding of the material. The presentations are deliberately tutorial in nature,
and examples of the practical use of the technology described have been included.

The contributors to this Handbook span the globe and include some of the leading authorities
in their areas of expertise. They are from industry, government, and academia. All of them have been
chosen because of their intimate knowledge of their subjects as well as their ability to present them
in an easily understandable manner.

Organization

The book is organized into three parts. Part I presents an overview of the semiconductor devices
that are used, or projected to be used, in power electronic devices. Part II explains the operation of
circuits used in power electronic devices, and Part III describes a number of applications for power
electronics, including motor drives, utility applications, and electric vehicles.

The Power Electronics Handbook is designed to provide both the young engineer and the experi-
enced professional with answers to questions involving the wide spectrum of power electronics
technology covered in this book. The hope is that the topical coverage, as well as the numerous
avenues to its access, will effectively satisfy the reader’s needs.
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1.1 Overview

Kaushik Rajashekara

The modern age of power electronics began with the introduction of thyristors in the late 1950s. Now there
are several types of power devices available for high-power and high-frequency applications. The most
notable power devices are gate turn-off thyristors, power Darlington transistors, power MOSFETs, and
insulated-gate bipolar transistors (IGBTs). Power semiconductor devices are the most important functional
elements in all power conversion applications. The power devices are mainly used as switches to convert
power from one form to another. They are used in motor control systems, uninterrupted power supplies,
high-voltage DC transmission, power supplies, induction heating, and in many other power conversion
applications. A review of the basic characteristics of these power devices is presented in this section.

Thyristor and Triac

The thyristor, also called a silicon-controlled rectifier (SCR), is basically a four-layer three-junction pnpn
device. It has three terminals: anode, cathode, and gate. The device is turned on by applying a short pulse
across the gate and cathode. Once the device turns on, the gate loses its control to turn off the device.
The turn-off is achieved by applying a reverse voltage across the anode and cathode. The thyristor symbol
and its volt—ampere characteristics are shown in Fig. 1.1. There are basically two classifications of
thyristors: converter grade and inverter grade. The difference between a converter-grade and an inverter-
grade thyristor is the low turn-off time (on the order of a few microseconds) for the latter. The converter-
grade thyristors are slow type and are used in natural commutation (or phase-controlled) applications.

Anocde
+p
Gate Forward
conduction
Cathode lag>lg,> g,
(a)
Holding I I | lg=0
current [ % ,(GZ Pl
& / 7Y Z J
=V / T / A T +Va
Reverse Forward Forward
leakage leakage breakover
Avalanche voltage
breakdown
—| A
{b)

FIGURE 1.1 (a) Thyristor symbol and (b) volt-ampere characteristics. (From Bose, B.K., Modern Power Electronics:
Evaluation, Technology, and Applications, p. 5. © 1992 IEEE. With permission.)
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FIGURE 1.2 (a) Triac symbol and (b) volt—ampere characteristics. (From Bose, B.K., Modern Power Electronics:
Evaluation, Technology, and Applications, p. 5. © 1992 IEEE. With permission.)

Inverter-grade thyristors are used in forced commutation applications such as DC-DC choppers and
DC-AC inverters. The inverter-grade thyristors are turned off by forcing the current to zero using an
external commutation circuit. This requires additional commutating components, thus resulting in
additional losses in the inverter.

Thyristors are highly rugged devices in terms of transient currents, di/dt, and dv/dt capability. The
forward voltage drop in thyristors is about 1.5 to 2 V, and even at higher currents of the order of 1000 A,
it seldom exceeds 3 V. While the forward voltage determines the on-state power loss of the device at any
given current, the switching power loss becomes a dominating factor affecting the device junction
temperature at high operating frequencies. Because of this, the maximum switching frequencies possible
using thyristors are limited in comparison with other power devices considered in this section.

Thyristors have I ’t withstand capability and can be protected by fuses. The nonrepetitive surge current
capability for thyristors is about 10 times their rated root mean square (rms) current. They must be protected
by snubber networks for dv/dt and di/dt effects. If the specified dv/dt is exceeded, thyristors may start
conducting without applying a gate pulse. In DC-to-AC conversion applications, it is necessary to use an
antiparallel diode of similar rating across each main thyristor. Thyristors are available up to 6000 V, 3500 A.

A triac is functionally a pair of converter-grade thyristors connected in antiparallel. The triac symbol
and volt—ampere characteristics are shown in Fig. 1.2. Because of the integration, the triac has poor reapplied
dv/dt, poor gate current sensitivity at turn-on, and longer turn-off time. Triacs are mainly used in phase
control applications such as in AC regulators for lighting and fan control and in solid-state AC relays.

Gate Turn-Off Thyristor

The GTO is a power switching device that can be turned on by a short pulse of gate current and turned
off by a reverse gate pulse. This reverse gate current amplitude is dependent on the anode current to be
turned off. Hence there is no need for an external commutation circuit to turn it off. Because turn-off
is provided by bypassing carriers directly to the gate circuit, its turn-off time is short, thus giving it more
capability for high-frequency operation than thyristors. The GTO symbol and turn-off characteristics
are shown in Fig. 1.3.

GTOs have the I't withstand capability and hence can be protected by semiconductor fuses. For reliable
operation of GTOs, the critical aspects are proper design of the gate turn-off circuit and the snubber
circuit. A GTO has a poor turn-off current gain of the order of 4 to 5. For example, a 2000-A peak current
GTO may require as high as 500 A of reverse gate current. Also, a GTO has the tendency to latch at
temperatures above 125°C. GTOs are available up to about 4500 V, 2500 A.
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FIGURE 1.3 (a) GTO symbol and (b) turn-off characteristics. (From Bose, B.K., Modern Power Electronics: Eval-
uation, Technology, and Applications, p. 5. © 1992 IEEE. With permission.)

Reverse-Conducting Thyristor (RCT) and Asymmetrical
Silicon-Controlled Rectifier (ASCR)

Normally in inverter applications, a diode in antiparallel is connected to the thyristor for commu-
tation/freewheeling purposes. In RCTs, the diode is integrated with a fast switching thyristor in a
single silicon chip. Thus, the number of power devices could be reduced. This integration brings
forth a substantial improvement of the static and dynamic characteristics as well as its overall circuit
performance.

The RCTs are designed mainly for specific applications such as traction drives. The antiparallel
diode limits the reverse voltage across the thyristor to 1 to 2 V. Also, because of the reverse recovery
behavior of the diodes, the thyristor may see very high reapplied dv/df when the diode recovers from its
reverse voltage. This necessitates use of large RC snubber networks to suppress voltage transients. As the
range of application of thyristors and diodes extends into higher frequencies, their reverse recovery charge
becomes increasingly important. High reverse recovery charge results in high power dissipation during
switching.

The ASCR has similar forward blocking capability to an inverter-grade thyristor, but it has a limited
reverse blocking (about 20 to 30 V) capability. It has an on-state voltage drop of about 25% less than an
inverter-grade thyristor of a similar rating. The ASCR features a fast turn-off time; thus it can work at
a higher frequency than an SCR. Since the turn-off time is down by a factor of nearly 2, the size of the
commutating components can be halved. Because of this, the switching losses will also be low.

Gate-assisted turn-off techniques are used to even further reduce the turn-off time of an ASCR. The
application of a negative voltage to the gate during turn-off helps to evacuate stored charge in the device
and aids the recovery mechanisms. This will, in effect, reduce the turn-off time by a factor of up to 2
over the conventional device.

