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PREFACE

In most electronic systems, voltage regulation is required for various
functions. Today’s complex electronic systems are requiring greater reg-
ulating performance, higher efficiency and lower parts count. Present
integrated circuit and power package technology have produced IC volt-
age regulators which can ease the task of regulated power supply design,
provide the performance required and remain cost effective. Available in
a growing variety, Motorola offers a wide range of regulator products
from fixed and adjustable voltage types to special-function and switching
regulator control ICs.

This handbook describes Motorola’s voltage regulator products and
provides information on applying these products. Basic Linear regulator
theory and switching regulator topologies has been included along with
practical design examples. Other relevant topics include: trade-offs of
Linear versus switching regulators, series pass elements for Linear reg-
ulators, switching regulator component design considerations, heatsink-
ing, construction and layout, power supply supervision and protection,
and reliability. A Motorola regulator selector guide along with data sheets
and an industry cross-reference are also contained in this handbook.
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SECTION 1
BASIC LINEAR REGULATOR THEORY

A. THE IC VOLTAGE REGULATOR

The basic functional block diagram of an integrated circuit voltage regulator is
shown in Figure 1-1. It consists of a stable reference, whose output voltage is VReF,
and a high gain error amplifier. The output voltage, Vo, is equal to, or a multiple of,
Vrer. The regulator will tend to keep Vo constant by sensing any changes in Vo and
trying to return it to its original value. Therefore, the ideal voltage regulator could
be considered a voltage source with a constant output voltage. However, in practice
the IC regulator is better represented by the model shown in Figure 1-2.

In this figure, the regulator is modeled as a voltage source with a positive
output impedance, Zo. The value of the voltage source, V, is not constant; instead,
it varies with changes in supply voltage, Vcc, and with changes in IC junction
temperature, Tj, induced by changes in ambient temperature and power dissipation.
Also, the regulator output voltage, Vo, is affected by the voltage drop across Zo,
caused by the output current, Io. In the following text, the reference and amplifier
sections will be described, and their contributions to the changes in the output
voltage analyzed.

B. THE VOLTAGE REFERENCE

Naturally, the major requirement for the reference is that it be stable; varia-
tions in supply voltage or junction temperature should have little or no effect on the
value of the reference voltage, VrEr.

The Zener Diode Reference

The simplest form of a voltage reference is shown in Figure 1-3a. It consists of
aresistor and a zener diode. The zener voltage, Vz, is used as the reference voltage.
In order to determine Vz, consider Figure 1-3b. The zener diode, VR1, of Figure
1-3a has been replaced with its equivalent circuit model and the value of Vz is
therefore given by (at a constant junction temperature):

Vz = VBz + 1zZz = VBz + (%) Zz (1)

where  VBz = zener breakdown voltage
Iz = zener current
Zz = zener impedance at Iz

Note that changes in the supply voltage give rise to changes in the zener current,
thereby changing the value of Vz, the reference voltage.

1
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Figure 1-3. Zener Diode Reference




The Constant Current — Zener Reference

The effect of zener impedance can be minimized by driving the zener diode
with a constant current as shown in Figure 1-4. The value of the zener current is
largely independent of Vcc and is given by:

~_ VBeqQi
Iz = Rsc (2)

where VBeQi = base-emitter voltage of QI
This gives a reference voltage of:

VRer = Vz + VBeQi = Vez + [2Zz + VBEQI 3)

where Iz is constant and given by equation 2.

The reference voltage (about 7 V) of this configuration is therefore largely inde-
pendent of supply voltage variations. This configuration has the additional benefit
of better temperature stability than that of a simple resistor-zener reference.

Referring back to Figure 1-3a, it can be seen that the reference voltage
temperature stability is equal to that of the zener diode, VR 1. The stability of zener
diodes used in most integrated circuitry is about +2.2 mV/°C or = .04%]/°C(for a
6.2 V zener). If the junction temperature varies 100°C, the zener, or reference,
voltage would vary 4%. A variation this large is usually unacceptable.

However, the circuit of Figure 1-4 does not have this drawback. Here the
positive 2.2 mV/°C temperature coefficient (TC) of the zener diode is offset by the
negative 2.2 mV/°C TC of the Vst of Q1. This results in a reference voltage with
very stable temperature characteristics.

VREF

Figure 1-4. Constant Current — Zener Reference
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The Bandgap Reference

Although very stable, the circuit of Figure 1-4 does have a disadvantage in that
it requires a supply voltage of 9 volts or more. Another type of stable reference
which requires only a few volts to operate was described by Widlar! and is shown in
Figure 1-5. In this circuit VreF is given by:

Vrer = VB3 + [2R2 4

_ VBEQI — VBEQ

where I R

(neglecting base currents)

The change in VRrer with junction temperature is given by:
AVBeQi — AVBEQ2

AVrer = AVee3 + { R + Rz (5)
It can be shown that,

AVeeqi = AT;K In i 6)
and AVee@ = ATiK In2 @)
where K = a constant

AT; = change in junction temperature
and L'>1D
Combining (5), (6), and (7)
AVrer = AVBeqs + ATK (B—z) 111-Il 8)
Ri Iz
Vce
—O VReF

Figure 1-5. Bandgap Reference
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Since AVBeQs is negative, and with I > 12, 1n Ii/]2 is positive, the net change in
VRrer with temperature variations can be made to equal zero by appropriately
selecting the values of Ii, Ri, and Ra.

C. THE ERROR AMPLIFIER

Given a stable reference, the error amplifier becomes the determining factor in
integrated circuit voltage regulator performance. Figure 1-6 shows a typical diffe-
rential error amplifier in a voltage regulator configuration. With a constant supply
voltage, Vcc, and junction temperature, the output voltage is given by:

Vo = AvoL vi — ZoL Io = AvoL {(Vrerx Vio) — Vo B} — Zor Io C)]

where AvoL = amplifier open loop gain

Vio = input offset voltage
ZoL = open loop output impedance
B = _ITI-{T-I_R—z = feedback ratio ( 8 is always< 1)

Io = output current

vi = true differential input voltage

Manipulating (9)

ZoL
(Vrer = Vio) — —— Io
Vo = 1 AvoL (10)
B+ Ko

Note that if the amplifier open loop gain is infinite, this expression reduces to:

Vo :LIB(VREFi' Vio) = (Vrerx Vio) (1 +-Il%) (11

The output voltage can thus be set any value equal to or greater than (Vrer= Vi0).
Note also that if AvoL is not infinite, with constant output current (a non-varying
output load), the output voltage can still be ‘‘tweaked in’’ by varying R1 and Rz
even though Vo will not exactly equal that given by equation 11.

Assuming a stable reference and a finite value of AvoL, inaccuracy of the
output voltage can be traced to the following amplifier characteristics:

1. Amnlifier innut offset voltace drift —

RRApRALATA AlRpURes URASSS YURIG Y wiiav

The input transistors of mtegrated circuit amplifiers are usually not perfectly
matched. As in operational amplifiers, this is expressed in terms of an input offset
voltage, Vio. At a given temperature, this effect can be nulled out of the desired
output voltage by adjusting Vrer or 1/ 8. However, Vio drifts with temperature,
typically =5 to 15 uV/°C, causing a proportional change in the output voltage.
Closer matching of the internal amplifier input transistors, minimizes this effect, as
does selecting a feedback ratio, f3, to be close to unity.

5



Vce
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VREF

Rq

Figure 1-6. Typical Voltage Regulator Configuration

2. Amplifier power supply sensitivity —
Changes in regulator output voltage due to power supply voltage variations can be
attributed to two amplifier performance parameters: power supply rejection ratio
(PSRR) and common-mode rejection ratio (CMRR). In modern integrated circuit
regulator amplifiers, the utilization of constant current sources gives such large
values of PSRR that this effect on Vo can usually be neglected. However, supply
voltage changes can affect the output voltage since these changes appear as
common mode voltage changes, and they are best measured by the CMRR.
The definition of common mode voltage, Ve, illustrated by Figure 1-7a, is:

Ve = (Vn -5 Vz) B (V+ —5 V—) (12)

voltage on amplifier non-inverting input

where Vi

V2 = voltage on amplifier inverting input

V+ = positive supply voltage
V- = negative supply voltage

In an ideal amplifier, only the differential input voltage (V1 — V2) has any effect on the
output voltage; the value of VcM would not effect the output. In fact, Vcm does influence
the amplifier output voltage. This effect can be modeled as an additional voltage offset
at the amplifier input equal to VCM/CMRR as shown in Figures 1-7b and 1-8. The latter
figure is the same configuration as Figure 1-6, with amplifier input offset voltage and
output impedance deleted for clarity and common-mode voltage effects added. The output
voltage of this configuration is given by:



Vi
Vo

Va2

v V2 O—

(a)

Figure 1-7. Definition of Common-mode Voltage Error
Vece
(+
Vem
VREF CMRR

w OVO

§n2

Figure 1-8. Common-mode Regulator Effects
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_ o __Vem
Vo = AvoLvi = AvoL( VREF CMRR BVo) (13)

Manipulating,
Vem
Vo = (VREF — SMRR) (14)
1
B+ AL
_ Vcc
where  Vcm = VRer — -5 (15)

and CMRR = common-mode rejection ratio

It can be seen from equations (14) and (15) that the output can vary when Vcc
varies. This can be reduced by designing the amplifier to have a high Avo, a high
CMRR, and by choosing the feedback ratio, @, to be unity.

3. Amplifier Output Impedance —

Referring back to equation (9), it can be seen that the equivalent regulator output

impedance, Zo, is given by:

Zo = AVo __ ZoL
Alo  BAvoL

This impedance must be as low as possible, in order to minimize load current
effects on the output voltage. This can be accomplished by lowering Zot, choosing
an amplifier with high AvoL, and by selecting the feedback ratio, 3, to be unity.

A simple way of lowering the effective value of Zor is to make an impedance
transformation with an emitter follower, as shown in Figure 1-9. Given a change in
output current, Alo, the amplifier will see a change of only Alo/hreqi in its output
current, Io’. Therefore ZoL in equation (16) has been effectively reduced to
Zov/hreqi, reducing the overall regulator output impedance, Zo.

(16)

D. THE REGULATOR WITHIN A REGULATOR APPROACH

In the preceding text, we have analyzed the sections of an integrated circuit
voltage regulator and determined how they contribute to its non-ideal performance
characteristics. These are shown in Table 1-1 along with procedures which
minimize their effects.

It can be seen that in all cases regulator performance can be improved by
selecting AvoL as high as possible and 3 = 1. Since a limit is soon approached in
how much AvoL can be practically obtained in an integrated circuit amplifier,
selecting a feedback ratio, B3, equal to unity is the only viable way of improving
total regulator performance, especially in reducing regulator output impedance.
However, this method presents a basic problem to the regulator designer. If the
configuration of Figure 1-6 is used, the output voltage cannot be adjusted to a value
other than Vrer. The solution is to utilize a different regulator configuration known
as the ‘‘regulator within a regulator approach.”’? Its greatest benefit is in reducing
total regulator output impedance.



(+)

VREF

—O Vo
(=)

R2

Rq

Figure 1-9. Emitter Foiiower Output

TABLE 1-1

Vo CHANGES | EFFECT CAN BE
SECTION INDUCED BY MINIMIZED BY SELECTING

Vce . Constant current-zener method

. Bandgap reference

N =

Reference
Tj . Bandgap reference

. TC compensated zener method

. High CMRR amplifier
. High AvoL amplifier
B=1

Vce

. Low Vio drift amplifier
. High AvoL amplifier

B =1

Amplifier Ti

Low ZoL amplifier

High AvoL amplifier

. Additional emitter follower output
p=1

rops|opsfops b




As shown in Figure 1-10, amplifier A1 sets up a voltage, V1, given by:
R2

Vi = Veer (1 + 1 (17)

V1now serves as the reference voltage for amplifier A2, whose output voltage, Vo,
is given by:

Vo= Vi= VRer (1 + %) (18)

Note that the output impedance of A2, and therefore the regulator output impe-
dance, has been minimized by selecting A2’s feedback factor to be unity; and that
output voltage can still be set at voltages greater than Vrer by adjusting R1 and Ra.

+
VREF,
: Vi

— A1l

Ro

Rq

Figure 1-10. The ““Regulator within a Regulator” Configuration

'Widlar, R. J., “‘New Developments in IC Voltage Regulators,”” IEEE Journal of Solid State Circuits, Feb. 1971,
Vol. SC-6, pgs. 2-7.

2Tom Fredericksen, IEEE Journal of Solid State Circuits, Vol. SC-3, Number 4, Dec. 1968, ‘A Monolithic High
Power Series Voltage Regulator.”
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SECTION 2
SELECTING A LINEAR IC VOLTAGE REGULATOR

A. SELECTING THE TYPE OF REGULATOR

There are five basic linear regulator types; these are the positive, negative,
fixed output, tracking and floating regulators. Each has its own particular charac-
teristics and best uses, and selection depends on the designer’s needs and trade-offs
in performance and cost.

1. Positive Versus Negative Regulators

In most cases, a positive regulator is used to regulate positive voltages and a
negative regulator negative voltages. However, depending on the system’s ground-
ing requirements, each regulator type may be used to regulate the ‘‘opposite’’
voltage.

Figures 2-1a and 2-1b show the regulators used in the conventional and
obvious mode. Note that the ground reference for each (indicated by the heavy line)
is continuous. Several positive regulators could be used with the same input supply
to deliver several voltages with common grounds; negative regulators may be
utilized in a similar manner.

If no other common supplies or system components operate off the input
supply to the regulator, the circuits of Figures 2-1c and 2-1d may be used to regulate
positive voltages with a negative regulator and vice versa. In these configurations,
the input supply is essentially floated, i.e., neither side of the input is tied to the
system ground.

There are methods of utilizing positive regulators to obtain negative output
voltages without sacrificing ground bus continuity; however, these methods are
only possible at the expense of increased circuit complexity and cost. An example
of this technique is shown in Section 3.

2. Three Terminal, Fixed Output Regulators

These regulators offer the designer a simple, inexpensive way to obtain a
source of regulated voltage. They are available in a variety of positive or negative
output voltages and current ranges.
The advantages of these regulators are:

a) Easy to use.

b) Internal overcurrent and thermal protection.

¢) No circuit adjustments necessary.

d) Low cost.

Their disadvantages are:
a) Output voltage cannot be precisely adjusted. (Methods for obtaining ad-
justable outputs are shown in Section 3).
b) Available only in certain output voltages and currents.
¢) Obtaining greater current capability is more difficult than with other
regulators. (Methods for obtaining greater output currents are shown in
“Section 3.)

11
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Figure 2-1. Regulator Configurations
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3. Three Terminal, Adjustable Output Regulators

Like the three terminal fixed regulators, the three terminal adjustable reg-
ulators are easy and inexpensive to use. These devices provide added flexibility
with output voltage adjustable over a wide range, from 1.2 V to nearly 40 V, by
means of an external, two-resistor voltage divider. A variety of current ranges
from 100 mA to 3.0 Amperes are available.

4. Tracking Regulators

Often a regulated source of symmetrical positive and negative voltage is
required for supplying op amps, etc. In these cases, a tracking regulator is required.
In addition to supplying regulated positive and negative output voltages, the
tracking regulator assures that these voltages are balanced; in other words, the
midpoint of the positive and negative output voltages is at ground potential.

This function can be implemented using a positive output regulator together
with an op amp or negative output regulator. However, this method results in the
use of two IC packages and a multitude of external components. To minimize
component count, an IC is offered which performs this function in a single package:
the MC1568/MC1468 +15V tracking regulator.

5. Floating Regulator

If the desired output voltage is in excess of 40 volts, a floating regulator
such as the MC1466L should be considered. The output voltage of this regulator
can be any magnitude and is limited only by the capabilities of an external
transistor. However, an additional floating low voltage input supply is required.

B. SELECTING AN IC REGULATOR

Once the type of regulator is decided upon, the next step is to choose a
specific device. As an aid in choosing an appropriate IC regulator, a Selection
Guide is contained in Section 17.

To provide higher currents than are available from monolithic technologies, an
IC regulator will often be used as a driver to a boost transistor. This complicates the
selection and design task, as there are now several overlapping solutions to many of
the design problems.

Unfortunately, there is no exact step-by-step procedure that can be followed
which will lead to the ideal regulator and circuit configuration for a specific
application. The regulating circuit that is finally accepted will be a compromise
between such factors as performance, cost, size and complexity.

Because of this, the following general design procedure is suggested:

1. Select the regulators which meet or exceed the requirements for line regulation,
load regulation, TC of the output voltage and operating ambient temperature range.
At this point, do not be overly concerned with the regulator capabilities in terms of

output voltage, output current, SOA and special features.

2. Next, select application circuits from Section 3 which meet the requirements
for output current, output voltage, special features, etc. Preliminary designs using
the chosen regulators and circuit configurations are then possible. From these
designs a judgement can be made by the designer as to which regulator — circuit
configuration combination best meets his requirements in terms of cost, size and
complexity.

13



14



SECTION 3

LINEAR REGULATOR CIRCUIT CONFIGURATION
AND DESIGN CONSIDERATIONS

Once the IC regulators, which meet the designer’s performance requirements,
have been selected, the next step is to determine suitable circuit configurations.
Initial designs are devised and compared to determine the IC regulator/circuit
configuration that best meets the designer’s requirements. In this section, several
circuit configurations and design equations are given for the various regulator
ICs. Additional circuit configurations can be found on the device data sheets (see
Section 18). Organization is first by regulator type and then by variants, such as
current boost. Each circuit diagram has component values for a particular voltage
and current regulator design.

. Positive, Adjustable
Negative, Adjustable
Positive, Fixed
. Negative, Fixed
Tracking
Floating
. Special
1. Obtaining Extended Output Voltage Range

2. Electronic Shutdown

H. General Design Considerations

ommuAwy

It should be noted that all circuit configurations shown have constant current
limiting; if foldback limiting is desired, see Section 4C for techniques and design
equations.

A. POSITIVE, ADJUSTABLE OUTPUT IC REGULATOR
CONFIGURATIONS

1. Basic Regulator Configurations

Positive Three-Terminal Adjustables

These adjustables, comprised of the LM117L, LM117, and LM150 series
devices range in output currents of 100 mA, 500 mA, 1.5 A, and 3.0 A respec-
tively. All of these devices utilize the same basic circuit configuration as shown
in Figure 3-1A.
MC1723(C)

The basic circuit configurations for the MC1723(C) regulator are shown in
Figures 3-3A and 3-2A. For output voltages from = 7 V to 37 V the configuration

of Figure 3-2A can be used, while Figure 3-3A can be used to obtain output
voltages from2 Vto =7 V.
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2. Output Current Boosting

If output currents greater than those available from the basic circuit configura-
tions are desired, the current boost circuits shown in this section can be used. The
output currents which can be obtained with these configurations are limited only by
the capabilities of the external pass element(s).

Vin LM117L Vout
e—o— | LM117 o—=e °'°
LM150

* Cin is required if regulator is located an appreciable distance from power
supply filter.

** Co is not needed for stability, however it does improve transient response.
t CAdj is not required; however, it does improve Ripple Rejection

R
Vout = 1.25V (1 + ;‘—2-) + IAdj Ro
1

Since Iadj is controlled to less than 100 wA, the error associated with this term
is negligible in most applications.

Figure 3-1A — Basic Configuration for Positive, Adjustable Ouput
Three-Terminal Regulators
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Pin Numbers Adjacent to Terminals are for the Metal Package.
Pin Numbers in Parenthesis are for the Dual In-Line Package.

(12)8 6 (10) Rsc
Vin —o Vo +16V
Y20V Jaz 1a(z)| 220 Isc=30mA
meizzs | 3® |
6) 4 (MC1723C)
R3 25.1k
(8) 3
0.01 uF == Cref
=~ 066V 45 0<R1+R2<100 kN
Isc
R3 = R1 || R2 ; OSCREF<0.1uF
v v
R2 = —\,'35 (R1+R2) ~5— (R1+R2)
o Vo

Values shown are for a | 15V, 30mA | regulator using an MC1723CL for a TAMAX = 25°C

Figure 3-2A. MC1723 Basic Circuit Configuration for VRgg < Vg < 37V

Pin Numbers Adjacent to Terminals are for the Metal Package.
Pin Numbers in Parenthesis are for the Dual In-Line Package.

(12)8 6 (100 Rsc
+Vin —o Vo +5V
+10v. (117 10(2)] 220 Isc=30mA
MC1723 '—?(3)—‘
>
(MC1723C) 3.6kS R3
2 (4) :
9(13)

v ~V
R2 =V.Q—— (R1+R2) ~=Q (R1+R2); R3=R1 || R2
REF n I
O0<CReF <0.1uF

Values shown are for a [ 5V, 30mA| regulator using an MC1723CL for a TAMAX =70°C

Figure 3-3A. MC1723 Basic Circuit Configuration for 2v < Vg < VRgf
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MC1723(C)

To obtain greater output currents with the MC1723 the configurations shown
in Figures 3-4A and 3-5A can be used. Figure 3-4A uses an NPN external pass
element, while a PNP is used in Figure 3-5A.

Pin Numbers Adjacent to Terminals are for the Metal Package.
Pin Numbers in Parenthesis are for the Dual In-Line Package
Q1 Rsc
—\A——@ Vg
2N3055 1.30 +1BV
or Equiv 1/2W | 5A
VI 112)8 6(10) sc™
[ ==
+20V 10 (2)
anz 1(3)
MC1723
>
(MC1723C) R1S12K
(6) 4 2 (4)
R3 2
6.1k $(5) 3 '1‘100pF
9 (13) R2Q 10k
0.1uF icREF
= ‘{5 (7)
Rscz%ﬂ ; 10k <R1+R2<100kQ
\"
R2=—3E(R1+R2)Ez7\!- (R1+R2)
0<CREF<0.1MF ; R3=R1 || R2
Selection of Q1 based on considerations of Section 4
Values shown are for a |15V, 500mA | regulator using an MC1723CL (unheatsinked) and a 2N3065 on a
6°C/W heatsink for Ta up to +70°C

Figure 3-4A. MC1723(C) NPN Boost Configuration

3. High Efficiency Regulator Configurations

When large output currents at voltages under approximately 9 volts are
desired, the configuration of Figure 3-6A can be utilized to obtain increased
operating efficiency. This is accomplished by providing a separate low voltage
input supply for the pass element. This method, however, usually necessitates
that separate short circuit protection be provided for the IC regulator and external
pass element. Figure 3-6A shows a high efficiency regulator configuration for
the MC1723(C).
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Pin Numbers Adjacent to Terminals are for the Metal Package.
Pin Numbers in Parenthesis are for the Dual In-Line Package.

2N3791
Vi or Equiv Rsc
in a1
+18 V.0 AVW—9—8 Vg = +12 V
91 0 Isc = -75A
1/2W
R4 (11) 7
00— l—o—+¢
100 6(10)
(12) 8
MC1723
(MC1723C)
(6) 4
5.1k 2 R3
(6) 3
0.1uF R CReF }
T (1)

Rgc = °;:°c" ; 10k <R1+R2<100kf2 ; 0 < CRef < 0.14F
R2 = YBEE (R1+R2) z%‘é(mmz) ; R3=R1 || R2

0<R4<VBEON(Q1)/5mA

Selection of Q1 based on considerations of Section 4

Values shown are fora |12V, 750mA| regulator using an unheatsinked MC1723CL and a 2N3791 on
a 4°C/W heatsink for Ta up to +70°C

Figure 3-5A. MC1723(C) PNP Boost Configuration

+6.5V 2N3055 RSC VO
O Q1 ANA——e—) +5V
v N/ 620
IN1 Isc=1A
1w
MPS6512 or

6 (10) R=16Q 7 N Equivalent

102 | —1,
1(3)

MC1723
Mc1723c | 2(4) 1.3k
O AN
9 (13) R3

I InF
Pin Numbers Adjacent to Terminals are for the Metal Package.
Pin Numbers in Parenthesis are for the Dual In-Line Package.

0.6V 0.66V Vo Vo

== ;. RX——— A1 k$2; =— [P
RSCTgg ' P=lomay 10 K SRT+R2<100 kQ: R2=G= (R1+R2)=53(R1+R2)
OKCReF<0.14F; R3=R1 || R2; Selection of Q1 based on considerations of Section 4; See Section
3H for general design considerations

Values shown fora | 5V, 1A regtglator using an MC1723CL unheatsinked and a 2N3055 on a
10°C/W heatsink for Tpupto+70°C

Figure 3-6A. MC1723(C) High Efficiency Regulator Configuration
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B. NEGATIVE, ADJUSTABLE OUTPUT IC REGULATOR
CONFIGURATIONS

1. Basic Regulator Configurations

MC1723(C)

Although a positive regulator, the MC1723(C) can be used in a negative
regulator circuit configuration. This is done by using an external pass element
and a zener level shifter as shown in Figure 3-1B. It should be noted that for
proper operation, the input supply must not vary over a wide range, since the
correct value for Vz depends directly on this voltage. In addition, it should be
noted that this circuit will not operate with a shorted output.

(12)8 6 (10)
117 I
- an R1212k| =
2 (4)
mMC1723
6)4 | (mc17230c) .
100 o< 10uF
pF F
(5) 3
9 (13) | R2310K
{s )
~JVvo=-15v
Vz=14V 2N3065
Q1 or Equiv

Vin = -20V to -23V

o
o=

v 7V
IVoI=10 V; 10 kQ<R1+R2<100 kQ; R2=—BEF (R1+R2)=—— (R1+R2)
Vol Vol

Vzs<IVINI-VBE(Q1)—3 V: Vz=|VIN|- Vol - VBE(Q1) +6 V

Selection of Q1 based on considerations of Section 4

Warning: Do not short circuit output

Vaguet shown are for a [-16V, 750mA] regulator using the MC1723CL with Q1 mounted on a
20 C/W heatsink at T up to +70 C. (DO NOT SHORT CIRCUIT OUTPUT)

Figure 3-1B. MC1723(C) Negative Regulator Configuration

C. POSITIVE, FIXED OUTPUT IC REGULATOR CONFIGURATIONS

1. Basic Regulator Configurations

The basic current configuration for the positive three terminal regulators is
shown in Figure 3-1C. Depending on which regulator type is used, this config-
uration can provide output currents in excess of 3A.

2. Output Current Boosting

Figure 3-2C illustrates a method for obtaining greater output currents with the
three terminal positive regulators. Although any of these regulators may be used,
usually it is most economical to use the 1 ampere MC7800C in this configuration.
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1 DEVICE 10 2

MC78LXX 0.1A
MC78MXX 0.5A
MC78XX 1.0A

CIn I 0-33uF MC78TXX  3.0A Co 1

ViIN Vo

C|N: required if regulator is located more than a few (~2’’ to 4'’) inches away from input supply
capacitor; for long input leads to regulator, up to 1uF may be needed for C|N - CjN should be a
high frequency type capacitor

Cpo: improves transient response

XX: these two digits of the type number indicate nominal output voltage.

See Section 17 for available device output voltages
See Section 15 for heatsinking

Fi

gure 3-1C. Basic Circuit Configuration for the Positive, Fixed Output Three Terminal Regulators

MJ2955
VIN 0.12Q  or Equiv
Input s5W
+10V

% kJ “ J Isc(a1)

2N6049
or Equiv 1C1

v
2 IscTtoT O
MC78XXC TS —@

5002

Output + 5V
3

1.0pF f T‘J Isc(ic1)

XX = 2 digits of type number indicating voltage. See Section 17 for available device output voltages

R: used to divert IC regulator bias current and determines at what output current level Q1 begins
<VBEON(Q1)

0.6V
conducting. 0KRS,e—+——— ;' R H—— =1 +1
9 IBIAS(ICT) SC Isc(ai1) SCTOT = 'sc(a1)*!sc(ic1)

Selection of Q1 based on considerations of Section 4

Values shown are for a |5V, 5A] regulator using an MC7805CK on a 2.5°C/W heatsink and Q1 on a
1°C/W heatsink for T4 up to 70" C.

Figure 3-2C. Current Boost Configuration for Positive Three Terminal Regulators

3. Obtaining an Adjustable Output Voltage

With the addition of an op amp, an adjustable output voltage supply can be
obtained with the MC7805C. Regulation characteristics of the three terminal
regulators are retained in this configuration, shown in Figure 3-3C. If lower output
currents are required, an MC78MO0S5C (0.5A) could be used in place of the
MC7805C. '
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4. Current Regulator

In addition to providing voltage regulation, the three terminal positive reg-
ulators can also be used as current regulators to provide a constant current source.
Figure 3-4C shows this configuration. The output current can be adjusted to any
value from =~ 8 mA (IQ, the regulator bias current) up to the available output
current of the regulator. Five volt regulators should be used to obtain the greatest
output voltage compliance range for a given input voltage.

VIN 1 2 Output
4 MC7805C Vo
Input
3
0.33uF o
1k

MC1741G

. _—z— <

V=7V to 33V; V|N-Vo > 2V; V N>35V

Figure 3-3C. Adjustable Ouput Voltage Configuration Using a Three Terminal Positive Regulator

VIN MC7805C )
MC78MO5C

A
Input *I—O— MC78LO5A,C
0.33uF 3 o3R
I Constant
= l—> Vo currentto

1o Grounded Load

V¢ p
IO=R—O+I|B; Current Reg A|O=A—;‘/O+A||B
Vo +VO+2VSV <35V

Figure 3-4C. Current Regulator Configuration

5. High Input Voltage

Occasionally, it may be necessary to power a three terminal regulator from a
supply voltage greater than Vinmax) (35V or 40V). In these cases a preregulator
circuit, as shown in Figure 3-5C may be used.

6. High Output Voltage
If output voltages above 24 V are desired, the circuit configuration of Figure
3-6C may be used. Zener diode Z1 sets the output voltage, while Q1, Z2, & D1

assure that the MC7824C does not have more than 30 V across it during short
circuit conditions.
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1c1

MC78XXC —0—O vo

p
IN5363
30v swW

X X=2 digits of type number indicating voltage

V| N-30 . >
R1=(—g—)xhpea1: VCEOQ1?VIN

Valyes shown for V =60V; Q1 should be mounted on a 2°C/W heatsink for operation at T4 up to
+70 C. IC1 should be appropriately heatsinked for the package type used.

Figure 3-5C. Preregulator for Input Voltages Above ViNMAX

1c1

2N6676

Vo
MC7824CT —0—4
60V 48V
‘)
R14 3 +
5.6K T a1 0.33 uF

72w 10uF, 50V
IN4751
22 30V, 1W IN4001
' D1
. P4 =

21 IN4749
24V, 1w

ViN-(VZ1+VZ2
1.5

)
Vo=Vz1+24; R1=| IxhEg(Q2)

Vcalues shown are for a|48V, 1A rggulator; Q1 mounted on a 10°C/W heatsink and 1C1 mounted on a
2 C/W heatsink for T up to +70 C.

Figure 3-6C. High Output Voltage Configuration for Three Terminal Positive Regulators

D. NEGATIVE, FIXED OUTPUT IC REGULATOR CONFIGURATIONS

1. Basic Regulator Configurations
Figure 3-1D gives the basic circuit configuration for the MC79XX and
MC79LXX three terminal negative regulators.
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Output Current Boosting
In order to obtain increased output current capability from the negative three

terminal regulators, the current boost configuration of Figure 3-2D may be used.
Currents which can be obtained with this configuration are limited only by the

capabilities of the external pass transistor(s).

3 or Case | Device o |2

input MC79XX 1A Output
-V MC79LXX0.1A v

IN o
Cin 1

0.33uF -E

required if regulator is located more than a few inches (~2'' to 4'') away from input supply

capacitor; for long input leads to regulator, up to TuF may be required. C|p should be a high

frequency type capacitor.
Co: improves stability and transient response
. these two digits of the type number indicate nominal output voltage. See Section 17 for

available device output voltages

See Section 15 for heatsinking

Figure 3-1D. Basic Circuit Configuration for the Negative Three Terminal Regulators

1
;10 v 0.56, 1W Isc(a1) SCroT
nput —9¢- 9 9 Output
ViN ( 2N3055 VOP
RSCﬂ '61 or Equiv
l 4 Isc(ic1)
1c1
3 2
MC79XXC HO—¢
5.6 1
< 1.0uF 1.0uF X<
Gnd & T ‘v o Gnd

XX= 2 digits of type number indicating output voltage. See Section 2 for voltages available
R: used to divert regulator bias current and determines at what output current level Q1 begins

VBEoN(Q1)
IBIAS(IC1)

Isc ToT=Isc(a1)*!Isc(ic1)
0.6V

Isc(a1)
Selection of Q1 based on considerations of Section 4

conducting. O<R<

Rsc™

Values shown are fora |-5V,4A | regulator uging an MC7805CK on a 1.5° C/W heatsink with Q1
mounted on a 1~ C/W heatsink for T4 up to 70 C.

Figure 3-2D. Output Current Boost Configuration for Three Terminal Negative Regulators
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2. Current Regulator

The three terminal negative regulators may also be used to provide a constant
current sink, as shown in Figure 3-3D. In order to obtain the greatest output
voltage compliance range at a given input voltage, the MC7905 or MC79LO05
should be used in this configuration.

O From Grounded

+ | Constant Current
Load

VIN 3 MC7905C 2 A Qvo
MC79L05AC :\ Y (
¢
! /
—

ILOuF s -:-EmuF

ViN= —35 V for MC7905C
VIN=—30 V for MC79L05C
VINSVpo+Vp-2V

Vo'
lo=—p"+hB

AVp’
Current regulation, Alg = —RQ-+ Alig

Figure 3-3D. Current Regulator Configuration for the Three Terminal Negative Regulators

E. TRACKING IC REGULATOR CONFIGURATIONS

MC1568, MC1468

Figure 3-1E shows the basic circuit configuration for the MC1568, MC1468
Dual Tracking Regulator. The outputs of this device are internally set at + 15V.
(The output voltage can be externally adjusted with some accompanying loss of
temperature performance; see device data sheet, Section 18.) This configuration
is capable of providing up to = 100mA of load current, depending on operating
conditions and package style chosen. If greater output currents are desired, the
current boost configuration shown in Figure 3-2E can be used.

It should be noted that in this configuration, when the positive output of the
MC1568, MC1468 drops below approximately 14.5V, e.g. during a short circuit,
the negative output will not drop proportionally. Instead, it collapses to = OV. This
can create a latch condition, depending on the type of load.
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Pin numbers adjacent to terminals are for the G suffix package. Pin numbers in parenthesis are for the L suffix
package. Pin 10 is ground for the G suffix package only.

+Vo
+15 V
C3
. o ™ 1.0uF
\% Sense (+
Input (+) am| © 1(3)C2
&0 —Vcc Compen (+)—0——
+20V _LC 1.5nF
+V N ™ tin MC1568 10 (1)
Fo- mc146g Cnd—o ® Gnd
VIN = L c1
20v - T Tin 8(12)
VEg Compen (-)—o——
Input (-) 5 (8) Ve Sense (-) 1.5nF
o +l ca
6 (10) 7 (11) 1.0uF
30 -VO
—o
-15 Vv
Rsc-

C1 and C2 should be located as close to the device as possible. A 0.1 uF ceramic capacitor (C;j,) may
be required on the input lines if the device is located an appreciable distance from the rectifier filter
capacitors. C3 and C4 may be increased to improve load transient response and to reduce the output
noise voltage. At low temperature operation, it may be necessary to bypass C4 with a 0.1uF ceramic
disc capacitor.
Rsc*gc,i\fr =98V
sC SC

Values shown are fora | t+15V, 20mA| regulator using an MC1468 regulator for TA<75° C.

Rsc

Figure 3-1E. MC1568, MC1468 Basic Regulator Configuration

Pin numbers adjacent to terminals are for the G suffix package. Pin numbers in parenthesis are for the L suffix
package. Pin 10 is ground for the G suffix package only.

Input (+) MJ2955
+20 V or Equiv Rgct +Vo

#15 Vdc
+
1.OuFI a7

T 10uF
(7) 4? (6) 3
Vee Vot sense (+)]1(3)
Compen (+) :1 5‘6—;
MC1568 Gnahn
MC1468 " Case 1
Compen (-) o =
VEE Vo Sense (-)[(12) S(TEnF

(850 (10) 6
1.0uF

-15 Vdc
Input (-) 0.3Q -Vo
20V 2N3055 2w
or Equiv
0.6V 0.6V
Rsct~—3 i Rsc™—
C SC

Selection of Q1 based on considerations of Section 4

Values shown are fora |15V, $2A] regulator usigg an MC1468 on a 2°C/W heatsink with
Q1 & Q2 mounted on a 1" C/W heatsink for To<70 C.

Figure 3-2E. MC1568, MC1468 Current Boost Configuration
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F. FLOATING REGULATOR CONFIGURATIONS

If an output voltage exceeding 40 V is required, the MCI1466L floating
regulator can be used, as shown in Figure 3-1F. Although a standard regulator
(MC1723, etc.) can be used to regulate output voltages above 40 V, by the use
of level shifting techniques, the output voltage of these configurations is not
adjustable over a wide range, as is the output voltage of the MC1466L.. In addition,
the MC1466L has several features which are not available elsewhere:

1. Output voltage adjustable to zero volts.

2. Output voltage and current capabilities limited only by choice of external
series pass element.

3. Internal current limit amplifier for excellent current regulation and sharp cross-
over between constant voltage and constant current regulation modes.

Note that an auxiliary supply is used to power the MC1466. This supply
must be isolated from the main supply voltage since the MC1466 *‘floats’” on
the output voltage. (For a complete description of the MC1466’s operation, consult
its data sheet, in Section 18.)

G. GENERAL DESIGN CONSIDERATIONS

In addition to the design equations given in the regulator circuit configuration
panels of Sections 3A-F, there are a few general design considerations which
apply to all regulator circuits. These considerations are given below:

1. Regulator Voltages — for any circuit configuration, the worse-case voltages
present on each pin of the IC regulator must be within the maximum and/or
ininimum lmits specified on the device data sheets. These limits are instantaneous
values, not averages. They include:

a. VIN MIN

b. VIN MAX

¢. (VIN— Vour) MIN
d. VoMIN

e. VoMAX

For example, the voltage between pins 8 and 5 (VIN) of an MC1723CG
must never fall below 9.5 V, even instantaneously, or the regulator will not
function properly.

2. Regulator Power Dissipation, Junction Temperature and Safe
Operating Area

The junction temperature, power dissipation output current or safe operating
area limits of the IC regulator must never be exceeded.
3. Operation with a load common to a voitage of opposite polarity — In many
cases, a regulator powers a load which is not connected to ground but instead is
connected to a voltage source of opposite polarity (e.g. op amps, level shifting
circuits, etc.). In these cases, a clamp diode should be connected to the regulator
output as shown in Figure 3-1G. This protects the regulator, during startup and
short-circuit operation, from output polarity reversals.
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! YCR6
s. j a1 Vine+275
—o "
110 V (rms) E
—n 3 | IN4001]g G2 14 Q2
Fuse : Equiv . » MJ413
18V 150L MC1466L
1 (rms) TJ#F uF
; 30V
: J?)_ 10 Current
4 J_ Cimit cns%} Rs$ 2.50
59 20R1Q1 500y Adjust
0.1uF
o™
. CR3 Pins 1 and 4 no connsction.co s AL ‘ LVO
0.1uF Voltage 10#FI 2%8‘\),
275v L Adjust 276V = = 1
DESIGN CONSIDERATIONS
1. Constant Voltage: all applications. However, the 10 pF capacitor may
For constant voltage operation, output voltage Vo be omitted if f, of Q1 and Q2 is greater than 0.5
is given by: MHz.

