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FOREWORD

1. This design guide responds to a need coxmon to many small businesses. They are often
at a disadvantage in electromagnetic compatibility {EMC) design since budgetary restrictions
preclude employing a full-time designated electromagnetic interference (EMI)/EMC engineer.
This text s a compilation of EMI reduction design principles to assist those companies.

2. While experience indicates that power supplies are the source of most undesired con-
ducted and radiated emissions, many of the basic suppression techniques are appiicabie to the
entire unit.

3. 1n general, design is a compromise among various criteria imposed on the unit, {such
as, weight, size, cost, power consumption, temperature extremes, hymidity, reliability, main-
tainability, human engineering and performance} and EMC 1s merely one fector. Since EM] reflects
lost or wasted power, it is an indication of fnefficiency; and inefficiency, in turn, may result
in unreliability through heat build-up.

4. The 2pproach taken then is that with EMC, as an integral part of the conceptual design,
less shielding and filtering will be necessary and the product will be lighter, smaller, more
efficient, more reliable and cheaper.

5. NOTE TO CONTRACTORS. This guide has been provided not to supplant particular contract
specifications and other contractual requirements but to assist where possible in meeting such
specificatfons and requirements, Whether to employ any of the principles and techniques in this
design guide is a decision solely for the contractor to make, and the Government makes no warranty,
either express or {mplied, regarding the ultimate adequacy of these printiples and techniques in
any specific contractual applicetion.
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SECTION 1. INTRODUCTION.

1.1 Scope. This handbook offers guidance to power supply designers in techniques which
have been Tound effective in reducing conducted and radiated Interference generated by power
supplies. 1t is a compilation of informatton from library sources, pertinent military labora-
tory progrens Including contracts to universities and industry, and practical fixes derived

iy = -l . -
Trum thB CAPEF ICILE W ENYTHEET 3.

1.1.1 Switching-mode power supplies. Switching-mode power supplies have characteristics
such as high output power per unll volume and high efficiency, and as a result their use is in-
creasing. If {mproperly designed, however, they create electremagnetic interference (EMI) that
can degrade other systems. A major shortcoming of switching-regulator technology is that it is
a complex technology that appears to be simpler than it actually f§s. Because of this apparent
simpiicity, misjudgements are prevalent in the design and application of switching-mode power
suppiies by the uninitiated engineer. In the past few years, the inherent advantages of switch-
ing-zode technology for power supplies have spurred advances in component design (to limit the
noise sources) and design techniques (to curtail noise coupling to the outside world). The
result s much less EMI.

Application of EMl reduction technigues cannot be done indis¢riminztely. Switching-mode power
supplies are constant power devices and exhibit a negative input resistance. Improper design

of filters can cause degradation of power supply parameters and even turn the whole power System
into an oscillator. This handbook provides criteria for praper filter design in addition to
praviding pertinent EMI reduction techniques.

Unless otherwise specified herein, terms used in this handbook are as defined in MIL-5TD-463.

1.2 Designing to meet specific EMl requirements. Electromagnetic interference (EM1) may
be defined as electromagnetic energy which Interrupts, obstructs, or otherwise degrades or limits

the effective performance of electronic equipment. Electromacnetic comgatibility (E1C) also implice
th

susceptibility levels for equioment exposed to a particular ENI level that would enable the

equipment not to suffer malfunction or reduced performance.

The emissions are generated either by conduction or radiation or both. Similarly the equipment
may be susceptible to either conducted or radiated emissfions or both,

§.2.1 ODifferential versus common-mode interference. Conducted emfsslons may interfere in
either of the followlng modes:

a. Differentlia).mode interference which causes the potential of one side of the
transmission path to be changed relative to the other side.

b. Comxmon-mode interference which appears between both leads and a common reference
plane (ground) end causes the potential of both sides of the transmission path to be changed
simulitaneously and by the same amount relative to the common reference plane {(ground).

1.2.1.1 Causes of common-mode interference. Common-mode currents can be finduced into
electronic equipment in the following ways:

8. Electromagnetic (radisted) energy impinging on cables induces common-mode
currents into power or signal lines and returns. The effect on the system depends on the
magnitude of the Induced signals and the common-mode noise rejectlon of the system and
grounding configuratfon. In a poorly designed system, the common-mode signal is converted
to a differential-mode signal and acts as a valid differentisl signal -- resulting in problems.
Interference problems may or may not occur depending on the system's balance, shielding,
isclatfon, impedance, grounding, data rate, and signai ihreshoid.

b. Acting like common-mode noise currents are structure currents feeding inte
lines either capacitively or directly. The structure currents result from either ground
voltage differences or electromagnetic energy induced into the structure. Ground voltage
differences occur on ships despite the intentfional ungrounding of the three-wire power lines.
Stray capacitances are significant causes, but the maln culprits are line-to-chassis capacitors
in equipment EMI filters, Thus, varying alternating current {ac) voltege grounds are established
from equipzent to equipment. Hull currents then result, sdversely affecting some equipments.
These structure currents can also be brought direct)y fnto active circuitry by hard-wire con-
nections. In Navy shipboard grounding practices, it is common to connect the signal ground to
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chassis in each equipment. 1n fact, MIL-F-18870E makes this mandatory for fire-control systems.
It is also mandatory to tie the chassis to the hull. When nonisolated line drivers and receivers

can be brought directly into the interface

T ale LXK -
are used - alsc a common practice -- structure Curren

+
circufts being used to communicate information between equipments.