© 2002 by CRC Press LLC



B;0O—y Ty
KTZ Jay
R4 Ro
AV AWW

4B, OE

FIGURE 1.4 A two-stage Darlington transistor with bypass diode. (From Bose, B.K., Modern Power Electronics:
Evaluation, Technology, and Applications, p. 6. © 1992 IEEE. With permission.)

Power Transistor

Power transistors are used in applications ranging from a few to several hundred kilowatts and switching
frequencies up to about 10 kHz. Power transistors used in power conversion applications are generally
npn type. The power transistor is turned on by supplying sufficient base current, and this base drive has
to be maintained throughout its conduction period. It is turned off by removing the base drive and

making the base voltage slightly negative (within —Vyp,.,)). The saturation voltage of the device is

max
normally 0.5 to 2.5 V and increases as the current increases. Hence, the on-state losses increase more
than proportionately with current. The transistor off-state losses are much lower than the on-state losses
because the leakage current of the device is of the order of a few milliamperes. Because of relatively larger
switching times, the switching loss significantly increases with switching frequency. Power transistors can
block only forward voltages. The reverse peak voltage rating of these devices is as low as 5 to 10 V.

Power transistors do not have I't withstand capability. In other words, they can absorb only very little
energy before breakdown. Therefore, they cannot be protected by semiconductor fuses, and thus an
electronic protection method has to be used.

To eliminate high base current requirements, Darlington configurations are commonly used. They are
available in monolithic or in isolated packages. The basic Darlington configuration is shown schematically
in Fig. 1.4. The Darlington configuration presents a specific advantage in that it can considerably increase
the current switched by the transistor for a given base drive. The Vi, for the Darlington is generally
more than that of a single transistor of similar rating with corresponding increase in on-state power loss.
During switching, the reverse-biased collector junction may show hot-spot breakdown effects that are
specified by reverse-bias safe operating area (RBSOA) and forward-bias safe operating area (FBSOA).
Modern devices with highly interdigited emitter base geometry force more uniform current distribution
and therefore considerably improve secondary breakdown effects. Normally, a well-designed switching
aid network constrains the device operation well within the SOAs.

Power MOSFET

Power MOSFETs are marketed by different manufacturers with differences in internal geometry and with
different names such as MegaMOS, HEXFET, SIPMOS, and TMOS. They have unique features that make
them potentially attractive for switching applications. They are essentially voltage-driven rather than
current-driven devices, unlike bipolar transistors.

The gate of a MOSFET is isolated electrically from the source by a layer of silicon oxide. The gate
draws only a minute leakage current on the order of nanoamperes. Hence, the gate drive circuit is simple
and power loss in the gate control circuit is practically negligible. Although in steady state the gate draws
virtually no current, this is not so under transient conditions. The gate-to-source and gate-to-drain
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FIGURE 1.5 Power MOSFET circuit symbol. (From Bose, B.K., Modern Power Electronics: Evaluation, Technology,
and Applications, p. 7. © 1992 IEEE. With permission.)

capacitances have to be charged and discharged appropriately to obtain the desired switching speed, and
the drive circuit must have a sufficiently low output impedance to supply the required charging and
discharging currents. The circuit symbol of a power MOSFET is shown in Fig. 1.5.

Power MOSFETs are majority carrier devices, and there is no minority carrier storage time. Hence,
they have exceptionally fast rise and fall times. They are essentially resistive devices when turned on,
while bipolar transistors present a more or less constant Vg, over the normal operating range. Power
dissipation in MOSFET: is IdzRI)s(on), and in bipolars it is IoVg,,. At low currents, therefore, a power
MOSFET may have a lower conduction loss than a comparable bipolar device, but at higher currents,
the conduction loss will exceed that of bipolars. Also, the Ry, increases with temperature.

An important feature of a power MOSFET is the absence of a secondary breakdown effect, which is
present in a bipolar transistor, and as a result, it has an extremely rugged switching performance. In
MOSFETSs, Ry, increases with temperature, and thus the current is automatically diverted away from
the hot spot. The drain body junction appears as an antiparallel diode between source and drain. Thus,
power MOSFETSs will not support voltage in the reverse direction. Although this inverse diode is relatively
fast, it is slow by comparison with the MOSFET. Recent devices have the diode recovery time as low as
100 ns. Since MOSFETs cannot be protected by fuses, an electronic protection technique has to be used.

With the advancement in MOS technology, ruggedized MOSFETs are replacing the conventional
MOSFETs. The need to ruggedize power MOSFETs is related to device reliability. If a MOSFET is operating
within its specification range at all times, its chances for failing catastrophically are minimal. However,
if its absolute maximum rating is exceeded, failure probability increases dramatically. Under actual
operating conditions, a MOSFET may be subjected to transients—either externally from the power bus
supplying the circuit or from the circuit itself due, for example, to inductive kicks going beyond the
absolute maximum ratings. Such conditions are likely in almost every application, and in most cases are
beyond a designer’s control. Rugged devices are made to be more tolerant for overvoltage transients.
Ruggedness is the ability of a MOSFET to operate in an environment of dynamic electrical stresses,
without activating any of the parasitic bipolar junction transistors. The rugged device can withstand
higher levels of diode recovery dv/dt and static dv/dt.

Insulated-Gate Bipolar Transistor (IGBT)

The IGBT has the high input impedance and high-speed characteristics of a MOSFET with the conductivity
characteristic (low saturation voltage) of a bipolar transistor. The IGBT is turned on by applying a positive
voltage between the gate and emitter and, as in the MOSFET, it is turned off by making the gate signal
zero or slightly negative. The IGBT has a much lower voltage drop than a MOSFET of similar ratings.
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FIGURE 1.6 (a) Nonpunch-through IGBT, (b) punch-through IGBT, (c) IGBT equivalent circuit.

The structure of an IGBT is more like a thyristor and MOSFET. For a given IGBT, there is a critical value of
collector current that will cause a large enough voltage drop to activate the thyristor. Hence, the device
manufacturer specifies the peak allowable collector current that can flow without latch-up occurring. There
is also a corresponding gate source voltage that permits this current to flow that should not be exceeded.

Like the power MOSFET, the IGBT does not exhibit the secondary breakdown phenomenon common
to bipolar transistors. However, care should be taken not to exceed the maximum power dissipation and
specified maximum junction temperature of the device under all conditions for guaranteed reliable
operation. The on-state voltage of the IGBT is heavily dependent on the gate voltage. To obtain a low
on-state voltage, a sufficiently high gate voltage must be applied.

In general, IGBTs can be classified as punch-through (PT) and nonpunch-through (NPT) structures, as
shown in Fig. 1.6. In the PT IGBT, an N" buffer layer is normally introduced between the P* substrate and
the N epitaxial layer, so that the whole N drift region is depleted when the device is blocking the off-state
voltage, and the electrical field shape inside the N drift region is close to a rectangular shape. Because a
shorter N™ region can be used in the punch-through IGBT, a better trade-off between the forward voltage
drop and turn-off time can be achieved. PT IGBTs are available up to about 1200 V.

High-voltage IGBTS are realized through a nonpunch-through process. The devices are built on an N
wafer substrate which serves as the N base drift region. Experimental NPT IGBTs of up to about 4 kV
have been reported in the literature. NPT IGBTs are more robust than PT IGBTs, particularly under short
circuit conditions. But NPT IGBTs have a higher forward voltage drop than the PT IGBTs.