Vo = (iref) (R2) 7. For remote sense applications, the positive voltage
where R2 is the resistance from pin 8 to ground and sense terminal (pin 9) is connected to the positive
Iref is the output current of pin 3. load terminal through a separate sense lead; and
The recommended value of Iref is 1.0 mAdc. Resis- the negative sense terminal (the ground side of R2
tor R1 sets the value of Iref: is connected to the negative load terminal through

g = 22 a separate sense lead).

ref Rq 8. Cp may be selected by using the relationship:
where R1 is the resistance between pins 2 and 12. Co = (100 uF) I (max). Where I (max) is the max-

2. Constant Current: imum load current in amperes.
For constant current operation: 9. C2 is necessary for the internal compensation of
(a) Select Rg for a 260 mV drop at the maximum the MC1466.
desired regulated output current, Imax. 10. For optimum regulation, current out of pin 5, |5,
(b) Adjust potentiometer R3 to set constant current should not exceed 0.5 mAdc. Therefore select Q1
output at desired value between zero and Imax- and Q2 such that:
3. If Vjp, is greater than 20 Vdc, CR2, CR3, and CR4 are |max<0 5 mAd
necessary to protect the MC1466 during short- 5132\ -5 mAde
circuit or transient conditions. where: Imax = maximum short-circuit
4. In applications where very low output noise is load current (mAdc)
desired, R2 may be bypassed with C1 (0.1 uF to 2.0 B1 = minimum beta of Q1
wF). When R2 is bypassed, CR1 is necessary for B2 = minimum beta of Q2
protection during short-circuit conditions. Although Pin 5 will source up to 1.6 mAdc, I5 > 0.5
5. CR5 is recommended to protect the MC1466 from mAdc will result in a degradation in regulation.
simultaneous pass transistor failure and output 11. CR6 is recommended when Vg > 150 Vdc and
short-circuit. should be rated such that Peak Inverse Voltage >
6. The RC network (10 pF, 240 pF, 1.2 k ohms) is used Vo.

for compensation. The values shown are valid for

Q1 & Q2 selected on the basis of considerations given in Section 3

Value:oshown are fora [0 to 2560V, 100 mA] regulator using an MC1466 L with Q1 & Q2 mounted
on a 1°C/W heatsink for TAo<70 C.

Figure 3-1F. MC1466 Floating Regulator Configuration
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<
(o]

Positive N
*VIN O Regulator O'
1N4001 !
or |
] Equiv :
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Figure 3-3G. Reverse Bias Protection for Three Terminal Adjustable Regulators
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4. Reverse Bias Protection — Occasionally, there exists the possibility that the
input voltage to the regulator can collapse faster than the output voltage. This
could occur, for example, if the input supply is ‘‘crowbarred’” during an output
overvoltage condition. If the output voltage is greater = 7 V, the emitter-base
junction of the series pass element (internal or external) could break down and
be damaged. To prevent this, a diode shunt can be employed, as shown in Figure
3-2G.

Figure 3-3G shows a three-terminal positive-adjustable regulator with the
recommended protection diodes for output voltages in excess of 25 volts, or high-
output capacitance values (Co > 25 uF, Cadj > 10 uF). Diode D1 prevents Co
from discharging through the regulator during an input short-circuit. Diode D2
protects against capacitor CAdj from discharging through the regulator during an
output short circuit. The combination of diodes D1 and D2 prevents Cadj from
discharging through the regulator during an input short circuit.
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SECTION 4

SERIES PASS ELEMENT CONSIDERATIONS
FOR LINEAR REGULATORS

Presently, most monolithic IC voltage regulators that are available have
output current capabilities from 100 mA to 3.0 A. If greater current capability
is required, or if the IC regulator does not possess sufficient safe-operating-area
(SOA), the addition of an external series pass element is necessary.

In this section, configurations, specifications and current limit techniques for
external series pass elements will be considered. For illustrative purposes, pass
elements for only positive regulator types will be discussed. However, the same
considerations apply for pass elements used with negative regulators.

A. SERIES PASS ELEMENT CONFIGURATIONS

Using an NPN Type Transistor

If the IC regulator has an external sense lead, an NPN type series pass
element may be used, as shown in Figure 4-1A. This pass element could be a
single transistor or multiple transistors arranged in darlington and/or paralleled
configurations.

In this configuration, the IC regulator supplies the base current (IB) to the pass
element, Q2, which acts as a current amplifier and provides the increased output
current (Io) capability.

External
Series Pass Element

v
lc(a2) CE(q2) o
—_— e - e ’

ViINT® O~ v
\ Ao T Ovo

g

IC Regulator (simplified)
B(Q2)

Sense Lead

*V|N1 may or may not equal VN2, depending on application

Figure 4-1A. NPN Type Series Pass Element Configuration
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Using a PNP Type Transistor

If the IC regulator does not have an external sense lead, as in the case of
the three terminal, fixed output regulators, the configuration of Figure 4-1B can
be used. (Regulators which possess an external sense lead may also be used with
this configuration.) As before, the PNP type pass element can be a single transistor
or multiple transistors.

External Series Pass Element

Vce(Q2) Ic(a2)
ViN1 g o e —_—
A\
R
uge
IC Regulator (simplified)
18(Q2) 'o
bia 3 o
B Q1
ViIN1 Vo
)
|
IBlAS

2

Figure 4-1B. PNP Type Series Pass Element Configuration

This configuration functions in a similar manner to that of Figure 4-1A, in that
the regulator supplies base current to pass element. The resistor, R, serves to route
the IC regulator bias current, Isias, away from the base of Q2. If not included,
regulation would be lost at low output currents. The value of R is low enough to
prevent Q2 from turning on when Isias flows through this resistor, and is given by:

VBE on (Q2) (4.0)

O<R=
IBias

B. SERIES PASS ELEMENT SPECIFICATIONS

Independent of which configuration is utilized, the transistor or transistors that
compose the pass element must have adequate ratings for Icmax, Vceo, hre, power
dissipation, and safe-operating-area.

1. Icmax — for the pass element of Figure 4-1A, IcMAX is given by:

Iemax@2) = Tomax —IBMAx@Q2) = Tomax — l—cht—:(-):% 4.1
= Jomax (4.2)
For the configuration of Figure 4-1B:
Icmax@2) = Iomax + IsMmax@Q2 (4.3)
= Jomax 4.4)
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2. Vceo— since Vce is equal to Vinimax) when the output is shorted or during
start up:

VcEo@Q2) = VINIMAX) 4.5)

3. hFE — the minimum DC current gain for Q2 in Figures 4-1A and 4-1B is
given by:

hreMINQ2) = }E—i:g(% @ Vce = (VinimiNy — Vo) (4.6)
4. Maximum Power Dissipation, Ppmax) and Safe-Operating Area (SOA) —
for any transistor there are certain combinations of Ic and VcE at which it may safely
be operated. When plotted on a graph, whose axes are Vce and Ic, a safe-operating
region is formed.

As an example, the safe-operating-area (SOA) curve for the well known
2N3055 NPN silicon power transistor is shown in Figure 4-2. The boundaries of the
SOA curve are formed by the IcMaX, power dissipation, second breakdown and
Vceo ratings of the transistor. Notice, that the power dissipation and second
breakdown ratings are given for a case temperature of +25°C, and must be derated
at higher case temperatures. (Derating factors may be found in the transistors’ data
sheets.) These boundaries must never be exceeded during operation, or destruction
of the transistor or transistors which constitute the pass element may result. (In

addition, the maximum operating junction temperature must not be exceeded. See
Section 15.)

C. CURRENT LIMITING TECHNIQUES

In order to select a transistor or transistors with adequate SOA, the locus of
pass element Ic and Vce operating points must be known. This locus of points is
determined by the input voltage (ViN1), output voltage ( Vo), output current (Io) and
the type of output current limiting technique employed.

In most cases, Vini, Vo, and the required output current are already known.
All that is left to determine is how the chosen current limit scheme affects required
pass element SOA.

NOTE: Since the external pass element is merely an extension of the IC
regulator, the following discussions apply equally well to IC reg-
ulators not using an external pass element.

1. Constant Current Limiting

This method is the simplest to implement and is extensively used, especially
at the lower output current levels. The basic curcuit configuration is shown in
Figure 4-3A, and operates in the following manner:

As the output current increases, the voltage drop across Rsc increases, propor-
tionately. When the output current has increased to the point that the voltage drop
across Rsc is equal to the base-emitter ‘‘on’’ voltage of Q3 (Vseon(Q3)), Q3
conducts. This diverts base current (Iprive) away from QI, the IC regulator’s
internal series pass element. Base drive (Is@2) of Q2 is therefore reduced and its
collector-emitter voltage increases, thereby reducing the output voltage below its
regulated value, VouT. The resulting output voltage-current characteristic is shown
in Figure 4-3B. The value of Isc is given by:

VBEON(Q3)
Rsc

Isc = 4.7)
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Collector Current, Ic (Amperes)
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Figure 4-2, 2N3055 Safe-Operating-Area
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ViN1

External Pass Element

Ic(a2) VcEe(Q2)
Q2
Q1 ?'b(02)
IDRIVE

VBE(Q3)

Vo

IC Regulator

Figure 4-3A. Constant Current Limiting

Py
A

<
o
[
-

Output Voltage
Vo

Output Current Isc
lo

Figure 4-3B. Constant Current Limiting

v

By using the base of Q1 in the IC regulator as a control point, this configura-
tion has the added benefit of limiting the IC regulator output current (Is@2) to
Isc/hreQ2), as well as limiting the collector current of Q2 to Isc. Of course, access to
this point is necessary. Fortunately, it is usually available in the form of a separate
pin or as the regulator’s compensation terminal.*

The required safe-operating-area for Q2 can be obtained by plotting the Vce
and Ic of Q2 given by:

where

and

VceQ2 = Vint — Vo — IoRsc = Vini — Vo (4.8)
I = Io (4.9)

Vo = Vour for 0 < Io < Isc (4.10)
Io = Isc for 0 = Vo < Vour 4.11)

*The three terminal regulators have internal current limiting and therefore do not provide access to this point. If an
external pass element is used with these regulators, constant current limiting can still be accomplished by diverting
pass element drive. See Section 3 for circuit techniques.
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The resulting plot is shown in Figure 4-4. The transistor chosen for Q2 must
have an SOA which encloses this plot, as shown in this Figure.

Note that the greatest demand on the transistors SOA capability occurs when
the output of the regulator is short circuited and the pass element must support the
full input voltage and short circuit current simultaneously.

IcMAX N\
N\
N\ Pass Element SOA
N \‘/
\
N\
™ \
c
2~
SN
38 \
- O
8 -
iz \
°
(8]
Isc + |
|
|
|
|
|
|
—t
v Y
v -V \% v
IN1"YouT Collector-Emitter Voltage IN1 YCEO
log VcE(Q2)

Figure 4-4. Constant Current Limit SOA Requirements

2. Foldback Current Limiting

A disadvantage of the constant current limit technique is that in order to obtain
sufficient SOA the pass element must have a much greater collector current
capability than is actually needed. If the short circuit current could be reduced,
while still allowing full output current to be obtained during normal regulator
operation, more efficient utilization of the pass elements SOA capability would
result. This can be done by using a ‘‘foldback’’ current limiting technique instead
of constant current limiting.

The basic circuit configuration for this method is shown in Figure 4-5A. The
circuit operates in a manner similar to that of the constant current limiting circuit,
in that output current control is obtained by diverting base drive away from Q1
with Q3.

At low output currents, Va approximately equals Vo and Vrzis less than than
Vo. Q3 is therefore non-conducting and the output voltage remains constant. As the
output current increases, the voltage drop across Rsc increases until Va and Vr2 are
great enough to bias Q3 on. The output current at which this occurs is Ik, the
“‘knee’’ current.
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External Pass Element

\ VcE(a2) o

clQ2)

__(_. & Va —_—

ViNn1 OiZ——Q—NN\f———-Q—— Vo
} Rsc

Ib(Q2)
a1 Sh

IDRIVE

I Q3
|
IC Regulator )
VBE(Q3) R2

Figure 4-5A. Foldback Current Limiting

.
2

Output Voltage 0<
Vo S

=7

isc ]
Qutput Current
lo
Figure 4-5B. Foldback Current Limiting

The output voltage will now decrease. Less output current is now required to
keep Vaand Vr: at a level sufficient to bias Q3 on since the voltage at its emitter has
the tendency to decrease faster than that at its base. The output current will continue
to ‘‘foldback’’ as the output voltage decreases, until an output short circuit current
level, Isc, is reached when the output voltage is zero. The resulting output current-
voltage characteristic is shown in Figure 4-5B. The values for R1, R2, and Rsc
(neglecting base current of Q3) are given by:
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Vout/Isc

Rsc = . Vour . Ik 4.12)
VBeon@3)y Isc
R2  VseoN®)
R1 + R2 ™ Isc Rsc (4.13)
and Rl + R2 < %:—IU;T; (4.14)

where Vour = normal regulator output voltage

Ik = knee current
Isc = short circuit current
Iprive = base drive to regulator’s internal pass element(s)

A plot of Q2 operating points which result when using this technique are
shown in Figure 4-6. Note that the pass element is required to operate with a
collector current of only Isc during short circuit conditions, not the full output
current, Ix. This resuts in a more efficient utilization of the SOA of Q2 allowing the
use of a smaller transistor than if constant current limiting were used. Although
foldback current limiting allows use of smaller pass element transistors for a given
regulator output current than does constant current limiting, it does have a few
disadvantages.

Ic(MAX) ~
N
AN
] AN
ik + _______\________l
N | Constant Current
+ I |/ Limiting
§ |
Ew |
59 | |
(8] ?; |
E g | Foldback ~ \ i
80 Current |
t=3 I Limiting
© |
! J
| |
isc T ! '
|
|
! |
' 1
} 4
Vint-VouT ViN1 VcEO
Collector-Emitter Voltage
log VcE(Q2)

Figure 4-6. Foldback Current Limit SOA Requirements
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Referring to Equation (4.12), as the foldback ratio, Ik/Isc, is increased, the
required value of Rsc increases. This results in a greater input voltage at higher
foldback ratios. In addition, it can be seen for Equation (4.12) that there exists
an absolute limit to the foldback ratio equal to:

Ik _ Vour _
(—I-S-E) MAX 1+ m)for Rsc = o (415)

For these reasons, foldback ratios greater than 2:1 or 3:1 are not usually
practical for the lower output voltage regulators.

D. PARALLELING PASS ELEMENT TRANSISTORS

Occasionally, it will not be possible to obtain a transistor with sufficient
safe-operating-area. In these cases it is necessary to parallel two or more transis-
tors. Even if a single transistor with sufficient capability is available, it is possible
that paralleling two smaller transistors is more economical.

In order to insure that the collector currents of the paralleled transistors are
approximately equal, the configuration of Figure 4-7 can be used. Emitter bal-
lasting resistors are used to force collector current sharing between Q1 and Q2.
The collector current mismatch can be determined by considering the following:

From Figure 4-7,

VBE1 + Vi = Vg2 + V2 4.16)
and AVee = AV 4.17)

where AVse
and AV = V2 — Vi

VBEI — VBE2

[¢]
N

1
|
i
i |
s ! J
— | L/z
I
——————— | QN
y

<
.\

]

!
)
v,( §RE Vz( Re ﬁS
I

l

Figure 4-7. Paralleling Pass Element Transistors
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Assuming Ie1 = Ic1 and Ie2 = Ic2, the collector current mismatch is given by,

(eHzs)
Ic2 — It _\Re/ \RE/ V2 — Vi_ AV
Ie (Xg) T V2 TV 4.13)
Re
_ AVse
== 4.19)
and,
AVse

percent collector current mismatch = X 100% 4.20)

V2

From Equation (4.20), the collector current mismatch is dependent on A
VBE and V2. Since AVBE is usually acceptable, V2 should be 1.0 V to 0.5 V,
respectively. RE is therefore given by:

_ 0.5t01 0V _05Vtol0OV 05Vtwiol0V
Ici - I - Ic/2
E. TRANSISTOR SELECTION GUIDE

As an aid in selecting an appropriate series pass element, the following
selection guide has been included.

Re

4.21)

Selection By Package
Metal Packages

CASE 1-04, 1-06 — 40 mil pins (TO-204AA)
CASE 11-01, 11-03 — 40 mil pins (TO-204AA)
CASE 197-01 — 60 mil pins (TO-204AE TYPE)

TO-204AA/AE

Resistive Switching
IcCont | VCEQ(sus) ; ts t fr | Pp (Case)

Amps Volts Device Type hfg @lIc ps us @lc MHz Watts

Max Min NPN PNP Min/Max Amp Max Max Amp Min @ 25°C
25 800 MJ8501 7.5 min 0.5 4 2 1 125
1500* BU205 2 min 2 0.75 typ 2 4 typ 36
MJ12002 1.11 min 2 1 2 4 typ 75
35 325 2N3902 30/90 1 1.2typ | 0.1 typ 1 2.8 100
4 1500* MJ12003 2.5 min 3 1 3 100
200 MJ410 30/90 1 25 100
250 MJ3029 30 min 0.4 1 3 125
300 MJ411 30/90 1 25 100
400 2N6543 7/35 3 4 0.8 3 6 100
MJ13070 8 min 3 1.5 0.5 3 125
450 MJ16002 5 min 5 3 0.3 3 125
MJ16004 7 min 5 2.7 0.35 3 125
2N6834 10/30 3 2.7 0.35 3 15 125
500 MJ16002A 5 min 5 3 0.3 3 125
700 MJ8502 7.5 min 1 4 2 25 150
oann AS 10N I E min 1 A 2 e N 1N
800 MJ8503 7.5 min 1 4 2 25 150
850* MJ12020 5 min 5 0.13 typ 3 15 125
1500* BU208 2.25 min 4.5 0.6 typ 45 4 typ 60
BU208A 2.25 min 45 8typ | 0.4typ 45 4 typ 90
BU208Dt 2.25 min 45 0.6 typ 45 4 typ 60
MJ12004 2.5 min 45 1 45 4 100

# |hfel @ 1 MHz, ## Darlington (continued)

* V(BR)CEX OT V(BRICES =~ )
t D Suffix on this device signifies internal C-E Diode
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BIPOLAR POWER TRANSISTORS — METAL PACKAGES (continued)

TO-204AA/AE (continued)

Resistive Switching
IcCont | VCEO(sus) . tg tf fr Pp (Case)
Amps Voits Device Type hrg @Ic pus us @I MHz Watts
Max Min NPN PNP Min/Max Amp Max Max Amp Min @ 25°C

6 100 2N5758 25/100 3 0.7typ | 05typ 3 1 150
120 2N5759 20/80 3 0.7typ | 0.5typ 3 1 150

140 2N5760 15/60 3 0.7 typ | 0.5 typ 3 1 150

375 BU326 30 typ 0.6 3.5 L 25 6 90

400 BU326A 30 typ 0.6 35 1x* 25 6 90

7 300 MJ3041## 250 min 25 175
350 MJ3042# # 250 min 25 175

75 80 2N3448 40/120 5 2 0.35 5 10 115
8 60 MJ1000# # MJS00# # 1k min 3 90
2N6O55# # 2N6053# # 750/18k 4 1.5typ | 1.5 typ 4 a# 100

80 MJ1001## MJ901## 1k min 3 90

2N6056# # 2N6054# # 750/18k 4 1.5typ | 1.5typ 4 a# 100

15/75 3 1.6 04 3 5 125

15/75 3 1.6 04 3 5 125

12/60 3 1.6 04 5 5 125

400 2N6545 7/35 5 4 1 5, 6 125

MJ6503 15 min 2 2 0.5 4 125

MJ13080 8 min 5 1.5 05 5 150

450 MJ16006 5 min 8 25 0.25 5 150

MJ16008 7 min 8 2.2 0.25 5 150

2N6835 10/30 5 25 0.25 5 10 150

500 MJ16006A 5 min 8 3 04 5 150

850* MJ12021 5 min 8 0.1 typ 5 150

1400* MJ10011## 20 min 4 1 4 80

1500* MJ12005 5 min 5 1 5 100

9 400 BUX47 7 min 6 2 04 6 150
450 BUX47A 7 min 5 2 04 5 150

10 0 | 1k/20k 5 204 100
| 25 min 5 4 115

15 min 3 0.3typ | 0.4typ 5 4 150

30 min 3 0.3typ | 0.4typ 5 4 150

20/100 4 1 0.8 4 4 150

i ¥ 1k/20k 5 20# 100

MJ3000# # MJ2500# # 1k min 5 150

80 2N3714 2N3790 15 min 3 03typ | 0.4 typ 5 4 150

: . ] ! 30 min 3 0.3typ | 0.4typ 5 4 150

2N5878 2N5876 20/100 4 1 0.8 4 4 150

INGHSER 1k/20k 5 20# 100

MJ3001## MJ2501## 1k min 5 150

140 2N5634 15/60 5 09typ | 0.9 typ 5 1 150

2N3442 20/70 4 17

* V(BR)CEX. # Infel @ 1 MHz, ## Darlington (continued)

JAN, JTX, JTXV Available
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TO-204AA/AE (continued)

Resistive Switching

IcCont | VCEO(sus) ts t fr | Pp (Case)
Amps Voits Device Type hfFe @lic us pns @l MHz Watts
Max Min NPN PNP Min/Max Amp Max Max Amp Min @ 25°C
10 250 MJ15011 MJ15012 20/100 2 200
325 BUX43 8 min 5 22 0.9 5 8 120
MJ413 20/80 0.5 25 125
MJ4a23 30/90 1 25 125
MJ431 15/35 25 25 125
350 BU323## 150 min 6 7.5typ | 5.2 typ € 175
MJ13014 8/20 5 2 0.5 5 150
MJ10002# # 3/300 5 25 1 5 10# 150
MJ10006## 30/300 5 1.5 0.5 5 10# 150
400 BU323A## 150 min 6 75typ | 5.2 typ 6 175
MJ10007# # 30/300 5 1.5 0.5 5 10# 150
MJI10012## 100/2k 6 15 15 6 175
MJ13015 8/20 5 2 0.5 5 150
600 MJ10014# # 10/250 10 25 0.8 10 175
700 MJB504 7.5 min 1.5 4 2 5 175
800 MJ8505 7.5 min 1.5 4 2 5 175
MJ16018 4 min 5 4.5typ | 0.2 typ 5 150
950* MJ12010 4.2 min 5 1 5 100
12 60 2N6057## 750/18k 6 16typ | 1.5typ 6 a# 150
80 2NBOSB## 750/18k 6 16typ | 15typ | 6 a# 150
100  |2N60SOMN 750/18k 6 |16typ| 15typ| 6 as 150
250 BUX42 8 min 6 2 04 6 8 120
15 60 2N3055 MJ2955 20/70 4 0.7 typ | 0.3 typ 4 25 115
2N3056A MJ2955A 20/70 4 0.8 115
2N6576# # 2k/20k 4 2 7 10 10-200# 120
2N5881 2N5879 20/100 6 1 0.8 6 4 160
80 2N5882 2N5880 20/100 6 1 0.8 6 4 160
90 2N6577## 2k/20k 4 2 7 10 10-200# 120
120 MJ15015 MJ15016 20/70 4 1 180
2N6578# # 2k/20k 4 2 7 10 10-200# 120
140 MJ15001 MJ15002 25/150 4 2 200
150 MJ11018## | MJ11017## 100 min 15 3# 175
200 BUX41 8 min 8 15 04 8 8 120
2N6249 10/50 10 35 1 10 25 175
MJ11020## | MJ11019## 100 min 15 3# 175
250 MJ11022## | MJ11021## 100 min 15 3# 175
275 8/50 10 35 1 10 25 175
300 6/30 10 4 0.7 10 6to 24 176
325 8 min 8 25 08 8 8 150
400 8 min 10 2 04 10 175
6/30 10 4 0.7 10 6to 24 175
8 min 10 25 0.5 10 175
450 8 min 8 2 04 10 175
5 min 15 1.2typ | 0.2 typ 10 175
* V(BRICEX: # Ihfel @ 1 MHz, ## Darlington (continued)

D JAN, JTX, JTXV Available
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BIPOLAR POWER TRANSISTORS — METAL PACKAGES (continued)

TO-204AA/AE (continued)

Resistive Switching
IcCont | VCEO(sus) . tg tf fr Pp (Case)
Amps Volts Device Type hre @lic ns us @Ic MHz Watts
Max Min NPN PNP Min/Max Amp Max Max Amp Min @ 25°C
15 450 MJ16012 7 min 15 | 09typ [0.165typ| 10 175
2N6836 10/30 10 3 0.35 10 10 175
500 MJ16010A 5 min 15 3 0.4 10 175
850* | MJ12022 5 min 15 0.1 typ 10 175
16 80 BD315 BD316 25 min 5 1 200
100 BD317 BD318 25 min 5 1 200
2N5629 2N6029 26/100 8 1.2typ | 1.2typ 8 1 200
120 2N5630 2N6030 20/80 8 12typ | 1.2typ 8 1 200
140 2N3773 2N6609 15/60 8 11typ | 1.5typ 8 4 150
2N5631 2N6031 15/60 8 1.2typ | 1.2typ 8 1 200
200 MJ15022 MJ15023 15/60 8 5 250
250 MJ15024 MJ15025 15/60 8 5 250
18 160 BUX41N 8 min 12 12 0.25 12 8 120
20 60 2N3772 15/60 10 2 150
2NB282## | 2N6285## 750/18k 10 | 25typ | 25typ 10 a# 160
75 2NS088 201100 10 15 0.5 10 60 140
80 |2Nsaes: o748 | 1560 0 | 2 1 10 2 200
; NGBS 750/18k 10 | 25typ | 25typ | 10 a# 160
90 20/100 12 15 05 12 60 140
100 NG284; | 2NB28TRS 750/18k 10 | 25typ | 25typ | 10 a# 160
125 BUX40 8 min 15 1 0.25 15 8 120
140 MJ15003 MJ15004 25/150 5 2 250
160 BUV1IN 10 min 15 12 0.25 15 8 150
200 BUV11 10 min 12 18 04 12 8 150
MJ13330 8/40 10 35 0.7 10 |5t040 175
250 BUV12 10 min 10 15 0.5 10 8 150
MJ13331 8/40 10 3.5 0.7 10 | 5t040 175
350 MJ10000## 40/400 10 3 1.8 10 10# 175
MJ10004## 40/400 10 15 0.5 10 10# 175
400 BUV24 8 min 12 3 0.9 12 8 250
MJ10001## 40/400 10 3 1.8 10 10# 175
MJ10005## 40/400 10 15 0.5 10 10# 175
MJ13333 10/60 5 4 0.7 10 175
450 MJ10008# # 30/300 10 2 0.6 10 8# 175
MJ16014 5 min 20 2.7 0.35 20 250
MJ16016 7 min 20 2.2 0.25 20 250
2N6837 10/30 15 2.5 0.25 15 250
500 MJ10009# # 30/300 10 2 0.6 10 8# 175
MJ13335 10/60 5 4 0.7 10 175
700 BUT15## 15 min 12 2.5 0.8 12 175
750 MJ10024# # 50/600 20 5 1.8 10 250
850 MJ10025# # 50/600 20 5 18 10 250
* V(BR)CEX: # Ihfel @ 1 MHz, ## Darlington continued)

JAN, JTX, JTXV Available
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TO-204AA/AE (continued)

Resistive Switching

IcCont | VCEO(sus) ts Y fr | Pp (Cese)
Amps Volts Device Type hFE @lc us ns @lg MHz Watts
Max Min NPN PNP Min/Max Amp Max Max Amp Min @ 25°C
24 1000 | BUT36## 5 min 16 6 25 16 250
25 60 2NS5885 2N5883 20/100 10 1 08 10 4 200
80 2N5886 2N5884 20/100 10 1 08 10 4 200
2N6436 301120 10 1 0.25 10 40 200
e
100 : : 30/120 10 1 0.25 10 40 200
120 | 2N6339 2NB438 30/120 10 1 0.25 10 40 200
125  |BUV1O 10 min 20 1.2 0.25 20 8 150
BUV1ON 10 min 20 156 | 045 15 10 175
140 | 2N6340 30/120 10 1 0.25 10 40 200
| 2N63 30/120 10 1 025 | 10 40 200
500 |BUT14## 15 min 16 238 08 16 175
28 400 | BUT13## 20 min 20 26 08 18 176
30 40 2N3771 15/60 15 2 150
2N5301 2N4398 15/60 15 2 1 10 2 200
60 2N5302 4 1 1560 15 2 1 10 2 200
MJ11012## 1k min 20 a4 200
20 BUX39 8 min 20 1 0.25 20 8 120
MJ11014## | MI11013## 1k min 20 a# 200
100 |2N6328 6/30 30 3 200
MJ802 MJ4502 25/100 75 2 200
120 | MJ11016## | MJ11015## 1k min 20 a4 200
325  |BUV23e 8 min 16 18 04 16 8 250
400 | BUS98e 8 min 20 23 0.4 20 250
BUXS98 3 08 20 250
450 | BUS98Ae 8 min 16 23 04 16 250
BUX98A 3 08 16 250
MJ16020e 5 min 30 18 02 20 250
MJ16022¢ 7 min 30 15 0.15 20 250
0 1860 | BUV21INe 10 min 40 1 0.2 40 8 250
200 |BUV21e 10 min 25 1.8 0.4 25 8 150
250 | BUSS52e 15 min 40 350
BUV22e 10 min 20 1.1 0.35 20 8 250
350 | MJ100220## 50/600 120 25 09 20 250
400 | MJ100230## 50/600 10 25 09 20 250
700 | BUT3Se## 16 min 24 4 1.2 24 250
50 15/60 25 |05typ | 03typ| 25 2 300
400 min 50 300
15/60 25 |05typ|03typ| 25 2 300
30/120 20 08 0.25 20 30 250
90 MJ11030e## | MJ11031e## | 400 min 50 300
100 | 2N82740 837 30/120 20 08 | 025 | 20 30 250
120  |2N6275¢ 5379¢ | 30120 20 08 0.25 20 30 250
MJ110320## | MJ11033e## | 400 min 50 300
125 | BUV20e 10 min 50 1.2 0.25 50 8 250
150 ING27 30120 20 08 0.25 20 30 250
© Modified TO-3, 60 mil pins, # |htel @ 1 MHz, ## Darlington (continued)
- JAN, JTX, JTXV Available



BIPOLAR POWER TRANSISTORS — METAL PACKAGES (continued)

TO-204AA/AE (continued)
Resistive Switching
IcCont | VCEO(sus) ts t fr | Pp (Case)
Amps Volts Device Type hFg @lc us us @lc MHz Watts
Max Min NPN PNP Min/Max Amp Max Max Amp Min @ 25°C
50 200 BUSS51e 15 min 50 350
400 MJ1001504 # 10 min 40 25 1 20 250
500 BUT34e4## 15 min 32 3 1.5 32 250
MJ100160# # 10 min 40 25 1 20 250
56 400 BUT33e## 20 min 36 3.3 1.6 36 250
60 60 MJ14000e MJ14001e¢ 15/100 50 300
80 MJ14002¢ MJ14003¢ 15/100 50 300
200 MJ100200# # 75 min 15 35 0.5 30 250
250 MJ100210# # 75 min 15 35 0.5 30 250
70 125 BUSS0e 15 min 50 350
© Modified TO-3, 60 mil pins, # |hfel @ 1 MHz, ## Darlington
TO-205AA (Formerly TO-5)
PIN 1. EMITTER
2. BASE
CASE 31-03 3. COLLECTOR
Resistive Switching
IcCont | VCEO(sus) . tg tf fr Pp (Case)
Amps | Volts Device Type hee | @lc | ws | ws | @ic | MHz | Watts
Max Min NPN PNP Min/Max Amp Max Max Amp Min @ 25°C
3 40 2N3719 25/180 1 0.4* 1 60 6
2N3%67 40/200 1.5 0.4* 1.5 60 6
60 2N3720 25/180 1 0.4* 1 60 6
 2N38B8 30/150 15 0.4* 15 60 6
80 2N6303 30/150 1.5 0.4* 1.5 60 6
"ot
TO-205AD (Formerly TO-39)
PIN 1. EMITTER
2. BASE
3. COLLECTOR
(Pin 3 connected to case)
Resistive Switching
IcCont | VCEQ(sus) i ts t fr Pp (Case)
Amps Volts Device Type hre @l¢ us ns @lc MHz Watts
Max Min NPN PNP Min/Max Amp Max Max Amp Min @ 25°C
05 300 MJ4646 20 min 0.5 0.72* 0.05 40 5
400 MJ4647 20 min 0.5 0.72* 0.05 30 5
4 60 2N4877 20/100 4 1.5 0.5 4 4 10
5 80 2N5336 2N6190 30/120 2 2 0.2 2 30 6
2NS337 2N6191 60/240 2 2 0.2 2 30 6
100 2N5338 307120 2 2 0.2 2 30 10
60/240 2 2 0.2 2 30 6
*toff

JAN, JTX, JTXV Available
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: STYLE 1:

: . BASE PIN 1. BASE
Plastic Pac'(ages . COLLECTOR 2. COLLECTOR
TO-218AC . EMITTER 3. EMITTER

. COLLECTOR 4. COLLECTOR
CASE 340-02 (TO-218AC) CASE 340D-01 (TO-218)
Resistive Switching
IcCont | VCEO(sus) Device Type R ts t X fr | Pp (Case)
Amps Volts hFg @l us us @ lc MHz Watts
Max Min NPN PNP Min/Max Amp Max Max Amp Min @ 25°C
3 750 MJH16032 4 min 3 2 15 2 125
850 MJH16034 4 min 3 2 15 2 125
5 400 BUW11 6 min 3 4 0.8 3 125
450 BUWT1A 6 min 25 4 0.8 2.5 125
MJH16002 5 min 5 3 0.3 3 100
MJH16004 7 min 5 2.7 0.35 3 100
500 MJH16002A 5 min 5 3 0.3 3 100
1500* MJH12004 2.5 min 45 — 1 45 4 100
6 375 BU4261 30 typ 0.6 2 typ 0.5 typ 25 6 typ 113
400 BU426At 30 typ 0.6 2typ | 0.5typ 25 6 typ 113
8 400 BUW12 6 min 6 4 0.8 5 125
450 BUW12A 6 min 5 4 0.8 5 125
MJH16006 5 min 8 25 0.25 5 125
MJH16008 7 min 8 2.2 0.25 5 125
500 BUTS0P##1 30 min 2 0.75typ | 0.1 typ 5 100
MJH16006A 5 min 8 25 0.25 5 125
700 BU508,A 2.25 min 45 8 typ 0.5 typ 4.5 7 125
BU508D,AD 2.25 min 45 8typ | 0.5typ 45 7 125
750 MJH12005 0.4 typ 5 4 100
9 400 BUVA4T7t 7 min 5 2 0.4 6 128
450 BUV47At 7 min 6 2 0.4 6 128
10 40 TIP33 TIP34 20 min 3 3 80
60 BDVE5##t BDV6B4# #t 1k min 5 125
TIP33A TIP34A 20 min 3 3 80
TIP140## TIP145# # 500 min 10 25typ | 25typ 5 a# 125
80 BDVE5A##1 | BDV64A##t 1k min 5 125
TIP33B TIP34B 20 min 3 3 80
TIP141## TIP146# # 500 min 10 25typ | 25typ 5 a# 125
100 BDVESB##t | BDV64B##1 1k min 5 125
TIP33C TIP34C 20 min 3 3 80
TIP142# # TIP147## 500 min 10 25typ | 25typ 5 4# 125
120 BDVE5C##t | BDV6AC##1 1k min 5 125
200 BU323P##1 150 min 6 15 15 6 125
250 BU323AP##1 150 min 6 15 15 6 125
400 MJH10012## 100/2k 6 15 15 6 118
800 MJH16018 4 min 5 45typ | 0.2 typ 5 150
15 60 TIP3055 TIP2955 5 min 10 25 80
150 MJUH11018## | MUH11017## | 400/15k 10 3# 150
200 MJH11020## | MJH11019## | 400/15k 10 3# 150
250 MJH11022## | MJH11021## | 400/15k 10 3# 150
(continued)

# |hfel @ 1 MHz, ## Darlington

* VIBRICEX O V(BRICES
t These devices supplied in Case 340D-01. Consult Motorola for details
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PLASTIC TO-218 (continued)

—
Resistive Switching
IcCont | VCEO(sus) Device Type ts tf fr | Pp (Case)
Amps Volts hge @ g us us @i MHz Watts
Max Min NPN PNP Min/Max Amp Max Max Amp Min @ 25°C
15 400 BUV48t 8 min 10 2 0.4 10 150
MJH13090 8 min 10 25 05 10 125
450 BUV48At 8 min 8 2 04 10 150
MJH16010 5 min 15 1.2 0.2 10 150
MJH16012 7 min 15 0.9 0.15 10 150
500 BUT51P##1t 40 min 5 1.1 0.16 10 125
MJH16010A 5 min 15 3 0.4 10 150
16 100 MJE4340 MJE4350 15 min 8 1.2typ | 1.2typ 8 1 125
120 MJE4341 MJE4351 15 min 8 12typ | 1.2typ 8 1 125
140 MJE4342 MJE4352 15 min 8 1.2typ | 1.2typ 8 1 125
160 MJE4343 MJE4353 15 min 8 12typ | 1.2typ 8 1 125
20 60 MJH6282## | MJH6285# # 750/18k 10 a# 125
80 MJH6283## | MJH6286# # 750/18k 10 4# 125
100 MJH6284## | MJH6287## 750/18k 10 4# 125
25 40 TIP35 TIP36 10/75 15 06typ | 0.3typ 10 3 125
45 BD249t BD2s0t 10 min 15 3 125
60 BD249At BD250At 10 min 15 3 125
TIP35A TIP36A 10/75 15 0.6typ | 0.3 typ 10 3 125
80 BD249Bt BD250Bt 10 min 15 3 125
TIP358 TiP36B 10/75 15 0.6typ | 0.3typ 10 3 125
100 BD249Ct BD250Ct 10 min 15 3 125
TIP35C TiP36C 10/75 15 06typ | 0.3typ 10 3 125
# ihfel (@ 1 MHz, ## Darlington
t These devices supplied in Case 340D-01. Consult Motorola for details
PLASTIC TO-220
STYLE 1: 4
PIN 1. BASE
2. COLLECTOR
3. EMITTER
4. COLLECTOR
CASE 221A-04 (TO-220AB)
Resistive Switching
IcCont VCEO(sus) Device Type ts tf fr Pp (Case)
Amps Voits hrg @lc ns ns @lic MHz Watts
Max Min NPN PNP Min/Max Amp Max Max Amp Min @ 25°C
05 350 MJE2360T 15 min 0.1 10 typ 30
MJE2361T 40 min 0.1 10 typ 30
1 40 TIP29 TIP30 15/75 1 0.6typ | 0.3 typ 1 3 30
60 TIP29A TIP30A 15/75 1 06typ | 0.3 typ 1 3 30
80 TiP298 TIP30B 15/75 1 0.6typ | 0.3typ 1 3 30
100 TIP29C TIP30C 15/75 1 0.6 typ | 0.3 typ 1 3 30
250 TIP47 30/150 0.3 2typ |0.18typ 0.3 10 40
300 TIP48 30/150 0.3 2typ |0.18 typ 0.3 10 40
350 TiP49 30/150 0.3 2typ |0.18 typ 0.3 10 40
400 TIPSO 30/150 0.3 2typ |0.18 typ 03 10 40
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BIPOLAR POWER TRANSISTORS — PLASTIC PACKAGES (continued)

PLASTIC TO-220 (continued)