1.2.2 Pertinent MIL-STD-461 requirements. Power supplies are potential emitters and
susceptors in the frequency range and of the EMI type specified in the following MIL-STD-461
requirements:

CEO1 Conducted Emissions, Power and Interconnecting Leads, Low Frequency [up to
15 kilohertz (kHz)]
CEO3 Conducted Emissions, Power and Interconnecting Leads, 0.015 to 50 megahertz (MHz)
CEO0? Conducted Emissions, Power Leads, Spikes, Time Domain
€SO0 Conducted Susceptibility, Power Leads, 30 hertz (Hz) to 50 kHz
€502 Conducted Susceptibility, Power ngds. 0.05 to 400 MHz
CS06 Conducted Susceptibility, Spikes, Power Leads
REOT Radiated Emissions, Magnetic Field, 0.03 to 50 kHz
REO? Radiated Emissions, Electric Field, 14 kHz to 10 gigahertz (GHz)
RSOl Radiated Sus:eptibility, Magnetic Field 0.03 to 50 kHz
RS02 Radiated Susceptibilfity, Magnetic lnduction Field, Spikes and Power
Frequencies
RSO3 Radiated Susceptibility, Electric Field, 14 kHz to 40 GHz

A1l of the requirements may or may not be specified depending on the platform location of either
the power supply or the equipment containing the power supply. Also limits for the reguirements
may be different for different platforms.

Both narrowband and broadband limits may be specified for some requirements. Although narrowband
interference is discussed in this handbook, broadband interference may appear depending on both
the bandwidth of the measuring equipment and also the super posfition of rectificatfon emissions,
switching-mode regulator emissions, and other nearby emissions.

e e
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SECTION 2, REFERENCED DOCUMENTS.

2.1 Govermment documents.

2.1.1 Specifications, stendards, and handbooks. The following documents of the issue listed
in the Department ol Defense Index of Specifications and Standards DoDISS) and its supplements,
form a part of this document to the extent specified herein. The date of the applicable DoDISS
and supplements thereto shall be as specifted in the solicitatfion.

SPECIFICATIONS
MILITARY

WiL-v-27 Transformer And Inductor {Audto, Power, And High
Power Pulse) General Specification For

MIL-E-16400 Electronic, Interfor Communication And Navigation
Equipment, Naval Ship And Shore: General Specifi-
cation For

MIL-F-18870 Fire Control Equipment, Naval Ship And Shore,
General Specification For

MIL-T-28800 Test Equipment For Use With Electrical And
Electronic Equipment, General Specification For

STANDARDS
MILITARY

MIL-5TD-46) Electromagnetic Emission And Susceptibility
Requirements For The Control Of Electromagnetic
Interference

MIL-STD-463 Definition And System Of Units, Electromagnetic
Interference Technology

MIL-STD-785 Reliability Program For Systems And Equipment
Development And Production

DoD-5TD-1399, Interface Standard For Shipboard Systems Section

Sectfon 300 300 Electric Power, Alternating Current (Metric)

{Copies of specifications and standards required by contracters in connection with specific
procuremant functions shouid be obtained from the procuring ectivity or as directed by the con-
trecting of fteer.)

2.2 Other publicatton. The following document forms & part of this documeat to the

extent spec ereln. e issue of the document which §s indicated as DoD adopted shall be
the issue listed in the current DoDI15S.

1EEE STO 519-1981 IEEE Guide For Harmonic Control And React ive
Compensat fon Of Static Power Converters

(Appiication for copies should be addressed to the Institute of Electrical and Electronics
Engineers, Inc. (IEEE) 345 East 47th Street, New York, §Y 10017.)
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SECTION 3. POWER SUPPLIES.

Military electronic systems use power processing circuits to convert and condition power from the
electrical power provided by military platforms. These power processing circuits are called power
supplies, a2 misnomer since they process rather than supply power. Both the requirements of the
electronic system and the characteristics of the electrical power source piace constraints on
these power conversion circuits. In reference (1) of APPENDIX E these constraints are selected as
criteria for evaluating the various approaches to power conversion and the conclusion is reached:

"Off-line ! switching-mode power conversion technology is the only known technology that will
meet present and projected requirements for shipboard electronic system power conversion." The
same conclusion is likely to be reached for other military platforms. Much of the discussion
through 3.3.4 is taken with some variations from a paper by J. Foutz {reference (1)).

3.1 Selection of criteria. Power source characteristics and electronic system requirements
are selected as criterfa for evaluating approaches to power conversion.

3.1.1 AC or dc_input power. The power from military service generators can be either &0 Hz,
or 400 Hz, or dc.

For example, on shipboard the power system is ac (60 Hz, three-phase) ungrounded, while the signal
ground in electronic systems is typically grounded to the ship's-hull. This reguires the use of
isolation transformers in the electronic systems power supplies.

Three-phase power s preferred over single-phase power for reasons not immediately obvious. Capac-
itors in power-line electromagnetic interference (EMI)} filters form an ac ground. Unbalance
between electronic system ac grounds causes currents to flow in the hull of the ship that can

upset some ship systems. The ac ground formed by the EMI filters in electronic systems using
single-phase power causes the greatest degree of unbalance. Since the use of three-phase power
usually reduces the requirements for both filtering and energy storage in electronic system power
supplies, the use of three-phase power is beneficial for both ship and electronic systems.

Voltage spikes are typically specified as characteristic of power provided by military platforms.
The 2500 volt (V) spike specified for shipboard electric power is mostly absorbed in the power line
filter and post rectifier input smoothing filter if inductive. It presents no special design
problem if sufficient inductance is used with sufficient permeability to prevent saturation.

Electric power characteristics (such as those specified for ships by DoD-STD-1399, Section 300)
usually include harmonic voltage limits. Limits, therefore must be imposed on the harmonic
currents that an electronic system can draw from the power system. These harmonic currents are
a major consideration in military power supplies. The problem is considered in Sections 4 and 5
herein,

One of the key selection criteria for evaluating an approach for power conversion for military
electronic systems is the capability to operate from 60 Hz power, 400 Hz power, and dc power.

3.1.2 Continuity of power. Because of the importance of electrical power, military power
systems are TrequentTy ﬁigE1y redundant. Electrical power is usually restored to vital shipboard
loads in from 50 microsecond {ps) to several seconds after a malfunction in the electrical system
(due to failure, battle damage, or other cause). However, this momentary interruption of power
can have continuing adverse effects on the ship's capability to perform its mission. Time to
achieve full equipment performance may require up to 20 hours.