The PT IGBTs cannot be as easily paralleled as MOSFETs. The factors that inhibit current sharing of
parallel-connected IGBTs are (1) on-state current unbalance, caused by V(sat) distribution and main
circuit wiring resistance distribution, and (2) current unbalance at turn-on and turn-off, caused by the
switching time difference of the parallel connected devices and circuit wiring inductance distribution.
The NPT IGBTs can be paralleled because of their positive temperature coefficient property.
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FIGURE 1.7 Typical cell cross section and circuit schematic for P-MCT. (From Harris Semiconductor, User’s Guide
of MOS Controlled Thyristor. With permission.)

MOS-Controlled Thyristor (MCT)

The MCT is a new type of power semiconductor device that combines the capabilities of thyristor voltage
and current with MOS gated turn-on and turn-off. It is a high-power, high-frequency, low-conduction
drop and a rugged device, which is more likely to be used in the future for medium and high power
applications. A cross-sectional structure of a p-type MCT with its circuit schematic is shown in Fig. 1.7.
The MCT has a thyristor type structure with three junctions and pnpn layers between the anode and
cathode. In a practical MCT, about 100,000 cells similar to the one shown are paralleled to achieve the
desired current rating. MCT is turned on by a negative voltage pulse at the gate with respect to the anode,
and is turned off by a positive voltage pulse.

The MCT was announced by the General Electric R&D Center on November 30, 1988. Harris
Semiconductor Corporation has developed two generations of p-MCTs. Gen-1 p-MCTs are available at
65 A/1000V and 75 A/600 V with peak controllable current of 120 A. Gen-2 p-MCTs are being developed
at similar current and voltage ratings, with much improved turn-on capability and switching speed.
The reason for developing a p-MCT is the fact that the current density that can be turned off is two
or three times higher than that of an #n-MCT; but n-MCTs are the ones needed for many practical
applications.

The advantage of an MCT over IGBT is its low forward voltage drop. n-type MCTs will be expected to
have a similar forward voltage drop, but with an improved reverse bias safe operating area and switching
speed. MCTs have relatively low switching times and storage time. The MCT is capable of high current
densities and blocking voltages in both directions. Since the power gain of an MCT is extremely high, it
could be driven directly from logic gates. An MCT has high di/dt (of the order of 2500 A/us) and high
dv/dt (of the order of 20,000 V/us) capability.

The MCT, because of its superior characteristics, shows a tremendous possibility for applications such
as motor drives, uninterrupted power supplies, static VAR compensators, and high power active power
line conditioners.

The current and future power semiconductor devices developmental direction is shown in Fig. 1.8.
High-temperature operation capability and low forward voltage drop operation can be obtained if silicon
is replaced by silicon carbide material for producing power devices. The silicon carbide has a higher band
gap than silicon. Hence, higher breakdown voltage devices could be developed. Silicon carbide devices
have excellent switching characteristics and stable blocking voltages at higher temperatures. But the silicon
carbide devices are still in the very early stages of development.
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FIGURE 1.8 Current and future power semiconductor devices development direction. (From Huang, A.Q., Recent
developments of power semiconductor devices, VPEC Seminar Proceedings, pp. 1-9. With permission.)

References

Bose, B.K., Modern Power Electronics: Evaluation, Technology, and Applications, IEEE Press, New York, 1992.

Harris Semiconductor, User’s Guide of MOS Controlled Thyristor.

Huang, A.Q., Recent developments of power semiconductor devices, in VPEC Seminar Proceedings,
September 1995, 1-9.

Mohan, N. and T. Undeland, Power Electronics: Converters, Applications, and Design, John Wiley & Sons,
New York, 1995.

Wojslawowicz, J., Ruggedized transistors emerging as power MOSFET standard-bearers, Power Technics
Magazine, January 1988, 29-32.

Further Information

Bird, B.M. and K.G. King, An Introduction to Power Electronics, Wiley-Interscience, New York, 1984.

Sittig, R. and P. Roggwiller, Semiconductor Devices for Power Conditioning, Plenum, New York, 1982.

Temple, V.A.K., Advances in MOS controlled thyristor technology and capability, Power Conversion,
544-554, Oct. 1989.

Williams, B.W., Power Electronics, Devices, Drivers and Applications, John Wiley, New York, 1987.

1.2 Diodes

Sohail Anwar

Power diodes play an important role in power electronics circuits. They are mainly used as uncontrolled
rectifiers to convert single-phase or three-phase AC voltage to DC. They are also used to provide a path
for the current flow in inductive loads. Typical types of semiconductor materials used to construct diodes
are silicon and germanium. Power diodes are usually constructed using silicon because silicon diodes can
operate at higher current and at higher junction temperatures than germanium diodes. The symbol for a
semiconductor diode is given in Fig. 1.9. The terminal voltage and current are represented as V, and I,
respectively. Figure 1.10 shows the structure of a diode. It has an anode (A) terminal and a cathode (K)
terminal. The diode is constructed by joining together two pieces of semiconductor material—a p-type
and an n-type—to form a pn-junction. When the anode terminal is positive with respect to the cathode
terminal, the pn-junction becomes forward-biased and the diode conducts current with a relatively low
voltage drop. When the cathode terminal is positive with respect to the anode terminal, the pn-junction
becomes reverse-biased and the current flow is blocked. The arrow on the diode symbol in Fig. 1.9 shows
the direction of conventional current flow when the diode conducts.
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Characteristics

The voltage-current characteristics of a diode are shown in Fig. 1.11. In
the forward region, the diode starts conducting as the anode voltage is
increased with respect to the cathode. The voltage where the current starts
to increase rapidly is called the knee voltage of the diode. For a silicon
diode, the knee voltage is approximately 0.7 V. Above the knee voltage,
small increases in the diode voltage produce large increases in the diode
current. If the diode current is too large, excessive heat will be generated,
which can destroy the diode. When the diode is reverse-biased, diode
current is very small for all values of reverse voltage less than the diode
breakdown voltage. At breakdown, the diode current increases rapidly
for small increases in diode voltage.

Principal Ratings for Diodes
Figures 1.12 and 1.13 show typical data sheets for power diodes.

Maximum Average Forward Current

The maximum average forward current (I, m,) is the current a diode
can safely handle when forward biased. Power diodes are available in
ratings from a few amperes to several hundred amperes. For example,
the power diode Dy described in the data specification sheet (Fig 1.12)
can handle up to 6 A in the forward direction when used as a rectifier.

Peak Inverse Voltage

The peak inverse voltage (PIV) of a diode is the maximum reverse voltage
that can be connected across a diode without breakdown. The peak
inverse voltage is also called peak reverse voltage or reverse breakdown
voltage. The PIV ratings of power diodes extend from a few volts to
several thousand volts. For example, the power diode D, has a PIV rating
of up to 1600 V, as shown in Fig. 1.12.

lq

Forward
Region

Breakdown

FIGURE 1.9 Diode symbol.

A

+
Vi

=[]

K

FIGURE1.10 Diode structure.

\\\W\ TU

Reverse
Region

FIGURE 1.11 Diode voltage-current characteristic.
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Rectifier Diode USHA
D6 [I‘QDE] LTD

Technical Data

Typical applications :All purpose high power rectifier diodes, Non-controllable and half
controlled rectifiers . Free-wheeling diodes.