Resistive Switching
IcCont | VCEOQ(sus) Device Type tg tf T Pp (Case)
Amps Volts hFg @ Ig us us @ lgc MHz Watts
Max Min NPN PNP Min/Max Amp Max Max Amp Min (@ 25°C
2 45 BD239 BD240 15 min 1 3 30
60 BD239A BD240A 15 min 1 3 | 30
TIP110## TIP115## 500 min 2 1.7typ | 1.3typ 2 25# 50
80 BD239B BD240B 15 min 1 3 30
TIP111## TIP116## 500 min 2 71_7 typ 1.3 typ 2 25# 50
100 BD239C BD240C 25 min 1 3 30
TIP112## TIP117## 500 min 2 1.7typ | 1.3typ 2 25# 50
- - L >
400 BUX84 30 min 0.1 35 14 1 4 50
450 BUX85 30 min 0.1 35 14 1 4 50
900 MJE1320 3 min 1 4typ 0.8 typ 1 80
25 700 MJE8500 7.5 min 0.5 4 2 1 65
750 MJE12007 1.1 min 2 1 2 4typ | 65
800 MJE8501 7.5 min 0.5 4 2 1 65
3 40 TIP31 TIP32 25 min 1 0.6 typ | 0.3 typ 1 3 40
45 BD241 BD242 25 min 1 3 40
60 BD241A BD242A 25 min 1 3 40
TIP31A TIP32A 25 min 1 0.6 typ | 0.3typ 1 3 40
80 BD241B BD242B 25 min 1 3 40
TIP31B TIP32B 25 min 1 0.6 typ | 0.3typ 1 3 40
100 BD241C BD242C 25 min 1 3 40
TIP31C TIP32C 25 min 1 0.6typ | 0.3 typ 1 3 40
750 MJE16032 4 min 3 2 1.5 2 80
850 MJE16034 4 min 3 2 1.5 2 80
4 45 2N6121 2N6124 25/100 1.5 0.4typ | 0.3 typ 15 25 40
BD533 BD534 25 min 2 3 50
60 2N6122 2N6125 25/100 1.5 0.4 typ | 0.3typ 1.5 25 40
BD535 BD536 25 min 2 3 50
MJEBOOT## | MJE700T## 750 min 1.5 1# 40
80 2N6123 20/80 15 |04typ [ 03typ | 15 25 40
BD537 BD538 15 min 2 3 50
300 MJE13004 630 3 3 0.7 3 4 60 |
400 MJE13005 6/30 3 3 0.7 3 4 60
5 60 TIP120## TIP125# # 1k min 3 1.5typ | 1.5typ 3 a# 65
80 TIP121## TIP126# # 1k min 3 15typ | 1.5typ 3 a# 65
100 TIP122## TIP127## 1k min 3 1.5typ | 1.5typ 4 4# 75
250 2N6497 10/75 2.5 1.8 0.8 25 5 80
300 2N6498 10/75 25 1.8 0.8 25 5 80
400 MJE13070 8 min 3 15 0.5 3 80
450 | BUSA6P I 7 min 3 15 05 2 75
MJE16002 5 min 5 3 0.3 3 80
MJE16004 7 min 5 27 0.35 3 80
700 MJE8502 7.5 min 1 2 25 80
800 MJES503 7.5 min 1 2 25 80
6 40 TIP41 TIP42 15/75 3 0.4 typ | 0.15 typ 3 3 65
45 BD243 BD244 15 min 3 3 65
60 BD243A BD244A 15 min 3 3 65
TIP41A TIP42A 15/75 3 0.4 typ [ 0.15typ 3 3 65
80 BD243B BD244B 15 min 3 3 65
TIP41B TIP42B 15/75 3 04 typ {0.15typ 3 3 65
100 BD243C BD244C 15 min 3 3 65
TIP41C TiP42C 15/75 3 0.4 typ |0.15typ 3 3 65
7 30 2N6288 2N6111 30/150 3 0.4 typ (0.15 typ 3 4 40
# Ihfg' (@« 1 MHz, ## Darlington (continued)
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PLASTIC TO-220 (continued)

Resistive Switching
IcCont | VCEO(sus) Device T ts t T Pp (Case)
Amps Volts evice Type hge @lc us s @lc MHz Watts
Max Min NPN PNP Min/Max Amp Max Max Amp Min @ 25°C
7 45 BD795 BD796 25 min 3 3 65
50 2N6290 2N6109 30/150 25 0.4typ |0.15typ 3 4 40
60 BD797 BD798 25 min 3 3 65
70 2N6292 2N6107 30/150 3 0.4 typ | 0.15 typ 3 4 40
80 BD799 BD800 15 min 3 - 3 65
100 BD801 B8D802 15 min 3 3 65
150 BU407.D 30 min 1.5 0.75 5 10 60
200 BU406,D 30 min 1.5 0.75 5 10 60
375 BUS22# # 250 min 25 75 75
425 BUS22A# # 250 min 25 75 75
450 BUS22B# # 250 min 25 7.5 75
8 40 2N6386# # 1k/20k 3 20# 65
45 BDX53## BDX54# # 750 min 3 4# 60
BD895## BD896# # 750 min 3 1# 70
BD8I5A# # BD896A## 750 min 4 1# 70
60 2N6043# # 2N6040# # 1k/10k 4 1.5typ | 1.5typ 3 4# 75
BDX53A## BDX54A## 750 min 3 4# 60
BD897# # BD898# # 750 min 3 1# 70
BD897A# # BD898A# # 750 min 4 1# 70
- ) TIP100# # TIP105## 1k/20k 3 15typ | 1.5typ 3 a# 80
80 2N6044# # 2N6041## 1k/10k 4 15typ | 1.5typ 3 a# 75
BDXS3B## BDX54B# # 750 min 3 4# 60
BD899# # BDI00# # 750 min 3 1# 70
BD899A# # BD900A# # 750 min 4 1# 70
TIP101## TIP106# # 1k/20k 3 1.5typ | 1.5typ 3 4# 80
100 2N6045# # 2N6042# # 1k/10k 3 15typ | 1.5typ 3 4# 75
BDX53C## BDXS54C# # 750 min 3 4# 60
BD901## B8D902# # 750 min 3 1# 70
TIP102# # TIP107## 1k/20k 3 15typ | 15y 3 4% 80
120 BDXS3D## BDX54D# # 750 min 3 4% 60
MJE15028 MJE15029 20 min 4 30 50
150 MJE15030 MJE15031 20 min 4 30 50
BUB07## 100 min 5 0.55 typ | 0.2 typ 5 60
200 BUBO6# # 100 min 5 0.55 typ | 0.2 typ 5 60
300 MJE13006 5/30 5 3 0.7 5 4 80
MJES740# # 200 min a4 8 typ 2 typ 6 80
MJE5850 15 min 2 2 0.5 4 80
350 MJE5741# # 200 min 4 8 typ 2 typ 6 80
MJE5851 15 min 2 2 0.5 4 80
400 MJES742# # 200 min 4 8 typ 2 typ 6 80
MJE13007 5/30 5 3 0.7 5 4 80
MJES852 15 min 2 2 0.5 4 80
MJE16080 5 min 8 2 0.5 5 80
450 MJE16081 5 min 8 2 0.5 5 80
10 30 D45H1 20 min 4 50
D45H2 40 min 4 50
40 DA4E ## 1000 min 5 2typ | 0.5typ 10 50
45 BDX33## BDX34## 750 min 4 3 70
BD805 BD806 15 min 4 1.5 90
D45H4 20 min 4 50
D44H5 D45HS5 40 min 4 50
60 BDX33A## BDX34A## 750 min 4 3 70
BD807 BD808 15 min 4 15 90
# |hg| (« 1 MHz, ## Darlington (continued)
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BIPOLAR POWER TRANSISTORS — PLASTIC PACKAGES (continued)

PLASTIC TO-220 (continued)

Resistive Switching
icCont | VCEO(sus) Device Type ts t fr Pp (Case)
Amps Volts e hFE @ic | ms us | @ic | MHz | Watts
Max Min NPN PNP Min/Max Amp Max Max Amp Min @ 25°C
10 60 D44H7 D45H7 20 min 4 50
D44H8 D45HS 40 min 4 50
D45H9 40 min 4 50
MJE2801T 25/100 3 75
MJE3055T MJE2955T 20/70 4 75
2N6387+## 2N6667# # 1k/20k 5 20# 65
SE9300## SE9400# # 1k min 4 1# 70
80 BDX33B## BDX34B## 750 min 3 3 70
BD80S BD810 15 min 4 1.5 920
D44E3 1000 min 5 2typ 0.5 typ 10 50
D45H12 40 min 4 50
2N6388## 2N6668# # 1k/20k 5 20# 65
D44H10 D45H10 20 min 4 0.5 typ [0.14 typ 5 50 typ 50
D44H11 D45H11 40 min 4 05typ [0.14 typ 5 50 typ 50
SE9301## SE9401## 1k min 4 1# 70
100 BDX33C## BDX34C## 750 min 3 3 70
SE9302## SE9402# # 1k min 4 1# 70
12 300 MJE13008 6/30 8 3 0.7 8 4 100
400 MJE13009 6/30 8 3 0.7 8 4 100
15 30 D44VH1 D45VH1 20 min 4 0.7 0.09 8 50 typ 83
40 2N6486 2N6489 20/150 5 0.6typ | 0.3 typ 5 5 75
45 D44VH4 D45VH4 20 min 4 0.5 0.09 8 50 typ 83
60 2N6487 2N6490 20/150 5 06typ | 0.3typ 5 5 75
D44VH? 20 min 4 0.5 0.09 8 50 typ 83
MJE5220 MJE5230 20 min 4 0.7 0.1 8 83
80 2N6488 2N6491 20/150 5 0.6typ | 0.3typ 5 5 75
D44VH10 D45VH10 20 min 4 0.5 0.09 8 50 typ 83
MJES221 MJE5231 20 min 4 0.7 0.1 8 83
# |hfel (@ 1 MHz, ## Darlington
PLASTIC Full Pak (TO-220 Type)
CASE 221C-02
{ Resistive Switching
IcCont | VCEO(sus) Device T ts tf fr Pp (Case)
Amps Volts evice Type hFg @ lc ps us @I MHz Watts
Max Min NPN PNP Min/Max Amp Max Max Amp Min @ 25°C
1 250 MJF47 30/150 0.3 2typ [0.17 typ 0.3 10 28
5 100 MJIF122## MJIF127# # 2000 min 3 1.5typ | 1.5typ 3 a# 28
8 80 MJF6107 30/90 2 0.5typ | 0.13 typ 2 4 35
100 MJF102# # MJF107## 3000 min 3 15typ | 1.5typ 3 4# 35
150 MJF15030 MJF15031 40 min 3 1typ |0.15typ 3 30 35
10 60 MJF3055 MJF2955 20/100 4 2 40

# |hfel @ 1 MHz, ## Darlington
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SECTION 5§

LINEAR REGULATOR CONSTRUCTION
AND LAYOUT

An important, and often neglected, aspect of the total regulator circuit design
is the actual layout and component placement of the circuit. In order to obtain
excellent transient response performance, high frequency transistors are used in
modern integrated circuit voltage regulators. Proper attention to circuit layout is
therefore necessary in order to prevent regulator instability or oscillations, or
degraded performance.

In this section, guidelines will be given on proper regulator layout and
placement of circuit components. In addition, topics such as remote voltage sensing
and semiconductor mounting techniques will also be considered.

1. General Layout and Component Placement Considerations

As mentioned previously, modern integrated circuit regulators are necessarily
high bandwidth devices in order to obtain good transient response characteristics.
To insure stable closed loop operation, all these devices are frequency compen-
sated, either internally or externally. This compensation can easily be upset by
unwanted stray circuit capacitances and lead inductances, resulting in spurious
oscillations. Therefore, it is important that the circuit lead lengths be short and the
layout as tight as possible. Particular attention should be paid to locating the
compensation and bypass capacitors as close to the IC as possible. Lead lengths
associated with the external pass clement(s), if used, should also be minimized.

Often overlooked is the stray inductance associated with the input leads to the
regulator circuit. If the lead length from the input supply filter capacitor to the
regulator input is more than a couple of inches, a 0.01-1.0uF high frequency type
capacitor (tantalum, ceramic, etc.) should be used to bypass the supply leads close
to the regulator input pins.

2. Ground Loops and Remote Voltage Sensing

Ground Loops

Regulator performance can also suffer if ground loops in the circuit wiring
are not avoided. The most common ground loop problem occurs when the return
lead of the input supply filter capacitor is improperly located, as shown in Figure
5-1. If this return lead is physically connected between the load return and the
regulator circuit ground point (‘‘B’’), a ripple voltage component (60 or 120 Hz)
can be induced on the load voltage, VL. This is due to the high peaks of the filter
capacitor ripple current, iripple, flowing through the lead resistance between the
load and regulator. These peaks can be 5 to 15 times the value of load current.
Since the regulator will only keep constant the voltage between its sense lead
and ground point, points ‘““‘A’’ and ‘B’ in Figure 5-1, this additional ripple
voltage, VLEAD, will appear at the load.

This problem can be avoided by proper placement and connection of the
filter capacitor return load as shown in Figure 5-2.
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WRONG!

Regulator AT
Circuit —O
R
VouT Vi L
to
XFMR
-
iripple
Viead
Figure 5-1. Filter Capacitor Ground Loop
RIGHT!
Regulator “A"
-—0O0— Circuit —O
——=c g VouTt Vi RL
to
XFMR
-

iripple ‘ 1

Figure 5-2.

Remote Voltage Sensing

Closely related to the above ground loop problem, is resistance in the current
carrying leads to the load. This can cause poorer than expected load regulation
in cases where the load currents are large or where the load is located some
distance from the regulator. This is illustrated in Figure 5-3. As stated previously,
the regulator circuit will keep the voltage present between its sense and ground
pins constant. From Figure 5-3 we can see that any lead resistance between these
points and the load will cause the load voltage, VL, to vary with varying load
current, iL. This effectively lowers the load regulation of the circuit.
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Figure 5-3. Effects of Resistance in Output Leads

VIN Output RLEAD
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Regulator
Circuit O
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—0— A\~
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Figure 5-4. Remote Voltage Sensing

This problem can be avoided by use of remote sense leads, as shown in
Figure 5-4. The voltage drops in the high current carrying leads now have no
effect on the load voltage, VL. However, since the sense and ground leads are
usually rather long, care must be exercised that their associated lead inductance
is minimized, or loop instability may result. The ground and sense leads should
be formed into a twisted pair lead to minimize their lead industance and noise

pickup.

3. Mounting Considerations for Power Semiconductors

Current and power ratings of semiconductors are inseparably linked to their
thermal environment. Except for lead-mounted parts used at low currents, a heat
exchanger is required to prevent the junction temperature from exceeding its rated
limit, thereby running the risk of a high failure rate. Furthermore, the semicon-
ductor industry’s field history indicated that the failure rate of most silicon semi-
conductors decreases approximately by one-half for a decrease in junction
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temperature from 160°C to 135°C.(" Guidelines for designers of military power
supplies impose a 110°C limit upon junction temperature.® Proper mounting
minimizes the temperature gradient between the semiconductor case and the heat
exchanger.

Most early life field failures of power semiconductors can be traced to faulty
mounting procedures. With metal packaged devices, faulty mounting generally
causes unnecessarily high junction temperature, resulting in reduced component
lifetime, although mechanical damage has occurred on occasion from improperly
mounting to a warped surface. With the widespread use of various plastic-pack-
aged semiconductors, the prospect of mechanical damage is very significant.
Mechanical damage can impair the case moisture resistance or crack the semi-
conductor die.

Figure 5-5 shows an example of doing nearly everything wrong. A tab mount
TO-220 package is shown being used as a replacement for a TO-213AA (TO-66)
part which was socket mounted. To use the socket, the leads are bent — an
operation which, if not properly done, can crack the package, break the internal

PLASTIC BODY
LEADS
PACKAGE HEATSINK
MICA WASHER
! A 7 = ] !
/ / = SPEED NUT
EQUIPMENT SOCKET FOR G (PART OF SOCKET)
HEATSINK T0-213AA PACKAGE SHEET METAL SCREW

Figure 5-5. Extreme Case of Improperly Mounting
A Semiconductor (Distortion Exaggerated)

(1) MIL-HANDBOOK — 2178, SECTION 2.2.
(2) “Navy Power Supply Reliability — Design and Manufacturing Guidelines” NAVMAT P4855-1, Dec. 1982
NAVPUBFORCEN, 5801 Tabor Ave., Philadelphia, PA 19120.

Cho-Therm is a registered trademark of Chromerics, Inc.

Grafoil is a registered trademark of Union Carbide

Kapton is a registered trademark of E.I. Dupont

Rubber-Duc is a trademark of AAVID Engineering

Sil Pad is a trademark of Berquist

Sync-Nut is a trademark of ITW Shakeproof

Thermasil is a registered trademark and Thermafilm is a trademark of Thermalloy, Inc.
ICePAK, Full Pak, POWERTAP and Thermopad are trademarks of Motorola, Inc.

54



bonding wires, or crack the die. The package is fastened with a sheet-metal screw
through a 1/4” hole containing a fiber-insulating sleeve. The force used to tighten
the screw tends to pull the package into the hole, possibly causing enough dis-
tortion to crack the die. In addition the contact area is small because of the area
consumed by the large hole and the bowing of the package; the result is a much
higher junction temperature than expected. If a rough heatsink surface and/or
burrs around the hole were displayed in the illustration, most but not all poor
mounting practices would be covered.

In many situations the case of the semiconductor must be electrically isolated
from its mounting surface. The isolation material is, to some extent, a thermal
isolator as well, which raises junction operating temperatures. In addition, the
possibility of arc-over problems is introduced if high voltages are present. Various
regulating agencies also impose creepage distance specifications which further
complicates design. Electrical isolation thus places additional demands upon the
mounting procedure.

Proper mounting procedures usually necessitate orderly attention to the
following:

Preparing the mounting surface

Applying a thermal grease (if required)

Installing the insulator (if electrical isolation is desired)
Fastening the assembly

Connecting the terminals to the circuit

N

In this note, mounting procedures are discussed in general terms for several
generic classes of packages. As newer packages are developed, it is probable
that they will fit into the generic classes discussed in this note. Unique require-
ments are given on data sheets pertaining to the particular package. The following
classes are defined:

Flange Mount
Plastic Body Mount
Tab Mount

Surface Mount

Appendix A contains a brief review of thermal resistance concepts. Appendix
B discusses measurement difficulties with interface thermal resistance tests.

Mounting Surface Preparation

In general, the heatsink mounting surface should have a flatness and finish
comparable to that of the semiconductor package. In lower power applications,
the heatsink surface is satisfactory if it appears flat against a straight edge and is
free from deep scratches. In high-power applications, a more detailed examination
of the surface is required. Mounting holes and surface treatment must also be
considered.
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Surface Flatness

Surface flatness is determined by comparing the variance in height (Ah) of
the test specimen to that of a reference standard as indicated in Figure 5-6. Flatness
is normally specified as a fraction of the Total Indicator Reading (TIR). The
mounting surface flatness, i.e, Ah/TIR, if less than 4 mils per inch, normal for
extruded aluminum, is satisfactory in most cases.

TIR = TOTAL INDICATOR READING

SAMPLE
PIECE
TIR

Ah
1
T

REFERENCE PIECE DEVICE MOUNTING AREA

Figure 5-6. Surface Flatness Measurement

Surface Finish

Surface finish is the average of the deviations both above and below the
mean value of surface height. For minimum interface resistance, a finish in the
range of 50 to 60 microinches is satisfactory; a finer finish is costly to achieve
and does not significantly lower contact resistance. Tests conducted by Thermalloy
using a copper TO-204 (TO-3) package with a typical 32-microinch finish, showed
that heatsink finishes between 16 and 64 u-in caused less than *+2.5% difference
in interface thermal resistance when the voids and scratches were filled with a
thermal joint compound.® Most commercially available cast or extruded heatsinks
will require spotfacing when used in high-power applications. In general, milled
or machined surfaces are satisfactory if prepared with tools in good working
condition.

Mounting Holes

Mounting holes generally should only be large enough to allow clearance
of the fastener. The larger thick flange type packages having mounting holes
removed from the semiconductor die location, such as the TO-204AA, may
successfully be used with larger holes to accommodate an insulating bushing,
but many plastic encapsulated packages are intolerant of this condition. For these
packages, a smaller screw size must be used such that the hole for the bushing
does not exceed the hole in the package.

Punched mounting holes have been a source of trouble because if not properly
done, the area around a punched hole is depressed in the process. This ‘‘crater’’

(3) Catalog #87-HS-9 (1987), page 8, Thermalloy, Inc., P.O. Box 810839, Dallas, Texas 75381-0839.
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in the heatsink around the mounting hole can cause two problems. The device
can be damaged by distortion of the package as the mounting pressure attempts
to conform it to the shape of the heatsink indentation, or the device may only
bridge the crater and leave a significant percentage of its heat-dissipating surface
out of contact with the heatsink. The first effect may often be detected immediately
by visual cracks in the package (if plastic), but usually an unnatural stress is
imposed, which results in an early-life failure. The second effect results in hotter
operation and is not manifested until much later.

Although punched holes are seldom acceptable in the relatively thick material
used for extruded aluminum heatsinks, several manufacturers are capable of
properly utilizing the capabilities inherent in both fine-edge blanking or sheared-
through holes when applied to sheet metal as commonly used for stamped heat-
sinks. The holes are pierced using Class A progressive dies mounted on four-
post die sets equipped with proper pressure pads and holding fixtures.

When mounting holes are drilled, a general practice with extruded aluminum,
surface cleanup is important. Chamfers must be avoided because they reduce
heat transfer surface and increase mounting stress. However, the edges must be
broken to remove burrs which cause poor contact between device and heatsink
and may puncture isolation material.

Surface Treatment

Many aluminum heatsinks are black-anodized to improve radiation ability
and prevent corrosion. Anodizing results in significant electrical but negligible
thermal insulation. It need only be removed from the mounting area when elec-
trical contact is required. Heatsinks are also available which have a nickel plated
copper insert under the semiconductor mounting area. No treatment of this surface
is necessary.

Another treated aluminum finish is iridite, or chromate-acid dip, which offers
low resistance because of its thin surface, yet has good electrical properties
because it resists oxidation. It need only be cleaned of the oils and films that
collect in the manufacture and storage of the sinks, a practice which should be
applied to all heatsinks.

For economy, paint is sometimes used for sinks; removal of the paint where
the semiconductor is attached is usually required because of paint’s high thermal
resistance. However, when it is necessary to insulate the semiconductor package
from the heatsink, hard anodized or painted surfaces allow an easy installation
for low voltage applications. Some manufacturers will provide anodized or painted
surfaces meeting specific insulation voltage requirements, usually up to 400 volts.

It is also necessary that the surface be free from all foreign material, film,
and oxide (freshly bared aluminum forms an oxide layer in a few seconds).
Immediately prior to assembly, it is a good practice to polish the mounting area
with No. 000 steel wool, followed by an acetone or alcohol rinse.

Interface Decisions

When any significant amount of power is being dissipated, something must
be done to fill the air voids between mating surfaces in the thermal path. Otherwise
the interface thermal resistance will be unnecessarily high and quite dependent
upon the surface finishes.
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For several years, thermal joint compounds, often called grease, have been
used in the interface. They have a resistivity of approximately 60°C/W/in whereas
air has 1200°C/W/in. Since surfaces are highly pock-marked with minute voids,
use of a compound makes a significant reduction in the interface thermal resistance
of the joint. However, the grease causes a number of problems, as discussed in
the following section.

To avoid using grease, manufacturers have developed dry conductive and
insulating pads to replace the more traditional materials. These pads are conformal
and therefore partially fill voids when under pressure.

Thermal Compounds (Grease)

Joint compounds are a formulation of fine zinc or other conductive particles
in a silicone oil or other synthetic base fluid which maintains a grease-like con-
sistency with time and temperature. Since some of these compounds do not spread
well, they should be evenly applied in a very thin layer using a spatula or lintless
brush, and wiped lightly to remove excess material. Some cyclic rotation of the
package will help the compound spread evenly over the entire contact area. Some
experimentation is necessary to determine the correct quantity; too little will not
fill all the voids, while too much may permit some compound to remain between
well mated metal surfaces where it will substantially increase the thermal resis-
tance of the joint.

To determine the correct amount, several semiconductor samples and heat-
sinks should be assembled with different amounts of grease applied evenly to
one side of each mating surface. When the amount is correct a very small amount
of grease should appear around the perimeter of each mating surface as the
assembly is slowly torqued to the recommended value. Examination of a dis-
mantled assembly should reveal even wetting across each mating surface. In
production, assemblers should be trained to slowly apply the specified torque
even though an excessive amount of grease appears at the edges of mating sur-
faces. Insufficient torque causes a significant increase in the thermal resistance
of the interface.

To prevent accumulation of airborne particulate matter, excess compound
should be wiped away using a cloth moistened with acetone or alcohol. These
solvents should not contact plastic-encapsulated devices, as they may enter the
package and cause a leakage path or carry in substances which might attack the
semiconductor chip.

The silicone oil used in most greases has been found to evaporate from hot
surfaces with time and become deposited on other cooler surfaces. Consequently,
manufacturers must determine whether a microscopically thin coating of silicone
oil on the entire assembly will pose any problems. It may be necessary to enclose
components using grease. The newer synthetic base greases show far less tendency
to migrate or creep than those made with a silicone oil base. However, their
currently observed working temperature range are less, they are slightly poorer
on thermal conductivity and dielectric strength and their cost is higher.

Data showing the effect of compounds on several package types under
different mounting conditions is shown in Table 5-1. The rougher the surface,
the more valuable the grease becomes in lowering contact resistance; therefore,
when mica insulating washers are used, use of grease is generally mandatory.
The joint compound also improves the breakdown rating of the insulator.
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Table 5-1
Approximate Values for Interface Thermal Resistance Data from Measurements Performed
in Motorola Applications Engineering Laboratory

Dry interface values are subject to wide variation because of extreme dependence upon surface
conditions. Unless otherwise noted the case temperature is monitored by a thermocouple located
directly under the die reached through a hole in the heatsink. (See Appendix B for a discussion of
Interface Thermal Resistance Measurements.)

Package Type and Data Interface Thermal Resistance (°C/W)
Test

JEDEC Torque Metal-to-Metal With Insulator See

Outlines Description In-Lb Dry | Lubed | Dry | Lubed | Type | Note
TO-204AA Diamond Flange 6 0.5 0.1 1.3 | 0.36 | 3 mil 1
(TO-3) Mica
TO-220AB Thermowatt 8 1.2 1.0 34 1.6 2 mil 1,2

Mica

NOTES: 1. See Figures 5-7 and 5-8 for additional data on TO-204AA and TO-220 packages.
2. Screw not insulated. See Figure 5-12.

Conductive Pads

Because of the difficulty of assembly using grease and the evaporation
problem, some equipment manufacturers will not, or cannot, use grease. To
minimize the need for grease, several vendors offer dry conductive pads which
approximate performance obtained with grease. Data for a greased bare joint and
a joint using Grafoil, a dry graphite compound, is shown in the data of Figure
5-7. Grafoil is claimed to be a replacement for grease when no electrical isolation
is required; the data indicates it does indeed perform as well as grease. Another
conductive pad available from Aavid is called KON-DUX. It is made with a
unique, grain oriented, flake-like structure (patent pending). Highly compressible,
it becomes formed to the surface roughness of both the heatsink and semicon-
ductor. Manufacturer’s data shows it to provide an interface thermal resistance
better than a metal interface with filled silicone grease. Similar dry conductive
pads are available from other manufacturers. They are a fairly recent development;
long term problems, if they exist, have not yet become evident.

Insulation Considerations

Since most power semiconductors use are vertical device construction it is
common to manufacture power semiconductors with the output electrode (anode,
collector or drain) electrically common to the case; the problem of isolating this
terminal from ground is a common one. For lowest overall thermal resistance,
which is quite important when high power must be dissipated, it is best to isolate
the entire heatsink/semiconductor structure from ground, rather than to use an
insulator between the semiconductor and the heatsink. Heatsink isolation is not
always possible, however, because of EMI requirements, safety reasons, instances
where a chassis serves as a heatsink or where a heatsink is common to several
non-isolated packages. In these situations insulators are used to isolate the indi-
vidual components from the heatsink. Newer packages, such as the Motorola
Full Pak and EMS modules, contain the electrical isolation material within,
thereby saving the equipment manufacturer the burden of addressing the isolation
problem.
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Insulator Thermal Resistance

When an insulator is used, thermal grease is of greater importance than with
a metal-to-metal contact, because two interfaces exist instead of one and some
materials, such as mica, have a hard, markedly uneven surface. With many
isolation materials reduction of interface thermal resistance of between 2 to 1 and
3 to 1 are typical when grease is used.

Data obtained by Thermalloy, showing interface resistance for different
insulators and torques applied to TO-204 (TO-3) and TO-220 packages, are shown
in Figure 5-7, for bare and greased surfaces. Similar materials to those shown
are available from several manufacturers. It is obvious that with some arrange-
ments, the interface thermal resistance exceeds that of the semiconductor (junction
to case).
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Figure 5-7. Interface Thermal Resistance for TO-204, TO-3 and TO-220 Packages using
Different Insulating Materials as a Function of Mounting Screw Torque
(Data Courtesy Thermalloy)
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Referring to Figure 5-7, one may conclude that when high power is handled,
beryllium oxide is unquestionably the best. However, it is an expensive choice.
(It should not be cut or abraided, as the dust is highly toxic.) Thermafilm is a
filled polyimide material which is used for isolation (variation of Kapton). It is
a popular material for low power applications because of its low cost ability to
withstand high temperatures, and ease of handling in contrast to mica which chips
and flakes easily.

A number of other insulating materials are also shown. They cover a wide
range of insulation resistance, thermal resistance and ease of handling. Mica has
been widely used in the past because it offers high breakdown voltage and fairly
low thermal resistance at a low cost but it certainly should be used with grease.

Silicone rubber insulators have gained favor because they are somewhat
conformal under pressure. Their ability to fill in most of the metal voids at the
interface reduces the need for thermal grease. When first introduced, they suffered
from cut-through after a few years in service. The ones presently available have
solved this problem by having imbedded pads of Kapton or fiberglass. By com-
paring Figures 5-7c and 5-7d, it can be noted that Thermasil, a filled silicone
rubber, without grease, has about the same interface thermal resistance as greased
mica for the TO-220 package.

A number of manufacturers offer silicone rubber insulators. Table 5-2 shows
measured performance of a number of these insulators under carefully controlled,
nearly identical conditions. The interface thermal resistance extremes are over
2:1 for the various materials. It is also clear that some of the insulators are much
more tolerant than others of out-of-flat surfaces. Since the tests were performed,
newer products have been introduced. The Bergquist K-10 pad, for example, is
described as having about 2/3 the interface resistance of the Sil Pad 1000 which
would place its performance close to the Chomerics 1671 pad. AAVID also offers
an isolated pad called Rubber-Duc, however it is only available vulcanized to a
heatsink and therefore was not included in the comparison. Published data from
AAVID shows Récs below 0.3°C/W for pressures above 500 psi. However,
surface flatness and other details are not specified so a comparison cannot be
made with other data in this note.

Table 5-2. Thermal Resistance of Silicone Rubber Pads

Rgcs @ Rgcs @

Manufacturer Product 3 Mils* 7.5 Mils*
Wakefield Delta Pad 173-7 .790 1.175
Bergquist Sil Pad K-4 .752 1.470
Stockwell Rubber 1867 742 1.015
Bergquist Sil Pad 400-9 .735 1.205
Thermalloy Thermalsil Ii .680 1.045
Shin-Etsu TC-30AG .664 1.260
Bergquist Sil Pad 400-7 .633 1.060
Chomerics 1674 .592 1.190
Wakefield Delta Pad 174-9 .574 .755
Bergquist Sil Pad 1000 .529 .935
Ablestik Thermal Wafers .500 .990
Thermalloy Thermalsil Il .440 1.035
Chomerics 1671 .367 .655

*Test Fixture Deviation from flat from Thermalloy EIR86-1010.
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The thermal resistance of some silicone rubber insulators is sensitive to
surface flatness when used under a fairly rigid base package. Data for a TO-204AA
(TO-3) package insulated with Thermasil is shown on Figure 5-8. Observe that
the ‘‘worst case’’ encountered (7.5 mils) yields results having about twice the
thermal resistance of the ‘‘typical case’’ (3 mils), for the more conductive insu-
lator. In order for Thermasil III to exceed the performance of greased mica, total
surface flatness must be under 2 mils, a situation that requires spot finishing.
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Figure 5-8. Effect of Total Surface Flatness on Interface
Resistance Using Silicon Rubber Insulators

Silicon rubber insulators have a number of unusual characteristics. Besides
being affected by surface flatness and initial contact pressure, time is a factor.
For example, in a study of the Cho-Therm 1688 pad thermal interface impedance
dropped from 0.90°C/W to 0.70°C/W at the end of 1000 hours. Most of the
change occurred during the first 200 hours where Rfcs measured 0.74°C/W. The
torque on the conventional mounting hardware had decreased to 3 in-1b from an
initial 6 in-1b. With non-conformal materials, a reduction in torque would have
increased the interface thermal resistance.

Because of the difficulties in controlling all variables affecting tests of inter-
face thermal resistance, data from different manufacturers is not in good agree-
ment. Table 5-3 shows data obtained from two sources. The relative performance
is the same, except for mica which varies widely in thickness. Appendix B
discusses the variables which need to be controlled. At the time of this writing
ASTM Committee D9 is developing a standard for interface measurements.

The conclusions to be drawn from all this data is that some types of silicon
rubber pads, mounted dry, will out perform the commonly used mica with grease.
Cost may be a determining factor in making a selection.
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Table 5-3. Performance of Silicon Rubber Insulators Tested per MiL--49456

Measured Thermal Resistance (°C/W)
Material Thermalloy Data(1) Berquist Data(2)

Bare Joint, greased 0.033 0.008
BeO, greased 0.082 -
Cho-Therm, 1617 0.233 -
Q Pad (non-insulated) -_— 0.009
Sil-Pad, K-10 0.263 0.200
Thermasil lll 0.267 -
Mica, greased 0.329 0.400
Sil-Pad 1000 0.400 0.300
Cho-therm 1674 0.433 —
Thermasil Il 0.500 -
Sil-Pad 400 0.533 0.440
Sil-Pad K-4 0.583 0.440

(1) From Thermalloy EIR 87-1030
(2) From Berquist Data Sheet

Insulation Resistance

When using insulators, care must be taken to keep the mating surfaces clean.
Small particles of foreign matter can puncture the insulation, rendering it useless
or seriously lowering its dielectric strength. In addition, particularly when voltages
higher than 300 V are encountered, problems with creepage may occur. Dust and
other foreign material can shorten creepage distances significantly; so having a
clean assembly area is important. Surface roughness and humidity also lower
insulation resistance. Use of thermal grease usually raises the withstand voltage
of the insulation systcm but cxcess must be removed to avoid collecting dust.
Because of these factors, which are not amenable to analysis, hi-pot testing should
be done on prototypes and a large margin of safety employed.

Insulated Electrode Packages

Because of the nuisance of handling and installing the accessories needed
for an insulated semiconductor mounting, equipment manufacturers have longed
for cost-effective insulated packages since the 1950’s. The first to appear were
stud mount types which usually have a layer of beryllium oxide between the stud
hex and the can. Although effective, the assembly is costly and requires manual
mounting and lead wire soldering to terminals on top of the case. In the late
eighties, a number of electrically isolated parts became available from various
semiconductor manufacturers. These offerings presently consist of multiple chips
and integrated circuits as well as the more conventional single chip devices.

The newer insulated packages can be grouped into two categories. The first
has insulation between the semiconductor chips and the mounting base; an exposed
area of the mounting base is used to secure the part. The second category contains
parts which have a plastic overmold covering the metal mounting base. The Full
Pak, Case 221C, illustrated in Figure 5-13, is an example of parts in the second
category.

Parts in the first category — those with an exposed metal flange or tab —
are mounted the same as their non-insulated counterparts. However, as with any
mounting system where pressure is bearing on plastic, the overmolded type should
be used with a conical compression washer, described later in this note.
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Fastener and Hardware Characteristics

Characteristics of fasteners, associated hardware, and the tools to secure
them determine their suitability for use in mounting the various packages. Since
many problems have arisen because of improper choices, the basic characteristics
of several types of hardware are discussed next.

Compression Hardware

Normal split ring lock washers are not the best choice for mounting power
semiconductors. A typical #6 washer flattens at about 50 pounds, whereas 150
to 300 pounds is needed for good heat transfer at the interface. A very useful
piece of hardware is the conical, sometimes called a Belleville washer, compres-
sion washer. As shown in Figure 5-9, it has the ability to maintain a fairly
constant pressure over a wide range of its physical deflection — generally 20%
to 80%. When installing, the assembler applies torque until the washer depresses
to half its original height. (Tests should be run prior to setting up the assembly
line to determine the proper torque for the fastener used to achieve 50%
deflection.) The washer will absorb any cyclic expansion of the package, insu-
lating washer or other materials caused by temperature changes. Conical washers
are the key to successful mounting of devices requiring strict control of the
mounting force or when plastic hardware is used in the mounting scheme. They
are used with the large face contacting the packages. A new variation of the
conical washer includes it as part of a nut assembly. Called a Sync Nut, the
patented device can be soldered to a PC board and the semiconductor mounted
with a 6-32 machine screw.®
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Clips

Fast assembly is accomplished with clips. When only a few watts are being
dissipated, the small board-mounted or free-standing heat dissipators with an
integral clip, offered by several manufacturers, result in a low cost assembly.
When higher power is being handled, a separate clip may be used with larger
heatsinks. In order to provide proper pressure, the clip must be specially designed
for a particular heatsink thickness and semiconductor package.

Clips are especially popular with plastic packages such as the TO-220 and
TO-126. In addition to fast assembly, the clip provides lower interface thermal
resistance than other assembly methods when it is designed for proper pressure
to bear on the top of the plastic over the die. The TO-220 package usually is
lifted up under the die location when mounted with a single fastener through the
hole in the tab because of the high pressure at one end.

Machine Screws

Machine screws, conical washers, and nuts (or sync-nuts) can form a trouble-
free fastener system for all types of packages which have mounting holes. How-
ever, proper torque is necessary. Torque ratings apply when dry; therefore, care
must be exercised when using thermal grease to prevent it from getting on the
threads as inconsistent torque readings result. Machine screw heads should not
directly contact the surface of plastic packages types as the screw heads are not
sufficiently flat to provide properly distributed force. Without a washer, cracking
of the plastic case may occur.

Self-Tapping Screws

Under carefully controlled conditions, sheet-metal screws are acceptable.
However, during the tapping-process with a standard screw. a volcano-like pro-
trusion will develop in the metal being threaded; an unacceptable surface that
could increase the thermal resistance may result. When standard sheet metal
screws are used, they must be used in a clearance hole to engage a speed-nut.
If a self tapping process is desired, the screw type must be used which roll-forms
machine screw threads.

Rivets

Rivets are not a recommended fastener for any of the plastic packages. When
a rugged metal flange-mount package is being mounted directly to a heatsink,
rivets can be used provided press-riveting is used. Crimping force must be applied
slowly and evenly. Pop-riveting should never be used because the high crimping
force could cause deformation of most semiconductor packages. Aluminum rivets
are much preferred over steel because less pressure is required to set the rivet
and thermal conductivity is improved.

The hollow rivet, or eyelet, is preferred over solid rivets. An adjustable,
regulated pressure press is used such that a gradually increasing pressure is used
to pan the eyelet. Use of sharp blows could damage the semiconductor die.

Solder

Until the advent of the surface mount assembly technique, solder was not
considered a suitable fastener for power semiconductors. However, user demand
has led to the development of new packages for this application. Acceptable
soldering methods include conventional belt-furnace, irons, vapor-phase reflow,
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and infrared reflow. It is important that the semiconductor temperature not exceed
the specified maximum (usually 260°C) or the die bond to the case could be
damaged. A degraded die bond has excessive thermal resistance which often leads
to a failure under power cycling.

Adhesives

Adhesives are available which have coefficients of expansion compatible
with copper and aluminum.® Highly conductive types are available; a 10 mil
layer has approximately 0.3°C/W interface thermal resistance. Different types
are offered: high strength types for non-field-servicable systems or low strength
types for field-serviceable systems. Adhesive bonding is attractive when case
mounted parts are used in wave soldering assembly because thermal greases
are not compatible with the conformal coatings used and the greases foul the
solder process.

Plastic Hardware

Most plastic materials will flow, but differ widely in this characteristic.
When plastic materials form parts of the fastening system, compression washers
are highly valuable to assure that the assembly will not loosen with time and
temperature cycling. As previously discussed, loss of contact pressure will
increase interface thermal resistance.

'Fastening Techniques

Each of the various classes of packages in use requires different fastening
techniques. Details pertaining to each type are discussed in following sections.
Some general considerations follow.

To prevent galvanic action from occurring when devices are used on alu-
minum heatsinks in a corrosive atmosphere, many devices are nickel- or gold-
plated. Consequently, precautions must be taken not to mar the finish.

Another factor to be considered is that when a copper based part is rigidly
mounted to an aluminum heatsink, a bimetallic system results which will bend
with temperature changes. Not only is the thermal coefficient of expansion dif-
ferent for copper and aluminum, but the temperature gradient through each metal
also causes each component to bend. If bending is excessive and the package is
mounted by two or more screws the semiconductor chip could be damaged.
Bending can be minimized by:

1. Mounting the component parallel to the heatsink fins to provide increased

stiffness.