A key selection criterion for evaluating an approach for power conversicn for military electronic

systems is the capability to withstand momentary power interruptions without degrading the per-

formance of the electronic system.

I Off-line means that ac-power is directly rectified to direct current {dc) without using line
frequency transformers. Power conversion is then accompiished by dc¢-to-dc or de-to-ac con-
verters, Isolation between input and output and voltage transformation is accomplished with
high-frequency (typically 20 kHz) transformers. Since off-1ine switching-mode power supplies
also operate from dc power, they are independent of power line frequency. The same power
supply can be designed to operate from dc, 60 Hz, or 400 Hz power.
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3.1.3 Power density. The output power density D{o) of & power conversion circuit is its
output power Flo vided by its volume, The electronic load that dissipates the converter's
P(og has a thermal density D{e) which Is P{o) divided by the electronic load's volume V(e).
Therefore,

0(e} Plo) 7 V(c},
O(e) P(o) 7 v{e},
and ¥{c} 7 V(e) - D(e) 7 D{o).

Thus the percentage volume of a system occupied by a power conversion clrcult is a function of
its D(o} compared to the D{e) of the electronic system 1t feeds.

The output power density in turn depends upon the efficiency and thermal density of the power
conversion circuit., The impact of efficiency on the percentage system volume occupied by the
power conversion subsystem fs shown in FIGURE 1. The only assumption is that the power conver-
sfon subsystem operates at the same thermal density as the rest of the system. The efficiencies
shown are not arbitrary but are the efficiencies for regulators suppiying 5-V logic circuits that
will operate from shipboard power. The efficiency is for the total subsystem between the ship
service generators and the fogic circuits and inciudes the power i0sses in motor generators as
well as the electronic system power supplies. Twenty-two percent §s the efficlency for submarine
400 Hz power and dissipative regulators, 27 percent for surface ship 400 Hz power 2nd dissipative
requlators, 35 percent for 60 Hz power and dissipative regulators, 65 percent for present 60 Hz
or 400 Hz off-11ne switching-mode power supplies, and 80 percent for 60 Hz or 400 Hz off-line
power supplies avaflable by 1985. Equal thermal density constraints indicate that a 35 percent
efficlent dissipative regulator should occupy two-thirds of the volume of the system. This
rarely happens because It ts unacceptable to most system designers and program managers., The
alternative is to operate the power supply hotter than the rest of the system, which degrades
reliability; or to use speclial cooling techniques which ingcrease the cost. Eighty-percent
efficlent power supplies would occupy only 20 percent of the system volume under similar equal
density constraints.

Electronic system thermal densities are being increased and projected to increase even more In
the future (this is shown in TABLE [}. Unless the output power densities likewise increase,
the power conversion circuits will occupy most of the system volume.

A key criterion in selecting an approach for power conversion is the capability to provide
output power densities of one watt (W} per cubic inch or more.

3.1.4 System compatibility. Power conversion approaches that cause problems to the rest
of the system are undesireble,  Compatibility problems that can be caused, eggravated, or
aceliorated by the power conversion circuits {nclude harmonic currents drewn from the power

system, negative resistive loading of the power system, electromegnetic fnterference, and pulse

loadina of the nowsr svetem,
[} g a he power system,

A key ¢riterion in selecting an &pproach for power conversion for electronic systems 1s compati-
bility, fncluding compatibility with other systems and self.compatibility.

3.1.5 Life-cycle costs. Another key criterion in salecting an approach for power conversion
is Vife-cycle costs, including acquisition and operating costs. Power conversion circults can
have substantial impact on energy consumption. Department of Defense policy now requires con-
sideration, throughout the acquistion process, of utilization of energy during the project system
Tife. This aspect of life-cycle costs s especially applicable to power conversion,
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3.55 UNITS {270 UNITS 1.86 UNITS ,0.64 UNITS 0.25 UNITS
1 UNIT 1 UNIT 1 UNIT 1 UNIT 1 UNIT
22 27 5 &5 80

FIGURE 1. Equal thermal! density volume versus efficiency.

TABLE I. OQutput power density (PD) requirements.

Percentage System
Volume of Power

Needed Power

Thermal Density, Supply Based Output De;lsily.
- 3 . - P -
Pofin” | RASERY | VeRp g ofin Comment

1.7 W/in3 35% 65% 0.9 W/in3 Beyond 60-Hz dissipative tech-

Limit of SEM 1A nology. Just at 400-Hz dissipa-

’l}aré;sks;special tive technology

thermal analysis .3 o

is made 65% 5% 3 W/in Just a1 1977-1978 swilching-
mode technology

6 W/i:13 50% 50% 6 Wlin3 Just at projected 1985

Projected 1985 switching-mode technology

high-performance . 3 ,

electronics 65% 5% 12 Wfin Major breakthrough needed for
1985 power supply (v equal
same percentage of system
volume as 1978 power supply

80% 20% 24 W/in3 Another major breakthrough

needed for Pn;r'in3 10 be
compatible with efficiencies
achievable in 1978
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3.2 Power conversion approaches. Five types of power conversion circuits are shown in
Fiouge 2 “Uama parsmatare for calart ina tha hoet cireult to a tot of criteria are aiven in
T . W LU S Rl 3 T W AL TLWE TITY Bl Wud™ WTTRWTE W L Ser Wi Wl TR IWE WU Fuive vEe
TABLE 11, The salient features of each ¢ircuit are discussed.