Type No. Vems Vios
(Volts) (Voits)
D&/02 200 300 Features
D Ao il * Reverse voltage upto 1600V.
D6/08 800 Bl = Hermatic glass to metal seal
g me
Daide 1200 1550 + C: Cathode to stud
Deéne 1600 1700 + A: Anode to stud
Symbol Conditions Values
 ftan Sin 180 ;Tcase = 130 °C 6A
Ve Tyj=25'C ;10ms 190 A
Tvj =180 'C; 10 ms 160 A
Rt Tyj=25C 180 A%
Tvj = 180 °C 130 A%
[ Tyj=180°C 2.2 mA max
v, Ty=25°C;l1,=15A 1.25V max
v, Tyj=180°C 0.85V
R, Tvj=180C 25 mQ
RM«} 38°'CwW
R yien 1.0 "CW
T-j 180 °C
Tﬂq -40....+ 180 °C
Mounting torque St units 2 Nm 1 Oty
Weight Approx 20¢g & "”%

Case outline CIP ‘ )
(S

FIGURE 1.12  Diode data sheet—ratings. (From USHA, India. With permission.)
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FIGURE 1.13 Diode data sheet—characteristic curves.
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FIGURE 1.15 Input and output voltage waveforms for the circuit in Fig. 1.14.

Maximum Surge Current

The Igy (forward surge maximum) rating is the maximum current that the diode can handle as an
occasional transient or from a circuit fault. The Iy, rating for the power diode D; is up to 190 A, as
shown in Fig 1.12.

Maximum Junction Temperature

This parameter defines the maximum junction temperature that a diode can withstand without failure.
The maximum junction temperature for the power diode Dy is 180°C.

Rectifier Circuits

Rectifier circuits produce a DC voltage or current from an AC source. The diode is an essential component
of these circuits. Figure 1.14 shows a half-wave rectifier circuit using a diode. During the positive half
cycle of the source voltage, the diode is forward-biased and conducts for v,(t) > E;. The value of E, for
germanium is 0.2 V and for silicon it is 0.7 V. During the negative half cycle of v(¢) , the diode is reverse-
biased and does not conduct. The voltage v,(t) across the load R; is shown in Fig. 1.15.

The half-wave rectifier circuit produces a pulsating direct current that uses only the positive half cycle
of the source voltage. The full-wave rectifier shown in Fig. 1.16 uses both half cycles of source voltage.
During the positive half cycle of v(¢), diodes D, and D, are forward-biased and conduct. Diodes D; and
D, are reverse-biased and do not conduct. During the negative half cycle of v(t), diodes D, and D, are
reverse-biased and do not conduct, whereas diodes D, and D, are forward-biased and conduct. The
voltage v,(t) across the load R; is shown in Fig. 1.17.
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FIGURE 1.17 Input and output voltage waveforms for the circuit in Fig. 1.16.

Testing a Power Diode

An ohmmeter can be used to test power diodes. The ohmmeter is connected so that the diode is forward-
biased. This should give a low resistance reading. Reversing the ohmmeter leads should give a very high
resistance or even an infinite reading. A very low resistance reading in both directions indicates a shorted
diode. A high resistance reading in both directions indicates an open diode.

Protection of Power Diodes

A power diode must be protected against over current, over voltage, and transients.

When a diode is reverse-biased, it acts like an open circuit. If the reverse bias voltage exceeds the breakdown
voltage, a large current flow results. With this high voltage and large current, power dissipation at the
diode junction may exceed its maximum value, destroying the diode. For the diode protection, it is a
usual practice to choose a diode with a peak reverse voltage rating that is 1.2 times higher than the
expected voltage during normal operating conditions.

Current ratings for diodes are based on the maximum junction temperatures. As a safety precaution,
it is reccommended that the diode current be kept below this rated value. Electrical transients can cause
higher-than-normal voltages across a diode. To protect a diode from the transients, an RC series circuit
may be connected across the diode to reduce the rate of change of voltage.
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1.3 Schottky Diodes

Sohail Anwar

Bonding a metal, such as aluminum or platinum, to n-type silicon forms a Schottky diode. The Schottky
diode is often used in integrated circuits for high-speed switching applications. An example of a high-
speed switching application is a detector at microwave frequencies. The Schottky diode has a voltage-
current characteristic similar to that of a silicon pn-junction diode. The Schottky is a subgroup of the TTL
family and is designed to reduce the propagation delay time of the standard TTL IC chips. The construction
of the Schottky diode is shown in Fig. 1.18a, and its symbol is shown in Fig. 1.18b.

Characteristics

The low-noise characteristics of the Schottky diode make it ideal for application in power monitors of
low-level radio frequency, detectors for high frequency, and Doppler radar mixers. One of the main
advantages of the Schottky barrier diode is its low forward voltage drop compared with that of a silicon
diode. In the reverse direction, both the breakdown voltage and the capacitance of a Schottky barrier diode
behave very much like those of a one-sided step junction. In the one-sided step junction, the doping
level of the semiconductor determines the breakdown voltage. Because of the finite radius at the edges
of the diode and because of its sensitivity to surface cleanliness, the breakdown voltage is always somewhat
lower than theoretical predictions.

Data Specifications

The data specification sheet for a DSS 20-0015B power Schottky diode is provided as an example in
Figs. 1.19 and 1.20. Specifications will vary depending on the application and model of Schottky diode.

Testing of Schottky Diodes

Two ways of testing the diodes use either a voltmeter or a digital multimeter. The voltmeter should be
set to the low resistance scale. A single diode or rectifier should read a low resistance, typically, 2/3 scale
from the resistance in the forward direction. In the reverse direction, the resistance should be nearly
infinite. It should not read near 0 Q in the shorted or open directions. The diode will result in a higher

Metallic

AmK A

L]

Si0,—»

n-type

p-type substrate

(a) (b)

FIGURE 1.18 Diagram (a) and symbol (b) of the Schottky diode.
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Power Schottky Rectifier

Preliminary Data

Vasu Verm Type A %2
\" \"
15 15 DSS 20-0015B
Symbol Conditions Maximum Ratings
leams 35 A
leavm T¢ =135 C; rectangular, d = 0.5 20 A
lesm Ty, = 45iC; t, =10 ms (50 Hz), sine 350 A
Eas las =tbd A; L =180 H; T, = 25{C; non repetitive tbd mJ
lar V,o=1.5 Vgay typ.; 1=10 kHz; repetitive tbd A
(dv/dt),, tbd v/ s
Tw -55...+150 C
Tum 150 ¢
Tag -55...+150 C
Piot Tc=25C 9 0 w
M, mounting torque 0.4..0.6 Nm
Weight typical 2 g
Symbol Conditions Characteristic Values
typ. max.
Is Ty, =25iC Vi =Vaau 10 mA
Ty, =100iC Vi = Vaau 200 mA
Ve l-=20A; T, =125C 0.33 \Y
l=20A; Ty,= 25C 0.45 \Y
l.=40A; T,=125iC 0.43 \Y
Rinsc 1.4 KW
ehCH 0.5 KW
Pulse test: Pulse Width = 5 ms, Duty Cycle < 2.0 %

Data according to IEC 60747 and per diode unless otherwise specified

IXYS reserves the right to change limits, Conditions and dimensions.

Iy =20A
V. =0.33V

TO-220 AC

A = Anode, C = Cathode , TAB = Cathode

Features

¥ International standard package
Very low V_
Extremely low switching losses
Low I,,-values
Epoxy meets UL 94V-0

Applications
Rectifiers in switch mode power
supplies (SMPS)
Free wheeling diode in low voltage
converters

Advantages
High reliability circuit operation
Low voltage peaks for reduced
protection circuits
Low noise switching
Low losses

Dimensions see outlines.pdf

FIGURE 1.19 Data specification sheet for a DSS 20-00105B power Schottky diode (front). (Courtesy of IXYS.)
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FIGURE 1.20 Data specification sheet for a DSS 20-00105B power Schottky diode (reverse).

scale reading of resistance as a result of its lower voltage drop. What is being measured is the resistance
at a particular low current point; it is not the actual resistance in a power rectifier circuit.