2. Allowing the heatsink holes to be a bit oversized so that some slip between

surfaces can occur as temperature changes.

3. Using a highly conductive thermal grease or mounting pad between the

heatsink and semiconductor to minimize the temperature gradient and
allow for movement.

(5) Robert Batson, Elliot Fraunglass and James P. Moran, “Heat Dissipation Through Thermalloy Conductive
Adhesives,” EMTAS '83. Conference, February 1-3, Phoenix, AZ; Society of Manufacturing Engineers, One
SME Drive, P.O. Box 930, Dearborn, Ml 48128.

66



Flange Mount

Few known mounting difficulties exist with the smaller flange mount pack-
ages, such as the TO-204 (TO-3). The rugged base and distance between die and
mounting holes combine to make it extremely difficult to cause any warpage
unless mounted on a surface which is badly bowed or unless one side is tightened
excessively before the other screw is started. It is therefore good practice to
alternate tightening of the screws so that pressure is evenly applied. After the
screws are finger-tight the hardware should be torqued to its final specification
in at least two sequential steps. A typical mounting installation for a popular
flange type part is shown in Figure 5-10. Machine screws (preferred) self-tapping
screws, eyelets, or rivets may be used to secure the package using guidelines in
the previous section. ‘‘Fastener and Hardware Characteristics.”’

NO. 6 SHEET METAL SCREWS

GIB POWER
!

ﬁ TRANSISTOR

INSULATOR

INSULATING
BUSHING

SOCKET

Figure 5-10. Hardware Used for a TO-204AA (TO-3)
Flange Mount Part
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Tab Mount

The tab mount class is composed of a wide array of packages as illustrated
in Figure 5-11. Mounting considerations for all varieties are similar to that for
the popular TO-220 package, whose suggested mounting arrangements and hard-
ware are shown in Figure 5-12. The rectangular washer shown in Figure 5-12a
is used to minimize distortion of the mounting flange; excessive distortion could
cause damage to the semiconductor chip. Use of the washer is only important

whan tha nf tha ala
wneii the size Of tie 1uuuuuus hole exceeds 0.140 inch {6—32 Clearance) Larger

holes are needed to accommodate the lower insulating bushing when the screw
is electrically connected to the case; however, the holes should not be larger than
necessary to provide hardware clearance and should never exceed a diameter of
0.250 inch. Flange distortion is also possible if excessive torque is used during
mounting. A maximum torque of 8 inch-pounds is suggested when using a 6-32
screw.

Care should be exercised to assure that the tool used to drive the mounting
screw never comes in contact with the plastic body during the driving operation.
Such contact can result in damage to the plastic body and internal device con-
nections. To minimize this problem, Motorola TO-220 packages have a chamfer
on one end. TO-220 packages of other manufacturers may need a spacer or
combination spacer and isolation bushing to raise the screw head above the top
surface of the plastic.

The popular TO-220 Package and others of similar construction lift off the
mounting surface as pressure is applied to one end. (See Appendix B, Figure
B1.) To counter this tendency, at least one hardware manufacturer offers a hard
plastic cantilever beam which applies more even pressure on the tab.(® In addition,
it separates the mounting screw from the metal tab. Tab mount parts may also
be effectively mounted with clips as shown in Figure 5-14c. To obtain high
pressure without cracking the case, a pressure spreader bar should be used under
the clip. Interface thermal resistance with the cantilever beam or clips can be
lower than with screw mounting.

CASE 221A-02 CASE 314D CASE 340-02
(TO-220AB) (TO-218)

Figure 5-11. Several Types of Tab-Mount Parts

(6) Catalog, Edition 18, Richco Plastic Company, 5825 N. Tripp Ave., Chicago, IL 60546.
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a) Preferred Arrangement b) Alternate Arrangement
for isolated or Non-isolated  for Isolated Mounting when

Mounting. Screw is at Screw must be at Heatsink
Semiconductor Case Potential. 4-40 Hardware is
Potential. 6-32 Hardware is Used.

Used.

Use Parts Listed Below.
Choose from Parts Listed

Below. '
)\ 4

/ - 4-40 PAN OR HEX HEAD SCREW
6-32 HEX
HEAD SCREW

FLAT WASHER

l—;l-‘f:/ / INSULATING BUSHING
ﬁ b I:I
(1) RECTANGULAR STEEL
WASHER

SEMICONDUCTOR
~ (CASE 221, 221A)
SEMICONDUCTOR |
(CASE 221, 2214) >
N

{21 RECTANGULAR
INSULATOR

ST

HEATSINK
AN

]

(2) BUSHING

™~

(3) FLAT WASHER
p—— ] COMPRESSION WASHER

(4) CONICAL WASHER | /

\t::g -
632 HEX NUT i

4-40 HEX NUT
T

\
RECTANGULAR

[" e } iNSULATOR
AN
HEATSINK

(1) Used with thin chassis and/or large hole.
(2) Used when isolation is required.
(3) Required when nylon bushing is used.

Figure 5-12. Mounting Arrangements for Tab Mount TO-220
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Plastic Body Mount

The Full Pak plastic power packages shown in Figure 5-13 are typical of
packages in this group. They have been designed to feature minimum size with
no compromise in thermal resistance.

The Full Pak (Case 221C-01) is similar to a TO-220 except that the tab is
encased in plastic. Because the mounting force is applied to plastic, the mounting
procedure differs from a standard TO-220 and is similar to that of the Thermopad.

Several types of fasteners may be used to secure these packages; machine
screws, eyelets, or clips are preferred. With screws or eyelets, a conical washer
should be used which applies the proper force to the package over a fairly wide
range of deflection and distributes the force over a fairly large surface area.
Screws should not be tightened with any type of air-driven torque gun or equip-
ment which may cause high impact. Characteristics of a suitable conical washer
is shown in Figure 5-9.

The Full Pak, (Case 221C, 221D and 340B) permits the mounting procedure
to be greatly simplified over that of a standard TO-220. As shown in Figure
5-14c, one properly chosen clip, inserted into two slotted holes in the heatsink,

CASE 340B-03
(Full Pak)

Figure 5-13. Plastic Body-Mount Packages

0

CASE 221C-02
(Full Pak)

CASE 221D-01
(Full Pak)

6 32 SCREW

? P PLAIN WASHER

% 4-40 SCREW

PLAIN WASHER
INSULATING BUSHING

w”

. / '
NG =77 N HEATSING

«:@

a. Screw-Mounted b. Screw-Mounted c. Clip-Mounted
TO-220 Full Pak Full Pak

Figure 5-14. Mounting Arrangements for the Full Pak as Compared to a Conventional TO-220
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is all the hardware needed. Even though clip pressure is much lower than obtained
with a screw, the thermal resistance is about the same for either method. This
occurs because the clip bears directly on top of the die and holds the package
flat while the screw causes the package to lift up somewhat under the die. (See
Figure B1 of Appendix B.) The interface should consist of a layer of thermal
grease or a highly conductive thermal pad. Of course, screw mounting shown in
Figure 5-14b may also be used but a conical compression washer should be
included. Both methods afford a major reduction in hardware as compared to the
conventional mounting method with a TO-220 package which is shown in Figure
5-14a.

Surface Mount

Although many of the tab mount parts have been surface mounted, special
small footprint packages for mounting power semiconductors using surface mount
assembly techniques have been developed. The DPAK, shown in Figure 5-15,
for example, will accommodate a die up to 112 mils x 112 mils, and has a typical
thermal resistance around 2°C/W junction to case. The thermal resistance values
of the solder interface is well under 1°C/W. The printed circuit board also serves
as the heatsink.

Standard Glass-Epoxy 2-ounce boards do not make very good heatsinks
because the thin foil has a high thermal resistance. As Figure 5-16 shows, thermal

CASE 369-03 CASE 369A-04

Figure 5-15. Surface Mount D-PAK Parts

100 [ l l
g PCB, 1/16 IN THICK
e 8 G10/FR4, 2 OUNCE
g EPOXY GLASS BOARD,
z DOUBLE SIDED
% 60
R\
-
3
z «
x
S
ac

0

2 4 6 8 10

PCB PAD AREA (IN2)

Figure 5-16. Effect of Footprint Area on Thermal Resistance
of DPAK Mounted on a Glass-Epoxy Board

(7) Herb Fick, “Thermal Management of Surface Mount Power Devices,” Powerconversion and Intelligent Motion,
August 1987.
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resistance assymtotes to about 20°C/W at 10 square inches of board area, although
a point of diminishing returns occurs at about 3 square inches.

Boards are offered that have thick aluminum or copper substrates. A dielectric
coating designed for low thermal resistance is overlayed with one or two ounce
copper foil for the preparation of printed conductor traces. Tests run on such a
product indicate that case to substrate thermal resistance is in the vicinity of 1°C/
W, exact values depending upon board type.” The substrate may be an effective
heatsink itself, or it can be attached to a conventional finned heatsink for improved
performance.

Since DPAK and other surface mount packages are designed to be compatible
with surface mount assembly techniques, no special precautions are needed other
than to insure that maximum temperature/time profiles are not exceeded.

Free Air and Socket Mounting

In applications where average power dissipation is on the order of a watt or
so, most power semiconductors may be mounted with little or no heatsinking.
The leads of the various metal power packages are not designed to support the
packages; their cases must be firmly supported to avoid the possibility of cracked
seals around the leads. Many plastic packages may be supported by their leads
in applications where high shock and vibration stresses are not encountered and
where no heatsink is used. The leads should be as short as possible to increase
vibration resistance and reduce thermal resistance. As a general practice however,
it is better to support the package. A plastic support for the TO-220 Package and
other similar types is offered by heatsink accessory vendors.

In certain situations, in particular where semiconductor testing is required
or prototypes are being developed, sockets are desirable. Manufacturers have
provided sockets for many of the packages available from Motorola. The user is
urged to consult manufacturers’ catalogs for specific details. Sockets with Kelvin
connections are necessary to obtain accurate voltage readings across semicon-
ductor terminals.

Connecting and Handling Terminals

Pins, leads, and tabs must be handled and connected properly to avoid undue
mechanical stress which could cause semiconductor failure. Change in mechanical
dimensions as a result of thermal cycling over operating temperature extremes
must be considered. Standard metal, plastic, and RF stripline packages each have
some special considerations.

Metal Packages

The pins of metal packaged devices using glass to metal seals are not designed
to handle any significant bending or stress. If abused, the seals could crack. Wires
may be attached using sockets, crimp connectors or solder, provided the data
sheet ratings are observed. When wires are attached directly to the pins, flexible
or braided leads are recommended in order to provide strain relief.

Plastic Packages

The leads of the plastic packages are somewhat flexible and can be reshaped
although this is not a recommended procedure. In many cases, a heatsink can be
chosen which makes lead-bending unnecessary. Numerous lead- and tab-forming
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options are available from Motorola on large quantity orders. Preformed leads
remove the users risk of device damage caused by bending.

If, however, lead-bending is done by the user, several basic considerations
should be observed. When bending the lead, support must be placed between the
point of bending and the package. For forming small quantities of units, a pair
of pliers may be used to clamp the leads at the case, while bending with the
fingers or another pair of pliers. For production quantities, a suitable fixture
should be made.

The following rules should be observed to avoid damage to the package.

1. A leadbend radius greater than 1/32 inch for TO-220.

2. No twisting of leads should be done at the case.

3. No axial motion of the lead should be allowed with respect to the case.

The leads of plastic packages are not designed to withstand excessive axial
pull. Force in this direction greater than 4 pounds may result in permanent damage
to the device. If the mounting arrangement imposes axial stress on the leads, a
condition which may be caused by thermal cycling, some method of strain relief
should be devised. When wires are used for connections, care should be exercised
to assure that movement of the wire does not cause movement of the lead at the
lead-to-plastic junctions. Highly flexible or braided wires are good for providing
strain relief.

Wire-wrapping of the leads is permissible, provided that the lead is restrained
between the plastic case and the point of the wrapping. The leads may be soldered;
the maximum soldering temperature, however, must not exceed 260°C and must
be applied for not more than 5 seconds at a distance greater than 1/8 inch from
the plastic case.

Cleaning Circuit Boards

It is important that any solvents or cleaning chemicals used in the process
of degreasing or flux removal do not affect the reliability of the devices. Alcohol
and unchlorinated Freon solvents are generally satisfactory for use with plastic
devices, since they do not damage the package. Hydrocarbons such as gasoline
and chlorinated Freon may cause the encapsulant to swell, possibly damaging
the transistor die.

When using an ultrasonic cleaner for cleaning circuit boards, care should
be taken with regard to ultrasonic energy and time of application. This is partic-
ularly true if any packages are free-standing without support.

Thermal System Evaluation

Assuming that a suitable method of mounting the semiconductor without
incurring damage has been achieved, it is important to ascertain whether the
junction temperature is within bounds.

In applications where the power dissipated in the semiconductor consists of
pulses at a low duty cycle, the instantaneous or peak junction temperature, not
average temperature, may be the limiting condition. In this case, use must be
made of transient thermal resistance data. For a full explanation of its use, see
Motorola Application Note, AN569.

Other applications, notably switches driving highly reactive loads, may create
severe current crowding conditions which render the traditional concepts of ther-
mal resistance or transient thermal impedance invalid. In this case, transistor safe
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operating area, thyristor di/dt limits, or equivalent ratings as applicable, must be
observed.

Fortunately, in many applications, a calculation of the average junction
temperature is sufficient. It is based on the concept of thermal resistance between
the junction and a temperature reference point on the case. (See Appendix A.)
A fine wire thermocouple should be used, such as #36 AWG, to determine case
temperature. Average operating junction temperature can be computed from the
following equation:

Ty = Tc + R6ic x Pp

where Ts = junction temperature (°C)
Tc = case temperature (°C)
Réic = thermal resistance junction-to-case as specified on the
data sheet (°C/W)
Pp = power dissipated in the device (W)

The difficulty in applying the equation often lies in determining the power
dissipation. Two commonly used empirical methods are graphical integration and
substitution.

Graphical Integration

Graphical integration may be performed by taking oscilloscope pictures of
a complete cycle of the voltage and current waveforms, using a limit device. The
pictures should be taken with the temperature stabilized. Corresponding points
are then read from each photo at a suitable number of time increments. Each pair
of voltage and current values are multiplied together to give instantaneous values
of power. The results are plotted on linear graph paper, the number of squares
within the curve counted, and the total divided by the number of squares along
the time axis. The quotient is the average power dissipation. Oscilloscopes are
available to perform these measurements and make the necessary calculations.

Substitution

This method is based upon substituting an easily measurable, smooth dc
source for a complex waveform. A switching arrangement is provided which
allows operating the load with the device under test, until it stabilizes in tem-
perature. Case temperature is monitored. By throwing the switch to the “‘test”
position, the device under test is connected to a dc power supply, while another
pole of the switch supplies the normal power to the load to keep it operating at
full power level. The dc supply is adjusted so that the semiconductor case tem-
perature remains approximately constant when the switch is thrown to each posi-
tion for about 10 seconds. The dc voltage and current values are multiplied
together to obtain average power. It is generally necessary that a Kelvin connection
be used for the device voltage measurement.
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Appendix A
Thermal Resistance Concepts

The basic equation for heat transfer under steady-state conditions is generally
written as;

= hAAT (D
= rate of heat transfer or power dissipation (Pp)
heat transfer coefficient,

A = area involved in heat transfer,
AT = temperature difference between regions of heat transfer.

where

(=t =g =]

I

However, electrical engineers generally find it easier to work in terms of
thermal resistance, defined as the ratio of temperature to power. From Equation
1, thermal resistance, R#, is

RO = AT/q = 1/hA 2
The coefficient (h) depends upon the heat transfer mechanism used and various
factors involved in that particular mechanism.

An analogy between Equation (2) and Ohm’s Law is often made to form
models of heat flow. Note that T could be thought of as a voltage thermal resistance
corresponds to electrical resistance (R); and, power (q) is analogous to current
(I). This gives rise to a basic thermal resistance model for a semiconductor as
indicated by Figure Al.

TJ, JUNCTION TEMPERATURE ———e ———

~
DIE
Tc, CASE TEMPERATURE ——mm

T, HEATSINK
TEMPERATURE

Reuc

Recs

HEATSINK

Rosa
TA AMBIENT g
TEMPERATURE

A —am—ann—

||}—||

- .

SOLDER TERMINAL ;: m

NUT REFERENCE TEMPERATURE

Figure A-1. Basic Thermal Resistance Model Showing Thermal to
Electrical Analogy for a Semiconductor
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The equivalent electrical circuit may be analyzed by using Kirchoff’s Law
and the following equation results:

T = Po(ROic + ROcs + ROsa) + Ta 3)

where Ti = junction temperature,
Pp = power dissipation
Réic = semiconductor thermal resistance (junction to case),
R6Ocs = interface thermal resistance (case to heatsink),
R6Osa = heatsink thermal resistance (heatsink to ambient),
Ta = ambient temperature.

The thermal resistance junction to ambient is the sum of the individual
components. Each component must be minimized if the lowest junction temper-
ature is to result.

The value for the interface thermal resistance, Rfcs, may be significant
compared to the other thermal-resistance terms. A proper mounting procedure
can minimize R@cs.

The thermal resistance of the heatsink is not absolutely constant; its thermal
efficiency increases as ambient temperature increases and it is also affected by
orientation of the sink. The thermal resistance of the semiconductor is also var-
iable; it is a function of biasing and temperature. Semiconductor thermal resistance
specifications are normally at conditions where current density is fairly uniform.
In some applications such as in RF power amplifiers and short-pulse applications,
current density is not uniform and localized heating in the semiconductor chip
will be the controlling factor in determining power handling ability.

Appendix B
Measurement of Interface Thermal Resistance

Measuring the interface thermal resistance R@cs appears deceptively simple.
All that’s apparently needed is a thermocouple on the semiconductor case, a
thermocouple on the heatsink, and a means of applying and measuring DC power.
However, Récs is proportional to the amount of contact area between the surfaces
and consequently is affected by surface flatness and finish and the amount of
pressure on the surfaces. The fastening method may also be a factor. In addition,
placement of the thermocouples can have a significant influence upon the results.
Consequently, values for interface thermal resistance presented by different man-
ufacturers are not in good agreement. Fastening methods and thermocouple loca-
tions are considered in this Appendix.

When fastening the test package in place with screws, thermal conduction
may take place through the screws, for example, from the flange ear on a
TO-204AA package directly to the heatsink. This shunt path yields values which
are artificially low for the insulation material and dependent upon screw head
contact area and screw material. MIL-1-49456 allows screws to be used in tests
for interface thermal resistance probably because it can be argued that this is
‘‘application oriented.”’

Thermalloy takes pains to insulate all possible shunt conduction paths in
order to more accurately evaluate insulation materials. The Motorola fixture uses
an insulated clamp arrangement to secure the package which also does not provide
a conduction path.
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As described previously, some packages, such as a TO-220, may be mounted
with either a screw through the tab or a clip bearing on the plastic body. These
two methods often yield different values for interface thermal resistance. Another
discrepancy can occur if the top of the package is exposed to the ambient air
where radiation and convection can take place. To avoid this, the package should
be covered with insulating foam. It has been estimated that a 15 to 20% error in
Récs can be incurred from this source.

Another significant cause for measurement discrepancies is the placement
of the thermocouple to measure the semiconductor case temperature. Consider
the TO-220 package shown in Figure B1. The mounting pressure at one end
causes the other end — where the die is located — to lift off the mounting surface
slightly. To improve contact, Motorola TO-220 Packages are slightly concave.
Use of a spreader bar under the screw lessens the lifting, but some is inevitable
with a package of this structure. Three thermocouple locations are shown:

EIA.

DIE THERMALLOY

}7/////“/4 )

J0000L

e /

MOTOROLA

B-1. JEDEC TO-220 Package Mounted to Heatsink Showing Various Thermocouple Locations
and Lifting Caused by Pressure at One End

a. The Motorola location is directly under the die reached through a hole
in the heatsink. The thermocouple is held in place by a spring which forces the
thermocouple into intimate contact with the bottom of the semi’s case.

b. The JEDEC location is close to the die on the top surface of the package
base reached through a blind hole drilled through the molded body. The ther-
mocouple is swaged in place.

c. The Thermalloy location is on the top portion of the tab between the
molded body and the mounting screw. The thermocouple is soldered into position.

Temperatures at the three locations are generally not the same. Consider the
situation depicted in the figure. Because the only area of direct contact is around
the mounting screw, nearly all the heat travels horizontally along the tab from
the die to the contact area. Consequently, the temperature at the JEDEC location
is hotter than at the Thermalloy location and the Motorola location is even hotter.
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Since junction-to-sink thermal resistance must be constant for a given test setup,
the calculated junction-to-case thermal resistance values decrease and case-to-
sink values increase as the ‘‘case’’ temperature thermocouple readings become
warmer. Thus the choice of reference point for the ‘‘case’’ temperature is quite
important.

There are examples where the relationship between the thermocouple tem-
peratures are different from the previous situation. If a mica washer with grease
is installed between the semiconductor package and tiic heatsink, tightening the
screw will not bow the package; instead, the mica will be deformed. The primary
heat conduction path is from the die through the mica to the heatsink. In this
case, a small temperature drop will exist across the vertical dimension of the
package mounting base so that the thermocouple at the EIA location will be the
hottest. The thermocouple temperature at the Thermalloy location will be lower
but close to the temperature at the EIA location as the lateral heat flow is generally
small. The Motorola location will be coolest.

The EIA location is chosen to obtain the highest temperature on the case.
It is of significance because power ratings are supposed to be based on this
reference point. Unfortunately, the placement of the thermocouple is tedious and
leaves the semiconductor in a condition unfit for sale.

The Motorola location is chosen to obtain the highest temperature of the
case at a point where, hopefully, the case is making contact to the heatsink. Once
the special heatsink to accommodate the thermocouple has been fabricated, this
method lends itself to production testing and does not mark the device. However,
this location is not easily accessible to the user.

The Thermalloy location is convenient and is often chosen by equipment
manufacturers. However, it also blemishes the case and may yield results differing
up to 1°C/W for a TO-220 package mounted to a heatsink without thermal grease
and no insulator. This error is small when compared to the thermal resistance of
heat dissipaters often used with this package, since power dissipation is usually
a few watts. When compared to the specified junction-to-case values of some of
the higher power semiconductors becoming available, however, the difference
becomes significant and it is important that the semiconductor manufacturer and
equipment manufacturer use the same reference point.

Another EIA method of establishing reference temperatures utilizes a soft
copper washer (thermal grease is used) between the semiconductor package and
the heatsink. The washer is flat to within 1 mil/inch, has a finish better than 63
m-inch, and has an imbedded thermocouple near its center. This reference includes
the interface resistance under nearly ideal conditions and is therefore application-
oriented. It is also easy to use but has not become widely accepted.

A good way to improve confidence in the choice of case reference point is
to also test for junction-to-case thermal resistance while testing for interface
thermal resistance. If the junction-to-case values remain relatively constant as
insulators are changed, torque varied, etc., then the case reference point is
satisfactory.
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SECTION 6
LINEAR REGULATOR DESIGN EXAMPLE

As an illustration of the use of the material contained in the preceeding
sections, the following regulator design example is given.

Regulator Performance Requirements
Output Voltage, Vo = +10V = .1V
Output Current, Io = 1A, current limited
Load Regulation, < .1% for Io = 10mA to 750mA
Line Regulation, < .1%
Output ripple, < 2mV p-p
Max Ambient Temperature, Ta < + 70°C
Supply will have common loads to a negative supply

1. IC Regulator Selection: Study of the available regulators given in the selection
guide of Section 17 reveals that the MC1723C would meet the regulation per-
formance requirements. This regulator must be current boosted to obtain the
required 1A output current. A rough cost estimate shows that an MC1723C/ series
pass element combination is the most economical approach.

2. Circuit Configuration: In Section 3, an appropriate circuit configuration is
found. This is the MC1723 NPN boost configuration of Figure 3-4A.

3. Determination of Component Values: Using the equations given in Figure
3-4A, the values of CreF, R1, R2, R3 and Rsc are determined.

a. Crer is chosen to be 0.1uF for low noise operation.
b. R1 + R2 is chosen to be = 10K.

c. R2 is then given by: R2 = % (R1 + R2) = .7 (10K) = 7K

d. Since Vrer can vary by as much as = 5% for the MC1723C, R2 should be made
variable by at least that much, so that Vo can be set to the required value of + 10V +
.1V. R2 is therefore chosen to consist of a 62K resistor and a 2K trimpot.

e. Rl = 10K — R2 = 10K — 7K = 3K

f. Rsc= 0.6V _ 0.6V =.6Q); .56(), 1W chosen for Rsc.
Isc 1A

g. R3=RI1IIR2 =2.2K

4. Determination of Input Voltage, Vin: There are two basic constraints on the
input voltage: (1) the device limits for minimum and maximum Vin and (2) the
minimum input-output voltage differential. These limits are found on the device
data sheet (Section 18.) to be:
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9.5V < Vv < 40V and (VN — Vo) = 3V
For the configuration of Figure 3-5A, (VIN — Vo) is given by:
(Vin— Vo) = [Vin — (Vo + 2¢)] = 3V where ¢ = Vseon = 0.6V

Note that (Vin — Vo) is defined on the device data sheet to be the differential
between the input and output pins. Since the base-emitter junction drops of Q1 and
Rsc have been added to the circuit, they must be added to the minimum value of
(ViN — Vo). Therefore,

ViN=Vo+2¢0+3V=10+ 12+ 3

Vin= 142V
This condition also satisfies the requirement for a minimum VN of 9.5V.

b. In order to simplify the design of the input supply (see Section 8), V,y is
chosen to be 16V average with a 3V p-p ripple at full load and up to 25V at no
load. This assures that the input voltage is always above the required minimum
value of 14.2V. Now, the output ripple can be determined. The MC1723C has
a typical ripple rejection ratio of —74 db, as given on its data sheet. With an
input ripple of 3V p-p, the output ripple would be less than Im V p-p, which
meets the regulator output ripple requirements.

5. Determination of regulator package and available output current: Refer-
ring to the MC1723 data sheet (Section 18), there are two package styles to
choose from. Since the two packages have different thermal characteristics, the
amount of available output current will be different for each.

This can be found from:

Ty = Ta + 6a Pp (Eq. 6.1 from Section 15)

where 61a = heatsink and/or pkg total junction-to-ambient thermal
resistance
Po = Vin X (Io + IB)
I = quiescent current of IC regulator
Io = IC regulator output current

solving for Io:

Io = [Q—J————lA—) — I 6.1)

6ia VIN

From the device data sheet, we can find the values of TJ, 1A, and liB. Eq 6.1
can then be solved. The results are summarized below for an unheatsinked
MC1723CL (ceramic DIP), an unheatsinked MC1723CG (metal can), and an
infinitely heatsinked MC1723CG packages.

TABLE 6-1
MC1723CL MC1723CG MC1723CG
Heatsink None None Infinite
Ty 175°C 150°C 150°C
TA 70°C 70°C 70°C
0uA 150°C/ W 184°C/W 70°C/W
lis 4mA 4mA 4mA
lo 40mA 23mA 67mA
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A choice must now be made. Since it is desirable to have as much available current
as possible to drive QI (thereby lowering its gain (hr) requirements), an infinitely
heatsinked MC1723CG is the most desirable choice. However, the construction of
an infinite heatsink is hardly practical. Therefore, the choice is between an unheat-
sinked MC1723CL and an MC1723CG with some form of heatsinking. The
unheatsinked MC1723CL is chosen since this approach is the least complex.

6. Selection of the Series Pass Element, Q1: The transistor type chosen for Q1
must have the following characteristics (see Section 4):

a. Vceo = Vinmax

b. Iemax = Isc
c. hte 2%@ Vce = VIN — Vo — ¢

where ¢ = Veeon = 0.6V
d. Pomax = VIN, X Isc
e. 6ic such to allow practical heatsinking
f. SOA such that it can withstand

Vcee = Vin @ Ic = Isc

for this example:

\Y

25V
1A
5@ VeeE=5V@Ic= 1A
Ppmax 16W
6ic = 1.52°C/W
SOA: 1A @ 16V

A 2N3055 transistor is chosen as a suitable device for QI using the selection
guide of Section 4 and the transistor data sheets (available from device
manufacturer).

Vceo

V

Icmax

hfe

WV

\

7. Q1 Heatsink Calculation
Ty = TA + A Pp (Eq 15.1 from Section 15)
where Po = VIN X Isc
01a = Gic + fcs + 6sa (Eq 6.2)

solving for fsa:
Bsa = [EED—TA] ~ (Bic + fcs) (6.2)

From the 2N3055 data sheet, Ts = 200°C and 6ic = 1.52°C/W. The transistor
will be mounted with thermal grease directly to the heatsink. Therefore, 6cs is
found to be 0.1°C/W from Table 15-1.

Solving 6.2:
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200°C — 70°C
16V x 1A

< 6.6°C/W

A commercial heatsink is now chosen from Table 15-2 or a custom designed
using the methods given in Section 15. For this example, a thermalloy 6003
heatsink having a écs of 6.2°C/W was used.

8. Clamp Diode: Since the regulator can power aload which is also connected to a
negative supply, a IN4001 diode is connected to the output for protection. (See
general design considerations, Section 3H.) The complete circuit schematic is
shown in Figure 6-1.

Osa = - (1.52 +0.1) °C/W

2N3055 on
Thermalloy #6003  0.56, 1W

—AAA—9—0 V, =
L Rsc +10 V,
Q1 1A
V n=t+16V 12 10 VBE Vee
O— L o0—1— | o~
1 lo—®
2°
3cL
MC1723C o
6 3
R23K 6,4=150"C/W ak & R1
2. 5 s
o
R2
13 2K
AuF CREF %7 100pf_[

— 6.2K

Figure 6-1. +10V, 1A Design Example

9. Construction Input Supply Design: The input supply is now designed using
the information contained in Section 8 and the regulator circuit is constructed
using the guidelines given in Section 5.
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LINEAR REGULATOR CIRCUIT

SECTION 7

TROUBLESHOOTING CHECKLIST

Occasionally the designer’s prototype regulator circuit will not operate proper-
ly. If problems do occur, the trouble can be traced to a design error in 99.9% of the
cases. As a troubleshooting aid to the designer, the following guide is presented.

Of course, it would be difficult, if not impossible, to devise a troubleshooting
guide which would cover all possible situations. However, the checklist provided
will help the designer pinpoint the problem in the majority of cases. To use the
guide, first locate the problem’s symptom(s) and then carefully recheck the reg-
ulator design in the area indicated using the information contained in the referenced

handbook section.

REFER TO
SYMPTOM DESIGN AREA TO CHECK SECTION
Regulator Oscillates | 1. Layout 5
2. Compensation capacitor too small 3, 18
3. Input leads not bypassed 5
4. External pass element parasitically 5
oscillating
Loss of Regulation at | 1. Emitter-Base resistor in ‘‘PNP”’ 4
Light Loads type boost configuration too large
2. Absence of 1 mA ‘‘“minimum’’ load 18
(see load regulation test spec on
device data sheet)
3. Improper circuit configuration 3
Loss of Regulation at | 1. Input Voltage too low (VINmIN, 2,3,18
Heavy Loads IVIN — Volmn) 17
2. External pass element gain too low 4
3. Current limit too low 3
4. Line resistance between sense points 5
and load
5. Inadequate heatsinking 15
IC Regulator or Pass | 1. Inadequate heatsinking 15
Element Fails after 2. Input Voltage Transient (VINMAX, 2,4,5,17,18
Warm-Up or at High VCEO)
Ta
Pass Element Fails 1. Insufficient pass element ratings 4
During Short Circuit (SOA, Icmax)
2. Inadequate heatsinking 15
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TROUBLESHOOTING CHECKLIST

Hz Output Ripple

loop

REFER TO
SYMPTOM DESIGN AREA TO CHECK SECTION
IC Regulator Fails 1. IC current or SOA capability 2, 18
During Short Circuit exceeded
2. Inadequate heatsinking
IC Regulator Fails 1. Input voltage transient (VINMAX) , 18
During Power Up 2. IC current or SOA capability 2, 18
exceeded as load (capacitor) is
charged up.
IC Regulator Fails 1. Regulator reverse biased 3
During Power-Down
Output Voltage Does | 1. Output polarity reversal 3
Not Come Up During | 2. Load has ‘‘latched-up’’ in some
Power-Up or After manner (usually seen with op amps,
Short Circuit current sources, etc.)
Excessive 60 or 120 | 1. Input supply filter capacitor ground 5

If, after carefully rechecking the circuit, the designer is not successful in
resolving the problem, seek assistance from the factory by contacting the nearest

Motorola Sales office.
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SECTION 8
DESIGNING THE INPUT SUPPLY

Most input supplies used to power series pass regulator circuits consist of
a 60 Hz, single phase step-down transformer followed by a rectifier circuit whose
output is smoothed by a choke or capacitor input filter. The type of rectifier circuit
used can be either a half-wave, full-wave, or full-wave bridge type, as shown
in Figure 8-1. The half-wave circuit is used in low current applications, while
the full-wave is preferrable in high-current, low output voltage cases. The full-
wave bridge is usually used in all other high-current applications.

e

Half-Wave

1
T

L

Full-Wave or Full-Wave Center Tap

|

Full-Wave Bridge

Figure 8-1. Rectification Schemes
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In this section, specification of the filter capacitor, rectifier and transformer
ratings will be discussed. The specifications for the choke input filter will not be
considered since the simpler capacitor input type is more commonly used in series
regulated circuits. A detailed description of this type of filter can be found in the
reference listed at the end of this section.

1. Design of Capacitor-Input Filters

The best practical procedure for the design of capacitor-input filters still
remains based on the graphical data presented by Schade' in 1943. The curves
shown in Figures 8-2 through 8-5 give all the required design information for
half-wave and full-wave rectifier circuits. Whereas Schade originally also gave
curves for the impedance of vacuum-tube rectifiers, the equivalent values for
semiconductor diodes must be substituted. However, the rectifier forward drop
often assumes more significance than the dynamic resistance in low-voltage supply
applications, as the dynamic resistance can generally be neglected when compared
with the sum of the transformer secondary-winding resistance plus the reflected
primary-winding resistance. The forward drop may be of considerable importance,
however, since it is about 1 V, which clearly cannot be ignored in supplies of 12 V
or less.

100 T TITIIn T » 0.05
Rg ] 0.5
—T—«M—"— //.4"" 1 1
90H CTVve SR, 7 :J 2
[ D 0
80 la 4
T
6
|eot1
70 i /’ 8
L‘L/ 10
6o i 12.5
VLT 15
/::-'/ 20
Vv A
coo (%) 50 5 25 % (%)
Vu /,A"‘ 30 -
LT 35
40 ] 40
1] 50
%2% s
30
A 80
:::::r4/" 90
20 1 = 100
10
o]
0.1 1 10 . 100 1,000

WCR_ (C in farads, R_in ohms)

w = 2nf, f = line frequency

Figure 8-2. Relation of applied alternating peak voltage to direct output voltége in half-
wave capacitor-input circuits. (From O. H. Schade, Proc. IRE, vol. 31, p. 356,
1943.)
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Figure 8-3. Relation of applied alternating peak voltage to direct output voltage in full-
wave capacitor-input circuits. (From O. H. Schade, Proc. IRE, vol. 31, p. 356, 1943.)
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Figure 8-5. Root-mean-square ripple voltage for capacitor-input circuits. (From O H
Schade, Proc. iRE, vol. 31, p. 356, 1943.)

Returning to the above curves, the full-wave circuit will be considered.
Figure 8-3 shows that a circuit must operate with wCRL = 10 in order to hold
the voltage reduction to less than 10 percent and wCRL = 40 to obtain less than
2 percent reduction. However, it will also be seen that these voltage-reduction
figures require Rs/RL, where Rs is now the total series resistance, to be about
0.1% which, if attainable, causes repetitive peak-to-average current ratios from
10 to 17 respectively, as can be seen from Figure 8-4. These ratios can be satisfied
by many diodes; however, they may not be able to tolerate the turn-on surge
current generated when the input-filter capacitor is discharged and the transformer
primary is energized at the peak of the input waveform. The rectifier is then
required to pass a surge current determined by the peak secondary voltage less
the rectifier forward drop and limited only by the series resistance Rs. In order
to control this turn-on surge, additional resistance must often be provided in series
with each rectifier. It becomes evident, then, that a compromise must be made
between voltage reduction on the one hand and diode surge rating and hence
average current-carrying capacity on the other hand. If small voltage reduction,
that is good voltage regulation, is required, a much larger diode is necessary than
that demanded by the average current rating.
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Surge Current

The capacitor-input filter allows a large surge to develop, because the reac-
tance of the transformer leakage inductance is rather small. The maximum instan-
taneous surge current is approximately VM/Rs and the capacitor charges with a time
constant 7 = Rs Ci. As a rough — but conservative — check, the surge will not
damage the diode if VM/Rs is less than the diode Irsmrating and 7 is less than 8.3 ms.
It is wise to make Rs as large as possible and not pursue tight voltage regulation;
therefore, not only will the surge be reduced but rectifier and transformer ratings
will more nearly approach the dc power requirements of the supply.

As an aid in the selection of a suitable rectifier or bridge, the brief selection
guide of Table 8-1 is included.

TABLE 8-1
fo, AVERAGE RECTIFIED FORWARD CURRENT (Amperes) lo, DC OUTPUT CURRENT
10 | 15 3.0 6.0 25 35
59-04 60 267 194-04 | 309A-03 | 309A-02
(DO-15) Metal Plastic Plastic
Plastic
VRRM
(Volis)
50 +1N4001 | *1N5391 | 1N4719 | **MR500 | 1N5400 | **MR750 | MDA2500 | MDA3500
100 +1N4002 | **1N5392 | 1N4720 | **MR501 | 1N5401 | *MR751 | MDA2501 | MDA3501
1N5393 - -
200 11N4003 | et | 1N4721 | “MRS02 | 1N5402 | *MR752 | MDA2502 | MDA3502
1N5395 . o
400 11N4004 | el | 1N4722 | “MRS504 | 1N5404 | *MR754 | MDA2504 | MDA3504
1N5397 - -
600 11N4005 | Lo, | 1N4723 | *"MRS06 | 1NS406 | ““MR756 | MDA2506 | MDA3506
800 +1N4006 | 1N5398 | 1N4724 | MRS508 MR758 MDA3508
1000 +1N4007 | 1N5399 | 1N4725 | MR510 MR760 MDA3510
Irsu 30 50 300 100 200 400 400 400
(Amps)
Ta @(gg)ted lo 75 TL=70| 75 95 |TL=105]| 60
Tc @ Rated lo
55
) 55
T"(f,'g)"‘) 175 175 175 175 175 175 175 175
Di ions given are r

1 Package Size: 0.120” Max Diameter by 0.260” Max Length.
* 1N5059 series equivalent Avalanche Rectifiers.
** Avalanche versions available, consult factory.
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2. Design Procedure
A. From the regulator circuit design (see Section 6), we know:

Vo) = The required full load average DC output voltage of the
capacitor input filter

VRipplep-p) = the maximum full load peak-to-peak ripple voltage

Vm = the maximum no load output voltage
Io = the full-load filter output current
f = the input AC line frequency

B. From Figure 8-5, we can determine a range of minimum capacitor values to
obtain sufficient ripple attenuation. First determine rf:

— VRipple(p-p)
= m X 100% 8.1)

a range for ®CRL can now be found from Figure 8-5.

C. Next, determine the range of Rs/RL from Figure 8-2 or 8-3 using Vc(c) and
the values for ®CRL found in part B. If the range of wCRL values initially
determined from Figure 8-5 is above = 10, Rs/RL can be found from Figures
8-2 and 8-3 using the lowest wCRL value. Otherwise, several iterations between
Figures 8-2 or 8-3 and 8-5 may be necessary before an exact solution for Rs/RL
and wCRL for a given rf and VcDc)/Vm can be found.

D. Once wCRL is found, the value of the filter capacitor, C, can be determined

from:
_ oCRL 8.2)
VC(DC))
Io

C =
27f (

E. The rectifier requirements may now be determined:
1. Average Current Per Diode
Irave) = Io for half-wave rectification (8.3)

= Jo/2 for full-wave rectification

2. RMS and Peak repetitive rectifier current ratings can be determined from Figure
8-4.

3. The rectifier PIV rating is 2 Vm for the half-wave and full wave circuits, Vm
for the full-wave bridge circuit. In addition, a minimum safety margin of 20%
to 50% is advisable due to the possibility of line transients.