3.2.% Dissipative requlators. Dissipative regulators draw muth more power from the source
than is required Ey the load. Regulation is atcomplished by an electricity-to-heat conversion.
The series pass element acts like a variable resistor {heat sink). Under worst case conditions
of high Input Yine voltage and low output dc voltage, the wattsge across this series pass element
becomes excessive. However, it also needs & nominal &mount of control voltage under conditions
of low line end high output voltage, end therefore voltage range specificatfons are important in
determining the efficiency of this type supply. For example, the typical efficiency of 5-V regu-
lators that operate with ship power {£20 percent intluding transients) Is 35 percent. This can
be raised to slightly over 50 percent if the power supply does not have to Operate through the

116 percent transient.

Simplicity and poor efficiency zre their salient features. Isolation is achieved by bulky power-
line trensformers. A major cause of power supply fallures and system malfunctions fs found in
attempts to improve the efficlency and ocutput power density of dissipative regulators. Fafliure
rates Increase when size §s reduced so that power supply companents operate hotter than other
system components. System malfunctions occur when the power supply is not designed to operate
through negative transients.

3.2.2 Ferrcresonant requlators. Ferroresonent regulators operate by resonating a capacitor
in the secondary of the 1solation transformer with 2 ssturable reattor which is one leg of the
transformer. Resonance increases the voltage and the nonlinear reactor clamps it st a stable
voltage independent of the input voltage. The ferroresonant regulator fs usually used as an
ac regulator but the output can be rectified and filtered. The salient featyres include simplic-
city, inherent overload protection, poor power factor, and sensitlvity to frequency changes. For
exzrple, the +5.5 percent frequency transieat limit en shipboard power would typlcally cause a
+9.4 percent voltage transient on the output. Also, when used for dc, the rectifier and filter
are outside the regulation loop, resulting in poor static end dynamic load regulation. These
pocr characteristics can be compensated for, but the isherent circuit simpiicity is then lost.

3.2.3 Phase control switching-mode requlators. The simplest phase control regulators
operate by deTaylng the phase of the trigger cfrcult to a silicon controlled rectifier (SCR)
s0 that it is off for the first part of an ac cycle and on for the remainder. They can be
used as off-line switching-mode regulators unless isolation is required and then they must be
used with a power line transformer. The simplest version, which produces the top waveform of
FIGURE 3, has gained & reputation for degreding ihe quaiity of &t power Jines severely. Hore
sophisticated circuits 2re gentler on the ac power at some cost im simplicity. This is shown
in the other waveforms of FIGURE 3. For each notch taken from the ac waveform, & power con-
version parameter can be controlled. The bottom waveform has four notches and allows control
of the dc component and any three harmonics; that is, the third, fifth, and seventh harmonics
can be minimized. Other paramaters can also be controlled, such as minimum total harmonic

r factor for any aperating condition.
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TABLE 11. Power conversion circuit selection parameters.
Efficency Power
Power A Improve. | Power Dentsity
Line n; ment Deniity, § Improvemem
Circuit Type Complexity | Frequency | % | Prospects | W/in Prospects EMI

DISSIPATIVE

60 Hz magnetics | simple 60/400H2 | 35 none 0 poor little

400 Hz magnetics| simple 400 H2 only | 33 none 1.0 poor lit1le
FERRO--
RESONANT

60 Hz resonant | simple 60Hz only { 65 poor 0.4 poot little

400 Hz resonant | simple 400 Hz only| 65 poor 0.9 poor little
PHASE
CONTROL
SWITCHING
MODE

60 Hz moderate 60 Hz only | 65 poor 0.7 poor high

400 Hz moderate 400 Hz only | 65 poor 1.2 poor high
OFF-LINE
SWITCHING moderate dcorany ac| 65 good 2.0 good moderate
MODE 1o complex (BO%) (6.0W/in3)

{/ nBefliciency
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3.2.4 Off-line!' switching-mode requlatars. There are twp general types
of off-line Switching-mode regulating power supplies--resaonant converters and duty cycle converters,
Bath types immediately rectify ac power to dc power and perform power conversion at frequencies
wel} above the line frequency. The typical switching frequency is 20 kHz but frequencies up to
200 kHz and even higher are increasingly being used. Power density is high because the size of
the isolation transformer decreases Inversely at the 3/4 power of the switching frequency. Also,
the filter size decreases linearly with frequency. Power density and efficiency can be traded
within Jimits, Where high efficiency is critical, higher efficiency can be obt2ined by lowering
output power density. Salient features are high effictency and high output power density, and
they have the potentfal for (ncreasing output power density significantly beyond what can be
achieved today.

Two types of resonant converters are shown in FIGURE 4. One type operates by varying the pulse
repetition rate, spacing or crowding the resonant pulses to achleve the desired averege voltage.
The other type operstes by crowding the repetition rate so that the waveform approximates a
continuous sinusoid. The outputs of two channels are then vectoriailly added in 2 transformer to
produce the converter gutput. The magnitude of the output Is controlled by shifting the relative
phase between the two channels. The salfent features of both types of resonant converters are
minfnal high-frequency EM] due to the filtering of the resonant circult; and resonant comnutatfon
which facilitates the use of SCR's as the switch.

Duty cycle converters regulate by varying the ratio of switch on time to off time. A widely used
version turns the switch on at fixed intervals {constant frequency) and varies the on-off time.
FIGURE 5 shows this version used with a buck or voltage stepdown converter. The dc component

of the rectangular wave output is recovered by a low-pass filter. Other versions of switching
control vary the frequency which makes filtering less effective and, therefore less advantageous
in reducing EMI. OQuty cycle converters sre better understood than resonant converters. This
better understanding has resulted in some exceptional designs, including a configuration that
behaves as a true dc¢ transformer--with no pulsating voltages or currents on the input or cutput
at the switching frequency. This configuration is specified in 3.3 wherein duty-cycle switching-
mode power supplies are discussed in more detaill. Unless otherwise stated, reference to
switching-mode power supplies in this handbook implies the wore common duty-cycle converters.

3.3 Off-line switching-mode power supplies. The following paragrephs discuss off-line
switching-mode power supplles, thelr edvantages, availabitity, future potential, and topologies,
potent fal problems and solutions to these problems.