The digital multimeter will usually have a diode test mode. When using this mode, a silicon diode
should read between 0.5 to 0.8 V in the forward direction and open in the reverse direction. A germanium
diode will be in the range of 0.2 to 0.4 V in the forward direction. By using the normal resistance range,
these diodes will usually show open for any semiconductor junction since the voltmeter does not apply
enough voltage to reach the value of the forward drop.
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1.4 Thyristors

Sohail Anwar

Thyristors are four-layer pnpn power semiconductor devices. These devices switch between conducting
and nonconducting states in response to a control signal. Thyristors are used in timing circuits, AC motor
speed control, light dimmers, and switching circuits. Small thyristors are also used as pulse sources for
large thyristors. The thyristor family includes the silicon-controlled rectifier (SCR), the DIAC, the Triac,
the silicon-controlled switch (SCS), and the gate turn-off thyristor (GTO).

The Basics of Silicon-Controlled Rectifiers (SCR)

The SCR is the most commonly used electrical power controller. An SCR is sometimes called a pnpn
diode because it conducts electrical current in only one direction. Figure 1.21a shows the SCR symbol.
It has three terminals: the anode (A), the cathode (K), and the gate (G). The anode and the cathode
are the power terminals and the gate is the control terminal. The structure of an SCR is shown in
Fig. 1.21b.

When the SCR is forward-biased, that is, when the anode of an SCR is made more positive with respect
to the cathode, the two outermost pn-junctions are forward-biased. The middle pn-junction is reverse-
biased and the current cannot flow. If a small gate current is now applied, it forward-biases the middle pn-
junction and allows a much larger current to flow through the device. The SCR stays ON even if the gate
current is removed. SCR shutoff occurs only when the anode current becomes less than a level called the
holding current (I;).

Characteristics

The volt-ampere characteristic of an SCR is shown in Fig. 1.22. If the forward bias is increased to the
forward breakover voltage, V5o, the SCR turns ON. The value of forward breakover voltage is controlled
by the gate current I;. If the gate-cathode pn-junction is forward-biased, the SCR is turned ON at a lower
breakover voltage than with the gate open. As shown in Fig. 1.22, the breakover voltage decreases with
an increase in the gate current. At a low gate current, the SCR turns ON at a lower forward anode voltage.
At a higher gate current, the SCR turns ON at a still lower value of forward anode voltage.

When the SCR is reverse-biased, there is a small reverse leakage current (I). If the reverse bias is
increased until the voltage reaches the reverse breakdown voltage (V|zz)z), the reverse current will increase
sharply. If the current is not limited to a safe value, the SCR may be destroyed.

(anode)
A
G
(gate)
K
(cathode) (gSte)
(a) (b)

FIGURE 1.21 (a) The SCR symbol; (b) the SCR structure.
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FIGURE 1.22 SCR characteristics.
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FIGURE 1.23 An SCR turn-off circuit.

SCR Turn-Off Circuits
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If an SCR is forward-biased and a gate signal is applied, the device turns ON. Once the anode current is
above I, the gate loses control. The only way to turn OFF the SCR is to make the anode terminal negative
with respect to the cathode or to decrease the anode current below I;;. The process of SCR turnoff is called
commutation. Figure 1.23 shows an SCR commutation circuit. This type of commutation method is called
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AC line commutation. The load current I; flows during the positive half cycle of the source voltage. The
SCR is reverse-biased during the negative half cycle of the source voltage. With a zero gate current, the
SCR will turn OFF if the turn-off time of the SCR is less than the duration of the half cycle.

SCR Ratings
A data sheet for a typical thyristor follows this section and includes the following information:

Surge Current Rating (Ip,)—The surge current rating (I,) of an SCR is the peak anode current an
SCR can handle for a short duration.
Latching Current (I;)—A minimum anode current must flow through the SCR in order for it to stay
ON initially after the gate signal is removed. This current is called the latching current (I;).
Holding Current (I;)—After the SCR is latched on, a certain minimum value of anode current is
needed to maintain conduction. If the anode current is reduced below this minimum value, the
SCR will turn OFF.

Peak Repetitive Reverse Voltage (Vypy)—The maximum instantaneous voltage that an SCR can with-
stand, without breakdown, in the reverse direction.

Peak Repetitive Forward Blocking Voltage (Vpry)—The maximum instantaneous voltage that the SCR
can block in the forward direction. If the Vi, rating is exceeded, the SCR will conduct without
a gate voltage.

Nonrepetitive Peak Reverse Voltage (Vygy)—The maximum transient reverse voltage that the SCR can
withstand.

Maximum Gate Trigger Current (Igry)—The maximum DC gate current allowed to turn the SCR ON.

Minimum Gate Trigger Voltage (V;r)—The minimum DC gate-to-cathode voltage required to trigger
the SCR.

Minimum Gate Trigger Current (I;r)—The minimum DC gate current necessary to turn the SCR ON.

The DIAC

A DIAC is a three-layer, low-voltage, low-current semiconductor switch. The DIAC symbol is shown in
Fig. 1.24a. The DIAC structure is shown in Fig. 1.24b. The DIAC can be switched from the OFF to the
ON state for either polarity of applied voltage.

The volt-ampere characteristic of a DIAC is shown in Fig. 1.25. When Anode 1 is made more positive
than Anode 2, a small leakage current flows until the breakover voltage Vj, is reached. Beyond Vy, the

Anode 1 Anode 1

" |

— N/,
AY N,

b /N,

O
Anode 2 Anode 2
(@ (b)

FIGURE 1.24 (a) The DIAC symbol; (b) the DIAC structure.
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FIGURE 1.25 The DIAC characteristics.

MTI1

WP\i
N

NP N

MT, O O MT, /- T

Gate MT2
(a) (b)

FIGURE 1.26 (a) The Triac symbol; (b) the Triac structure.

DIAC will conduct. When Anode 2 is made more positive relative to Anode 1, a similar phenomenon
occurs. The breakover voltages for the DIAC are almost the same in magnitude in either direction. DIACs
are commonly used to trigger larger thyristors such as SCRs and Triacs.

The Triac

The Triac is a three-terminal semiconductor switch. It is triggered into conduction in both the forward
and the reverse directions by a gate signal in a manner similar to the action of an SCR. The Triac symbol
is shown in Fig. 1.26a and the Triac structure is shown in Fig. 1.26b.

The volt-ampere characteristic of the Triac is shown in Fig. 1.27. The breakover voltage of the Triac
can be controlled by the application of a positive or negative signal to the gate. As the magnitude of
the gate signal increases, the breakover voltage decreases. Once the Triac is in the ON state, the gate
signal can be removed and the Triac will remain ON until the main current falls below the holding
current (I;) value.

The Silicon-Controlled Switch

The SCS is a four-layer pnpn device. The SCS symbol is shown in Fig. 1.28a and the SCS structure is
shown in Fig. 1.28b. The SCS has two gates labeled as the anode gate (AG) and the cathode gate (KG).
An SCS can be turned ON by the application of a negative gate pulse at the anode gate. When the SCS
is in the ON state, it can be turned OFF by the application of a positive pulse at the anode gate or a
negative pulse at the cathode gate.
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FIGURE 1.27 The Triac characteristics.
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FIGURE 1.28 (a) The SCS symbol; (b) the SCS structure.
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FIGURE 1.29 (a) The GTO symbol; (b) the GTO structure.

The Gate Turn-Off Thyristor

The GTO is a power semiconductor switch that turns ON by a positive gate signal. It can be turned OFF
by a negative gate signal. The GTO symbol is shown in Fig. 1.29a and the GTO structure is shown in
Fig. 1.29b. The GTO voltage and current ratings are lower than those of SCRs. The GTO turn-off time
is lower than that of SCR. The turn-on time is the same as that of an SCR.