4, Maximum Surge Current
Isurce = Vm/(Rs + ESR) (8.4)

where ESR = minimum equivalent series resistance of filter capacitor
from its data sheet
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F. Transformer Specification
1. Secondary Leg RMS Voltage
Vs = {Vm + (n) 1.0}/V2 (8.5)

where n = 1 for half-wave and full-wave

I

n = 2 for full-wave bridge

2. Total resistance of secondary and any external resistors to be equal to Rs found
from Figures 8-2, -3, and -4 (see Part O).

3. Secondary RMS Current
Half-Wave = Trms

Full-Wave = Ims 8.6)
Full-Wave Bridge = V2 Irms
where Ims = rms rectifier current (from part E.1 and E.2).
4. Transformer VA rating
Half-Wave = Vs Ims
Full-Wave = 2 Vs Ims 8.7)

Full-Wave Bridge = Vs Ims (V2)
where Ims = rms rectifier current (from part E.1 and E.2)
and Vs = Secondary Leg RMS Voltage

3. Design Example
A. Find the values for the filter capacitor, transformer rectifier ratings, given:

Full-Wave Bridge Rectification

Veoo) = 16V
VRIPPLE pp) = 3 V
VM =25V
Io=1A
f = 60 Hz

B. Using Equation (8.1)
_ 3 =
I = 22 (16) X 100% = 6.6%

from Figure 8-5, ®CRL = 7 to 15
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C. Using oCRL = 10, Rs/RL is found from Figure 8-3 using:

Vo) 16
vm g5 T 6= 64%

..RS/RL = 20% orRs = .2 x RL = .2(%# 2 (16)

Rs =320
D. From Equation (8.2), the filter capacitor size is found:.
«oCRL 10
C = = = 1658 uF
1
) 7Tf(VCI(cl)JC)) 2m(60)16

E. The rectifier ratings are now specified:

1. Irave) = lo/2 = 0.5 A from Eq (8.3)

2. IrrMS) = 2 X IFavG) = 1| A from Fig. 8-4

3. IrPEAK) = 5.2 X IFAVG) = 2.6 A from Fig. 8-4
4. PIV = VM = 25 V (use 50 V for safety margin)

5. ISURGE = VM/(Rs + ESR) = 25/3.2 = 7.8 A from Eq (8.4) (neglecting
capacitor ESR)

F. The transformer should have the following ratings:

L. Vs = {Vm + n(1.0)}/V2 = (25 + 2)/V2 = 19 VRMS {from Eq (8.5)}
2. Secondary Resistance should be 3.2 ().

3. Secondary RMS current rating should be 1.4 A {from Eq (8.6)}

4. From Eq. (8.7), the transformer should have a 27 VA rating.

It should be noted that, in order to simplify the procedure, the above design
does not allow for line voltage variations or component tolerances. The designer
should take these factors into account when designing his input supply. Typical
tolerances would be: Line Voltage = +10% to — 15% and Filter Capacitors =
+75% to —10%.

REFERENCES

1. O. H. Schaade, Proc. IRE, Vol. 31, 1943,
2. Motorola Silicon Rectifier Manual, 1980.
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SECTION 9

AN INTRODUCTION TO SWITCHING
POWER SUPPLIES

The Switching Power Supply continues to increase in popularity and is one
of the fastest growing markets in the world of power conversion. Its performance
and size advantages meet the needs of today’s modern and compact electronic
equipment and the increasing variety of components directed at these applications
makes new designs even more practical.

This guide is intended to provide the designer with an overview of the more
popular inverter circuits, their basic theory of operation, and some of the subtle
characteristics involved in selecting a circuit and the appropriate components.
Also included are valuable design tips on both the major passive and active
components needed for a successful design. Finally, a complete set of selector
guides to Motorola’s Switchmode components is provided which gives a detailed
listing of the industry’s most comprehensive line of semiconductor products for
switching power supplies.

Comparison with Linear Regulators

The primary advantages of a switching power supply are efficiency, size,
and weight. It is also a more complex design, cannot meet some of the performance
capabilities of linear supplies and generates a considerable amount of electrical
noise. However switchers are being accepted in the industry, particularly where
size and efficiency are of prime importance. Performance continues to improve
and for most applications they are usually cost competitive down to the 20 W
power level.

In the past the switcher’s advantage versus the linear regulator was in the
high power arena where passive components such as transformers and filters were
small compared to the linear regulator at the same power level. However, active
component count was high and tended to make the switcher less cost effective
at low power levels. In recent years, switchers have been significantly cost reduced
because designers have been able to simplify the control circuits with new, cost
effective integrated circuits and have found even lower cost alternatives in the
passive component area.

A performance comparison chart of switching versus linear supplies is shown
in Table 9-1. Switcher efficiencies run from 70 to 80% but occasionally fall to
(60—65%) when linear post regulators are used for the auxiliary outputs. Some
linear power supplies on the other hand, are operated with up to 50% efficiency
but these are areas where line variations or hold-up time problems are minimal.
Most linears operate with typical efficiencies of only 30%. The overall size
reduction of a 20 kHz switcher is about 4:1 and newer designs in the 100 to 200
kHz region end up at about 8:1 (versus a linear). Other characteristics such as
static regulation specs are comparable, while ripple and load transient response
are usually worse. Output noise specs can be somewhat misleading. Very often
a 500 mV switching spike at the output may be attenuated considerably at the
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TABLE 9-1. 20 kHz Switcher versus Linear Performance

Parameter Switcher Linear
Efficiency 75% 30%
Size 2 W/IN3 0.5 W/IN3
Weight 40 W/lb. 10 W/lb.
Line and Load Regulation 0.1% 0.1%
Output Ripple Vp-p 50 mV 5mVv
Noise Vp-p 50-200 mV —
Transient Response 1ms 20 us
Hold-Up Time 20-30 ms 1-2 ms

load itself due to the series inductance of the connecting cables and the additional
filter capacitors found in many logic circuits. In the future, the noise generated
at higher switching frequencies (100-500 kHz) will probably be easier to filter
and the transient response will be faster. Hold-up time is greater for switchers
because it is easier to store energy in high voltage capacitors (200—400 V) than
in the lower voltage (20-50 V) filter capacitors common to linear power supplies.
This is due to the fact that the physical size of a capacitor is dependent on its
CV product while energy storage is proportional to CV2.

Basic Configurations

A switching power supply is a relatively complex circuit as is shown by the
four basic building blocks of Figure 9-1. It is apparent here that the heart of the
supply is really the high frequency inverter. It is here that the work of chopping
the rectified line at a high frequency (20-200 kHz) is done. It is here also that
the line voltage is transformed down to the correct output level for use by logic
or other electronic circuits. The remaining blocks support this basic function.
The 60 Hz input line is rectified and filtered by one block and after the inverter
steps this voltage down, the output is again rectified and filtered by another. The
task of regulating the output voltage is left to the control circuit which closes the
loop from the output to the inverter. Most control circuits generate a fixed fre-
quency internally and utilize pulse width modulation techniques to implement the
desired regulation. Basically, the on-time of the square wave drive to the inverter
is controlled by the output voltage. As load is removed or input voltage increases,
the slight rise in output voltage will signal the control circuit to deliver shorter
pulses to the inverter and conversely as the load is increased or input voltage
decreases, wider pulses will be fed to the inverter.

The inverter configurations used in today’s switchers actually evolved from
the buck and boost circuits shown in Figures 9-2a and 9-2b. In each case the
regulating means and loop analysis will remain the same but a transformer is
added in order to provide electrical isolation between the line and load. The
forward converter family which includes the push-pull and half bridge circuits
evolved from the buck regulator (Figure 9-2a). And the newest switcher, the
flyback converter, actually evolved from the boost regulator. The buck circuit
interrupts the line and provides a variable pulse width square wave to a simple
averaging LC filter. In this case, the first order approximation of the output voltage
is Vout = Vin x duty cycle and regulation is accomplished by simply varying the
duty cycle. This is satisfactory for most analysis work and only the transformer
turns ratio will have to be adjusted slightly to compensate for IR drops, diode
drops, and transistor saturation voltages.
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Figure 9-1. Functional Block Diagram — Switching Power Supply

Operation of the boost circuit is more subtle in that it first stores energy in
a choke and then delivers this energy plus the input line to the load. However,
the flyback regulators which evolved from this configuration delivers only the
energy stored in the choke to the load. This method of operation is actually based
on the buck boost model shown in Figure 9-2c. Here, when the switch is opened,
only the stored inductive energy is delivered to the load. The true boost circuit
can also regulate by stepping up (or boosting) the input voltage whereas the buck-

o— e oM - -

+Vin +Vout +Vin +Vout
Vout<Vin & T Vout > Vin ( T
O ) O

. *—0
a. Buck (Step-Down) b. Boost (Step-Up)
o— —
+Vin ~Vout

. 1.

c. Buck-Boost Regulator
which Resembles the Flyback Regulator
(Step Up or Down)

Figure 9-2. Nonisolated DC-DC Converters
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boost or flyback regulator can step the input voltage up or down. Analysis of the
boost regulator begins by dealing with the choke as an energy storage element
which delivers a fixed amount of power to the load:

Po = 1/2 L I*fo

where I = the peak choke current
fo = the operating frequency

and L = the inductance

Because it delivers a fixed amount of power to the load regardless of load
impedance (except for short circuits), the boost regulator is the designer’s first
choice in photoflash and capacitive-discharge (CD) automotive ignition circuits
to recharge the capacitive load. It also makes a good battery charger. For an
electronic circuit load, however, the load resistance must be known in order to
determine the output voltage:

L
Vo = VPRL = I \/ f;RL

where RL = The load resistance

In this case, the choke current is proportional to the on-time or duty cycle of the
switch and regulation for fixed loads simply involves varying the duty cycle as
before. However, the output also depends on the load which was not the case
with buck regulators and results in a variation of loop gain with load.

For both regulators, transient response or responses to step changes in load
are very difficult to analyze. They lead to what is termed a ‘‘load dump’’ problem.
This requires that energy already stored in the choke or filter be provided with
a place to go when load is abruptly removed. Practical solutions to this problem
include limiting the minimum load and using the right amount of filter capacitance
to give the regulator time to respond to this change.

The Future

The future offers a lot of growth potential for switchers in general and low
power switchers (20—100 watts) in particular. The latter are responding to the
growth in microprocessor based equipment as well as computer peripherals.
Today’s configurations have already been challenged by the sine wave inverter
which reduces noise and improves transistor reliability but does effect a cost
penalty. Also, a trend to higher switching frequencies to reduce size and cost
even further has begun. The latest bipolar designs operate efficiently up to 100
kHz and the FET seems destined to own the 200 to 500 kHz range.

At this time there are a lot of safety and noise specifications. Originally
governed only by MIL specs and the VDE in Europe, now both UL and the FCC
have released a set of specifications that apply to electronic systems which often
include switchers (see Table 9-2). It seems probable, however, that system engi-
neers or power supply designers will be able to add the necessary line filters and
EMI shields without evoking a significant cost penalty in the design.

The most optimistic note concerning switchers is in the component area.
Switching power supply components have actually evolved from components
used in similar applications. And it is very likely that newer and more mature
products specifically for switchers will continue to appear over the next several
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years. The ultimate effect of this evolution will be to further simplify, cost reduce
and increase the reliability of these designs.

TABLE 9-2. SMPS Specifications

Specification Area
VDE 0730 Safety
VDE 0806 Safety
VDE 0871 EMI
VDE 0875 EMI

MIL-STD-217D Reliability

MIL-STD-461A EMI

DOD-STD-1399 Harmonic Content
UL 478 Safety
FCC Class A & B EMI
CSA C22.2 Safety
IEC 380 Safety

The synchronous rectifier is one example of a new component developed
specifically for low voltage switchers. As requirements for 2 and 3 V supplies
emerge for use by fine geometry VLSI chips, the only way to maintain decent
conversion efficiency is to develop lower forward drop rectifiers. The differences
in 3 and 5 V rectifier requirements are shown in Table 9-3. At this time, Motorola
offers low VF Schottky and area efficient TMOS III FETs for this task and is
considering a variety of additional technology options. The direct approach
involves using low VF Schottkys or pinch rectifiers which will feature VF’s of
0.3 to 0.4 V. The indirect approach involves using FETs or bipolar transistors
and slightly more complex circuitry like that shown in Figure 9-3. Both transistors
will feature VF’s of 0.2 V and in addition the bipolar will have high EBO’s
(30 V) and high gain (100) with a recovery time of 100 ns.

TABLE 9-3. Synchronous Rectifier Requirements

Output Rectifier Characteristics

Voltage VF VR
5V 05-1V 30-60 V
3V 0.3-0.6 V 20-40 V

PRIMARILY TO REDUCE VE ALSO TO REDUCE t;

——

EstTo pone g
Ml I

e L¥f

’____G____l_"

NOTE: The FET must be operated below VF of the
diode in order to gain the t;r advantage

Figure 9-3. Synchronous Rectifiers for 3 Voit Power Supplies
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And for designers who are not satisfied with the relatively low frequency
limitations of square wave switchers, there is the SRPS. The series resonant
power supply topology seems to offer the possibility of working in the 1 MHz
region. If components like the relatively exotic power transformer can be cost
reduced, then it will be possible for this topology to become dominant in the
market. The features generally associated with this type of power supply are
listed in Table 9-4 and a typical half bridge circuit is shown in Figure 9-4. In a
design now being studied in Motorola’s advanced products laboratory, standard
FETs, Schottky’s and ultrafast rectifiers all appear to work very well at 1 MHz.

TABLE 9-4. SRPS Features

Feature Description

High Frequency Today's line operated designs use sine waves in the 500 kHz to
1 MHz range.

Small Size The ferrite transformer and polypropylene coupling capacitor
are smaller than those found in lower frequency square wave
designs.

Low Noise Switching occurs at zero crossings which reduces component
stress and lowers EML.

Efficient Because switching losses are reduced, efficiency is high
(typically 80%).

High Peak to Average Current ratings of the transistors and rectifiers are twice as high

Current Ratios as similar flyback designs.

Special Control Circuit PDM (density) rather than PWM (width) control is used and
requires a control IC with a programmable VCO.

Market The SRPS is expected to own 15% of the power supply market
by 1990.

SERIES
INPUT 1 MHz
AC RESONANT SCHOTTKY OUTPUT
Line© AR;STF"TTESR ] vagTER ™ Tankanp [ | mecriFers [ | FLTER ouTPUT
TRANSFORMER
PDM
CONTROL CKT
60 He ] 1 MHz COMPONENTS 20 kHz
0T

H
T
| 3

POM
E CONTROLLER

Figure 9-4. SRPS Block Diagram
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SECTION 10
SWITCHING REGULATOR TOPOLOGIES

FET and Bipolar Drive Considerations

There are probably as many base drive circuits for bipolars as there are
designers. Ideally, the transistor would like just enough forward drive (current)
to stay in or near saturation and reverse drive that varies with the amount of
stored base charge such as a low impedance reverse voltage. Many of today’s
common drive circuits are shown in Figure 10-1. The fixed drive circuits of 10a,
b and ¢ tend to emphasize economy, while the Baker clamp and proportional
drive circuits of 10d and e emphasize performance over cost.

FET drive circuits are another alternative. The standard that has evolved at
this time is shown in Figure 10-2A. This transformer coupled circuit will produce
forward and reverse voltages applied to the FET gate which vary with the duty
cycle as shown. For this example, a VGs rating of 20 V would be adequate for
the worst case condition of high logic supply (12 V) and minimum duty cycle.
And yet, minimum gate drive levels of 10 V are still available with duty cycles
up to 50%. If wide variations in duty cycle are anticipated, it might be wise to
consider using a semi-regulated logic supply for these situations. Finally, one
point that is not obvious when looking at the circuit is that FETs can be directly
coupled to many ICs with only 100 mA of sink and source capability and still
switch efficiently at 20 kHz. However, to achieve switching efficiently at higher
frequencies, 1 to 2 amps of drive may be required on a pulsed basis in order to
quickly charge and discharge the gate capacitances. A simple example will serve
to illustrate this point and also show that the Miller effect, produced by Cpg, is
the predominant speed limitation when switching high voltages (see Figure 10-
2B). A FET responds instantaneously to changes in gate voltage and will begin
to conduct when the threshold is reached (Vgg = 2 to 3 V) and be fully on with
VGs = 7 to 8 V. Gate waveforms will show a porch at a point just above the

] ’ 12v

150

MC34060
a. Fixed Drive, Turn Off — s
Energy Stored in d. Standard
Transformer Baker Clamp

8 }\um 50 uf
H( MJE13005

LAY
MPS 105°C
® Ugs LOWESR 220

c. Direct Drive

S e

.
b. Fixed Drive, Turn Off e. Proportional
Energy Stored in Capacitor Base Drive

Figure 10-1. Typical Bipolar Base Drive Circuits
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Figure 10-2B. FET Drive Current Requirements

threshold voltage which varies in duration depending on the amount of drive
current available and this determines both the rise and fall times for the drain
current. To estimate drive current requirements, two simple calculations with
gate capacitances can be made:

1. IM = Cbacdv/dt and
2. Ic = Casdv/dt

IM is the current required by the Miller effect to charge the drain-to-gate capac-
itance at the rate it is desired to move the drain voltage (and current). And IG is
usually the lesser amount of current required to charge the gate-to-source capac-
itance through the linear region (2 to 8 V). As an example, if 30 ns switching
times are desired at 300 V where CpG = 100 pF and Cgs = 500 pF, then

Im = 100 pF x 300 V/30 ns = 1 A and

Ic = 500 pFx 6 V/30ns = 0.1 A
This example shows the direct proportion of drive current capability to speed
and also illustrates that for most devices, CbG will have the greatest effect on
switching speed and that CGs is important only in estimating turn-on and turn-
off delays.

Aside from its unique drive requirements, a FET is very similar to a bipolar
transistor. Today’s 400 V FETs compete with bipolar transistors in many switch-
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ing applications. They are faster and easier to drive, but do cost more and have
higher saturation, or more accurately, ‘‘on’’ voltages. The performance or effi-
ciency tradeoffs are analyzed using Figure 10-3. Here, typical power losses for
10-2A switching transistors versus frequency are shown. The FET (and bipolar)
losses were calculated at 100°C rather than 25°C because on resistance and switch-
ing times are highest here and 100°C is typical of many applications. These curves
are asymptotes of the actual device performance, but are useful in establishing
the ‘‘breakpoint’’ of various devices, which is the point where saturation and
switching losses are equal.

Control Circuits

Over the past ten years, a variety of control IC’s for SMPS have been
introduced. The voltage mode controllers diagramed in Table 10-1 still dominate
this market. The basic regulating function is performed in the pulse width mod-
ulator (PWM) section. Here, the dc feedback signal is compared to a fixed
frequency sawtooth waveform. The result is a variable duty cycle pulse train
which, with suitable buffer or interface circuits, can be used to drive the power
switching transistor. Some ICs provide only a single output while others provide
a phase splitter or flip-flop to alternately pulse two output channels. Additionally
most ICs provide an error amplifier and reference section shown as a means to
process, compare and amplify the feedback signal.

Features required by a control IC vary to some extent because of the particular
needs of a designer and on the circuit configuration chosen. However, most of
today’s current generation ICs have evolved with the following capabilities or
features:

® Programmable (to 500 kHz) Fixed Frequency Oscillator
® Linear PWM Section with Duty Cycle from 0 to 100%
® On Board Error Amplifiers

® On Board Reference Regulator

® Adjustable Dead Time

® Under Voltage (low Vcc) Inhibit

@ Good Output Drive (100 to 200 mA)

® Option of Single or Dual Channel Output
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Figure 10-3. Typical Switching Losses at 300 V and 5 A (Ty = 100°C)
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® Uncommitted Output Collector and Emitter or Totem Pole Drive
Configuration

® Soft Start

® Digital Current Limiting

® Oscillator Sync Capability

It is primarily the cost differences in these parts that determine whether all
or only part of these features will be incorporated. Most of these are evident to
the designer who has already started comparing data sheets.

In addition to the control circuits listed in Table 10-2, Motorola also has
two DC converter control chips, the wA78540 and the MC34063. These chips
feature an on-board 40 V, 2 A switching transistor and operate by dropping pulses
from a fixed frequency, fixed duty cycle oscillator depending on load demand.

Today there is a demand for simple, low cost, single control IC’s. These
IC’s like Motorola’s MC34060 and MC34063 components are used to run the
low power fly back type configurations and are usually part of a three chip rather
than single chip system. The differences in these two approaches are illustrated
in Figure 10-5.

When it is necessary to drive two or more power transistors, drive trans-
formers are a practical interface element and are driven by the conventional dual
channel IC’s. In the case of a single transistor converter, however, it is usually
more cost effective to directly drive the transistor from the IC. In this situation,
an optocoupler is commonly used to couple the feedback signal from the output
back to this control IC. And the error amplifier in this case is nothing more than
programmable zener like Motorola’s TL431.

Overvoltage Protection

Linear and switching power supplies can be protected from overvoltage with
a crowbar circuit. For linear supplies, the pass transistor can fail shorted, allowing

TABLE 10-1. Basic SM Control IC’'s

Type A Type B Type C
Voitage Mode Volitage Mode Current Mode
with Latch
CONTROL
TECHNIQUE osc osc | S
SCHEMATIC R
e } + LATCH
PWM Fe WM
SINGLE CHANNEL MC34060 (MPC1600) (UC1842)
PARTS
DUAL CHANNEL TL494/594 SG1525A/27A (MPC1600)
PARTS $G1526 —_
FEATURES Low Cost Digital Current Designed for
Limiting, Good Noise Flyback, Inherent
Immunity Feed Forward
PWM _ .
WAVEFORMS A ( Ny A
7 e
Note () soon to be available
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TABLE 10-2. Control Circuits

Over Voltage Over-Under Voltage
Protection Protection

(OVP) (OUVP)

High
Standard Performance

MC34061 MC34061A MC3425
MC34062 MC3423
TL431 TL431A

high line transformer voltage to the load. For switching power supplies, a loose
or disconnectd remote sense lead can allow high voltage to the load.

The list of available circuits is shown in Table 10-2 and a typical 0 V
application is shown in Figure 10-4.

This crowbar circuit (Figure 10-4) ignores noise spikes but will fire the SCR
when a valid overvoltage condition is detected. The SCR will discharge C2 and
either blow the fuse or cause the power supply to shut down.

For further information, see EB-78 and MC3423 data sheet.

Surge Current Protection

Many high current PWM switching supplies operate directly off the ac line.
They have very large capacitive input filters with high inrush surge currents. The
line circuit breaker and the rectifier bridge must be protected during turn-on.

Surge current limiting can be accomplished by adding Rs and an SCR
“‘short’” after charging C1 as shown in Figure 10-6, or by phase controlling the
line voltage with a Triac.

Transformer Design

With respect to transformer design, many of today’s designers would say
don’t try it. They’d advise using a consultant or winding house to perform this
task and with good reason. It takes quite a bit of time to develop a feel for this
craft and be able to use both experience and intuition to find solutions to second
and third order problems. Because of these subtle problems, most designers find
that after the first paper design is done, as many as four or five lab iterations may
be necessary before the transformer meets the design goals. However, there is a
considerable design challenge in this area and a great deal of satisfaction can be
obtained by mastering it.

This component design, as do all others, begins by requesting all available
literature from the appropriate manufacturers and then following this up with

O “r 9 f O
POWER l v | Mcggza
SUPPLY C2 ’J\ MC3t061 Vo
Oo— e s o

Figure 10-4. Crowbar Circuit
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phone calls when specific questions arise. A partial list of companies is shown
in Table 10-3. Designs below 20 W generally use pot cores but for 20 W and
above E cores are preferred. E cores expose the windings to air so that heat is
not trapped inside and make it easier to bring out connections for several windings.
Remember that flyback designs require lower permeability cores than the others.
The classic approach is to consult manufacturers charts like the one shown in
Figure 10-7 and then to pick a core with the required power handling ability.
Both E and EC (E cores with a round center leg) are popular now and they are
available from several manufacturers. EC cores offer a performance advantage
(better coupling) but standard E cores cost less and are also used in these appli-
cations. Another approach that seems to work equally well is to do a paper design
of the estimated windings and turns required. Size the wire for 500 circular mils
(CM) per amp and then find a core that has the required window area for this
design. Now, before the windings are put on, it is a good idea to modify the
turns so that they fit on one layer or an integral number of layers on that bobbin.
This involves checking the turns per inch of the wire against the bobbin length.
The primary generally goes on first and then the secondaries. If the primary hangs
over an extra half layer, try reducing the turns or the wire size. Conversely, if
the secondary does not take up a full layer, try bifilar winding (parallel) using
wire half the size originally chosen; i.e., 3 wire sizes smaller like 23 versus 20.
This technique ultimately results in the use of foil for the higher current (20 A)
low voltage windings. Most windings can be separated with 3 mil mylar (usually
yellow) tape but for good isolation, cloth is recommended between primary and
secondary.
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a. Single Chip System — Drive Transformer Isolation
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A
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RECT & ° RECT &
LINE FILTER g FILTER OUTPUT
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|c
OPTO ERROR
COUPLER AMP

b. Three Chip System — Opto Coupler Isolation

Figure 10-5. Control Circuit Topologies
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Figure 10-6. Surge Current Limiting for a Switching Power Supply

Finally, once a mechanical fit has been obtained, it is time for the circuit
tests. The isolation voltage rating is strictly a mechanical problem and is one of
the reasons why cloth is preferred over tape between the primary and secondary.
The inductance and saturating current level of the primary are inherent to the
design, and should be checked in the circuit or other suitable test fixture. Such
a fixture is shown in Figure 10-8 where the transistor and diode are sized to
handle the anticipated currents. The pulse generator is run at a low enough duty
cycle to allow the core to reset. Pulse width is increased until the start of saturation
is observed (IsaT). Inductance is found using:

L = E/(di/dt)

In forward converters, the transformer generally has no gap in order to
minimize the magnetizing current (IM). For these applications the core should be
chosen large enough so that the resulting LI product insures that IM at operating
voltages is less than IsaT. For flyback designs, a gap is necessary and the test
circuit is useful again to evaluate the effect of the gap. The gap will normally
be quite large

Lg > > Lw/u

where: Lg = gap length
Lm = magnetic path length
u= permeability

Under this stipulation, the gap directly controls the LI parameters and doubling
it will decrease L by two and increase IsAT by two until fringing effects occur.
Gaps of 5 to 20 mils are common. Again, the anticipated switching currents must
be less than IsaT when the core is gapped for the correct inductance.

TABLE 10-3. Partial List of Core (C) and Transformer (T) Manufacturers

Company Location Code
Ferroxcube Inc. Sauggerties, N.Y. C
Indiana General Keasby, N.J. C
Stackpole St. Marys, PA C
TDK El Segundo, CA C
Pulse Engineering San Diego, CA T
Coilcraft Cary, IL T
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Transformer tests in the actual supply are usually done with a high voltage
dc power supply on the primary and with a pulse generator or other manual
control for the pulse width (such as using the control IC in the open loop
configuration).

Here the designer must recheck three areas:

1. Core saturation

2. Correct amount of secondary voltage

3. Transformer heat rise
If problems are detected in any of these areas, the ultimate fix may be to redesign
using the next larger core size. However, if problems are minimal, or none exist,
it is possible to stay with the same core or even consider using the next smaller
size.

Filter Capacitor Considerations

In today’s 20 kHz switchers, aluminum electrolytics still predominate. The
good news is that most have been characterized, improved, and cost reduced for
this application. The input filter requires a voltage rating that depends on the
peak line voltage; i.e., 400 to 450 V for a 220 V switcher. If voltage is increased
beyond this point, the capacitor will begin to act like a zener and be thermally
destroyed from high leakage currents if the rating is exceeded for enough time.
In doubler circuits, voltage sharing of the two capacitors in series can be a
problem. Here extra voltage capability may be needed to make up for the imbal-
ances caused by different values of capacitance and leakage current. A bleeder
resistor is normally used here not only for safety but to mask the differences in
leakage current. The RMS current rating is also an important consideration for
input capacitors and is an example of improvements offered by today’s manu-
facturers. Earlier ‘‘lytics’’ usually lacked this rating and often overheated. Large
capacitors that were not needed for performance were used just to reduce this
heating. However, today’s devices offer lower thermal resistance, improved con-
nection to the foil and good RMS ratings. A partial list of manufacturers that
supply both high voltage input and the lower voltage output capacitors for switch-
ers is shown in Table 10-4. Most of the companies offer not only the standard
85°C components, but devices with up to 125°C ratings which are required because
of the high ambient temperatures (55 to 85°C) that many switchers have to operate
in, many times without the benefit of fans.
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Figure 10-8. Simple Coil Tester
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For output capacitors the buzz word is low ESR (equivalent series resistance).
It turns out that for most capacitors even in the so-called ‘‘low ESR’’ series, the
output ripple depends more on this resistance than on the capacitor value itself.
Although typical and maximum ESR ratings are now available on most capacitors
designed for switchers, the lead inductance generally is not specified except for
the ultra-high frequency four terminal capacitors from some vendors. This param-
eter is responsible for the relatively high switching spikes that appear at the
output. However, at this point in time, most designers find it less costly and more
effective to add a high frequency noise filter rather than use a relatively expensive
capacitor with low equivalent series inductance (ESL).

These LC noise or spike filters are made using small powdered iron toriods
(1/2 to 1” OD) with distributed windings to minimize interwinding capacitance.
And the output is bypassed using a small 0.1 uF ceramic or a 10 to 50 uF
tantalum or both. Larger powered iron toriods are often used in the main LC
output filter although the higher permeability ferrite EC and E cores with relatively
large gaps can also be used. Calculations for the size of this component should
take into account the minimum load so that the choke will not run ‘‘dry’’ as
stated earlier.

TABLE 10-4. Partial List of Capacitor Companies

Company (U.S.) Location
Sprague North Adams, MA
MEPCO/Electra Columbia, SC
Cornell-Dublier Sanford, NC
Sangamo Pickens, SC
Mallory Indianapolis, IN
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SECTION 11

SWITCHING REGULATOR COMPONENT
DESIGN TIPS

Transistors

The initial selection of a transistor for a switcher is basically a problem of
finding the one with voltage and current capabilities that are compatible with the
application. For the final choice performance and cost tradeoffs among devices
from the same or several manufacturers have to be weighed. Before these devices
can be put in the circuit, both protective and drive circuits will have to be designed.

Motorola’s first line of devices for switchers were trademarked ‘‘Switch-
mode’’ transistors and introduced in the early 70’s with data sheets that provided
all the information that a designer would need including reverse bias safe operating
area (RBSOA) and performance at elevated temperature (100°C). The first series
was the 2N6542 through 2N6547, TO-204 (TO-3) and was followed by the
MIJE13002 through MJE13009 series in a plastic TO-220 package. Finally, high
voltage (1 kV) requirements were met by the metal MJ8500 thru MJ8505 series
and the plastic MJE8500 series. And recently, Motorola introduced the two new
families of ‘‘Switchmode’’ transistors shown in Table 11-1. The Switchmode II
series is an advanced version of Switchmode I that features faster switching.
Switchmode III is a state of the art bipolar with exceptional speed, RBSOA, and
up to 1.5 kV blocking capacity. Here, device cost is somewhat higher, but system
costs may be lowered because of reduced snubber requirements and higher oper-
ating frequencies. A similar argument applies to Motorola TMOS Power FETs.
These devices make it possible to switch efficiently at higher frequencies (200
to 500 kHz) but the main selling point is that they are easier to drive. This latter
point is the one most often made to show that systems savings are again quite
possible even though the initial device cost is higher.

TABLE 11-1. Motorola High Voltage Switching Transistor Technologies

Approximate
Typical Typical Fall Switching
Family Device Time Frequency
SWITCHMODE | 2N6545 200-500 ns 20 k
MJE13005
MJE12007
SWITCHMODE |I MJ13081 100 ns 100 k
SWITCHMODE il MJ16010 50 ns 200 k
TMOS MTP5N40 20 ns 500 k

Table 11-2 is a chart of the transistor voltage requirements for the various
off-line converter circuits. As illustrated, the most stringent requirement for single
transistor circuits (flyback and forward) is the blocking or VCEv rating. Bridge
circuits, on the other hand, turn on and off from the dc bus and their most critical
voltage is the turn-on or VCEO(sus) rating.
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TABLE 11-2. Power Transistor Voltage Chart

Circuit
Flyback, Forward or
Line Push-Pull Half or Full Bridge
Voltage Vcev VCEO(sus) VCEO(sus) Vcev
220 850-1 kV 450 450 450
120 450 250 250 250

Most Switchmode transistor load lines are inductive during turn-on and turn-
off. Turn-on is generally inductive because the short circuit created by output
rectifier reverse recovery times is isolated by leakage inductance in the trans-
former. This inductance effectively snubs most turn-on load lines so that the
rectifier recovery (or short circuit) current and the input voltage are not applied
simultaneously to the transistor. Sometimes primary interwinding capacitance
presents a small current spike but usually turn-on transients are not a problem.
Turn-off transients due to this same leakage inductance, however, are almost
always a problem. In bridge circuits, clamp diodes can be used to limit these
voltage spikes. If the resulting inductive load line exceeds the transistor’s reverse
bias switching capability (RBSOA) then an RC network may also be added across
the primary to absorb some of this transient energy. The time constant of this
network should equal the anticipated switching time of the transistor (50 to
500 ns). Resistance values of 100 to 1000 ohms in this RC network are generally
appropriate. Trial and error will indicate how low the resistor has to be to provide
the correct amount of snubbing. For single transistor converters, the circuits shown
in Figure 11-1 are generally used. Here slightly different criteria are used to define
the R and C snubber values:

It
¢ \Y
where I = The peak switching current
tt = The transistor fall time
V = The peak switching voltage (Approximately twice the dc

bus)
also R = ton/C (it is not necessary to completely discharge this
capacitor in order to obtain the desired effects of this
circuit)
where ton = The minimum on-time or pulse width
2
and Pr = cvit
2
where Pr = The power rating of the resistor
and f = The operating frequency
In most of today’s designs snu bber clements are small or nonexistent and voltage

Luuay S UCDIEIID SllUuvvUCl vivilvliiw ai
spikes from energy left in the leakage inductance a more critical problem depend-
ing on how good the coupling is between the primary and clamp windings and
how fast the clamp diode turns on. FETs often have to be slowed down to prevent
self destruction from this spike.
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Figure 11-1. Protection Circuits for Switching Transistors

Zener and Mosorb Transient Suppressors

If necessary, protection from voltage spikes may be obtained by adding a
zener and rectifier across the primary as shown in Figure 11-1. Here Motorola’s
5 W zener lines with ratings up to 200 V and 10 watt TO-220 Mosorbs with
ratings up to 250 V can provide the clamping or spike limiting function. If the
zener must handle most of the power, its size can be estimated using:

LL I?f
Pz = >
where Pz = The zener power rating
and LL = The leakage inductance (measured with the clamp

winding or secondary shorted)
I = Peak collector current
f = Operating frequency

Distinction is sometimes made between devices trademarked Mosorb (by
Motorola Inc.), and standard zener/avalanche diodes used for reference, low-
level regulation and low-level protection purposes. It must be emphasized that
Mosorb devices are, in fact, zener diodes. The basic semiconductor technology
and processing are identical. The primary difference is in the applications for
which they are designed. Mosorb devices are intended specifically for transient
protection purposes and are designed, therefore, with a large effective junction
area that provides high pulse power capability while minimizing the total silicon
use. Thus, Mosorb pulse power ratings begin at 600 watts — well in excess of
low power conventional zener diodes which in many cases do not even include
pulse power ratings among their specifications.

MOVs, like Mosorbs, do have the pulse power capabilities for transient
suppression. They are metal oxide varistors (not semiconductors) that exhibit
bidirectional avalanche characteristics, similar to those of back-to-back connected
zeners. The main attributes of such devices are low manufacturing cost, the ability
to absorb high energy surges (up to 600 joules) and symmetrical bidirectional
““breakdown’’ characteristics. Major disadvantages are: high clamping factor, an

113



internal wear-out mechanism and an absence of low-end voltage capability. These
limitations restrict the use of MOVs primarily to the protection of insensitive
electronic components against high energy transients in applications above 20
volts, whereas, Mosorbs are best suited for precise protection of sensitive equip-
ment even in the low voltage range — the same range covered by conventional
zener diodes.

Rectifiers

Once components for the inverter section of a switcher have been chosen,
it is time to determine how to get power into and out of this section. This is
where the all-important rectifier comes into play. (See Figure 11-2.) The input
rectifier is generally a standard recovery bridge that operates off the ac line and
into a capacitive filter. For the output section, most designers use Schottkys for
efficient rectification of the low voltage, 5 V output windings and for the higher
voltage, 12 to 15 V outputs, the more economical fast recovery or ultrafast diodes
are used.

D2

CONT 03
A el

D1 — Bridge Rectifier — Line Voltage

D2 — Clamp Diode — HV/Fast-Ultrafast
D3 — Snubber Diode — HV/Fast-Ultrafast
D4 — Output Rectifier — Fast/Ultrafast
D5 — Output Rectifier — Schottky

12V OUTPUT

5V OUTPUT

Figure 11-2. Switchmode Power Supply Flyback or Boost Design

For the process of choosing an input rectifier, it is useful to visualize the
circuit shown in Figure 11-3. To reduce cost, most earlier approaches of using
choke input filters, soft start relays (Triacs), or SCRs to bypass a large limiting
resistor have been abandoned in favor of using small limiting resistors or ther-
mistors and a large bridge. The bridge must be able to withstand the surge currents
that exist from repetitive starts at peak line. The procedure for finding the right
component and checking its fit is as follows:

1. Choose a rectifier with 2 to 5 times the average Io required.

2. Estimate the peak surge current (Ip and time (t) using:

Ip _ 1.4 Vin
Rs

Where Vin is the RMS input voltage

Rs is the total series resistance, and
C is the filter capacitor size

t = RsC
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3. Compare this current pulse to the sub cycle surge current rating (Is) of
the diode itself. If the curve of Is versus time is not given on the data
sheet, the approximate value for Is at a particular pulse width (t) may
be calculated knowing:
® Irsm — the single cycle (8.3 ms) surge current rating and using.
® 121/t = K which applies when the diode temperature rise is controlled

by its thermal response as well as power (i.e., T = K'P Vi fort <

8 ms.
This gives:
Is2 Vt = I?rsM V8.3 ms or
1/4
8.3
Is = IFsm ( ms) , t is in milliseconds

4. If Is <Ip, consider either increasing the limiting resistor (Rs) or utilizing
a larger diode.

In the output section where high frequency rectifiers are needed, there are
several types available to the designer. In addition to the Schottky (SBR) and
fast recovery (FR), there is also an ultrafast recovery (UFR). Comparative per-
formance for devices with similar current ratings is shown in Table 11-3. The
obvious point here is that lower forward voltage improves efficiency and lower
recovery times reduce turn-on losses in the switching transistors, but the tradeoff
is higher cost. As stated earlier, Schottkys are generally used for 5 V outputs

TABLE 11-3. Motorola Rectifier Product Portfolio

Fast Standard

Parameter Schottky Ultrafast Recovery Recovery
VF (VOLTS)
Forward 0.5-0.6 0.9-1 1.2-1.4 1.2-1.4
Voltage
ter
Reverse <i0ns 25-100 ns 150 ns 1
Recovery Hs
Time
trr Form Soft Soft Soft Soft
VR (VOLTS)
dc Blocking 20-60 V 50-1000 V 50-1000 V 50-1000 V
Voltage
Cost Ratio 3:1 3:1 2:1 11
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and fast recovery and ultrafast devices for 12 V outputs and greater. The ultrafast
is competing both with the Schottky where higher breakdown is needed and with
the fast recovery in those applications where performance is more important than
cost. Ten years ago Schottkys were very fragile and could fail short from either
excessive dv/dt (1 to 5 volts per nanosecond) or reverse avalanche. Since that
time, Motorola has incorporated a ‘‘guard ring’’ or internal zener which minimizes
these earlier problems and reduces the need for RC snubbers and other external
protective networks.
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SECTION 12
BASIC SWITCHING POWER SUPPL

e v - A =

CONFIGURATIONS

The implementation of switching power supplies by the non-specialist is
becoming increasingly easy due to the availability of power devices and control
ICs especially developed for this purpose by the semiconductor manufacturer.