3.3.% Description. FIGURE 6 is a block diagram of & typical off-line switching-code power
supply. The only component {n the power supply that is affected by the power line frequency (dc,
60 Hz, or 400 Hzi is the clrcuit breaker, which for this particular supply s a 400 Hz circuilt
breaker. Except for this component, the power supply will operate from a dc or 60 Hz source as
well as a 400 Hz source., The power transformer that provides isolation between signal and power
ground is a relatively smali part of the power supply, the power switches require little heat
sinking, and the three-phase bridge rectifier {s guite small.

The switching regulator shown in FIGURE 6 performs the voltage reguletion function by means of a
switching transistor [or field effect transistors (FET) or SCR or combinations of several devices).
The transistor chops the unregulated input voltege in such a manner as to maintain the average
output voltage leve) constant. The regulstor output s a series of rectangular pulses which are
then smoothed by a low pass filter to a relatively constant dc level. Usually, voltage regulation
is used but current-mode regulation is also starting to be useo because it has several advantages.
With voltage regulation, a portion of the cutput vo?tage is compared to a reference voltage; an
error volta?e is generated; and the error voltage §s fed back to an oscillator controlling the
drive circult for the switching device. Voltege regulation is achieved by a pulse-duration
modulation preocess.

11 Line-transformer-isolated switching-mode power supplies are sometimes needed. For
exazple, If the power supply is connected directly to shipboards 440 V three-phase,
then the resultant dc voltage may be too high for today's transistorized switches
{except for two recently announced power darlingtons rated at 20 amps, 750 V or 8BS0 ¥,
and capable of blocking 1000 ¥ or 1200 V). Also, to achieve low 1ine harmonics one
solution is to use multiphase rectification requiring the use of a line transformer
{see Section 5). Although line treansformers make su?tch!ng-mde power supplies

. bulkier and heavier, they still have the efficiency advantage and other advantages.
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FIGURE 4. Resonant converters.
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3.3.2 Advantages. Compared to their 60-Hz dissipative counterparts, off-line switching-
mode power suppiies are two to six times smaller and three to six times lighter, accept all
input freguencies {dc, 60 Hz, 400 Hz), and have high efficiency (65 percent to 95 percent),
even with wide input voltage variations (up to 3:1, or £50 percent). This high efficiency
means reduced power from the source and reduced cooling requirements, In addition, their
initial costs are decreasing so they usually cost less except for low power levels where costs
are equal, and their operating energy costs are very much lYess.

Off-11ne switching-mode power supplies have more inherent energy storage than conventional
dissipative regulators that use a power line transformer to transform down the input voltage.
Thus more stored energy is available to operate through a momentary interruption of power.

The improvement occurs because the energy is stored at a higher voltage for off-1ine switchers--
and energy storage increases as the square of the voltage rating increases while capacitance
decreases linearly as the voltage rating increases for a given size capacitor (CV = constant

for aluminum electrolytic and tantalum foil capacitors).

0ff-1ine switching-mode power supplies are also compatible with many system loads. The use of
digital processing incorporating memory elements is increasing as minicomputers, microcomputers,
and microprocessors are embedded into electronic system design. These digital processing circuits
are susceptible to transient loss of power. However, these systems can tolerate higher noise
levels. Therefore, off-1ine switchers match these new loads in that their capability to operate
over a wide variation in input voltage minimizes transient loss of power and their higher output
ripple is tolerated by digital loads.

3.3.3 Availability. Switching-mode power supplies are now available in the low-voltage
product line of most power supply manufacturers. There is an economic advantage for the DoD
to be compatible with the main stream of commercial development since nonrecurring costs are
minimized if s1ightiy modified miiitarized versions of commerciai designs can be used.

The trend toward more complex and miniaturized electronic products is leading to the need for
optimized and more efficifent power conditioning methods. Switching-mode technology is still
emerging and new topologies are being explored by specialists in the field of power electronics.
The advent of very large scale integration (VLSI) electronics presents a challenge, not only to
those involved with their fabrication, test, and application, but also to power conditioning
subsystem designers,

3.3.4 Potential problems. Switching-mode power supplies have characteristics different
fram those of dissipative power supplies., To be unaware of these differing characteristics is
to invite design and application problems. The potential problems listed in TABLE II{ are
discussed, and solutions for each problem are presented (except for solutions for electromagnet
compatibility which are discussed in detail in Sections 5 and §).

c~-

a. Modeling. A mode) of a switching-mode power supply is useful in discussing
characteristics. The state-space-averaged linear model developed at California Institute of
Technology by R.D. Middlebrook and 5. Cuk is used here {reference 2). The top 1ine of FIGURE 7
shows the basic circuits of the three common duty cycle switching-mode power supplies--buck,
boost, and the buck-boost. All three of these circuits can operate in two modes. In one mode
there is continuous current through the inductor and in the other mode the current through the
inductor is discontinuous {Vight load}.

The continuous mode is modeled in the center 1ine of FIGURE 7 for each circuit by two states
repraganting the circuit--one state with the transistor switch closed and one with it open,
These circuits can be averaged by topological manipulation into a single cannonical model as
shown in the lower left section of FIGURE 7. The canonical model consists of an ideal dc

and ac transformer, a low-pass filter, and a voltage and a current generator that represent
the duty ratio control of the output. The component values are shown in FIGURE 7. The com-
ponent values are & function of the ratio of time spent in each state during a complete switching
cycle {the duty ratio, D). The model is a linear model linearized about the duty cycle chosen
and 1s valid to about one-half the switching frequency. More detailed information about the
model and models of extended converter configurations are given in APPENDIX A. The model is
used to explain several of the potential problems.

To mode) the discontinuous mode requires a third circuit state (with the switch open and no
current in the inductor) for each topology. This is not depicted here but rather it fs recom-
mended to avoid the discontinuous mode because it causes--increased EMI. It can be avoided
either by preloading the outputs with dumny loads or in a less lossy but more complex method
using bidirectional current switching.