Data Sheet for a Typical Thyristor

Figures 1.30 to 1.35 are the data sheets for a typical thyristor.
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Philips Semiconductors Product specification
]

Thyristors BT151S series
BT151M series

GENERAL DESCRIPTION QUICK REFERENCE DATA

Passivated thyristors in a plastic SYMBOL | PARAMETER MAX. | MAX. | MAX. |UNIT
envelope, suitable for surface
mounting, intended for use in BT1518 (or BT151M)- | 500R | 650R | 800R
applications requiring high Voru, Repetitive peak off-state 500 | 650 | 800 \
bidirectional blocking voltage Varm voltages
capability and high thermal cycling Iravy Average on-state current 7.5 75 7.5 A
performance. Typical applications trrus) RMS on-state current 12 12 12 A
include motor control, industrial and lrsm Non-repetitive peak on-state 100 100 100 A
domestic lighting, heating and static current
switching.
PINNING - SOT428 PIN CONFIGURATION SYMBOL

PIN Standard | Alternative tab

NUMBER ) M
1 cathode gate a k
2 anode anode
]
3 gate cathode H 2 Q g
tab anode anode 1 3

LIMITING VALUES
Limiting values in accordance with the Absolute Maximum System (IEC 134).

SYMBOL |PARAMETER CONDITIONS MIN. MAX. UNIT
-500R | -650R | -800R
Ve Vrru | Repetitive peak off-state - 500" | 650* | 800 \%
voltages
Iravy Average on-state current | half sine wave; T, <103 °C - 7.5 A
l1(rus) RMS on-state current all conduction angles - 12 A
lism Non-repetitive peak half sine wave; T; = 25 °C prior to
on-state current surge
t=10ms - 100 A
t=8.3ms - 110 A
2t 12t for fusing t=10ms - 50 A%
dl./dt Repetitive rate of rise of |l =20 A; Ig = 50 mA; - 50 Alus
on-state current after dig/dt = 50 mA/us
triggering
lon Peak gate current - 2 A
Vem Peak gate voltage - 5 \
Vren Peak reverse gate voltage - 5 \
Peu Peak gate power - 5 w
Py Average gate power over any 20 ms period - 0.5 w
sig Storage temperature -40 150 C
T Operating junction - 125 °C
temperature

1 Although not recommended, off-state voltages up to 800V may be applied without damage, but the thyristor may
switch to the on-state. The rate of rise of current should not exceed 15 Alus.

June 1999 1 Rev 1.200

FIGURE 1.30 Page 1 of a data sheet for a typical thyristor. (From Philips Semiconductors. With permission.)
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Philips Semiconductors Product specification

Thyristors BT151S series
BT151M series

THERMAL RESISTANCES

SYMBOL |PARAMETER CONDITIONS MIN. | TYP. | MAX. | UNIT
Ry jmb Thermal resistance - - 1.8 KW
junction to mounting base
Rinja Thermal resistance pcb (FR4) mounted; footprint as in Fig.14 - 75 - KW
junction to ambient
STATIC CHARACTERISTICS
T, = 25 "C unless otherwise stated
SYMBOL |PARAMETER CONDITIONS MIN. | TYP. | MAX. | UNIT
ler Gate trigger current Vp=12V;;=0.1A - 2 15 mA
Ie Latching current Vp=12V;ler=0.1A - 10 40 mA
Iy Holding current Vp=12V;lgr=0.1A - 7 20 mA
Vo On-state voltage ;=23 A - 1.4 1.75 \4
Vot Gate trigger voltage Vp=12V;11=0.1A - 0.6 1.5 \i
Vp= VDRM(,“;,), =01A;T;=125°C 025 | 04 - Vv
Io, g Off-state leakage current |V, = VDRM(,“,,,), Ve = VRRW,,.E,), T,=125°C - 0.1 0.5 mA
DYNAMIC CHARACTERISTICS
T, = 25 °C unless otherwise stated
SYMBOL |PARAMETER CONDITIONS MIN. | TYP. | MAX. | UNIT
dVp/dt Critical rate of rise of Vou = 67% Vormmaxs 1; = 125 °C;
off-state voltage exponential waveform
Gate open circuit 50 130 - Vius
Re =100 | 200 | 1000 - Vius
te Gate controlled turn-on =40 A; Vp = VDRM(,,,ax); ls=0.1A; - 2 - us
time dIG/dt =5 Alus
t Circuit commutated =67% VDRM(,M,, - 70 - us
turn-off time I =20 A;V, éV dITM/dt = 30 Alus;
dVD/dt 50 V/us RGK 100 Q
June 1999 2 Rev 1.200

FIGURE 1.31 Page 2 of a data sheet for a typical thyristor. (From Philips Semiconductors. With permission.)
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Philips Semiconductors Product specification

Thyristors BT151S series
BT151M series

Piot/ W Tmb(max)/C 1TSM/A
] p—— 98 120 1T 171
omaseten [ ) _ITSM
«».2‘&; '23" al=157 100 g Z E il
e |28 1.9 Tl time
PP I 22 107 a0 |—— Tjinitial = 25% max |||
180 | i57 28 —
/. a 4 v T~
5 / — 116 w0 ™~
/ [ 7 11
\ J 20
/ ~
0 L ) L 125
0 1 2 3 4 s 6 7 8 03 10 100 1000
IF(AV) 1 A Number of half cycles at 50Hz
Fig.1. Maximum on-state dissipation, P,,, versus Fig.4. Maximum permissible non-repetitive peak
average on-state curremt, Iy, where on-state current Irey, versus number of cycles, for
a = form factor = lyysy Iay) sinusoidal currents, f = 50 Hz.
1000 ITSM /A 25 IT(RMS)/ A
PR 20
\ \\\
W dlfat limil 15 T
100 | | |] manal
 —
0 10
Oy E_ITSM
|| T time 5
T initial = 25T max
10 I A
10us 100us ms 10ms. 8.01 0.1 1 10
Tis surge duration /s
Fig.2. Maximum permissible non-repetitive peak Fig.5. Maximum permissible repetitive rms on-state
on-state current Irey, versus pulse width t,, for current lygys, versus surge duration, for sinusoidal
sinusoidal currents, {,< 10ms. currents, =50 Hz; T, < 103°C.
IT(RMS) /A VGT(T]
15 16 IGTE5C)
103°C
14
o 12
1
5 08
06
%3 0 50 100 150 0dgs 0 50 100 150
Tmb /C T/c
Fig.3. Maximum permissible rms current lrgys) , Fig.6. Normalised gate trigger voltage
versus mounting base temperature T, Ve T) Vsr(25°C), versus junction temperature T,
June 1999 3 Rev 1.200

FIGURE 1.32 Page 3 of a data sheet for a typical thyristor. (From Philips Semiconductors. With permission.)
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Philips Semiconductors Product specification

Thyristors BT151S series
BT151M series

IGT(T) 30 IT/A
3 BT25C) Tj=126C ——— 7 //
Tj=25C —— /
25
25 Vo =106V / /
Rs = 0.0304 chm:
20 tvp £ max
2 S
avi
15 4
1.5 7 /
[/
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5 /
05 ;i
//_,/
%55 0 50 700 750 % 0§ 1 15 2
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Fig.7. Normalised gate trigger current Fig.10. Typical and maximum on-state characteristic.
Ier(T) 15:(25°C), versus junction temperature T,
1L(Tj
5 LE@5C)
25
2
i5
1
|
05
% ) 50 100 150 ms
Tic
Fig.8. Normalised latching current I,(T)/ 1,(256°C), Fig.11. Transient thermal impedance Zy, ;.,;,, versus
versus junction temperature T, pulse width t,.
IH(T)) dvD/dt {Vius)
, 50y 10000
25 ==
.
) 1000 EE%E%
15 ~— T
\\
1 100 —— qale apen cirguit
05
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e e
Fig.9. Normalised holding current I(T)/ 1,(25°C), Fig.12. Typical, critical rate of rise of off-state voltage,
versus junction temperature T, dV,,/dt versus junction temperature T,
June 1999 4 Rev 1.200