This section is meant to help in the preliminary selection of the devices
required for the implementation of the listed switching power supplies.

Flyback and Forward Converter Switching Power Supplies: 50-250 W

® Input line variation: Vin + 10%, — 20%

® Converter efficiency: 7 = 80%

® Output regulation by duty cycle (6 variation: émax = 0.4)
® Maximum Transistor working current:

2 Pout 5.5 Pout

Iw = Flyback
v n: Omax * Vin(min) - \/5 Vin ( ybac )
Pout 2.25 Pout
= — = - (F d)
7 * Omax * Vin(min) * V2 Vin orwar

® Maximum transistor working voltage: Vw = 2 * Vin(max) * \/2 + guardband
® Working frequency: f = 20 to 200 kHz

Input

t Control
Rectifier L F \—3 | E_ Circuitry

Output
Rectifier
o ® > —0
/ é -~ DC Output
/
—o0
// ® Power
7 Inverter
tine - d s
Input »t T 7
O—

Basic Flyback Configuration
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Table 12-1. Flyback and Forward Converter Semiconductor Selection Chart

Output Power 50 W 100 W 175 W 250 W
Input Line Voltage, Vip 120V 220 V 120 V 220 V 120V 220V 120 V
or or or
240 V 240 V 240 V

MOSFET Requirements

Max Working Current, |y 225A 1.2A 40A 25A 80A 44 A 11.4A

Max Working Voltage, Vpsw 380 V 750 V 380 V 750 V 380 V 750 V 380 V
Power MOSFETs Recommended

Metal (TO-204AA) (TO-3) MTM4N45 | MTM2N90 | MTM4N45 | MTM2N90 [ MTM7N45  MTM4N90| MTM15N45

Plastic (TO-220AB) MTP4N45 | MTP2N90 | MTP4N45 | MTP2N90 — — —

Plastic (TO-218AC) — — — — MTH7N45 — -
Input Rectifiers

Max Working Current, Ipc 04 A 0.25 A 04 A 05A 235A 1.25 A 46 A

Recommended Types MDA104A | MDA106A | MDA206 | MDA210 | MDA970 | MDA210 | MDA3506

Output Rectifiers
Recommended types for

Output Voltage of: 5.0V MBR3035PT MBR3035PT MBR12035CT MBR20035CT
oV MUR3010PT MUR3010PT MUR10010CT MUR10010CT
20V MUR1615CT MUR1615CT MURBO015PT MUR10015CT
50 V MUR1615CT MUR1615CT MUR1615CT MUR3015PT

100 V MUR440, MUR840A MURB840A MURB840A MURB840A
Recommended Control Circuits SG1525A, SG1526, TL494; Inverter Control Circuit

MC3423; Overvoltage Detector
Error Amplifier: SINGLE TL431; DUAL-LM358;
QUAD — MC3403, LM324, LM2902

Flyback and Forward Converters

To take advantage of the regulating techniques discussed earlier and also
provide isolation, a total of seven popular configurations have evolved and are
listed below. Each circuit has a practical power range or capability associated
with it as follows:

Power Motorola Parts
Circuit Range Reference Cost

DC Converter 5 watts AN920 $ 4.00
Converter with 10 watts AN920 7.00
30 V Transformer

Blocking OSC 20 watts — 10.00
Flyback 50 watts EB-87 15.00
Forward 100 watts — 20.00
Half Bridge 200 watts EB's 86 & 100, 30.00

AN-767

Full Bridge 500 watts EB-85 75.00

First to be discussed will be the low power (20-200 W) converters which
are dominated by the single transistor circuits shown in Figure 12-1. All of these
circuits operate the magnetic element in the unipolar rather than bipolar mode.
This means that transformer size is sacrificed for circuit simplicity.

The flyback (alternately known as the ‘‘ringing choke’’) regulator stores
energy in the primary winding and dumps it into the secondary windings (see
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a. Flyback (Clamp Winding is Optional) b. Forward (Clamp Winding is Necessary)

—
2 A
Y
_1 K
c. Two Transistor Forward or Flyback
(Clamp Winding is not Needed)

Figure 12-1. Low Power Popular (20-200 W) Converter Configurations

Figure 12-1a). A clamp winding is usually present to allow energy stored in the
leakage reactance to return safely to the line instead of avalanching the switching
transistor. The operating model for this circuit is the buck-boost discussed earlier.
The flyback is the lowest cost regulator because output filter chokes are not
required since the output capacitors feed from a current source rather than a
voltage source. It does have higher output ripple than the forward converters
because of this. However, it is an excellent choice when multiple output voltages
are required and does tend to provide better cross regulation than the other types.
In other words changing the load on one winding will have little effect on the
output voltage of the others.

A 120/220 Vac flyback design requires transistors that block twice the peak
line plus transients or about 1 kV. Motorola’s MJE13000 and 16000A series with
ratings of 750 to 1000 V are normally used here. These bipolar devices are
relatively fast (100 ns) and are typically used in the 20 to 50 kHz operating
frequency range. The recent availability of 900 and 1000 V TMOS FETs allows
designers to operate in the next higher range (50 to 80 kHz) and some have even
gone as high as 300 kHz with square wave designs and FETs. Faster 1 kV bipolar
transistors are also planned in the future and will provide another design alter-
native. The two transistor variations of this circuit (Figure 12-1c) eliminate the
clamp winding and add a transistor and diode to effectively clamp peak transistor
voltages to the line. With this circuit a designer can use the faster 400 V to
500 V FET transistors and push operating frequencies considerably higher. There
is a cost penalty here over the single transistor circuit due to the extra transistor,
diodes and gate drive circuitry.

A subtle variation in the method of operation can be applied to the flyback
regulator. The difference is referred to as operation in the discontinuous or con-
tinuous mode and the waveform diagrams are shown in Figure 12-2. The analysis
given in the earlier section on boost regulators dealt strictly with the discontinuous
mode where all the energy is dumped from the choke before the transistor turns
on again. If the transistor is turned on while energy is still being dumped into
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the load, the circuit is operating in the continuous mode. This is generally an
advantage for the transistor in that it needs to switch only half as much peak
current in order to deliver the same power to the load. In many instances, the
same transformer may be used with only the gap reduced to provide more induc-
tance. Sometimes the core size will need to be increased to support the higher
LI product (2 to 4 times) now required because the inductance must increase by
almost 10 times to effectively reduce the peak current by two. In dealing with
the continuous mode, it should also be noted that the transistor must now turn
on from 500 to 600 V rather than 400 V level because there no longer is any
dead time to allow the flyback voltage to settle back down in the input voltage
level. Generally it is advisable to have VCEO(sus) ratings comparable to the turn-
on requirements except for SMIII where turn on up to VCEv is permitted.

The flyback converter stands out from the others in its need for a low
inductance, high current primary. Conventional E and pot core ferrites are difficult
to work with because their permeability is too high even with relatively large
gaps (50 to 100 milli-inches). The industry needs something better that will
provide permeabilities of 60 to 120 instead of 2000 to 3000 for this application.

The single transistor forward converter is shown in Figure 12-1b. Although
it initially appears very similar to the flyback, it is not. The operating model for
this circuit is actually the buck regulator discussed earlier. Instead of storing
energy in the transformer and then delivering it to the load, this circuit uses the
transformer in the active or forward mode and delivers power to the load while
the transistor is on. The additional output rectifier is used as a freewheeling diode
for the LC filter and the third winding is actually a reset winding. It generally
has the same turns as the primary, (is usually bifilar wound) and does clamp the

VCE 400V Vce

|
b 2A
|
|

i
|
|
!
!

:
:

|
Icy Ic
DISCONTINUQUS MODE CONTINUOUS MODE

Figure 12-2. Flyback Transistor Waveforms
—800V

F_LLJ —400V
—0V

"L
S

Figure 12-3. Forward Converter Transistor Waveforms
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Push-Pull Switching Power Supplies: 100-500 W

® Input line variation: Vin + 10%, — 20%
® Converter efficiency: 1 = 80%
® Output regulation by duty cycle (8) variation: dmax = 0.8

® Maximum transistor working current:

Pout

Iw =

1.4 Pout

7 + Omax * Vin(min) * V2 B
©® Maximum transistor working voltage: Vw =

Vin

2 - Vinmax) *+ V2 + guardband

® Working frequency: f = 20 to 200 kHz
Output
Filter
p—0
Output DC Output
Rectifier 1‘
4 —O
o °
Line .' I.
Input T '-—] Control
% Circuitry
Input
Rectifier Power
Inverter
Basic Push-Pull Configuration
Table 12-2. Push-Pull Semiconductor Selection Chart
Output Power 100 W 250 W 500 W
Input Line Voltage, Vin 120V 220 vV 120 V 220V 120V 220V
240 V 240 V 240 V
MOSFET Requirements
Max Working Current, ly 12A 06 A 29 A 16A 57A 31A
Max Working Voltage, Vpsw 380V 750 V 380 V 750 V 380 V 750 V
Power MOSFETs Recommended
Metal (TO-204AA) (TO-3) MTM2N50 | MTM2N90 | MTM4N45 | MTM2NS0 | MTM7N45 | MTM4NSO
Plastic (TO-220AB) MTP2N45 | MTP2NS0 | MTP4N45 | MTP2N94 — —
Plastic (TO-218AC) — — — — MTH7N45 —
Input Rectifiers
Max Working Current, Ipc 09A 05A 235A 125 A 46 A 25A
Recommended Types MDA206 MDA210 | MDA970-5 | MDA210 | MDA3506 | MDA3510
Output Rectifiers:
Recommended types
for output voltages of: 5.0V MBR3035PT MBR12035CT MBR20035CT
10V MBR3045PT MUR10010CT MUR10010CT
MUR3010PT
20V MUR1615CT MUR3015PT MUR10015CT
50 V MUR1615CT MUR1615CT MUR3015PT
100 V MURB40A, MUR440 MURB40A MURB40A
Recommended Control Circuits See Table 12-1
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reset voltage to twice the line. However, its main function is to return energy
stored in the magnetizing inductance to the line and thereby reset the core after
each cycle of operation. Because it takes the same time to set and reset the core,
the duty cycle of this circuit cannot exceed 50%. This also is a very popular low
power converter and like the flyback is practically immune from transformer
saturation problems. Transistor waveforms shown in Figure 12-3 illustrate that
the voltage requirements are identical to the flyback. For the single transistor
versions, 400 V turn-on and 1 kV blocking devices like the MJE13000 and
MIJE16000 transistors are required. The two transistor circuit variations shown
in Figure 12-1b again adds a cost penalty but allows a designer to use the faster
400 to 500 V devices. With this circuit, operation in the discontinuous mode
refers to the time when the load is reduced to a point where the filter choke runs
“‘dry.”” This means that choke current starts at and returns to zero during each
cycle of operation. Most designers prefer to avoid this type of mode because of
higher ripple and noise even though there are no adverse effects on the components
themselves. Standard ferrite cores work fine here and in the high power converters
as well. In these applications, no gap is used as the high permeability (3000)
results in the desirable effect of very low magnetizing current levels. And, Zeners
or RC clamps may be used to reset the core in lieu of the clamp winding to lower
the voltage stress on the switching transistors.

Push-Pull and Bridge Converters

The high power circuits shown in Figures 12-4—12-7 all operate the magnetic
element in the bipolar or push-pull mode and require 2 to 4 inverter transistors.
Because the transformers operate in this mode they tend to be almost half the
size of the equivalent single transistor converters and thereby provide a cost
advantage over their counterparts at power levels of 200 to 1 kW.

The push-pull converter shown in Figure 12-4 is one of the oldest converter
circuits around. Its early use was in low voltage inverters such as the 12 Vdc to
120 Vdc power source for recreational vehicles and in dc to dc converters. Because
these converters are free running rather than driven and operate from low voltages,
transformer saturation problems are minimal. In the high voltage off-line switch-
ers, saturation problems are common and were difficult to solve. The transistors
are also subjected to twice the peak line voltage which requires the use of high
voltage (1 kV) transistors. Both of these drawbacks have tended to discourage
designers of off-line switchers from using this configuration until current mode
control IC’s were introduced. Now these circuits are being looked at with renewed
interest.

. — T +Vout
+Vin “ T

Figure 12-4. Push-Pull Converter
(200 W-1 kW)
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Half-Bridge/Full-Bridge Switching Power Supplies: 100-500 W/500-1000 W

® Input line variation: Vin + 10%, — 20%

® Converter efficiency: n = 80%
® Output regulation by duty cycle (8) variation: dmax = 0.8
® Maximum working current:

Iy = 2 Pout _ 2.8 Pout
n: Omax ° Vin(min) . \/i Vin

_ Pout _ 1.4 Pout
"~ q - Smax * Vinmin) - V2 Vi

® Maximum transistor working voltage:
Vw = Vinmax) - V2 + guardband
® Working frequency: f = 20 to 200 kHz

(Half-Bridge)

(Full-Bridge)
n

Y. ’ 0
Output
Output [ Filter
Rectifier ll_ x x | ”[ DC Qutput
- _F
¢ 0
| S
oy !
| E____
e | ' 3|
| |
Line | Control
—"— o~ I . "
Input Circuitry
Input L Power | |
Rectifier T Inverter ! [ | -
1
t— __lI
Basic Half-Bridge Configuration
Table 12-3. Half-Bridge Semiconductor Selection Chart
Output Power 100 W 350 W 500 W
Input Voltage, Vi 120 V 220 V 120V 220V 120V 220 V
240 V 240 V 240 V
MOSFET Requirements
Max Working Current, ly 23A 1.25A 57A 31A 115A 6.25 A
Max Working Voltage, Vpsw 190 V 380 V 190 V 380 V 190 V 380 V
Power MOSFETs Recommended
Metal (TO-204AA) (TO-3) MTMSN35 | MTM2N45 | MTM8N40 | MTM4N45 | MTM10N25 | MTM7N45
Plastic (TO-220AB) MTP3N40 | MTP2N45 — MTP4N45 | MTP10N25 —
Plastic (TO-218AC) - —_ MTH8N40 —_— —_ MTH7N45
Input Rectifiers
Max Working Current, Ipc 09A 05A 23 A 125A 46A 25A
Recommended Types MDA206 MDA210 | MDA970-5 | MDA210 MDA3506 | MDA3510
Output Rectifiers:
Recommended types
for output voltage of: 50V MBR3035PT MBR12035CT MBR20035CT
10V MBR3045PT MUR10010CT MUR10010CT
MUR3010PT
20V MUR1615CT MUR3015PT MUR10015CT
50 V MUR1615CT MUR1615CT MUR3015PT
100 V MURB840A, MUR440 MURB840A MURB840A
Recommended Control Circuits See Table 12-1
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Figure 12-5. Half-Bridge Converter with Split Windings
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Figure 12-6. Half-Bridge Converter
(200 W-1 kW)

Half and Full Bridge

The most popular high power converter is the half bridge (Figure 12-6). It
has two clear advantages over the push-pull and became the favorite rather quickly.
First, the transistors never see more than the peak line voltage and the standard
400 V fast Switchmode transistors that are readily available may be used. And
second, and probably even more important, transformer saturation problems are
easily minimized by use of a small coupling capacitor (about 2-5 wF) as shown.
Because the primary winding is driven in both directions, a full wave output
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Basic Full-Bridge Configuration
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Table 12-4. Full-Bridge Semiconductor Selection Chart

Output Power 500 W 750 W 1000 W
Input Voltage, Vi 120V 220V 120 V 220V 120V 220V
240 V 240 V 240 V
MOSFET Requirements
Max Working Current, Iy 57A 31A 86A 47 A 115A 6.25 A
Max Working Voltage, Vpsw 190 V 380 V 190 V 380 V 190 V 380 V
Power MOSFETs Recommended
Metal (TO-204AA) (TO-3) MTM8BN20 | MTM4N45 | MTM10N25 | MTM7N45 | MTM15N20 | MTM7N45
Plastic (TO-220AB) MTP8N20 | MTP4N45 | MTP10N25 | MTP4N45 | MTP12N20 -
Plastic (TO-218AC) — —_ — MTH7N45 | MTH15N20 | MTH7N45
Input Rectifiers
Max Working Current, ipc 46 A 25A 70A 38A 925 A 50A
Recommended Types MDA3506 | MDA3510
Output Rectifiers:
Recommended types
for output voltages of: 5.0V MBR20035CT MBR30035CT MBR30035CT*
oV MUR10010CT MUR10010CT* MUR10010CT*
2V MUR10015CT MUR10015CT MUR10015CT*
50 V MUR3015PT MUR3015PT* MUR10015CT
100 V MURB04PT MUR3040PT* MUR3040PT
Recommended Control Circuits See Table 12-1

“More than one device per leg, matched.

filter, rather than half, is now used and the core is actually utilized more effec-
tively. Another more subtle advantage of this circuit is that the input filter capac-
itors are placed in series across the rectified 220 V line which allows them to be
used as the voltage doubler elements on a 120 V line. This still allows the inverter
transformer to operate from a nominal 320 V bus when the circuit is connected
to either 120 V or 220 V. Finally, this topology allows diode clamps across each
transistor to contain destructive switching transients. The designer’s dream, of
course, is for fast transistors that can handle a clamped inductive load line at
rated current. And a few (like the MJE16000 series from Motorola) are beginning
to appear on the market. With the improved RBSOA that these transistors feature,
less snubbing is required and this improves both the cost and efficiency of these
designs.

The effective current limit of today’s low cost TO-218 discrete transistors
(250 mil die) is somewhere in the 10 to 20 A area. Once this limit is reached,
the designer generally changes to the full bridge configurations shown in Figure
12-7. Because full line rather than half is applied to the primary winding, the

+Vin
+Vout

e
I

Figure 12-7. Full-Bridge Converter
(200 W-1 kW)
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power out can be almost double that of the half bridge with the same switching
transistors. Power Darlington transistors are a logical choice for higher power
control with current, voltage and speed capabilities allowing very high perfor-
mance and cost effective designs. Another variation of the half bridge is the split
winding circuit shown in Figure 12-5. A diode clamp can protect the lower
transistor but a snubber or zener clamp must still be used to protect the top
transistor from switching transients. Because both emitters are at an ac ground
point, expensive drive transformers can now be replaced by lower cost capacitively
coupled drive circuits.
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SECTION 13
SWITCHING REGULATOR DESIGN EXAMPLES

A broad range of switching regulator power supply designs are covered in
this section. Part A describes in detail the principle of operation of the MC34063
and uwA78S540 switching regulator subsystems. Several converter design examples
and numerous applications circuits with test data are included. Part B details the
operation of the MC34129 current mode switching regulator controller, and pre-
sents an example application of this device used with Motorola SENSEFET™
products. In Part C, a 60 W flyback regulator is described which uses the
MC34060 Control I.C. Part D focuses on a 400 W half bridge and a 100 W full
bridge configuration in which the TL494 control I.C. is utilized.

A. THEORY AND APPLICATIONS OF THE MC34063 AND nA78S40
SWITCHING REGULATOR CONTROL CIRCUITS

The MC34063 and nA78S40 are monolithic switching regulator subsystems
intended for use as dc to dc converters. These devices represent a significant
advancement in the ease of implementing highly efficient and yet simple switching
power supplies. The use of switching regulators is becoming more pronounced
over that of linear regulators because the size reductions in new equipment designs
require greater conversion efficiency. Another major advantage of the switching
regulator is that it has increased application flexibility of output voltage. The
output can be less than, greater than, or of opposite polarity to that of the input
voltage.

Principal of Operation

In order to understand the difference in operation between linear and switch-
ing regulators we must compare the block diagrams of the two step-down reg-
ulators shown in Figure 13-1. The linear regulator consists of a stable reference,
a high gain error amplifier, and a variable resistance series-pass element. The
error amplifier monitors the output voltage level, compares it to the reference
and generates a linear control signal that varies between two extremes, saturation
and cutoff. This signal is used to vary the resistance of the series-pass element
in a corrective fashion in order to maintain a constant output voltage under varying
input voltage and output load conditions.

The switching regulator consists of a stable reference and a high gain error
amplifier identical to that of the linear regulator. This system differs in that a
free running oscillator and a gated latch have been added. The error amplifier
again monitors the output voltage, compares it to the reference level and generates
a control signal. If the output voltage is below nominal, the control signal will
go to a high state and turn on the gate, thus allowing the oscillator clock pulses
to drive the series-pass element alternately from cutoff to saturation. This will
continue until the output voltage is pumped up slightly above its nominal value.
At this time, the control signal will go low and turn off the gate, terminating any
further switching of the series-pass element. The output voltage will eventually
decrease to below nominal due to the presence of an external load, and will
initiate the switching process again. The increase in conversion efficiency is

127



primarily due to the operation of the series-pass element only in the saturated or
cutoff state. The voltage drop across the element, when saturated, is small as is
the dissipation. When in cutoff, the current through the element and likewise the
power dissipation are also small. There are other variations of switching control.
The most common are the fixed frequency pulse width modulator and the fixed
on-time variable off-time types, where the on-off switching is uninterrupted and
regulation is achieved by duty cycle control. Generally speaking, the example
given in Figure 13-1b does apply to MC34063 and wA78S40.

General Description

The MC34063 series is a monolithic control circuit containing all the active
functions required for dc to dc converters. This device contains an internal tem-
perature compensated reference, comparator, controlled duty cycle oscillator with
an active peak current limit circuit, driver, and a high current output switch. This
series was specifically designed to be incorporated in step-up, step-down and
voltage-inverting converter applications. These functions are contained in an 8
pin dual in-line package shown in Figure 13-2a.

The wA78S540 is identical to the MC34063 with the addition of an on-board
power catch diode, and an uncommitted operational amplifier. This device is in
a 16 pin dual in-line package which allows the reference and the non-inverting
input of the comparator to be pinned out. These additional features greatly enhance
the flexibility of this part and allow the implementation of more sophisticated
applications. These may include series-pass regulation of the main output or of
a derived second output voltage, a tracking regulator configuration or even a
second switching regulator.

Vin o— o Vout
Ref 4
Linear Control Voltage 1
Signal
Error |
Amp. 3
3
=
a. Linear Regulator
Vin o- AAAA- ' —o Vout

HH

[a¥a]
/ Digital

ruue | Control Signal
l Osc. | -..L

b. Switching Regulator

Figure 13-1. Step-Down Regulators
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Functional Description

The oscillator is composed of a current source and sink which charges and
discharges the external timing capacitor CT between an upper and lower preset
threshold. The typical charge and discharge currents are 35 pwA and 200 wA
respectively, yielding about a | to 6 ratio. Thus the ramp-up period is 6 times
longer than that of the ramp-down as shown in Figure 13-3. The upper threshold
is equal to the internal reference voltage of 1.25 volts and the lower is approx-
imately equal to 0.75 V. The oscillator runs continuously at a rate controlled by
the selected value of Cr.

During the ramp-up portion of the cycle, a Logic ‘1’ is present at the ‘A’
input of the AND gate. If the output voltage of the switching regulator is below
nominal, a Logic ‘1’ will also be present at the ‘B’ input. This condition will set
the latch and cause the ‘Q’ output to go to a Logic ‘1’, enabling the driver and
output switch to conduct. When the oscillator reaches its upper threshold, Cr
will start to discharge and Logic ‘0’ will be present at the ‘A’ input of the AND
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Figure 13-2. Functional Block Diagrams
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——— Upper Threshold 1.25 V Typical

——— Lower Threshold 0.75 V Typical

| Tt

|~—6t Charge —{ t |
Discharge

Figure 13-3. Ct Voltage Waveform

gate. This logic level is also connected to an inverter whose output presents a
Logic ‘1’ to the reset input of the latch. This condition will cause ‘Q’ to go low,
disabling the driver and output switch. A logic truth table of these functional
blocks is shown in Figure 13-4.

The output of the comparator can set the latch only during the ramp-up of
Cr and can initiate a partial or full on-cycle of output switch conduction. Once
the comparator has set the latch, it cannot reset it. The latch will remain set until
Ct begins ramping down. Thus the comparator can initiate output switch con-
duction, but cannot terminate it and the latch is always reset when Ct begins
ramping down. The comparator’s output will be at a Logic ‘0’ when the output
voltage of the switching regulator is above nominal. Under these conditions, the
comparator’s output can inhibit a portion of the output switch on-cycle, a complete
cycle, a complete cycle plus a portion of one cycle, multiple cycles, or multiple
cycles plus a portion of one cycle.

Current limiting is accomplished by monitoring the voltage drop across an
external sense resistor placed in series with Vcc and the output switch. The

AND Gate Latch
Inputs Inputs

S

Active Condition of
Timing Capacitor Ct

A
Begins Ramp-Up I
L

0

Output
Switch| Comments on State of Output Switch

Switching Regulator’s Output is = nominal

R
o [ \_| o (B’ = 0).
e

No change since ‘B’ was 0 before Ct

Begins Ramp-Down Ramp-Down

No change even though switching regulators
0 1 0 output < nominal. Output switch cannot be
initiated during Ct Ramp-Down.

Ramping Down

No change since output switch conduction

Ramping Down 0 1 0 was terminated when ‘A’ went to 0.
Swiching regulator’s output went < nominal
Ramping Up 1 0 f during Ct Ramp-Up (B’ — 1). Partial on-
cycle for output switch.
Switching regulators output went = nominal
Ramping Up 1

since ‘B’ cannot reset latch.

’ g Complete on-cycle since ‘B’ was 1 before
Begins Ramp-Up f ‘\_ _f_ Cr started Ramp-Up.

: ~ Output switch conduction is always
Begins Ramp-Down _\_ _/— _\_ terminated whenever Ct is Ramping Down.

Figure 13-4. Logic Truth Table of Functional Blocks

IR Raat

0
_\_ 0 1 (‘B' — 0) during Ct Ramp-Up. No change
[
L
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voltage drop developed across this resistor is monitored by the Ipk Sense pin.
When this voltage becomes greater than 330 mV, the current limit circuitry
provides an additional current path to charge the timing capacitor Ct. This causes
it to rapidly reach the upper oscillator threshold, thereby shortening the time of
output switch conduction and thus reducing the amount of energy stored in the
inductor. This can be observed as an increase in the slope of the charging portion
of the Ct voltage waveform as shown in Figure 13-5. Operation of the switching
regulator in an overload or shorted condition will cause a very short but finite
time of output conduction followed by either a normal or extended off-time interval
provided by the oscillator ramp-down time of CT. The extended interval is the
result of charging Ct beyond the upper oscillator threshold by overdriving the
current limit sense input. This can be caused by operating the switching regulator
with a severely overloaded or shorted output or having the input voltage grossly
above the nominal design value. Under extreme conditions, the voltage across
Ct will approach Vcc and can cause a relatively long off-time. This action may
be considered a feature since it will reduce the power dissipation of the output
switch considerably. This feature may be disabled on the wA78540 only, by
connecting a small signal PNP transistor as a clamp. The emitter is connected to
Cr, the base to the reference output, and the collector to ground. This will limit
the maximum charge voltage across CT to less than 2 volts. With the use of
current limiting, saturation of the storage inductor may be prevented as well as
achieving a soft start-up.

In practice the current limit circuit will somewhat modify the charging slope
and peak amplitude of Ct each time the output switch is required to conduct.
This is because the threshold voltage of the current limit sense circuit exhibits a
‘“‘soft’’ voltage turn-on characteristic and has a turn-off time delay that causes
some overshoot. The 330 mV threshold is defined where the charge and discharge

1 —
Comparator Output l I | I | I l

0 —

Timing Capacitor CT

On —
Output Switch l | | l I | | I I | I |
off —

Nominal Output Voltage
Level

Output Voltage —

|—— Start-Up —=}<«—————— Quiescent Operation

Figure 13-5. Typical Operating Waveforms
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currents are of equal value with Vcc = 5.0 V, as shown in Figure 13-6. The
current limit sense circuit can be disabled by connecting the Ipk Sense pin to Vcc.

To aid in system design flexibility, the driver collector, output switch col-
lector and emitter are pinned out separately. This allows the designer the option
of driving the output switch transistor into saturation with a selected forced gain
or driving it near saturation when connected as a Darlington. The output switch
has a typical current gain of 70 at 1 amp and is designed to switch a maximum
of 40 volts collector-to-emitter, with up to 1.5 amps peak collector current.

The wA78540 has the additional features of an on-chip uncommitted oper-
ational amplifier and catch diode. The op amp is a high gain single supply type
with an input common-mode voltage range that includes ground. The output is
capable of sourcing up to 150 mA and sinking 35 mA. A separate VccC pin is
provided in order to reduce the integrated circuit standby current and is useful
in low power applications if the operational amplifier is not incorporated into the
main switching system. The catch diode is constructed from a lateral PNP tran-
sistor and is capable of blocking up to 40 volts and will conduct currents up to
1.5 amps. There is, however, a ‘‘catch’’ when using it.

Because the integrated circuit substrate is common with the internal and
external circuitry ground, the cathode of the diode cannot be operated much below
ground or forward biasing of the substrate will result. This totally eliminates the
diode from being used in the basic voltage inverting configuration as in Figure
13-15, since the substrate, pin 11, is common to ground. The diode can be
considered for use only in low power converter applications where the total
system component count must be held to a minimum. The substrate current will
be about 10 percent of the catch diode current in the step-up configuration and
about 20 percent in the step-down and voltage-inverting in which pin 11 is
common to the negative output. System efficiency will suffer when using this
diode and the package dissipation limits must be observed.

= 30 T T

g [ p - 26°C 1

g 10 . Vec=40V

< >

3 ~ —Vcc=5.0v—

g 30 y. 9

o /

Q 1.0 iI}

o 1

< 03 1

5 JAN

5 0.1 ’,L/’, Ichg = ldischg

5 } T T

Y ~ S —

0.03 - 11 T I

0 0.2 0.4 0.6 0.8 1.0
VcLs, CURRENT-LIMIT SENSE VOLTAGE (VOLTS)

Figure 13-6. Timing Capacitor Charge Current versus Current-Limit Sense Voltage
Step-Down Switching Regulator Operation
Shown in Figure 13-7a is the basic step-down switching regulator. Transistor

Q1 interrupts the input voltage and provides a variable duty cycle squarewave to
a simple LC filter. The filter averages the squarewaves producing a dc output
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+Vinh o——1~ Q1 YN ’ +Vout

UA78S40

Z[
MC34063 %+ D1 T Co $RL

a. Step-Down Vout < Vin

+Vj, 0 Y. » +Vout
D1

MC34063 ‘Km :[ Co 3R,
HA78540 T

b. Step-Up Vout = Vin

+Vin 0 Q1 ' ¢ “Vout

RL

|_
1t
LAY
o]
<]

pA78S40

c. Voltage-Inverting |Vout| < = Vin

Figure 13-7. Basic Switching Regulator Configurations

voltage that can be set to any level less than the input by controlling the percent
conduction time of Q1 to that of the total switching cycle time. Thus,

t
Vout = Vin | % ton | or Vout = Vin —
ton + toff

The MC34063/1A78540 achieves regulation by varying the on-time and the total
switching cycle time. An explanation of the step-down converter operation is as
follows: Assume that the transistor Q1 is off, the inductor current IL is zero, and
the output voltage Vout is at its nominal value. The output voltage across capacitor
Co will eventually decay below nominal because it is the only component supply
current into the external load RL. This voltage deficiency is monitored by the
switching control circuit and causes it to drive Q1 into saturation. The inductor
current will start to flow from Vin through Q1 and, Co in parallel with RL, and
rise at a rate of A/AT = V/L. The voltage across the inductor is equal to Vin
— Vsat — Vout and the peak current at any instant is:

L = Vin — Vsat — Vout ¢
L

At the end of the on-time, Q1 is turned off. As the magnetic field in the inductor
starts to collapse, it generates a reverse voltage that forward biases D1 and, the
peak current will decay at a rate of A/AT = V/L as energy is supplied to Co
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and RL. The voltage across the inductor during this period is equal to Vout + VF
of D1 and, the current at any instant is:

Vout + VF
IL = ILpy — ——L——— t

Assume that during quiescent operation the average output voltage is constant
and that the system is operating in the discontinuous mode. Then IL(peak) attained
during ton must decay to zero during toff and a ratio of ton to toff can be determined.

Vin — Vsat — Vout ton = Vout + VF toff
L on = ——‘——L off

. ton _ Vout + VF
7 toff Vin — Vsat — Vout

Note that the volt-time product of ton must be equal that of toff and the inductance
value is not of concern when determining their ratio. If the output voltage is to
remain constant, the average current into the inductor must be equal to the output
current for a complete cycle. The peak inductor current with respect to output

current is:
IL(pk IL(pk
(_;p_}) ton + (‘%) toff = (Iout ton) + <Iout toff)

ILpx)(ton + toff)
2

SoInpk = 2 Touw

= Jout (ton + toff)

The peak inductor current is also equal to the peak switch current Ipk(switch) since
the two are in series. The on-time ton is the maximum possible switch conduction
time. It is equal to the time required for CT to ramp up from its lower to upper
threshold. The required value for Ct can be determined by using the minimum
oscillator charging current and the typical value for the oscillator voltage swing
both taken from the data sheet electrical characteristics table.

o (A
chg(min) AV

ton
-6 | ——
20x 10 <0.5>

= 4.0x 1075 ton

Cr

The off-time toff, is the time that diode D1 is in conduction and it is determined
by the time required for the inductor current to return to zero. The off-time is
not related to the ramp-down time of CT. The cycle time of the LC network is
equal to ton(max) + toff and the minimum operating frequency is:

1

fmin = ———m—
ton(max) + toff

A minimum value of inductance can now be calculated for L. The known quan-
tities are the voltage across the inductor and the required peak current for the
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selected switch conduction time.
Vin — Vsat — Vout

L(min) = ton
ka(switch)

This minimum value of inductance was calculated by assuming the onset of
continuous conduction operation with a fixed input voltage, maximum output
current, and a minimum charge-current oscillator.

The net charge per cycle delivered to the output filter capacitor Co, must be
zero, Q+ = Q—, if the output voltage is to remain constant. The ripple voltage
can be calculated from the known values of on-time, off-time, peak inductor
current, and output capacitor value.

Vi 1 ft] . 1 ftz ‘ed
ripple(p-p) = Co 0 itdt + Co) ¢ 1 tdt

. 173 kat . 15 Ipkt
Where it = di't = ——
el ton/2 anc1 toff/2
_ (et 1 e |
Co| tn2 |0 Co | toff 2 |11

ton toff
Andti = —and t2 — t1 = —
2 2

Substituting for t1 and t2 — t1 yields:
_L _I_Elf (ton/2)? _1__ k’.‘f (toff/2)2

- Co ton 2 Co toff 2
_ Ipk (ton + toff)
8 Co

A graphical derivation of the peak-to-peak ripple voltage can be obtained from
the capacitor current and voltage waveforms in Figure 13-8.

The calculations shown account for the ripple voltage contributed by the
ripple current into an ideal capacitor. In practice, the calculated value will need
to be increased due to the internal equivalent series resistance ESR of the capacitor.
The additional ripple voltage will be equal to Ipk(ESR). Increasing the value of
the filter capacitor will reduce the output ripple voltage. However, a point of
diminishing return will be reached because the comparator requires a finite voltage
difference across its inputs to control the latch. This voltage difference to com-
pletely change the latch states is about 1.5 mV and the minimum achievable
ripple at the output will be the feedback divider ratio multiplied by 1.5 mV or:

Yout 1 5x10-3)

7 o
v ret

Vripple(p—p)min =

This problem becomes more apparent in a step-up converter with a high output
voltage. Figures 13-12 and 13-13 show two different ripple reduction techniques.
The first uses the wA78S40 operational amplifier to drive the comparator in the
feedback loop. The second technique uses a zener diode to level shift the output
down to the reference voltage.
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Step-Down Switching Regulator Design Example

A schematic of the basic step-down regulator is shown in Figure 13-9. The
1A78540 was chosen in order to implement a minimum component system,
however, the MC34063 with an external catch diode can also be used. The
frequency chosen is a compromise between switching losses and inductor size.
There will be a further discussion of this and other design considerations later.
Given are the following conditions:

Vout = 50 V
Iout = 50 mA
fmin = 50 kHz

Vin(min) = 24 V —10% or 21.6V
Vripple(p—p) = 0.5% Vout or 25 mVp-p

Voltage Across Vin *V\-/F
Switch Q1 in
VcE
Vsat
[0}
Vin
Voltage Across
Diode D1 Vin = Vsat
V|
KA 0
VE -

Ipk
Switch Q1 P
Current
lin = IC(AVG)
0
lpk T
Diode D1
Current |
D(AVG) <+
0

ka
Inductor

Current lout = Ipk/2 = IC(AVG) * IDIAVG)
(o]
*+lpk/2
Capacitor Cq
Current 0
= lpk/2
) Vout * Vpk
Capacitor Cq
Ripple Voltage Vout Vnpple(p-p)\/ )
Vout - Vpk -M w .
0 n 12

Figure 13-8. Step-Down Switching Regulator Waveforms
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1. Determine the ratio of switch conduction ton versus diode conduction toff
time.

ton _ Vout + VF

toff B Vin(min) — Vsat — Vout
_ 5.0 + 0.8
216 -08-50
= 0.37

2. The cycle time of the LC network is equal to ton(max) + toff.
1
fmin
1
50 x 103
= 20 us per cycle

3. Next calculate ton and toff from the ratio of ton/toff in #1 and the sum of
ton + toff in #2. By using substitution and some algebraic gymnastics, an equation
can be written for toff in terms of ton/toff and ton + toff. The equation is:

ton(max) + toff =

ton(max) + toff
toff = ton

toff

20 x 10-¢

037 + 1
14.6 us
20 us
20 us — 14.6 us
5.4 us
Note that the ratio of ton/(ton + toff) does not exceed the maximum of 6/7 or
0.857. This maximum is defined by the 6:1 ratio of charge-to-discharge current

of timing capacitor Ct (refer to Figure 13-3).
4. The maximum on-time, ton(max), is set by selecting a value for Cr.

Cr 4.0 x 103 ton
40x107%(5.4x 1076)
216 pF

Use a standard 220 pF capacitor.

I

Since ton(max) + toff
ton(max)

5. The peak switch current is:

2 Lout

2 (50 x 1073
100 mA

6. With knowledge of the peak switch current and maximum on time, a
minimum value of inductance can be calculated.

ka(switch)

[Tl
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. Vin(min) — -
L (min) = ( in(min) Vsat Vout) fon(max)
Ipk(switch)

100 x 103
= 853 uH
7. A value for the current limit resistor Rsc can be determined by using the
current level of Ipk(switch) when Vin = 24 V.

(21.6 - 08 — 5.0) s4x 10-6

36 k 12k

AA

R2 | Rl L
220

125V o1
Ref. *
te] [7] L] Ls] Lo B8 L2 LH
1N5819
..
= 853 4H
— Y
L © 50V/50 mA
27 :|£ Co
Test Conditions Results
Line Regulation Vin = 181030V, lgyt = 50mA | A = 16 mVor = 0.16%
Load Regulation Vin =24V, lgyt = 251050 mA | A = 28 mV or *+ 0.28%
Output Ripple Vin = 216 V, lgyt = 50 mA 24 mVpp
Short Circuit Current Vin=24V,R_=0.19Q 105 mA
Efficiency, Internal Diode Vin = 24 V, lgyt = 50 mA 45.3%
Efficiency, External Diode* Vin = 24 V, lgyt = 50 mA 72.6%

Figure 13-9. Step-Down Design Example
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I'pk(switch) = (Vin — Veat — VOU() ton(max)

L(min)

<24 - 08 — 5.0
853 x 106
= 115 mA
0.33
I'pk(switch)
0.33
115x 103
= 2.86 Q) use 2.7 Q

This value may have to be adjusted downward to compensate for conversion
losses and any increase in Ipk(switch) current if Vin varies upward. Do not set Rsc
to exceed the maximum Ipk(switch) limit of 1.5 A when using the internal switch
transistor.