14
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TABLE II1. Potential problems with switching-mode power supplies.

Potential Problem Areas AfTected

Filter effects Qutput ripple
Load transient efTects

Line transient effects

Consiant input power characteristics Negative input resistance
Low.voltage component stress

Turn-on latch-up

Electromagnetic compatibility Line frequency harmonic currents
Noise spectrum

Misuse of EMI filters

Audio susceptibility

Stability difTiculties Entrainment or synchronization
High-order system

Right half plane zeros
Neonlinear and discrete time
High EMI environment
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FIGURE 7. Basic switching-mode power supply configurations. J
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3.3.4.1 Filter effects. Following are some filter effects:

a. Output ripple: One inherent characteristic of switching-mode power supplies
is the presence of output ripple at the switching frequency. The ripple can be made arbitrarily
small by increasing the filtering but it is always present. Typically it is 1 percent of the
nominal output voltage or 50 microvolt (uV) peak-to-peak, whichever is greater. If excessive
for some circuit epplications, a point-of-use dissipative regulator can be used to reduce it
there.

b. Low voltage component stress: As shown in FIGURE 7, the canonical model for
the continuous current mode always contains a second-order filter. This affects the loed trans-
lent response, For example, if the power supply in FIGURE 8 ¥s operating at full load and the
load is suddeniy recoved, the maximum response ¢f the control loop is to open the switch and keep
it open. The energy stored in the inductor eventually s added to the output capacitor and an
overshoot occurs. The magnitude of the overshoot is a vector addition of (1) the load current
change times the characteristic impedance of the LC filter and (2) the original capacitor (output)
voltage. Some designs give as ouch as a 15 V peak on a4 5 ¥V dc supply. By increasing C and de-
creasing L, overshoot on § Vdc power supplies can be 1imited to ! V for a change from full to no
load. This is compatible with TTL logic. A step Increase in load has & similar transient effect.
As soon as the output voltage drops, the feedback loop saturates in the direction to close the
switch. The transient response is the open-loop filter response until the output rings up to
the output voitage and the control loop regains control. Again, large € and small L minimize
the translent effect.

A more subtle effect occurs for a step change In fnput voltage. A feedback loop sensing the
input voltage can be used to change the duty cycle so that the voli-seconds inip the filter s

a constant. While this would appesr to cancel input variation effects, &n oscillatory migration
of the minor hysteresis loop can sti)l appear in the magnetic material of the ocutput inductor,
This somewhat obscure filter effect is more fully described in reference 3 along with the solu-

tfon--an added feedback loap.

3.3.4.2 Constant input power characteristics. A dc and low frequency model of a switching-
mode converter 1s simply a dc-to-dc transformer with & turns ratio, p, (see FIGURE 7). To the
extent that the converter is 100 percent efficient, ideal transformer ratios apply so that p is
the ratio of output to input voltage, and in an inverse manner, p is the ratio of input te output

current. However, the lnput resistance is the load resistance multiplied by negative pz instead
of positive pz at {n the conventional transformer. This |s due ta the constant input power

characteristic of switching-mode converters. The derivation of the negative Input resistance
characteristic 1s shown in FIGURE 9. For a given load resistance R, the feedback action of the
regulator 2djusts the conversion ratio p to maintain constant output voltage, and hence constant

output power, even if the input voltage Vs varies. It follows that if vs increases, ls must

decrease since the input power &lso remains constant., This ts the low-frequency value of the
regulator input {mpedance L3 indicated in FIGURE 10. FIGURE 10 contains essential elements of

& switching-wode regulator with input filter. The block dlagram is general and a single-section
LC input filter and a buck converter are shown as typical realizations.
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FIGURE 10. General switching-mode regulator configuration.
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3.3.4.2.% MNegative input resistance. This negative input resistance in combination with
the input filter [or EMI ?1iter) between the source and switching-mode power supply can, under
certain conditions, constitute a negative resistance oscillator, and is the origin of the system's
potential instability. To prevent this instability, Middlebrook (reference 2, chapter 7) has
developed a criterion requiring the output impedance of the input filter to be less than the
open-loop input impedance of the switching-mode power supply. This is shown in FIGURE 11. The
top curve represents the regulator gpen-loop input impedance, Zi' which is the reflected imped-

ance of the series-resonant loaded averaging (output) filter.

The lower solid curve represents the input filter's output impedance, Zs, here shown for the

single-section low-pass filter configuratjon. However, in the real world the output impedance
configurations are more complex. A itwo section filter is described in 6.1.3 and shown to be
smaller and lighter than a single-section filter with the same peaking, power loss, and attenua-
tion at the switching freguency. Also, the power system including the generator and distribution .
network is part of the impedance configuration. The Middlebrook criterion applies to dc systems

and to ac systems in which the rectifying diodes are in continuous conduction. However, Since

discontinuous line current results in increased rectification harmonics, {t is recommended to

avoid this by using inductive rather than capacitive input filters {see Section 4}.

The addition of the input filter always impairs the performance feature of the regulator, that is,
a nonzero 1. {see FIGURE 10) always lowers the loop gain, raises the line transmission function

factor (opens a freguency window to pass input nofse to load), and raises the regulator's output
impedance (the lower the output impedance the better the regulation). The loop gain and line
transmission are essentially unaffected if the criterion for stability discussed above is met--

the output impedance of the input filter is very much less than the input impedance of the regqu-
lator. However, for the regulator's output impedance to be essentially unaffected it is necessary
that the input filter's output impedance be well below the dotted line in FIGURE 11 (see APPENDIX B).