FIGURE 1.33 Page 4 of a data sheet for a typical thyristor. (From Philips Semiconductors. With permission.)
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Philips Semiconductors Product specification

Thyristors BT1518S series
BT151M series

MECHANICAL DATA

Dimensions in mm

seating plana
Net Mass: 1.1g
6.73 max 14 2.38 max 54
tab l 093 max, r | —
[ ]
4 min|
6,22 max|
10.4 max
4.6 :
[H]
1: J 2 0.5 min g
1 3. T —
_'| 0.6 max °§:| —
(x2)
2,285 (x2 -

Fig.13. SOT428 : centre pin connected to tab.

MOUNTING INSTRUCTIONS

Dimensions in mm

7.0

Fig.14. SOT428 : minimum pad sizes for surface mounting.

Notes
1. Plastic meets UL94 VO at 1/8".

June 1999 5 Rev 1.200

FIGURE 1.34 Page 5 of a data sheet for a typical thyristor. (From Philips Semiconductors. With permission.)
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Philips Semiconductors Product specification

Thyristors BT151S series
BT151M series

DEFINITIONS

Data sheet status

Objective specification | This data sheet contains target or goal specifications for product development.
Preliminary specification | This data sheet contains preliminary data; supplementary data may be published later.
Product specification This data sheet contains final product specifications.

Limiting values

Limiting values are given in accordance with the Absolute Maximum Rating $r¥lstem (IEC 134). Stress above one
or more of the limiting values may cause permanent damage to the device. These are stress ratings only and
operation of the device at these or at any other conditions above those given in the Characteristics sections of
this specification is not implied. Exposure to limiting values for extended periods may affect device reliability.

Application information

Where application information is given, it is advisory and does not form part of the specification.
© Philips Electronics N.V. 1999

All rights are reserved. Reproduction in whole or in part is prohibited without the prior written consent of the
copyright owner.

The information presented in this document does not form part of any quotation or contract, it is believed to be
accurate and reliable and may be changed without notice. No liability will be accepted by the publisher for any
consequence of its use. Publication thereof does not convey nor imply any license under patent or other
industrial or intellectual property rights.

LIFE SUPPORT APPLICATIONS

These products are not designed for use in life support appliances, devices or systems where malfunction of these
products can be reasonably expected to result in personal injury. Philips customers using or selling these products
for use in such applications do so at their own risk and agree to fully indemnify Philips for any damages resulting
from such improper use or sale.

June 1999 6 Rev 1.200

FIGURE 1.35 Page 6 of a data sheet for a typical thyristor. (From Philips Semiconductors. With permission.)

1.5 Power Bipolar Junction Transistors

Sohail Anwar

Power bipolar junction transistors (BJTs) play a vital role in power circuits. Like most other power devices,
power transistors are generally constructed using silicon. The use of silicon allows operation of a BJT at
higher currents and junction temperatures, which leads to the use of power transistors in AC applications
where ranges of up to several hundred kilowatts are essential.

The power transistor is part of a family of three-layer devices. The three layers or terminals of a transistor
are the base, the collector, and the emitter. Effectively, the transistor is equivalent to having two pn-diode
junctions stacked in opposite directions to each other. The two types of a transistor are termed npn and
pnp. The npn-type transistor has a higher current-to-voltage rating than the pnp and is preferred for most
power conversion applications. The easiest way to distinguish an npn-type transistor from a pnp-type is
by virtue of the schematic or circuit symbol. The pnp type has an arrowhead on the emitter that points
toward the base. Figure 1.36 shows the structure and the symbol of a pnp-type transistor. The npn-type
transistor has an arrowhead pointing away from the base. Figure 1.37 shows the structure and the symbol
of an npn-type transistor.

When used as a switch, the transistor controls the power from the source to the load by supplying sufficient
base current. This small current from the driving circuit through the base—emitter, which must be maintained,
turns on the collector—emitter path. Removing the current from the base—emitter path and making the base
voltage slightly negative turns off the switch. Even though the base—emitter path may only utilize a small
amount of current, the collector—emitter path is capable of carrying a much higher current.
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FIGURE 1.36  pnp transistor structure (a) and circuit symbol (b).
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FIGURE 1.37 npn transistor structure (a) and circuit symbol (b).

The Volt-Ampere Characteristics of a BJT

The volt-ampere characteristics of a BJT are shown in Fig. 1.38. Power transistors have exceptional
characteristics as an ideal switch and they are primarily used as switches. In this type of application, they
make use of the common emitter connection shown in Fig. 1.39. The three regions of operation for a
transistor that must be taken into consideration are the cutoff, saturation, and the active region. When the
base current (I) is zero, the collector current (I.) is insignificant and the transistor is driven into the cutoff
region. The transistor is now in the OFF state. The collector—base and base—emitter junctions are reverse-
biased in the cutoff region or OFF state, and the transistor behaves as an open switch. The base current
(Iz) determines the saturation current. This occurs when the base current is sufficient to drive the
transistor into saturation. During saturation, both junctions are forward-biased and the transistor acts
like a closed switch. The saturation voltage increases with an increase in current and is normally between
0.5 to 2.5 V. The active region of the transistor is mainly used for amplifier applications and should be
avoided for switching operation. In the active region, the collector-base junction is reversed-biased and
the base—emitter junction is forward-biased.
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FIGURE 1.38 BJT V-I characteristic.

FIGURE 1.39  Biasing of a transistor.

BJT Biasing

When a transistor is used as a switch, the control circuit provides the necessary base current. The current
of the base determines the ON or OFF state of the transistor switch. The collector and the emitter of the
transistor form the power terminals of the switch.

The DC load line represents all of the possible operating points of a transistor and is shown in Fig. 1.40.
The operating point is where the load line and the base current intersect and is determined by the values
of V- and R..

In the ON state, the ideal operating point occurs when the collector current I.. is equal to V /R and
Vg is zero. The actual operating point occurs when the load line intersects the base current at the saturation
point. This occurs when the base current equals the saturation current or Iy = Iy, At this point, the
collector current is maximum and the transistor has a small voltage drop across the collector—emitter
terminals called the saturation voltage Vi

In the OFF state, or cutoff point, the ideal operating point occurs when the collector current I. is zero
and the collector—emitter voltage Vi is equal to the supply voltage V. The actual operating point, in
the OFF state, occurs when the load line intersects the base current (I; = 0). At the cutoff point, the
collector current is the leakage current. By applying Kirchoff’s voltage law around the output loop, the
collector—emitter voltage (V) can be found.

The operating points between the saturation and cutoff constitute the active region. When operating
in the active region, high power dissipation occurs due to the relatively high values of collector current
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FIGURE 1.40 DC load line.

I and collector—emitter voltage V. For satisfactory operation, a slightly higher than minimum base
current will ensure a saturated ON state and will result in reduced turn-on time and power dissipation.