8. A minimum value for an ideal output filter capacitor can now be obtained.

Ipk(switch) (ton + toff)

8 Vripple (p-p)

0.1 (20x 1079
8 (25 x 1073)
= 10 uF

Ideally this would satisfy the design goal, however, even a solid tantalum capacitor
of this value will have a typical ESR (equivalent series resistance) of 0.3 {2 which
will contribute 30 mV of ripple. The ripple components are not in phase, but can
be assumed to be for a conservative design. In satisfying the example shown, a
27 pF tantalum with an ESR of 0.1 () was selected. The ripple voltage should
be kept to a low value since it will directly affect the system line and load

regulation.
9. The nominal output voltage is programmed by the R1, R2 resistor divider.

The output voltage is:
R2
Vout = 1.25 <R—l + 1)

The divider current can go as low as 100 wA without affecting system perfor-
mance. In selecting a minimum current divider R1 is equal to:

) 54x10°6

Co =

1.25
RL= 100 x 106
= 12,500 O
Rearranging the above equation so that R2 can be solved yields:
Vout
R2 = 1 -
R <1.25 1)

If a standard 5% tolerance 12 k resistor is chosen for R1, R2 will also be a
standard value.
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R2

5.0
3| 2 —
12 x 10 (1'25 1)
= 36 k

Using the above derivation, the design is optimized to meet the assumed con-
ditions. At Vin(min), operation is at the onset of continuous mode and the output
current capability will be greater than 50 mA. At Vin(mom) i.e.: 24 V, the current
limit will activate slightly above the rated Iout of 50 mA.

Step-Up Switching Regulator Operation

The basic step-up switching regulator is shown in Figure 13-7B and the
waveform is in Figure 13-10. Energy is stored in the inductor during the time
that transistor Q1 is in the ‘on’ state. Upon turn-off, the energy is transferred in
series with Vin to the output filter capacitor and load. This configuration allows
the output voltage to be set to any value greater than that of the input by the
following relationship:

Vout = Vin (Bﬂ> + Vin or Vout = Vin (m + l)
off toff
An explanation of the step-up converter’s operation is as follows: Initially, assume
that transistor Q1 is off, the inductor current is zero, and the output voltage is
at its nominal value. At this time, load current is being supplied only by Co and
it will eventually fall below nominal. This deficiency will be sensed by the control
circuit and it will initiate an on-cycle, driving Q1 into saturation. Current will
start to flow from Vin through the inductor and Q1 and rise at a rate of AI/AT

— ML cealenon om o sl STt 2o ool e LT AV A a1
= V/L. 11C VOIlage aliusds UiC mauciul 15 ©4udl 10 vin — Vsat dllu UIC pcak

current is:
L = Vin — Vsat ¢
B L

When the on-time is completed, Q1 will turn off and the magnetic field in the
inductor will start to collapse generating a reverse voltage that forward biases
D1, supplying energy to Co and RL. The inductor current will decay at a rate of
AVAT = V/L and the voltage across it is equal to Vout + VF — Vin. The current
at any instant is:

Vout + VF — Vin
IL = ILpk) — L t

Assuming that the system is operating in the discontinuous mode, the current
through the inductor will reach zero after the toff period is completed. Then IL(pk)
attained during ton must decay to zero during toff and a ratio of ton to toff can be

written.
Vin — Vsat ton = Vout + VF — Vin toff
———‘L on L 0

. ton _ Vou + VF — Vin
" toff Vin — Viat
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Note again, that the volt-time product of ton must be equal to that of toff and the
inductance value does not affect this relationship.

The inductor current charges the output filter capacitor through diode D1
only during toff. If the output voltage is to remain constant, the net charge per
cycle delivered to the output filter capacitor must be zero, Q+ = Q—.

Ichg toff = Idischg ton

Figure 13-10 shows the step-up switching regulator waveforms. By observing
the capacitor current and making some substitutions in the above statement, a
formula for peak inductor current can be obtained.

It ol toff
) 0

Tout (ton + toff)

_ ton
ILpky = 2w | — + 1
toff
Vout + V| S
Voltage Across out ™ ¥F -
Switch Q1 Vin
v -
CE Veat
0
X out — Vsat
Diode D1 Voltage
VKA
[o]
VE 4 —
ka -
Switch Q1
Current
0
ka
Diode D1
Current
lout
0 z
Ipk i
Inductor B i
Current lin =L (AVG) ,
0 ;
|
1
Ipk“‘out !
Capacitor Cq Yo (b Lo o) — !
Current % ok lout = a+
_lo_. 3 | S N AN
out = loff :!—oo—'on——-—i
-t
Vout +V
Capacitor Cq out™ Tpk /'\ I A\ /‘

Ripple Voltage Vout \V \V Vripple (o-m\/
Vout ~ Vpk <|> \ 1

Figure 13-10. Step-Up Switching Regulator Waveforms
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The peak inductor current is also equal to the peak switch current, since the two
are in series.

With knowledge of the voltage across the inductor during ton and the required
peak current for the selected switch conduction time, a minimum inductance value

can be determined.
Vin — Vsat
L(min) = | — | ton(max)

ka(switch)
The ri upylc vuhage can be calculated from the known values of on-tim imc, off-
time, peak inductor current, output current and output capacitor value. Referring
to the capacitor current waveforms in Figure 13-10, t1 is defined as the capacitor

charging interval. Solving for t1 in known terms yields:
ka — Jout Ip;k
t1 toff

o — <ka - Iout) tof
ka

And the current during t1 can be written:

[ = (ka - Iout) ¢
t1

The ripple voltage is:

1 t1 Ipk — Jout
Vripple(p-p) = <a> 0 j —tl t dt
— L Ipk — Iout t2
- G | u 20
— L (Ipk — Iout) t
Co 2
Substituting for  _ 1 (pk — Tour) (Ipk — Iour) o
t1 yields: Co 2 Ipk
_ (Ipk — Iout)2 toff
2ka Co

A simplified formula that will give an error of less than 5% for a voltage step-

up greater than 3 with an ideal capacitor is shown:

Tout
Vripple(p-p) = (£> ton
Co

This neglects a small portion of the total Q — area. The area neglected is equal

to:

= (toff — t1) %‘t
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Step-Up Switching Regulator Design Example

The basic step-up regulator schematic is shown in Figure 13-11. The
1A78S40 again was chosen in order to implement a minimum component system.
The following conditions are given:

Vou = 28V
Iout = 50 mA
fmin = 50 kHz

Vin(min) = 9.0V — 25% or 6.75 V
Vripple(p—p) = 0.5% Vout or 140 mVp—p

1. Determine the ratio of switch conduction ton versus diode conduction toff

time.
ton _ Vout + VF = Vin(min)
;ff B Vin(min) — Vsat
28+ 08-6.75
B 6.75 — 0.3
= 3.42

2. The cycle time of the LC network is equal to ton(max) + toff.
1
ton(max) + toff = -—
fmin
1
50 x 103
= 20 us per cycle
3. Next caiculate ton and toff from the ratio of ton/toff in #1 and the sum of
ton + toff in #2.

ot _ 20 x 10~
342 + 1
= 4.5 us
ton =  20us — 4.5 us
= 15.5 us

Note that the ratio of ton/(ton + toff) does not exceed the maximum of 0.857.
4. The maximum on-time, ton(max), is set by selecting a value for CT.

Ct = 4.0 x 1073 ton
= 4.0x 1075 (15.5 x 10%)
= 620 pF

5. The peak switch current is:

ton
2 Tout (‘— + 1)

toff
2(50x1073)(3.42 + 1)
442 mA

ka(switch)
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6. A minimum value of inductance can be calculated since the maximum
on-time and peak switch current are known.

L(min) — Vm(mm) — Vsat ton
Ipk(switch)

6.75 — 0.3
= -6
o 103> 15.5 x 10
= 226 uH

7. A value for the current limit resistor, Rsc, can now be determined by
using the current level of Ipk(switch) when Vin = 9.0 V.

p—o0 Vin =90V
i
47

47 k 22k

AAA AAA

N 1

R2 R1 GZOL =
9] [0] [i1 IIT

pF Ct
12
Gnd r'—J

s

Comp.
k h |
Amp
1.25V
Ref.
|

g 3 _I
._L,_J LI' N5819

© Vout
29 i Co 28 V/50 mA

Test Conditions‘; T Results
Line Regulation Vip = 6.0t0 12V, lgyt = 50 mA | A = 120 mVor =0.21%
Load Regulation Vin = 9.0V, gyt = 25 to 50 mA ‘&.__,:,E)O mV or =0.09%
Output Ripple Vin = 6.75V, loyt = 50 mA ] NMVmMVpp
Efficiency, Internal Diode  |Vin - 90V, loyg - 50 mA | 622%
Efficiency, External Diode* |Vip = 9.0V, lgyt = 50 mA i 74.2% ~5

Figure 13-11. Step-Up Design Example
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I'pk(SWilCh) = u ton(max)
L(min)

9.0 - 0.3
(226 x 10-¢
597 mA

0.33
I'pk(switch)

0.33
597 x 1073
= 0.55Q use 0.5 Q

) 15.5x 1076

RSC =

Note that current limiting in this basic step-up configuration will only protect the
switch transistor from overcurrent due to inductor saturation. If the output is
severely overloaded or shorted D1, L, or Rsc may be destroyed since they form
a direct path from Vin to Vout. Protection may be achieved by current limiting
Vin or replacing the inductor with 1:1 turns ratio transformer.
8. An approximate value for an ideal output filter capacitor is:
Tout

CO = tOn
Vripple(p-p)

50 x 103
P -6
010 155% 10

~ 5.5 uF
The ripple contribution due to the gain of the comparator:
Vout
L -3
Vnpple(p p) Vret 1.5x 10
28
= =2 -3
125 1.5x 10
= 33.6 mV

A 27 uF tantalum capacitor with an ESR of 0.10 ) was again chosen. The ripple
voltage due to the capacitance value is 28.7 mV and 44.2 mV due to ESR. This
yields a total ripple voltage of:

\Y I
Eripple(p-p) = V(r):ft 1.5x 103 + ‘é—l: ton + Ipk ESR

= 33.6 mV + 28.7mV + 44.2 mV

= 107 mV

9. The nominal output voltage is programmed by the R1, R2 divider.

R2
Vout = 1, 1 + —
25 ( R 1)
A standard 5% tolerance, 2.2 k resistor was selected for R1 so that the divider
current is about 500 nA.
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—4- o Vout

Op Amp is used in feedback loop to drive the comparator.

TR
) o

Figure 13-12. nA78S40 Ripple Reduction Technique

1}
5}
- 1
[
pk - g D1
Rec 3 Osc Cr 3
Vin O—J—E Vee g—]_
125V Cr
Reference $
Regulator =
Comp.
Gnd
5] 4h
+
;} 2 0 Vout
- = Co
Ré- Vz = Vo~ 125V T

Zener is used to level shift output down to 1.25 V reference.

Figure 13-13. MC34063 Ripple Reduction Technique
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1.25

RL = 500 x 10-6
= 2500 Q use 2.2 k
ThenR2 = RI1 <V°"t ~1) -
1.25 u ~!¢ T
_ 28 oo it
2200(125—1> R
= 47,080 Q use 47k -

10. In this design example, the output switch transistor is driven it sat-
uration with a forced gain of 20 at an input voltage of 7.0 V. The reqmred base
drive is: .

Ipk(switch)
Bf ,
= 442 x 10-3 ST
20 ' ‘
= 22.1 mA o
The current required to drive the internal 170 () base-emitter resistor is:

IB =

VBE(switch)
170
0.7
170

= 4.1 mA

The driver collector current is equal to sum of 22.1 mA + 4.1 mA = 26.2 mA.
Allow 0.3 V for driver saturation and 0.2 V for the drop across Rsc (05 X 442
mA Ipk).
Then the driver collector resistor is equal to:
Vin — Vsat(driver) — VRsC
IB + Ii70 )
7.0 — 0.3 - 0.2
(22.1 + 4.1)x 1073

= 248 Q) use 240 )

Lo Q) =

Rdriver =

Voltage-Inverting Switching Regulator Operation

The basic voltage-inverting switching regulator is shown in Figure 13-7¢
and the operating waveforms are in Figure 13-14. Energy is stored in the inductor
during the conduction time of Q1. Upon turn-off, the energy is transferred to the
output filter capacitor and load. Notice that in this configuration the output voltage
is derived only from the inductor. This allows the magnitude of the output te be
set to any value. It may be less than, equal to, or greater than that of the input
and is set by the following relationship: ‘

*
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ton
Vout = Vin (—)
toff

The voltage-inverting converter operates almost identically to that of the step-up
previously discussed. The voltage across the inductor during ton is Vin ~ Vsat
but during toff, the voltage is equal to the negative magnitude of Vout + VF.
Remembering that the volt-time product of ton must be equal to that of toff, a
ratio of ton to toff can be determined.

(Vin — Vsat) ton = (‘Voutl + VEF) toff
to_n _ ‘Vout| + VF
" toff Vin — Vsat

The derivations and the formulas for Ipk(switch), L(min), and Co are the same as
that of the step-up converter.

Voltage-Inverting Switching Regulator Design Example

A circuit diagram of the basic voltage-inverting regulator is shown in Figure
13-15.

Vin
Voltage Across Vin — Vsat
Switch Q1 o
Vce
Vin — (~Vout * VF)
Vin - V
Diode D1 Voltage i rsa
VKA
0
VE
, lok T
Switch Q1
Current
lin=IciAvG) 1
0
| -
Diode D1 Pk
Current
lout f--nnn of- -
[¢] |
|
| |
Inductor Pk :
‘Current . I
J
) ;
|
c tor C Ipk —lout T |
|
ci??::tor 0 V2 Ik~ lout) %\ \
] Q+
/
Y ANRARNNNN e 777 \

~lout i LOff e — t o ——=

Indiha

. —Vout * Vpk
Capacitor Cq out=7p T /\ /\Vn;le (p,p,/\
Ripple Voltage

BT~ NP U~ A

Figure 13-14. Voltage-Inverting Switching Regulator Waveforms

148



The uA78540 was selected for this design since it has the reference and
both comparator inputs pinned out. The following operating conditions are given:

Vout = —15V
Iout = 500 mA
fmin = 50 kHz

Vin(min) =15V —-10% or 13.5V

Vripple(p-p) = 0.4% Vout or 60 mVp—p

1. Determine the ratio of switch conduction ton versus diode conductions toff
time.

E?_Il |Vout| + VF

toff Vin — Vsat
‘ 15 + 0.8
135 - 0.8
= 1.24

US1A

A2 A
36k 0.12 Rg

430 L = <R
e 160

R1

30k [

1N5822

0 Vout

E,.JB Lz Le] [T [&] LJ e ’f jj7ola7o ~150V/05A
uHE ,Ico Ic"

IER;:H:Sa:‘;?;CB
Test Conditions Results
Line Regulation Vin=12t0 16 V, gyt =05 A A =_io mVor = 0.01%
Load Regulation Vin=15V, lgyt=0.1t0 0.5 A A=27mVort0.09%
Output Ripple Vin=135V,ip 1 =05A 35 mvp
Short Circuit Current Vin=15V,R.=0.1Q 25A
Efficiency Vin =15V, loyy = 0.5 A 80.6%

Figure 13-15. Voltage-Inverting Design Example
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2. The cycle time of the LC network is equal to ton(max) + toff.

1
ton(max) + toff = -_—
fmin

_
50 x 103
= 20 us

. 3. Calgulate ton and toff from the ratio of ton/toff in #1 and the sum of ton +
toff I #2.

ot 20 x 10~6
1.24 + 1
= 8.9 us
ton = 20 us — 8.9 us
= 11.1 us

NOtéﬁaygéin that the ratio of ton/(ton + toff) does not exceed the maximum of 0.857
4. A value of Ct must be selected in order to set ton(max).

Cr =4.0x 1075 ton
=4.0x 1075 (11.1 x 1079)
L = 444 pF use 430 pF

’,5. The beak switch current is:

Ipk(switch)y = 2 Tout (t"_“ + 1)

off

2(500x 1073 (1.24 + 1)
224 A

6. The minimum required inductance value is:

L(min) — Vin(rnin) — Vsat ton
ka(switch)

_ (135 -08
2.24
= 66.5 uH

7. The current-limit resistor value was selected by determining the level of
Ipk(switch) for Vin = 16.5 V.

) 11.1 x 10~

v Dedowien = Vin = Veat)
) L(min)
16.5 — 0.8
— -6
| (66.5 " 10_6) 11.1x 10
"' = 2.62 A
- l . : RSC = ’Oi_
s I' pk(switch)
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0.33
2.62
= 0.13Q use 0.12

8. An approximate value for an ideal output filter capacitor is:

Co - ( Tout )ton
Vripple(p-p)

0.5
~ - -6
o oo 11X 10

=~ 92.5 uF
The ripple contribution due to the gain of the comparator is:

\Y%
Vripple(p-p) = |—V‘.£l 1.5x 1073

15
= —_— -3
125 1.5x10

= 18 mV

For a given level of ripple, the ESR of the output filter capacitor becomes the
dominant factor in choosing a value for capacitance. Therefore two 470 uF
capacitors with an ESR of 0.020 () each was chosen. The ripple voltage due to
the capacitance value is 5.9 mV and 22.4 mV due to ESR. This yields a total
ripple voltage of:

\Y I
Eripple(p-p) = [Voul 1.5% 10-2 + — {on + Ipk ESR
v Co

ref

= 18 mV + 5.9 mV + 22.4 mV
= 46.3 mV

9. The nominal output voltage is programmed by the R1, R2 divider. Note
that with a negative output voltage, the inverting input of the comparator is
referenced to ground. Therefore, the voltage at the junction of R1, R2 and the
noninverting input must also be at ground potential when Vout is in regulation.
The magnitude of Vout is:

R2
lVout| = 1.25 ﬁT
A divider current of about 400 wA was desired for this example.
1.25
400 x 106
3,125 Q use 3.0k

[Vout

——RI1

1.25

15
= - 3
125 3.0x 10

= 36 k

R1 =

Then R2
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10. Output switch transistor Q2 is driven into a soft saturation with a forced
gain of 35 at an input voltage of 13.5 V in order to enhance the turn-off switching
time. The required base drive is:

Ipk(switch)
Bf
2.24
35
= 64 mA
The value for the base-emitter turn-off resistor RBE is determined by:
10 Br
ka(switch)
10 (35)
2.24
= 156.3 Q) use 160 ()
The additional base current required due to RBE is:
VBE (Q2)
kg - RBE
0.8
160
= 5.0 mA

Then IB (Q2) is equal to the sum of 64 mA + 5.0 mA = 69 mA. Allow 0.8 V
for the IC driver saturation and 0.3 V for the drop across Rsc (0.12 x 2.24 A

ka).

IB =

RBE =

Then the base driver resistor is equal to:
Vin(min) — Vsat IC) — VRSC — VBE (Q2)
I + 160 )
135 -08-03-1.0
(64 + 5)x 1073
= 165.2 Q) use 160 Q

RB =

Step Up/Down Switching Regulator Operation

When designing at the board level it sometimes becomes necessary to gen-
erate a constant output voltage that is less than that of the battery. The step-down
circuit shown in Figure 13-16a will perform this function efficiently. However,
as the battery discharges, its terminal voltage will eventually fall below the desired
output, and in order to utilize the remaining battery energy the step-up circuit
shown in Figure 13-16b will be required.

General Applications

By combining circuits a and b a unique step-up/down configuration can be
created (Figure 13-17) which still employs a simple inductor for the voltage
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*Vin o 0 +Vout

D1 Co

— 1 L

(a) Step-Down Vout < Vin

+Vin o YT +Vout
D2
+
Q2 COT
+——0

o- <
(b) Step-Up Vout = Vin

Figure 13-16. Basic Switching Regulator Configurations

transformation. Energy is stored in the inductor during the time that transistors
QI and Q2 are in the ‘on’ state. Upon turn-off, the energy is transferred to the
output filter capacitor and load forward biasing diodes D1 and D2. Note that
during ton this circuit is identical to the basic step-up, but during toff the output
voltage is derived only from the inductor and is with respect to ground instead
of Vin. This allows the output voltage to be set to any value, thus it may be less
than, equal to, or greater than that of the input. Current limit protection cannot
be employed in the basic step-up circuit. If the output is severely overloaded or
shorted L or D2 may be destroyed since they form a direct path from Vin to Vout.
The step-up/down configuration allows the control circuit to implement current
limiting because Q1 is now in series with Vout, as is in the step-down circuit.

Step Up/Down Switching Regulator Design Example

A complete step-up/down switching regulator design example is shown in
Figure 13-18. An external switch transistor was used to perform the function of

+Vin a +Vout

Step-Up/Down Vout < = Vin

Figure 13-17. Combined Configuration
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Q2. This regulator was designed to operate from a standard 12 V battery pack
with the following conditions:

Vin = 75t0145V Vour = 10V
fmin = 50 kHz Iout = 120 mA
Vripple(p-p) = 1% Vout or 100 mVp-p

The following design procedure is provided so that the user can select proper
component values for his specific converter application.

1) Determine the ratio of switch conduction ton versus diode conduction toff

time.
ton  Vout + VFDI + VFD2
Eo—ff "~ Vin(min) — VsatQl — VsaQ2
_ 10+ 0.6 + 0.6
75 -10.8-0.8
=19

2) The cycle time of the LC network is equal to ton(max) + toff.

a 120 uH D2
MPSUS1A

E,

Rg

150
8
6

LYYYN ' ——0 Vout

o | 10 V120 mA
1N5818
Cott

.E 0
170 h

R
0
-}—-—l 7
2 R ok
S Rsc k¢
Sox osc T
Vin o—o—-[: Vee
75t 145V +
0 125V
T REFERENCE
cows REGULATOR

510 pF

ll)j—’ |||49 ||‘-j—r

5]
= Mcuogs  GND
R2
A~
9.1k
RIS
13k
Test Conditions Results
Line Regulation Vin = 7510 145V, louwt = 120 mA A=22mVor + 0.11%
Load Regulation Vin = 126V, lowt = 10 to 120 mA A =3mVor = 0.015%
Output Ripple Vin = 126 V, lout = 120 mA 95 mVp-p
Short Circuit Current Vin = 126 V,RL = 0.1 Q 154 A
Efficiency Vin = 7510 145V, lowt = 120 mA 74%

Figure 13-18. Step-Up/Down Switching Regulator Design Example

154



1
ton(max) + toff = —
fmin

1
50 x 103
= 20 us per cycle

lculate ton and toff from the ratio of ton/totf in #1 and the sum of

ton(max) + toff
toff = ton
toff
20 x 106
19 + 1
= 6.9 us
20 us — 6.9 us
= 13.1 us

+ 1

ton

4) The maximum on-time is set by selecting a value for CT.

CT = 4 x 10~5 ton(max)
4x 1073 (13.1x 10-9)
524 pF

Use a standard 510 pF capacitor.

5) The peak switch current is:

Ipk(switch) = 2Jout (to_n + 1)
toff

= 2(120x1073)» (19 + 1)
= 696 mA
6) A minimum value of inductance can now be calculated since the maxi-
mum on-time and peak switch current are known.

Lami _ (Vin(min) — VsaQl — VsatQZ)
min = ton

Ipk(switch)

7.5 - 0.8 — 0.8
( 696 x 1073
= 111 uH
A 120 uH inductor was selected for L(min).

> 13.1 x 10-6

7) A value for the current limit resistor, Rsc, can be determined by using
the current limit level of Ipk(switch) when Vin = 14.5 V.

(Vin — VsaQ1 — VsatQ2>
ton(max)
L(min)

I’ pk(switch)

(14.5 - 0.8 -0.8

0 106 ) 13.1 x 10
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= 141A
0.33

I’ pk(switch)

0.33

1.41

= 0230

Rsc =

Use a standard 0.22 () resistor.
8) A minimum value for an ideal output filter capacitor is:

Co =~ ( .Iout )ton
Vripple(p-p)

120 x 103
100 x 1073
~ 15.7 uF

Ideally this would satisfy the design goal, however, even a solid tantalum
capacitor of this value will have a typical ESR (equivalent series resistance) of
0.3 © which will contribute an additional 209 mV of ripple. Also there is a ripple

component due to the gain of the comparator equal to:
Vout

VRef

10
S -3
(1.25> 1.5x 10
= 12 mV

The ripple components are not in phase, but can be assumed to be for a
conservative design. From the above it becomes apparent that ESR is the dominant
factor in the selection of an output filter capacitor. a 330 uF with an ESR of
0.12 ) was selected to satisfy this design example by the following:

Tout Vout
i p — | = — . 10-3
Vripple(p-p) < Co) ton (VRef) 1.5x10

ka(switch)

) 13.1 x 10-¢

Vripple(p-p) = ( ) 1.5x 103

ESR =

9) The nominal output voltage is programmed by the R1, R2 resistor divider.

Vout
R2 = Ri -
(VRcf 1)

10
RI (1.25 _1>
= 7RI

If 1.3 k is chosen for R1, then R2 would be 9.1 k, both being standard
resistor values.
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10) Transistor Q1 is driven into saturation with a forced gain of approxi-
mately 20 at an input voltage of 7.5 V. The required base drive is:
Ipk(switch)

BF
696 x 10-3

20
= 35 mA
The value for the base-emitter turn-off resistor RBE is determined by:
10 BF
ka(switch)
_ 10 (20)
"~ 696 x 1073
= 287 Q
A standard 300 () resistor was selected.
The additional base current required due to RBE is:
VBEQI
RBE
08
300
= 3mA
The base drive resistor for Q1 is equal to:
_ Vin(min) — Vsat(drivey — VRSC — VBEQI
I8 + IRgg
75 -08 —0.15-0.8
(35 + 3)x 103
= 1510
A standard 150 () resistor was used.

The circuit performance data shows excellent line and load regulation. There
is some loss in conversion efficiency over the basic step-up or step-down circuits
due to the added switch transistor and diode ‘on’ losses. However this unique
converter demonstrates that with a simple inductor, a step-up/down converter
with current limiting can be constructed.

I =

RBE =

IRBE =

RsB

Design Considerations

As previously stated, the design equations for Lmin were based upon the
assumption that the switching regulator is operating on the onset of continuous
conduction with a fixed input voltage, maximum output load current, and a
minimum charge-current oscillator. Typically the oscillator charge-current will
be greater than the specific minimum of 20 microamps, thus ton will be somewhat
shorter and the actual LC operating frequency will be greater than predicted.

Also note that the voltage drop developed across the current-limit resistor
Rsc was not accounted for in the ton/toff and L(min) design formulas. This voltage
drop must be considered when designing high current converters that operate
with an input voltage of less than 5.0 volts.

When checking the initial switcher operation with an oscilloscope, there will
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be some concern of circuit instability due to the apparent random switching of
the output. The oscilloscope will be difficult to synchronize. This is not a problem.
It is a normal operating characteristic of this type of switching regulator and is
caused by the asynchronous operation of the comparator to that of the oscillator.
The oscilloscope may be synchronized by varying the input voltage or load current
slightly from the design nominals.

High frequency circuit layout techniques are imperative with switching reg-
ulators. To minimize EMI, all high current loops should be kept as short as
possible using heavy copper runs. The low current signal and high current switch
and output grounds should return on separate paths back to the input filter capac-
itor. The R1, R2 output voltage divider should be located as close to the IC as
possible to eliminate any noise pick-up into the feedback loop. The circuit dia-
grams were purposely drawn in a manner to depict this.

All circuits used molypermalloy power toroid cores for the magnetics where
only the inductance value is given. The number of turns, wire and core size
information is not given since no attempt was made to optimize their design.
Inductor and transformer design information may be obtained from the magnetic
core and assembly companies listed on the switching regulator component source
table.

In some circuit designs, mainly step-up and voltage-inverting, a ratio of ton/
(ton + toff) greater than 0.857 may be required. This can be obtained by the
addition of the ratio extender circuit shown in Figure 13-19. This circuit uses
germanium components and is temperature sensitive. A negative temperature
coefficient timing capacitor will help reduce this sensitivity. Figure 13-20 shows
the output switch on and off time versus Ct with and without the ratio extender

© Vin =50V

4

To Scope

125V
Reference
Regulator

L]

Comp

1k
r ZARDS
J’g [o

ton
= Rauo Extender Circunt
toff

Figure 13-19. Output Switch On-Off Time Test Circuit
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= Comparator Noninverting Input = Vet 11,1} ¥4 mani
- $otrlpgga§gr Inverting Input = Gnd A ton T1 b
@ 400 | Solid Line = Without Ratio , _ e GAATL1 4‘ L

P4 E  Extender Circuit L HiH

CI> F Dashed Line = With | = toff 2

S e

E [~ Circuit 2

é’ 10 e =

(o] benge e e o oy e aom{ e P O tAOff

$ 10 L

) 0.1 10 10 100
5 Ct. OSCILLATOR TIMING CAPACITOR (nF)

Figure 13-20. Output Switch On-Off Time versus Oscillator Timing Capacitor

circuit. Notice that without the circuit, the ratio of ton/(ton + toff) is limited to
0.857 only for values of Ct greater than 2.0 nF. With the circuit, the ratio is
variable depending upon the value chosen for CT since toff is now nearly a constant.
Current limiting must be used on all step-up and voltage-inverting designs using
the ratio extender circuit. This will allow the inductor time to reset between cycles
of overcurrent during initial power-up of the switcher. When the output filter
capacitor reaches its nominal voltage, the voltage feedback loop will control

regulation.
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Applications Section

Listed below is an index of all the converter circuits shown in this application
note. They are categorized into three major groups based upon the main output
configuration. Each of these circuits was constructed and tested, and a perfor-
mance table is included.

OUTPUT | OUTPUT | OUTPUT
INPUT 1 2 3 FIGURE
MAIN OUTPUT CONFIGURATION v V/imA V/imA V/imA NO.
Step-Down
pA78S40 | Low Power with Minimum Components 24 5/50 - - 13-9
MC34063 | Medium Power 36 12/750 - — 13-21
MC34063 | Buffered Switch and Second Output 28 5/5000 12/300 — 13-22
uA78S40 | Linear Pass from Main Output 33 24/500 15/50 -_ 13-23
nA78540 | Buffered Switch and Buffered Linear 28 15/3000 | 12/1000 - 13-24
Pass from Main Output
nA78S40 | Negative Input and Negative Output -28 | —12/500 — — 13-25
Step-Up
nA78S40 Low Power with Minimum Components 9.0 28/50 —_ — 13-11
MC34063 | Medium Power 12 36/225 — — 13-26
MC34063 | High Voltage, Low Power 45 190/5.0 —_ - 13-27
nA78840 | High Voltage, Medium Power Photoflash 45 334/45 - - 13-28
nA78S40 | Linear Pass from Main Output 25 9/100 6/30 — 13-29
nA78S40 | Buffered Linear Pass from Main Output 45 See — — 13-30
EE PROM Programmer Circuit
wnA78S40 | Buffered Switch and Buffered Linear 45 15/1000 12/500 -12/50 13-31
Pass from Main Output
nA78S40 | Dual Switcher, Step-Up and Step Down 12 28/250 5/250 - 13-32
with Buffered Switch
Step-Up/Down
MC34063 | Medium Power Step-Up/Down 713 tso 10/120 — - 13-18
Voltage-Inverting
MC34063 | Low Power 5 -12/100 — — 13-33
nA78S40 | Medium Power with Buffered Switch 15 —15/500 — — 13-15
uA78S40 | High Voltage, High Power with Buffered 28 —120/850 — — 13-34
Switch
nA78S40 | 42 Watt Off-Line Flyback Switcher 115 Vac | 5/4000 12/700 | —12/700 | 13-35
nA78840 | Tracking Regulator with Buffered Switch 15 —-12/500 | 12/500 - 13-37
and Buffered Linear Pass from Input
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170
4 !
—H—, g
! Ik 1N5819
0.20 :: pl osc. CT
V,
36V °—’_“ 6| | Vcc 3
+
4 1.25V 470 }” 190 pH
47 j" Reference I F
= Regulator — P
- Comp. -
J; 4}
&4 Gnd | l
AAA- o) Vout
12 V/750 mA
e 15k
174k 3 -
270 4~
o ;éstr B Conditions o Results

Line Regulation

Vin =20 1040 V, gyt = 750 mA

A =15mVor + 0.063%

Load Regulation

Vin =36V, lgyy = 100 to 750 mA

A=40mVor + 0.17%

Efficiency

A maximum power transfer of 9.0 watts is possible from an 8 pin dual in-line package with Vin

and Vout = 12 V.

Vin = 36V, lgyr = 750 mA

Output Ripple Vin =36V, lgyt = 750 mA 60 mVp.p
Short Circuit Current Vin=36V,R.=0.10Q 16A
89.5%

36V

Figure 13-21. Step-Down
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D45VH4 (1)

\/

lll——.‘.._

: MBR2540
I AA 7\
AR <)
22
351
ml
8 u
[ —sa .
qr T | I 147
[
[ 170 i 231 uH®
<
0036 $ 7 ] E] ¥ 1N5819
100 | E—‘
Ik iy
q P Osc. Cr = 22,0001
Vin o-—r—E Vee 3
28V
+ 1.25V
2200 A TL‘ Reference I 330 pF
- Regulator —
Comp.
s L3
Graf- |
36k 470-‘54
12k T i
o
= (1) Heat sink, IERC HP3-T0127-CB Vout! Vour?
2) Heat sink, IERC UP-000-CB 50V/50A 12V/300 mA
Test Conditions Results
Line Regulation Vout? | Vin =2010 30V, lgyt1 = 5.0 A, lgyt2 = 300 mA A=9.0mVor+0.09%
Load Regulation Vout? | Vin =28V, lgyt! =110 5.0 A, loys2 = 300 mA A=20mVor +0.2%
Output Ripple Vout? | Vin =28V, lgyut1 =56.0 A, Igyt2 = 300 mA 60 mVp.p
Short Circuit Current Vout? | Vin=28V,R =0.1Q 11.4A
Line Regulation Vout2 | Vin =201t0 30V, Igyt! = 5.0 A, g2 = 300 mA A=72mVor+0.3%
Load Regulation Vout2 | Vin = 20V, lgyt2 = 100 to 300 mA, lg 11 =5.0 A A =12mVor + 0.05%
Output Ripple Vout2 | Vin =28V, lgyt1 =5.0 A, Igy12 = 300 mA 25 mV p-p
Short Circuit Current Vout2 | Vin=128vV, RL=0.10Q 11.256A
Efficiency Vin =28V, lgyt! =5.0 A, lgyt2 = 300 mA 80%

A second output can be easily derived by winding a secondary on the main output inductor and phasing
it so that energy is delivered to Vout2 during tott. The second output power should not exceed 25% of the
main output. The 100 ) potentiometer is used to divide down the voltage across the 0.036 Q resistor

and thus fine tune the current limit.

Figure 13-22. Step-Down with Buffered Switch and Second Output
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Vin=33V

182k 10k 022

T © 15 V9 ma
221§ wom T
A i © 24 vv/%g) mA
20k < 4 1N5819 100
L = :’E
Test Conditions Results
Line Regulation Voutl | Vin=301036V, Igyt1 =500 mA, l5;12 =50mA | A =30mVor+ 0.63%
Load Regulation Vout! | Vin =33V, lpyt? = 10010 500 mA, I5;12 =60 mA | A =70mVor + 0.15%
Output Ripple Voutl | Vin =33 V. Igyt1 = 500 mA, Ig ;12 = 50 mA 80 mVp.p
Short Circuit Current Vout!| Vin=33V.RL=0.10Q 25A
Line Regulation Vout2| Vin = 3010 36 V, Igyt1 =500 mA, I ;12 =50 mA | A =20mV or =0.067%
Load Regulation Vout2 | Vin =33V, Ipyt2 =010 50 mA, Ig,¢1 = 500 A A =60mVor+0.2%
Output Ripple Vout2 | Vin = 33V, Igyt? =500 mA, lg ;12 = 50 mA 70 mV p-p
-ghrort Circuit Current Vout2| Vin=33V,R_=010Q 90 mA
Efficiency Vin =33V, lgyt! =500 mA, 15,12 = 50 mA 88.2%

Figure 13-23. Step-Down with Linear Pass from Main Output
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Vin=281036V

o
35
0.022 D45VH10 _—lf
. o 1Y . o Vout!
15V/30A
MBR1540 L
+ 2200 I
Amp
125V D1
Ref . +1
Ll T LeJ 05T L4 Ij—] L2 o]
820
*All devices mounted on one heat sink, extra #10 hole required for
TIP31* MBR2540. IERC HP3-T0127-4CB
Vout2
12V/10A
L 3
0.1 7 82k
3 953
<
Test Conditions Resulits
Line Regulation Vout! | Vin=281036V, lgyt1 =3.0A, lgy2 =10A A =13 mVor £ 0.043%
Load Regulation Vout! | Vin =36V, lgyt! =11040A, l54;t2=10A A=21mVor+007%
Output Ripple Vout! | Vin =36V, lgyt? =3.0A,15p2=1.0A 120 mVp.p
Short Circuit Current Vout?! | Vin =36 V,R_=0.10Q 126 A
Line Regulation Vout2 | Vin =2810 36V, lgyt1 =3.0A, I512=10A A =2.0mVor +0.008%
Load Regulation Vout2 | Vin =36V, lgut2 =0t0 1.6 A A =2.0mVor +0.008%
Output Ripple Vout2 | Vin =36V, lgyt1 =3.0A, lpy;12=10A 25 mV p-p
Short Circuit Current Vout2 | Vin=36V,R.=0.10Q 36A
Efficiency Vin =36V, loyt! =3.0A, loy12 =1.0A 78.5%

Figure 13-24. Step-Down with Buffered Switch and Buffered Linear Pass from Main Output
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Test Conditions Resuits
Line Regulation Vin=—22to =28V, lgyt = 500 mA A 25 mV or £ 0.104%
Load Regulation Vin =—28YV, lgyt = 100 to 500 mA A =10mV or £ 0.042%
Output Ripple Vin = =28V, lgyt = 500 mA 130 mVp.p
Efficiency Vin = —28V, lgyt = 500 mA 85.5%

In this step-down circuit, the output switch must be connected in series with the negative input, causing
the internal 1.25 V reference to be with respect to — Vin. A second reference of —2.5 V with respect to
ground is generated by the Op Amp. Note that the 10 k and 20 k resistors must be matched pairs for
good line regulation and that no provision is made for output short-circuit protection.

Figure 13-25. Step-Down with Negative Input and Negative Output
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Test Conditions Results

Line Regulation

Vin=1110 15V, lgyt = 225 mA

A =20 mV or = 0.028%

Load Regulation

Vin =12V, lgyt = 50 to 225 mA

A=30mVor+0.042%

Output Ripple

Vin =12V, lgyt = 225 mA

100 mVp_p

Efficiency

Vin =12V, lgyt = 225 mA

90.4%

A maximum power transfer of 8.1 watts is possible with Vin = 12 V and Vout = 36 V. The high efficiency
is partially due to the use of the tapped inductor. The tap point is set for a voltage differential of 1.25 V.
The range of Vin is somewhat limited when using this method.

Figure 13-26. Step-Up
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Gnd ]
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Core = Ferroxcube 1408P-L00-3C8
10k Bobbin = Ferroxcube 1408PCB1
Gap = 0.003" Spacer for a primary inductance of 140 uH.
Test Conditions Results

Line Regulation

Vin =451 12V, gyt = 5.0 mA

A=23Vort061%

Load Regulation

Vin =5.0V, loyy = 1.0 to 6.0 mA

A=14Vor+0.37%

Efficiency

Output Ripple Vin=5.0V, lgut =5.0 mA 250 mVp_p
Short Circuit Current Vin=50,V.RL=0.1Q 113 mA
68%

Vin=5.0V, lgyt = 5.0 mA

This circuit was designed to power the Motorola Solid Ceramic Displays from a Vin of 4.5 to 12 V. The
design calculations are based on a step-up converter with an input of 4.5 V and a 24 V output rated at
45 mA. The 24 V level is the maximum step-up allowed by the oscillator ratio of ton/(ton + toff). The 45
mA current level was chosen so that the transformer primary power level is about 10% greater than that
required by the load. The maximum Vin of 12 V is determined by the sum of the flyback and leakage
inductance voltages present at the collector of the output switch during turn-off must not exceed 40 V.

Figure 13-27. High-Voitage, Low Power Step-Up for Solid Ceramic Display
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With Vin of 6.0 V, this step-up converter will charge capacitor C1 from 0 to 334 V in 4.7 seconds. The
switching operation will cease until C1 bleeds down to 323 V. The charging time between flashes is 4.0
seconds. The output current at 334 V is 45 mA.