To meet either the stability criterion or more stringent criterion, two design recommendations
follow: .
a. Xeep the resonant frequency or frequencies (if multisectioned} of the input

filter far away from the effective resonant frequency of the regulator's output filter; preferably

using a lower resonance for the input filter thereby simultaneously decreasing the EM] conducted
to the input power lines.

b, Lower the Q of either or both input and output filters preferably by lossless
damping {discussed in 6.1.4.3 and APPENDIX B).

APPENDIX B gives example of how to apply the Middlebrook criterion.

3.3.4.2.2 Low voltage and latch-up. The constant input power characteristic of switching-
mode power supplies dictates that they draw more current at Tow input voltage than at ngminal or
high input voltage. Low input voltages can increase the input current to the extent that the
power supply s damaged or destroyed. Some configurations are inherently protected from this
failure mode. Other configurations require the addition of protection circuits to prevent opera-
tion, and hence destruction, at low input voltages.

When switching-mode power supplies are powered from a current-limited source, they may latch-up
into an undesired mode upon turn-on. The turn-on current is high when the voltage is low, and
the turn-on trajectory in FIGURE ¢ is from right to left on the constant power curve. If the
source is current l1imited, the circled point is & stable but undesired operating point and the
regulator never reaches the desired operating point circled on the horizontal line. The solution
is to keep the turn-on trajectory to the left of the current limit line. The low-voltage protec-
tion circuit can be designed to accomplish this.
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.3 Stability difficulties. Stability difficulties in switching-mode power supplies .
a varie

ty of Tinear and nonlinear phenomena.

3.3.4.3.1 Audio susceptibility. Some stabilizing techniques can cause an audio suscepti-
bility problem (poor attenuation of modulations on the input power).

As mentioned previously, the canonical model often contains a second-order under-damped filter.

If a single control loop is used for feedback, this filter must attenuate both the output ripple

at the switching frequency and any extraneous input power frequencies beyond the zero decibels (dB)
crossover of the loop gain. One way to stabilize such a switching-mode power supply is to use lag
compensation in the feedback loop to rall off the galn so that adequate phase margin exists at the

zero dB crossover frequency. This requires the amplifier gain to be less than zero dB at frequen-

cies lower than the cuteff frequency of the output filter. A window is thereby opened in the .
tlosed loop attenuation, F. This window allows input 1line modulations between the amplifier

crossover frequency and the output filter cutoff frequency to pass through the regulator with no
attenuation. These relationships are shown in FIGURE 12. This is & Surprisingly common design

defect in switching-mode power supplies, a defect often revealed by failure to pass the C501 audio .
susceptibility test of MIL-STD-461.

One method to close the attenuation window 1s to shape the frequency response of the feedback
anplifier with lead-lag compensation as shown in FIGURE 13. A desired zero-dB crossover fregquency
is selected beyond the cutoff frequency of the output filter. The amplitude gain is set to com-
pensate for the output filter attenuation at this frequency. A lead in the ampiifier gain is

also included at this frequency to obtain adequate phase margin since the ocutput filter has con-
tributed almost 180 degrees et this frequency. Higher frequencies are rolled off to control
bandwidth for noise immunity, and the amplifier frequency gain is shaped at lower frequencies

to give good dc regulation. The resultant closed-loop attenuation, F, closes the attenuation
window as shown in FIGURE 13, but not without penalty. This is a conditionally stable system

that can go unstable 1f the loop gain decreases. Saturation of the amplifier circuits usually
reduces the gain and causes instability in conditionally stable systems. Saturation often occurs
when the feedback loop compensates for a large change in line or load or the internal noise or

EMI gets high encugh. The latter can be insidious in digital systems. The EMI and noise internal
to the power supply are a function of dynamic loading, which is often under software control. A
particular software sequence, by producing more internal noise, can cause a momentary finstability
of the power supply with a resultant unexplained change in digital system logic states. The
instability is rever detected under static conditions that do not produce enough noise to saturate
the amplifiers.

PR e g -T1

The solution is to avoid conditionally St‘
There are many circuit configurations and
while retaining absolute stability.

__________ o 1o i_._“

o throughly test them for noise un
niques for closing the attenuation window

3.3.4.3.2 Entrainment. Another particularly insidious characteristic of some switching
frequency power supplieés in digital systems is the effect of entrainment or synchronization of
the switching frequency on periodic load or 1ine transients. It has been pbserved in switching-
mode power supplies whose switching frequency changes as a function of load or line conditions
that a perifodic line or load transient can pull the switching frequency to the nearest harmonic
or subharmonic of the periodic transient. This usually results in an increase in output ripple.
The increase is sometimes dramatic; for example, several volts peak-to-peak ripple on a five-volt
power supply which typically possesses 50 millivolts peak-to-peak (mV p-p) ripple. Here again,

the nerindic transients can be under software control in diagital systems so that a software pro-

WAL LT T Y P LR R =50 LLE- 1S - e Y

gramming change can cause component fallures or random and unexp]ained system malfunctions in
previously satisfactory systems.

The solution is to use fixed frequency switching-mode power supplies which are difficult to
entrain, and to test for entrainment in all switching-mode power supplies, variable or fixed
frequency.
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FIGURE 12. Attenuation (F) of line transients, 1ag compensation.
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FIGURE 13. Attenuation (F) of line transients, lead compensation.
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3,3.4.3.3 Right half-plane zero. Exemination of the table in FIGURE 7 indicates that the
voltage generator In the canonlcal model has a2 frequency-dependent term, fs’ which is unity for

the buck converter but eppeers as & right-half plane zero for the boost and buck-boost converters.
(In general, both the current and voltage generators fin the canonical model have frequency terms.
The current generator term s needed when the power source and filter input impedances ere added
to the eodel.) The right-half plane zero makes the system into & nonminimum phase system. This
means, when using Bode analysis, that the phese versus frequency curve cannot be inferred from
the amplitude versus frequency curve. When phase measurements are not made but 2re inferred, the
right-half plane zero appears as lead in the amplitude plot inferring a positive S0 degree phase
shift contribution whereas in reality it contributes a negative 90 degree phase shift.