BJT Power Losses

The four types of transistor power losses are the ON-state and OFF-state losses and turn-ON and turn-OFF
switching loss. OFF-state transistor losses are much lower than ON-state losses since the leakage current
of the device is within a few milliamps. Essentially, when a transistor is in the off state, whatever the
value of collector—emitter voltage, there is no collector current. Switching losses depend on switching
frequency. The highest possible switching frequency of the transistor is limited by the losses due to the
rate of switching. In other words, the higher the switching frequency, the more power loss in the transistor.

BJT Testing

Testing of the state of a transistors can be done with a multimeter. When a transistor is forward-biased,
the base—collector and base—emitter regions should have a low resistance. When reverse-biased, the base—
collector and base—emitter regions should have a high resistance. When testing the resistance between
the collector and the emitter, the resistance reading should result in a much higher than forward bias
base—collector and base—emitter resistance. However, faulty power transistors can appear shorted when
measuring resistance across the collector and emitter, but still pass both junction tests.

BJT Protection

Transistors must be protected against high currents and voltages to prevent damage to the device. Since they
are able to absorb very little energy before breakdown, semiconductor fuses cannot protect them. Thermal
conditions are vitally important and can occur during high-frequency switching. Some of the most
common types of BJT protection are overcurrent and overvoltage protection. Electronic protection
techniques are also frequently used to provide needed protection for transistors.

Overcurrent protection turns the transistor OFF when the collector—emitter voltage and collector
current reach a preset value. When the transistor is in the ON state, an increase in collector—emitter
voltage causes an increase in the collector current and therefore an increase in junction temperature.
Since the BJT has a negative temperature coefficient, the increase in temperature causes a decrease in
resistance and results in an even higher collector current. This condition, called positive feedback, could
eventually lead to thermal runaway and destroy the transistor. One such method of overcurrent protection
limits the base current during an external fault. With the base current limited, the device current will be
limited at the saturation point, with respect to the base current, and the device will hold some value of
the voltage. This feature turns the transistor off without being damaged and is used for providing
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ﬁNational Semiconductor

LM195/LM395

July 2000

Ultra Reliable Power Transistors

General Description

The LM195/LM395 are fast, monolithic power integrated cir-
cuits with complete overload protection. These devices,
which act as high gain power transistors, have included on
the chip, current limiting, power limiting, and thermal over-
load protection making them virtually impossible to destroy
from any type of overload. In the standard TO-3 transistor
power package, the LM195 will deliver load currents in ex-
cess of 1.0A and can switch 40V in 500 ns.

The inclusion of thermal limiting, a feature not easily avail-
able in discrete designs, provides virtually absolute protec-
tion against overload. Excessive power dissipation or inad-
equate heat sinking causes the thermal limiting circuitry to
turn off the device preventing excessive heating.

The LM195 offers a significant increase in reliability as well
as simplifying power circuitry. In some applications, where
protection is unusually difficult, such as switching regulators,
lamp or solenoid drivers where normal power dissipation is
low, the LM195 is especially advantageous.

The LM195 is easy to use and only a few precautions need
be observed. Excessive collector to emitter voltage can de-
stroy the LM195 as with any power transistor. When the de-
vice is used as an emitter follower with low source imped-

ance, it is necessary to insert a 5.0k resistor in series with
the base lead to prevent possible emitter follower oscilla-
tions. Although the device is usually stable as an emitter fol-
lower, the resistor eliminates the possibility of trouble without
degrading performance. Finally, since it has good high fre-
quency response, supply bypassing is recommended.

For low-power applications (under 100 mA), refer to the
LP395 Ultra Reliable Power Transistor.

The LM195/LM395 are available in the standard TO-3, Kovar
TO-5, and TO-220 packages. The LM195 is rated for opera-
tion from 55C to +150C and the LM395 from 0C to
+125 C.

Features

Internal thermal limiting

Greater than 1.0A output current

3.0 A typical base current

500 ns switching time

2.0V saturation

Base can be driven up to 40V without damage
Directly interfaces with CMOS or TTL

100% electrical burn-in

3 3333333

Simplified Circuit

| |cotLecTon
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12v
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DS006009-16
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DS006009-1

FIGURE 1.41 Typical data sheet for a power transistor (page 1). (From National Semiconductor. With permission.)
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Connection Diagrams

TO-3 Metal Can Package TO-220 Plastic Package
BASE COLLECTOR EMTER
[ ) CoLLECTOR
O [ [
I — T 3
CASE IS
EMITTER DS006009-3
Case is Emitter
DS006009-2 Top Vlew
Bottom View Order Number LM395T
Order Number LM195K/883 See NS Package Number T03B
See NS Package Number K02A
(Note 5)

TO-5 Metal Can Package

CASE IS EMITTER
DS006009-4
Bottom View
Order Number LM195H/883
See NS Package Number H03B
(Note 5)

FIGURE 1.42 Typical data sheet for a power transistor (page 2). (From National Semiconductor. With permission.)
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Absolute Maximum Ratings (Note 1)

If Military/Aerospace specified devices are required,
please contact the National Semiconductor Sales Office/
Distributors for availability and specifications.

Base to Emitter Voltage (Reverse)

Collector Current

Power Dissipation

Operating Temperature Range

20V

Internally Limited
Internally Limited

Collector to Emitter Voltage LM195 55C to +150C
LM195 42V LM395 0Cto+125C
LM395 36V Storage Temperature Range 65C to+150C

Collector to Base Voltage Lead Temperature
LM195 42V (Soldering, 10 sec.) 260 C
LM395 36V

Base to Emitter Voltage (Forward)

LM195 42V
LM395 36V

Preconditioning

100% Burn-In In Thermal Limit

Electrical Characteristics

(Note 2)

Parameter Conditions LM195 LM395 Units
Min Typ Max Min Typ Max
Collector-Emitter Operating Voltage lg < lg < Iyax 42 36 \
(Note 4)
Base to Emitter Breakdown Voltage 0 < Ve < Veemax 42 36 60 Vv
Collector Current
TO-3, TO-220 Vee < 15V 1.2 2.2 1.0 2.2 A
TO-5 Vee € 7.0V 1.2 1.8 1.0 1.8 A
Saturation Voltage Ic<1.0A, T,=25C 1.8 2.0 1.8 22 \
Base Current 0<lc<|
G = max 30 | 50 3.0 10 A
0 < Vce < Veemax
Quiescent Current (| Vpe =0
(la) ee 20 | 50 2.0 10 mA
0 < Vge < Veemax
Base to Emitter Voltage Ic=10A, T, =+25C 0.9 0.9 \]
Switching Time Vce = 36V, R_ = 369,
9 ce - 500 500 ns
To=25C
Thermal Resistance Junction to TO-3 Package (K) 23 3.0 2.3 3.0 C/W
Case (Note 3) TO-5 Package (H) 12 15 12 15 C/wW
TO-220 Package (T) 4 6 C/wW

Note 1: »Absolute Maximum Ratings..indicate limits beyond which damage to the device may occur. Operating Ratings indicate conditions for which the device is
functional, but do not guarantee specific performance limits.

Note 2: Unless otherwise specified, these specifications apply for 55 C < T; < +150 C for the LM195 and 0 C < +125 C for the LM395.

Note 3: Without a heat sink, the thermal resistance of the TO-5 package is about +150 C/W, while that of the TO-3 package is +35 C/W.
Note 4: Selected devices with higher breakdown available.
Note 5: Refer to RETS195H and RETS195K drawings of military LM195H and LM195K versions for specifications.
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FIGURE 1.43 Typical data sheet for a power transistor (page 3). (From National Semiconductor. With permission.)




Collector Characteristics
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Typical Performance Characteristics (for k and T Packages)

Short Circuit Current
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