Figure 13-28. High-Voltage Step-Up with Buffered Switch for Photoflash Applications
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Test Conditions Resuits
Line Regulation Vout! | Vin =2.5t0 3.5V, Igt1 = 100 mA lg,12 = 30 mA A=20mVor+0.11%
Load Regulation Vout! | Vin =25V, loyt! =25 to 100 mA, lg ;12 = 30 mA A=20mVor+0.11%
Output Ripple Vout? | Vin = 2.5V, lgyt! = 100 mA, I ;12 = 30 mA 60 mVp.o
Line Regulation Vout2 | Vin =251t0 3.5V, lgyt1 =100 mA, 15,12 =30 mA | A =1.0mV or + 0.0083%
Load Regulation Vout2 | Vin = 25V, Ig;12 = 010 50 mA, lgyy1 = 100 mA A =1.0mV or + 0.0083%
Output Ripple Vout2 | Vin =25V, T5yt1 = 100 mA, Ip ;12 = 30 mA 5.0 mV p-p
Short Circuit Current Vo2 | Vin =25, RL=01Q 150 mA
Efficiency Vin = 3.0V, lgyt1 = 100 mA, lgy12 = 30 mA 68.3%

Figure 13-29. Step-Up with Linear Pass from Main Output
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*= 470
J T
TIP29

3 470
__.-_L o Vpp Output
WRITE L
iy °"—W"——47k $ 102k
Input
3 34k
1
Switch Voltage @
Position WRITE Pins 1 &5 X Vpp
A <15 23.62 5.24 20.95
A >2.25 23.52 1.28 5.12
B <15 28.07 6.25 25.01
B >2.25 28.07 1.28 5.12

All values are in volts. Vigf = 1.245 V.
Contributed by Steve Hageman of Calex Mgf. Co. Inc.

Used in conjunction with two transistors, the uA78S40 can generate the required Vpp voltage of 21 or 25
volts needed to program and erase EEPROMs from a single 5 volt supply. A step-up converter provides
a selectable regulated voltage at Pins 1 and 5. This voltage is used to generate a second reference at
point ‘X’ and to power the linear regulator consisting of the internal op amp and a TIP29 transistor. When
the WRITE input is less than 1.5 V, the 2N5089 transistor is OFF, allowing the voltage at ‘X’ to rise
exponentially with an approximate time constant of 600 us as required by some EEPROMSs. The linear
regulator amplifies the voltage at ‘X’ by four, generating the required Vpp output voltage for the byte-erase
write cycle. When the WRITE input is greater than 2.25 V, the 2N5089 turns ON clamping point ‘X’ to
the internal reference level of 1.245 volts. The Vpp output will not be at approximately 5.1 volts or 4 (1.245
+ Vsat 2N5089). The uA78S40 reference can only source current, therefore a reference pre bias of 470
Q is used. The Vpp output is short-circuit protected and can supply a current of 100 mA at 21 V or 75
mA at 25 V over an input range of 4.5to 5.5 V.

Figure 13-30. Step-Up with Buffered Linear Pass from Main Output for Programming
EEPROMs
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Test Conditions Results
Line Regulation Voutl Vin=45t055V A =18 mVor + 0.06%
Load Regulation Vout?! Vin=50V,lgyt1 =025t0 1.0 A A =25 mV or £0.083%
Output Ripple Vout? Vin=5.0V 75 mVp,p
Line Regulation Vout2 Vin=451055V A =30mVor+0.013%
Load Regulation Vout2 | Vin =5.0V, loyt2 = 100 to 500 mA A =50mVor t0.021%
Output Ripple Vout2 Vin=560V 20 mv p-p
Short Circuit Current Vout2 Vin=560V,R  =0.1Q 27A
Line Regulation Vout3 Vin=45t55V A =2.0mVor + 0.008%
Load Regulation Vout3 Vin = 5.0V, l54t3 = 0.0 to 50 mA A=29mVor+0.12%
Output Ripple Voutd | Vin=50V 15mVpp
Short Circuit Current Vout3 Vin=50V.RL=0.10Q 130 mA
Efficiency Vin=56.0V 71.8%

All outputs are at nominal load current uniess otherwise noted.

Figure 13-31. Step-Up with Buffered Switch and Buffered Linear Pass from Main Output
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Test Conditions Results
Line Regulation Vout! n=9.010 15V, Igyt! =250 mA, l5,;12 = 250 mA A =30 mV or + 0.054%
Load Regulation Vout! n =12V, lgyt? = 100 to 300 mA, lg ;12 = 250 mA A =20mV or £ 0.036%
Output Ripple Vout! | Vin = 12V, lgyt? = 250 mA, Ipy42 = 250 mA 35 mVp.p
Short Circuit Current Voiu1 | Vin =12 VR . =0.1Q 1.7A
Line Regulation Vout2 | Vin =9.010 15V, lgyt1 = 250 mA, lg ;12 = 250mA A=40mVort0.04%
Load Regulation Vout2 | Vin = 12V, lgyt2 = 100 to 300 mA, loy11 = 260 mA =18 mVor + 0.18%
Output Ripple Vout2 | Vin = 12 V. lgyt1 = 250 mA, lg 12 = 250 mA 70 mV p-p
n =12V, lgut! = 260 mA, 1512 = 250 mA 81.8%

Efficiency

This circuit shows a method of using the £A78S40 to construct two independent converters. Output 1
uses the typical step-up circuit configuration while Output 2 makes the use of the op amp connected with
positive feedback to create a free running step-down converter. The op amp slew rate limits the maximum
switching frequency at rated load to less than 2.0 kHz.

Figure 13-32. Dual Switcher, Step-Up and Step-Down with Buffered Switch
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Test Conditions Results
Line Regulation Vin = 45t06.0V, gyt = 100 mA | A = 2.0 mV or =0.008%
Load Regulation Vin = 5.0V, lgyt = 10to 100 mA | A = 10 mV or *0.042%
Output Ripple Vin = 5.0V, lgyt = 100 mA 35 mVp.p
Short Circuit Current Vin - 5.0V, RL = 0.10 1.4 A
Efficiency Vin = 5.0V, lgut = 100 mA 60%

The above circuit shows a method of using the MC34063 to construct a low power voltage-inverting
converter. Note that the integrated circuit ground, pin 4, is connected directly to the negative output, thus
allowing the internally connected comparator and reference to function properly for output voltage control.
With this configuration, the sum of Vin + Vout + VF must not exceed 40 V. The conversion efficiency is
modest since the output switch is connected as a Darlington and its on-voltage is a large portion of the
minimum operating input voltage. A 12% improvement can be realized with the addition of an external
PNP saturated switch when connected in a similar manner to that shown in Figure 13-15.

Figure 13-33. Low Power Voitage-inverting
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Test Conditions Results
Line Regulation Vin=241028V, lgy =850 mA | A =100mV or + 0.042%
Load Regulation Vin =28V, lgyt = 100t0 850 mA | A =70 mV or £ 0.029%
Output Ripple Vin =28V, lgyt = 8560 mA 450 mV p-p
Short Circuit Current Vin=28V,R.=0.10Q 6.4 A
Efficiency Vin =28V, lgyt = 850 mA 81.8%

This high power voltage-inverting circuit makes use of a center tapped inductor to step-up the magnitude
of the output. Without the tap, the output switch transistor would need a Vce breakdown greater than 148
V at the start of tofi; the maximum rating of this device is 120 V. All calculations are done for the typical
voltage-inverting converter with an input of 28 V and an output of —120 V. The inductor value will be 50
uH or 200 uH center tapped for the value of Ct used. The 1000 pF capacitor is used to filter the spikes
generated by the high switching current flowing through the wiring and Rsc inductance.

Figure 13-34. High Power Voltage-Inverting with Buffered Switch
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An economical 42 watt off-line flyback switcher is shown in Figure 13-35.
In this circuit the wA78S40 is connected to operate as a fixed frequency pulse
width modulator. The oscillator sawtooth waveform is connected to the nonin-
verting input of the comparator and a preset voltage of 685 mV, derived from
the reference is connected to the inverting input. The preset voltage reduces the
maximum percent on-time of the output switch from a nominal of 85.7% to about
45%. The maximum must be less than 50% when an equal turns ratio of primary
to clamp winding is used. Output regulation and isolation is achieved by the use
of the TL431 as an output reference and comparator, and a 4N35 optocoupler.
As the 5.0 V output reaches its nominal level, the TL431 will start to conduct
current through the LED in the 4N35. This in turn will cause the optoreceiver
transistor to turn-on, raising the voltage at Pin 10 which will cause a reduction
in percent on-time of the output switch.

The peak drain current at 42 W output is 2.0 A. As the output loading is
increased, the MPS6515 will activate the Ipk(sense) pin and shorten ton on a cycle
by cycle basis. If an output is shorted the Ipk(sense) circuit will cause CT to charge
beyond the upper oscillator trip point and the oscillator frequency will decrease.
This action will result in a lower average power dissipation for the output switching
transistor.

Each output has a series inductor and a second shunt filter capacitor forming
a Pi filter. This is used to reduce the level of high frequency ripple and spikes.
Care must be taken with the layout of grounds in the Pi filter network. Each input
and output filter capacitor must have separate ground returns to the transformer
as shown on the circuit diagram. A complete printed circuit board with component
layout is shown in Figure 13-36.

The wA78540 may be used in any of the previously shown circuit designs
as a fixed frequency pulse width modulator, however consideration must be given
to the proper selection of the feedback loop elements in order to insure circuit
stability.
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Test Conditions Results
Line Regulation Vout! Vin =92 to 138 Vac A=10mVor+001%
Load Regulation Vout! Vin =115 Vac, lgyt1 =1.0t0 45 A A =3.0mVor + 0.03%
Output Ripple Vout! Vin =115 Vac 40mVp.p
Short Circuit Current Vout! Vin=1156Vac, R =0.10Q 19.2A
Line Regulation Vout2 or 3| Vin =92 to 138 Vac A =10 mV or + 0.04%
Load Regulation Vout2 or 3| Vin =115 Vac, lg;12 or 3=0.25t10 0.8 A A =384 mVor*1.6%
Output Ripple Vout2 or 3| Vi = 116 Vac 80mV .
Short Circuit Current Vout2 of 3| Vin =115 Vac, R =0.1Q 108A
Efficiency Vin = 115 Vac 75.7%

All outputs are at nominal load current unless otherwise noted.

*Heat sink
Thermalloy 6072B-MT
T1~— Primary.
Pinsaand6 = 72 Turns #24 AWG
Pins 6 and 6 = 72 Turns #26 AWG
Secondary 5.0 V.
6 Turns (two strands) #18 AWG Bifilar Wound
Secondary + 12 V:
14 Turns #23 AWG Bifilar Wound.
Core and Bobbin:
Coilcraft PT3995.
Gap: 0.030" Spacer in each leg for a
primary inductance of 550 uH.
Primary to primary leakage inductance
must be less than 30 uH.
L1 — Coilcraft Z7156:
Remove one layer for final inductance of 4.5 uH

L2, L3 — Coilcraft 27157:
25puHat10A

} Bifilar Wound

Figure 13-35. 42 Watt Off-Line Flyback Switcher with Primary
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Figure 13-36. 42 Watt Off-Line
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Test Conditions Results

Line Regulation Vout! | Vin = 14510 18 V, Ign1 = 500 mA, Ig ;12 = 500 mA A =10mV or + 0.042%
Load Regulation Vout! | Vin = 15V, lgyt1 = 100 to 500 mA, I ;12 = 500 mA A =20mV or + 0.008%
Output Ripple Vout! | Vin =15V, lgyt1 = 500 mA, lgye2 = 500 mA 126 mVp.p
Line Regulation Vout2| Vin = 14.5t0 18 V, Iy 1 = 500 mA, Ig ;12 = 500 mA A =10 mVor + 0.042%
Load Regulation Vout2 | Vin = 15V, loyt2 = 100 to 500 mA, lg,¢1 = 500 mA A =5.0mVor+0021%
Output Ripple Vout2 | Vin = 15 V. lgyt1 = 500 mA, lgyt2 = 500 mA 140 mV p-p
Efficiency Vin =15V, loyy] = 500 MA, Ipye2 = 500 mA 77.2%

This tracking regulator provides a + 12 V output from a single 15 V input. The negative output is generated
by a voltage-inverting converter while the positive is a linear pass regulator taken from the input. The
+12 V outputs are monitored by the op amp in a corrective fashion so that the voltage at the center of
the divider is zero + Vio. The op amp is connected as a unity gain inverter when |Vourl| = |Vou2|.

Figure 13-37. Tracking Regulator, Voltage-Inverting with Buffered Switch and Buffered Linear

Pass from Input
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B. AN INTRODUCTION TO THE MC34129 HIGH PERFORMANCE
CURRENT-MODE CONTROLLER

A new current-mode control IC that interfaces directly with current sensing
power MOSFETs is described. Its second generation architecture is shown to
provide a variety of advantages in current-mode power supplies. The most notable
of these advantages is a ‘‘lossless’’ current sensing capability that is provided
when used with current sensing MOSFETs.

Included in the discussion are subtle factors to watch out for in practical
designs, and an applications example.

Current-mode control is well known for the dynamic performance advantages
that it brings to switching power supplies. In response to these advantages, two
generations of integrated circuits have been developed. The first generation sim-
plified component counts and made current-mode topologies economically com-
petitive. Second generation products have focused on two additional types of
improvements. One approach emphasizes high speeds in critical control loops.
The other emphasizes CMOS like bias power requirements and compatibility with
current sensing power MOSFETs.

Motorola’s MC34129 fits into the second category. Its architecture provides
very low bias power consumption, 300 kHz operation, and full compatibility
with current sensing power MOSFETs. The latter advantage is particularly impor-
tant since it allows more efficient current sensing. Instead of running amps through
a power sense resistor, primary current is split into power and sense components
by new power MOSFETs called SENSEFETs. The sense portion, typically mil-
liamps, is run through a 1/4 watt sense resistor while the power component flows
unimpeded to ground. Since power dissipation in the sense resistor is reduced by
several orders of magnitude, the circuit technique is called lossless current sensing.

Fully taking advantage of lossless current sensing’s benefits requires a control
circuit topology which differs somewhat from first generation current-mode con-
trol IC’s. The MC34129 fills the void with its second generation design.

MC34129 Description

In order to work well with SENSEFETS, current-mode control circuitry has
to accept relatively low values of sense voltage. First generation current-mode
control IC’s will accept these voltages during regulation, but are often found
lacking under short circuit conditions. Short circuit current limit thresholds usually
exceed sense voltages that are practically attainable with SENSEFETsS.

The MC34129 has an architecture which works quite well with SENSEFET
output voltages, and provides a number of other features. An illustration of the
circuit and a timing diagram are included in Figure 13-38. A block by block
description follows from this figure.

Oscillator:

The oscillator is programmed for operating frequency and maximum duty
cycle by components RT and Ct. Capacitor Cr is charged from a 2.5 volt reference
through resistor RT to approximately 1.25 volts and discharged by an internal
current sink to ground. During the discharge of CT, an internal blanking pulse is
generated that holds the NOR gate’s lower input high. This arrangement causes
the Drive Output (Pin 1) to be in a low state, thereby producing a controlled
amount of dead time. Note that many values of RT and Cr will give the same
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Figure 13-38. Block Diagram
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oscillator frequency but only one combination will yield a specific deadtime at a
given frequency.

For many noise sensitive applications, it is desirable to frequency lock one
or more switching regulators to an external clock. This can be accomplished by
applying a clock signal to the Sync/Inhibit Input. For reliable locking, RT and
Cr should be set for approximately 10% less than the external clock frequency.
Operation is illustrated by timing waveforms in Figure 13-38. The external clock’s
rising edge terminates charging of Ct and forces Pin 1 low. As long as the clock
is high, Pin 1 remains low. At the clock’s falling edge Ct begins charging again,
Pin 1 is enabled, and the cycle repeats.

By tailoring the clock waveform, accurate duty cycle clamping of the Drive
Output can be achieved. The Sync/Inhibit Input may also be used as a means for
system shutdown by applying a dc voltage that is within the range of 2 volts to
Vcc.

PWM Comparator and Latch:

The MC34129’s PWM architecture is designed such that output switch con-
duction is initiated by the oscillator and terminated when peak inductor current
reaches a threshold level. A unique arrangement establishes the threshold level
with an Error Amp and Soft Start Buffer whose outputs are tied together at Pin
11. This arrangement controls peak inductor current on a cycle by cycle basis
regardless of whether duty cycle is limited by the error signal, soft start, or an
output fault. The PWM Comparator-Latch configuration that is used, ensures that
only a single pulse appears at the Drive Output during any given oscillator cycle.
The inductor current is converted to a voltage by inserting a ground-referenced
resistor Rs in series with the Sense terminal of a SENSEFET or Source of a
conventional power MOSFET.

The Ramp Input adds 275 millivolts of offset to whatever sense voltage is
developed by Rs. This guarantees that no output pulses will appear when Pin 11
is at its lowest state, and provides adequate margin to overcome the error ampli-
fier’s minimum output voltage.

Under normal operating conditions, peak inductor current I(pk) is controlled
by the voltage at Pin 11 such that:

_ V(Pin 11) — 275 mV
(Rs/K)

ka

In this equation K is the ratio of inductor current to sense current. For
conventional sense resistors, K is 1, and for SENSEFET applications K is the
ratio of Drain current to Sense current.

Abnormal operating conditions occur when the power supply output is over-
loaded or if output voltage sensing is lost. Under these conditions, the PWM
comparator’s inverting input (Pin 11) will assume the error amp’s maximum
output voltage. This voltage determines peak switch current, and is clamped
internally to 1.95 volts. Compatibility with SENSEFETs is provided by a con-
figuration that easily allows clamping to much lower levels. One method is shown
in Figure 13-39. It uses an external divider and a diode to clamp Pin 11’s maximum
voltage, and thereby adjust peak fault current. A second diode uses negative input
bias current from Pin 3 (typically 120 uA) to provide compensation for the diode
drop at Pin 11. Maximum switch current can be calculated as follows:
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Figure 13-39. Fault Current Adjustment

1.25 R1
Ip(max) = (m - 0.275) K/Rs

Although this expression is straightforward, it is important to note that high
frequency layout techniques are imperative.

A narrow spike on the leading edge of the current waveform can usually be
observed and may cause the power supply to exhibit instability when its output
is lightly loaded. This spike is due to power transformer interwinding capacitance,
output rectifier recovery charge, and SENSEFET characteristics. The addition of
an RC filter on the Ramp Input with a time constant that approximates the spike
duration will usually eliminate the instability. A typical connection is shown in
Figure 13-40.

Error Amp and Soft Start Buffer:

A fully compensated Error Amplifier with access to its output and both inputs
is provided for maximum design flexibility. The Error Amplifier output is tied
to the output of the Soft Start Buffer. These outputs are open collector (sink
only) and feed the inverting input of the PWM Comparator. With this configu-
ration, the amplifier that demands lower peak inductor current dominates control
of the PWM loop.

The Soft Start Buffer is configured as a unity gain follower with its non-
inverting input connected to Pin 12. An internal | A current source charges the
soft-start capacitor (Csoft-start) to Pin 11’s clamp voltage. The rate of change of
peak inductor current during startup is programmed by the capacitor value

selected.
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Fault Timer:

This unique circuit prevents sustained operation in a lockout condition.
Lockout can occur with conventional switching control IC’s when operating from
a power source with a high series impedance. If power required by the load is
greater than power available from the source, input voltage will collapse and
cause a lockout condition. The Fault Timer provides automatic recovery when
this condition is detected. Under normal operating conditions the PWM Com-
parator will reset the Latch and discharge the Fault Timer’s internal capacitor on
a cycle-by-cycle basis. Under operating conditions where input power is insuf-
ficient for the load, Ramp Input Voltage (plus offset) will not reach the threshold
established at Pin 11, and the PWM Comparator’s output will remain low. If this
condition persists for more than 600 us, the Fault Timer will activate, discharging
Csoft-start and initiating a soft-start cycle. The power supply will operate in a skip
cycle or hiccup mode until either the load, or source impedance, is reduced.
When either occurs, normal operation resumes automatically.

Start/Run Comparator:

A bootstrap startup circuit is included to improve system efficiency when
operating from a high input voltage. For this purpose, a Start/Run Comparator
controls the state of an external transistor. A typical application is shown in Figure
13-41. While Csoft-start is charging, startup bias is supplied to Vcc (Pin 14) from
Vin through transistor Q2. When Csoft-start reaches 1.95 volts, the Start/Run output
switches low and turns off Q2. Operating bias is now derived from an auxiliary
bootstrap winding, and drive power is efficiently converted down from Vin. A

Vin

|

Figure 13-40. Ramp Fiiter
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smooth switchover is facilitated by 350 mV of hysteresis in the Start/Run
Comparator.

An important constraint is that start time must be long enough for the power
supply to reach regulation. This ensures that there is sufficient bias voltage at
the auxiliary winding for sustained operation. An adequate value of Csoft-start can
be determined from the following expression:

195V -
fotart. = Ve Cooltstart _ 1 95 Cooftstart in uF
1 pA
In addition, use of the Start/Run feature implies that the error amplifier’s
maximum output voltage has not been clamped externally.

Drive Output and Drive Ground:

The MC34129 contains a single totem-pole output stage that is specifically
designed for direct drive of power MOSFET’s. It is capable of up to 1 amps
peak drive current and has a typical fall time of 30 ns with a 500 pF load. The
totem-pole stage consists of an NPN transistor for turn-on drive and a high speed
SCR for turn-off. The SCR design requires less average supply current (Icc) than
conventional switching control IC’s that use all NPN totem-poles. The improve-
ment comes during turn-off, where the SCR is able to use the power MOSFET’s
gate charge as regenerative on-bias. In contrast, a conventional all transistor design
requires continuous base current. The improvement is large enough to allow bias
from a series dropping resistor in many high input voltage applications.

An internal 225 k() pull-down resistor is included to shunt the Drive Output
to ground when Undervoltage Lockout is active. In addition, a separate Drive
Ground is provided in order to reduce the effects of switching transient noise

O Vip

185V

STARTRUN
COMPARATOR
UNDERVOLTAGE

FAULT TIMER
Bk Vee

12
CSOFT- l | PWM Vee
START |19 Yy o COMPARATOR 11
80 pA (4 ls
7 125V S
R REFERENCE I
= = ( 9
6 g NG
° ERROR AMP ™ :
+o
SOFT-START vee i =
Rt BUFFER |
I
o [
225|
k \ 2 =
i o1
‘ -
ol 4 .3
SYNCINHIBIT | 0k | A
INPUT : 1 { g
R |

Figure 13-41. Bootstrap Bias
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imposed on the Ramp Input. This feature becomes particularly useful when ramp
voltage is provided by a current sensing power MOSFET.

Undervoltage Lockout:

An Undervoltage Lockout comparator holds both Drive Output and Csoft-start
pins low when Vcc is less than 3.6 volts. This ensures that the MC34129 is fully
functional before the output stage is enabled and a soft-start cycle begins. Built
in hysteresis of 350 mV prevents erratic behavior as Vcc crosses the threshold
voltage. In addition, a 14.3 volt zener is connected as a shunt regulator to protect
the output transistor’s gate from excessive drive voltage during system startup.
An external 9.1 volt zener is required when driving low threshold MOSFET’s
as shown in Figure 13-42. The minimum operating voltage range is 4.2 volts to
12 volts.

References:

Two reference voltages are provided. The 1.25 volt bandgap reference at
Pin 8 is trimmed to a +2% tolerance at 25°C. It is intended to be used in
conjunction with the Error Amp for output voltage regulation. An additional 2.5
volt reference is derived from the 1.25 volt bandgap by an internal Op amp that
has a fixed gain of 2. It has a tolerance of +5% at 25°C. Its primary purpose is
to supply charging current for the oscillator’s timing capacitor.

Lossless Current Sensing

Lossless current sensing is a new circuit technique that is particularly well
suited to current-mode control. It is derived from the parallel nature of power
MOSFETs and implemented with new devices called SENSEFETs. These new

O Vin

.
v 195V STARTRUN
ce COMPARATOR

|
|
|
|
I 1A UNDERVOLTAGE 14
n } FAULT TIMER ., Lockour
SRT% > I
CSOFT. : PWM Ve | 4 3
5?2’; :,.95 b S COMPARATOR Il =
|V LS 80 A (4 |g
11 4 S 125V o
; REFERENCE |
= 25mv = 19
! < 10
] ERROR AMP “‘——4"01
lo
| SOFT-START vee I =
| BUFFER |
! 1 x|,
1 - 10 J }_
5 a 25 J_
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aT | ol
= 4' 13 =
SYNCINHBIT | 2k I Rs
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e e e e e e . —— —— — —— — — — — —— — —— —— —— — -

Figure 13-42. Gate Protection
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devices are five leaded power MOSFETs that have the usual Gate, Drain, and
Source connections; plus Current Sensing and Kelvin Source pins. The Sense pin
connects to a small fraction of many paralleled Source cells that make up a power
MOSFET. The Kelvin connection provides a separate signal ground. A symbol
and sense resistor connection are shown in Figure 13-43.

In the circuit of Figure 13-43, sense current is a small fraction of total drain
current. Even at maximum rated drain current, sense current is only milliamps,
allowing a signal level resistor to be used for Rs. Sense power is so small compared
to using a power sense resistor that the circuit technique is called lossless current
sensing.

Lossless current sensing is based upon the parallel nature of power MOS-
FETs, and the inherent tendency of individual paralleled cells in a monolithic
structure to be well matched. Matching provides nearly equal on-resistance in
each cell, and establishes a ratio between Sense current and Source current. When
both Sense and Source leads are grounded this ratio approximates the cell ratio
(n). In this situation, the Sense lead samples 1/(n+ 1) of a SENSEFET’s total
drain current.

Converting sense current to sense voltage in a resistor disturbs this ratio,
but in a predictable way. Sense resistance attenuates sense current in proportion
to the amount that it increases total resistance in the sense leg. It is tempting to
model sense resistor interaction with the circuit in Figure 13-44. From this model
you would expect sense current to halve when Rs and the sense section’s on-
resistance (rDM(on)) are equal.

Although this is a reasonable first order approximation for low voltage
devices, two significant deviations make an accurate calculation of sense current
rather complex. One of these is a non-linearity that results from the square law
behavior of power MOSFETs. As Rs and sense voltage are increased, the sense
section’s drain-source voltage is decreased and rbDM(on) increases non-linearly. The
result is an apparent cell ratio n’ that increases with increasing sense voltage. An
approximate expression for n’ can be derived from the model in Figure 13-44 as
follows:

n
_ Vsense (VGS — VT — 1/2 Vsense)
VDS(on) (VGS — VT — 1/2 VDS(on))

DRAIN DRAIN
e
F DM(on) $
GATE 1

o SENSE 0—¢ 4 S
SENSE SOURCE , 3 (on)
Rg 3
RS S 1)
KELVIN l
Figure 13-43. SENSEFET Symbol Figure 13-44. Current Sensing Model
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Figure 13-45. SENSEFET Cross-Sectional View

where VGs is the applied gate-to-source voltage, VT is gate-to-source threshold
voltage, and Vsense is the sense voltage.

The foregoing expression is approximately valid for low voltage SENSEFETSs
such as the MTP10N10M at sense voltages up to 25% of VDs(on). However, there
is another level of complexity that is not taken into account by Figure 13-44.
Although sense cells and power cells have a parallel drain connection, they are
not paralleled at the physically available drain terminal. Figure 13-45 shows why.
The drain voltage that a sense cell actually sees is influenced by high current
flowing through the power section. Apparent drain voltage at the sense cell
includes voltage drops across channel and pinch regions, but does not include
voltage drop in the N-epitaxial layer that supports breakdown. Therefore, a more
appropriate model includes bulk resistance that is common to both power and
sense cells. Figure 13-46 shows the resulting schematic.

DRAIN

'DM(on)

>
SENSE S MSlonl ~ "BULK

Rs

SOURCE

Figure 13-46. Refined Model
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Figure 13-47. Sense Voltage versus Sense Resistance

Applying square law behavior to this model results in a rather complex
calculation. Therefore, SENSEFET data sheets include curves of Vsense versus
Rs at a fixed value of drain current and Vsense versus drain current for several
values of sense resistance. Examples of these curves for an MTP10N10M,
10 amp/100 volt SENSEFET appear in Figures 13-47 and 13-48.

These curves illustrate a couple of interesting points. First, sense voltages
are generally quite small. A 100 mV full load ramp voltage would not be
unusual in a current-mode supply. Second, as the divergence in Figure 13-47
indicates, accuracy is maximized by minimizing Rs. In this case temperature
tracking is almost perfect for values of Rs below 50 ohms, and diverges rapidly
above 100 ohms. Initial tolerance follows a similar pattern. Below 20 ohms
initial tolerance is within 6%, but increasing Rs to 2 k{} increases this limit
an estimated 25%.
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Figure 13-48. Drain Current versus Sense Voltage
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The reason for this type of performance is simple. As Rs is minimized, the
dependence of sense current upon matching within a monolithic device is max-
imized. On the other hand, as Rsense is increased, sense current depends more
and more on the ratio of a fixed external resistor to rDM(on), rBULK, and rpS(on).
Matching produces by far the best results.

atha
VI VB &) sctucn

An example which illustrates how the MC34129 and SENSEFETs are used
appears in Figure 13-49. This figure describes an isolated 12 volt to 5 volt current-
mode supply, and is a convenient vehicle for describing how both parts work
together.

Starting with the oscillator, RT and Ct are selected for operating frequency
and dead time. A combination of 13 k for Rt and 1500 pF for Ct produces 28
kHz operation with slightly less than 50% maximum duty cycle. Ramp voltage
is generated by Rs and fed into the PWM comparator’s non-inverting input at
Pin 3. The ramp’s magnitude is determined by the value of Rs, the amount of
primary current (Ip) that is switched, and — 120 wA of nominal input bias current
that flows from Pin 3. With the aid of Figure 13-47,

Vramp = 60 mV/Amp * Ip + 120 pA 200
= 60 mV/Amp ¢ Ir + 24 mV

Knowing the relationship between Vsense and primary current, maximum
short circuit current is set with voltage divider R1, R2. The output voltage from
this divider is coupled through a unity gain Error Amp configuration to set the
PWM comparator’s upper trip point. To calculate the trip point, 275 mV of offset
is added to the SENSEFET’s output voltage. With the values shown, R1 and R2
set the upper trip point at 470 mV, and peak current is limited to approximately
2.8 amps.
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Figure 13-49. Application Example
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Soft-start is provided with a 0.1 uF capacitor, which holds the output off
for 27 ms, and allows full duty cycle after approximately 47 ms. The regulation
loop is closed with an opto isolator which pulls down the voltage at Pin 9, thereby
reducing peak primary current and also duty cycle. This configuration is advan-
tageous in that it saves components. R1 and R2 are used to both limit peak current
and provide a connection for the optoisolator.

Subtle Considerations

There are a number of subtle considerations that can be crucial in an
MC34129/SENSEFET power supply. Several important issues are highlighted
as follows.

Noise Suppression:

The MC34129 will drive a typical SENSEFET with transition times
approaching 10 ns. At this speed, noise pickup in the current sensing circuitry
can be a first order design issue. Layout, therefore, is critical. In addition, some
filtering of the ramp input is usually desirable. To help with the layout problem,
both MC34129 and SENSEFETs have separate power and signal ground pins.
Use of these connections as indicated in Figure 13-49 can prevent noise related
instability. At lower operating frequencies, series gate resistance can also be
added to slow transition times, and create an optimum balance between switching
losses and noise immunity.

Feedback:

The feedback configuration in Figure 13-49 has a number of interrelated
constraints. One constraint is short circuit current. R1 and R2 are scaled to provide
its desired value. These resistors are simultaneously subject to a 1 mA output
current rating on the 2.5 volt reference. In addition, the opto transistor’s collector
works into an impedance determined by the parallel combination of R1 and R2.
This configuration produces a voltage gain that influences loop gain, and therefore
stability. With the components shown, a parallel combination of R1 and R2 that
much exceeds 500 ohms tends to produce an open loop gain that is difficult to
stabilize.

Opto Saturation:

In order to fully duty cycle the MC34129 back to zero, the opto transistor’s
collector has to pull Pin 9 below the voltage at the PWM comparator’s non-
inverting input. A 275 mV offset built into the MC34129 makes this relatively
easy to do. However, the opto transistor’s saturation voltage is a design consid-
eration. Light load operation requires enough drive for the opto transistor to
comfortably reach less than 275 mV of saturation voltage.

Conclusion

MC34129’s and power SENSEFETs are significant new additions to the
components available for current-mode control. By integrating power switching
and current sense functions in a SENSEFET, and combining its features with the
MC34129’s control capabilities, simpler, more efficient, and more compact power
supplies are possible.
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Used together, these new components eliminate power sense resistors and
make current-mode more attractive with respect to other architectures for switch-
ing power supplies. Both products will make a significant contribution in the shift
toward current-mode topologies.

C. 60-WATT FLYBACK SWITCHING POWER SUPPLY DESIGN

The flyback-regulator circuit (Figures 13-50 and 13-51) with a single drive
transistor needs only a few main parts:

A unique flyback transformer

A single control IC (MC34060)

A fast-switching high-voltage transistor

Single output filters in each of the four outputs
The flyback base-drive circuit

AC-line input voltage doublers.

In the power stage of Figure 13-50, a single 2N6545 transistor blocks 800
V and switches 1.0 A in 40 ns. The control section utilizes a low cost MC34060
Pulse Width Modulator control IC to minimize parts count.

The following paragraphs provide useful information and performance results
regarding this Flyback design.

1. Sandwiching The Windings

The flyback transformer uses an EC-41 ferrite core made by the Ferroxcube
Corp. It has a 40:1 turns ratio and is wound by a sandwich technique that improves
the coupling between its primary and secondary windings.

The primary winding consists of four split windings in series with each other.
The four windings of the secondary alternate in a sandwich construction with the
four primary windings. Total core gap is 100 mils, and primary-winding induct-
ance is 4.5 millinenries at 2.5 amperes. Transformer performance can be gauged
from the fact that although the output current ratings for the secondary transformer
windings are specified as 5.0, 1.5, and 0.5 A for 5.0 = 12, and —5.0 V,
respectively, actual respective current values are 8, 3, and 4 A (Figure 13-52).
The flyback transformer can be hand-wound over an EC-41 ferrite core obtainable
from Ferroxcube Corp. The four secondary windings alternate in a sandwich
construction with four split primary windings that are connected in series with
each other. All of the power-supply control functions reside in the MC34060
pulse width modulation control IC. It includes a 20-kilohertz oscillator, a dead-
time adjustment (50% maximum) for preventing transformer saturation, two error
amplifiers to process both current and voltage feedback signals, and an output
stage that produces 200 milliampere pulses to drive the power transistor. An
undervoltage-inhibiting circuit is added externally to the control IC. Consisting
of two transistors and a zener diode, it inhibits output pulses when the drive
voltage is less than 10 V.

For fast switching, a Motorola type 2N6545 transistor is used. It is capable
of switching 2.0 A in just 40 nanoseconds and can block up to 800 V under
worst-case conditions. Because of the transistor’s high speed, losses due to the
snubber (the RC network in the collector circuit) are low — typically 2.0 W, or
less than 2% of the total delivered power. Output Transistor current and voltage
waveforms, along with load lines, are shown in Figures 13-53 and 13-54.
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Vertical Scale:
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Figure 13-53. 2N6545 Current and Voltage Waveforms
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Figure 13-54. 2N6545 Load Line

60-W FLYBACK REGULATOR WAVEFORMS
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Each of the four output stages employs one filter capacitor and one diode.
The capacitors (series 301 from Sangamo, 3428 from Mepco/Electra, or UPT
from Cornell-Dubilier), exhibit low equivalent series resistance, typically 10 to
100 milliohms, Noise spikes are reduced dramatically (by as much as a factor of
four) by the addition of a ferrite bead and ceramic capacitor across each of the
output filter capacitors. Ripple test data for various types of capacitors is shown
in Table 13-1.

The use of a flyback transformer for base drive greatly simplifies the drive
circuit. Besides the transformer, only three other components are employed: a
drive transistor capable of handling 2.0 A, a resistor, and a diode. The flyback
transformer turns on the transistor with a 5.0 V drive pulse while simultaneously
storing the energy from the 2.0 A current drawn by the transistor. This stored
energy becomes the reverse bias drive when the pulse from the transformer is
terminated. The reverse bias drive removes stored charge quickly — within 2 us
— and then causes the transistor’s base to avalanche for the short while it takes
to reset the transformer. Typically, if the transistor is initially turned on for 20
ms with a 5.0 V pulse, a 10 us 10 V pulse is needed to reset it after it has been
turned off.

At the ac line input, two axial-lead 310 uF, 200 V capacitors (Mepco/Electra
series 84F) are connected in series with each other across the bridge rectifier
output, thus acting as a voltage doubler when operating from 120 Vac line. A
nominal 320 V bus is thus provided across the transformer’s primary winding,
regardless of whether it operates from a 120 Vac or a 220 Vac line input.

2. Advantages of Flyback — One of the most popular low wattage switching-
regulator power supply circuits is the forward converter. The transformer, having
only a 15:1 ratio of primary to secondary turns, is simpler than the flyback type
approach, but requires four expensive filtering chokes. In addition, the secondary
windings are unregulated, so output voltages vary with line and load variations
more than they do in the case of a flyback transformer.

A flyback regulator with a control IC isolated from the primary side has a
number of advantages. Feedback signals can be coupled directly to the trans-
former. Also, current-limiting protection on any or all of the output windings is
simplified. Since the control IC has an extra amplifier, the addition of a sense
resistor and simple divider network to the high-current 5.0 V output makes it
easy to protect that output against short circuits (Figure 13-55). The addition of

TABLE 13-1. Ripple Test Data for Various Capacitors

Sangamo Mepco/Electra CDE Mallory Sprague

Output  Test 301 3428 uPT VPR 432D
Capacitance/voits 5,100 wF, 12V 800 pF, 75V 5,000 pF, 12V 5,300 uF, 20 V 5,600 wF, 10 V
+50V Ripple (P-P) 200 mV 360 mV 170 mvV 250 mV 200 mV
Spikes (P-P) 660 mV 640 mV 980 mV 880 mV 580 mV
Capacitance/volts 1,200 pF, 20 V 1,400 pF, 20 V 1,000 puF, 20 V 1,200 pF, 12V 1,200 pF, 20 V
+12V Ripple - 210 mv 260 mV 200 mV 200 mV n.a.
Spikes 740 mV 1,100 mV 1,800 mV 1,440 mV n.a.
Capacitance/volts 470 pF 12V 2,100 pF, 10V 680 uF, 12V 1,200 uF, 12V 560 uF, 40 V
-5.0V | Ripple 160 mV 160 mV 180 mV 140 mvV 180 mV
Spikes 540 mV 1,300 mV 680 mV 360 mV 440 mV
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Figure 13-55. Current Limiting with the MC34060

three more similar nctworks and a quad operational amplifier makes it a simple
matter to protect all four outputs against short circuits. '

This approach breaks with convention. Other switching regulator schemes

place the control IC at the primary side of the transformer, where the transistor
emitter current is sensed for overcurrent protection. Optocouplers then have to
be inserted in the feedback loop for proper isolation. Moreover, optocouplers
drift over temperature.
3. Final Results — The output power stage can be checked out by using a pulse
generator to energize the drive transistor and transformer; and subsequently, to
calculate the snubber values. To improve coupling and reduce the 13 to 14 V
nominal output to 12 V, the 5.0 V secondary winding can be increased from an
initial five turns to six.

Adding control logic involves designing the base drive transformer and
finding values for the feedback network that will provide optimum performance
without creating instability. An operational amplifier gain of 20 with a rolloff at
160 Hz is sufficient. A dead-time limit of 50% keeps the drive transformer from
saturation without interfering with low-line-voltage performance. An undervol-
tage-inhibiting circuit keeps the control circuit disabled at voltages under 10 V
to prevent output pulses from occurring before sufficient drive is available to the
output stage.

Despite the power supply’s low parts count and simplicity of design, it
has an impressive level of performance. For a nominal input of 120 Vac, it
maintains regulation over an input range of 90 to 140 Vac and load range of
2:1 (half load to full load). For example, line and load regul