The existence of right-half zeras can be found by 2ccurate open-loop gain and phsse measurements,
but such measurements are considered to be difficult in switching-mpde power supplies and are
often neglected, although excelient technigues for making the measurements esist (references 2
and 4), Designers of switching-mode power supplies are often unaware of the existence of right-
half plane zeros and their effect, and therefore are unprepared to cope with the stability prob-

lews they introduce. As a result, dynamic response (bandwidth) fs often unnecessarily sacrificed
to gain stability,

The solution is to have accurate models, adequate measurement tools, and a knowledge of modern
stabil{zing techniques availehle in the design stage. This fs absolutely necessary in new con-
figurations such as the Cuk converter (see 3.3.5.1.4), which is & sixth-order system with real
and complex zeros in the right-half plane, The canonical model, APPENDIX A, is useful for
linearizing the switching stage around a duty cycle and {nvestigating small signal perturbations
by weans of Yinear techniquef; it predicts the enif}ence of right-half plane zeros and other
[ Y] - maas mhanmmana & Rauwn ta ha sanlusnd h

Py S - - 1] r o
nonobvious phenomena. It will not uncover some nonlinear phenomens that have Ug anaiyied

other technigues.

3,3.4.3.4 Duty cycles greater than 0.5. One stability problem often encountered is the
fong-short duty cycle osciTlatTons that occur when 2 fixed frequency pulsewidth modulated power
supply duty cycle is extended beyond 0.5. The problem is shown by graphica) techniques in
FIGURE 14. The power switch {s turned on by an external source at the start of every period T.
This resets the pulsewidth modulator Integrator, It integrates down until & threshold is
reached which turns the switch of f, thereby producing the pulsewidth modulation. When the
power switch is operating at less than 50 percent on-time, the system is stable, which can be
shown mathematically or by following the decay of a small perturbation, e, in the amplitude of
the modulator graphically as in the top of FIGURE 14. 1f the duty cycle |s greater than 50 per-
cent, &5 shown in the bottom of FIGURE 14, the small t on grows instead of decaying and
long-short osciilatiens occur.

w
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The solution that allows operation beyond a 50 percent duty cycle {s given in reference 3, which
is the source of FIGURE 14, (The instability with duty cycles larger than 50 percent occurs for
constant-freguency clocks inftiating the on time. If constant-frequency clocks inftiate the off
time, the instability fs observed with duty cycles smeller than 50 percent.)

3.3.4.4 Electromagnetic compatibility. System electromagnetic compatibility problems with
off-1ine switching-mode power suppilies occur because of a. rectification harmonics and b, switch-
ing frequency end its hanmonfcs, and the high-rate current and voltage waveforms inherent in the
switching transitions. Since EM] is the main topic of this handbook these two EMI problems and

selutions are discussed in detail in Sectlons § and 5.

3.31.5 pC to dc converter topologies. In switched-mode power conversion, the controlling
device is an ideal switch, which is eitﬁer closed or open. The power flow to the load {s effi-
clently controlled by controlling the ratio of the time intervals spent in the Closed and open
positions {often defined &s the duty ratio). The need to generate dc cutput voltage introduces
ideally lossless storage components, inductors end capaciters, whose role {is to smooth out the
inherent pulsating behavior originating from the switching action. The addition of a transformer
provides an often very important practical requirement, dc isolatlon between input and output

grounds.

The buck, boost, and buck-boost topologies and their first order derivatives constitute most of
the powar converslion approaches In use today, The boost-buck {Cuk) and itg derivat{ves 2re new
approaches with several performance advantages, particulerly low EMI. This section is limited

to a discussion of these basic topologtes as well as some qultiple switch and some transformer-

isolated derivatives of these basic structures,

Much of the discussion and the figures in the following sections on topologies are taken (with
permission) with some modifications from a paper by G. Bloom and R. Severns (referenge 5).

25



MIL-HDBK-2418 /
30 September 1983

T T=T, o+, jav a7
'(8) DUTY CYCLE GREATER THAN 0.5

FIGURE 14. Duty cycle stability limit.
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3.3.5.) Basic topologies, A basic switching converter topology 1s defined here as one
which comprises only a single switch and the reactive elements necessary for proper conversion
action without isolation of input and output ports (no transformer). With these restrictions,
there are oniy four possible basic topologies known, of which the fourih {ihe Cuk siruciure)
is a recent additien., FIGURE 15 shows the four basic circult Structures.

These basic topologies ere exaznpined, assuming that conversfion switches operate in the canstant- .
frequency duty-ratio-controlled mode. The switch is in position A for time DTS, with the duty

ratto D correspending to the fraction of the total switching period Ts. where Ts - 1Ifs, the
reciprocal of the conversion frequency, fs' For the remainder of the switching perlod, D'Ts

(= Ts - DTs). the switch is in position B, Implied in these descriptions is the assumption

that al) converter inductor currents never fall to zero during the time D‘Ts {cont {nuous conduc-
tion mode of operatifon).

FIGURE 16 shows & practica) switch implementation by replacement with a bipolar transistor-diode
arrangement in each of the four structures. Switch position A now represents the time DTs when
Q1 is on and diode DY s not conducting in the forward direction. During the time D'T_, Q1 is
of f and D! does conduct. s

3.3.5.1.1 The buck converter. The buck converter of either FIGURE 15 (a) or FIGURE 16 (a)
{s perhaps the mosi fundamental and well-known of all the basic structures. The input dc voltage
fs chopped by the switch and then averaged by an LC cutput filter. The idea) dc voltage gain from
input to output will be

¥V /v an {huek)

[ bl ] AwEES g
where 0 < D < 1. Referring to the port current waveforms of FIGURE 15 (a), the out-
put current Ts non-pulsating (that is, continuous) because of the presence of inductor L. In
contrast the input current of FIGURE 15 {a) is pulsating (that {s, discontinuous}, flawing only
when the switch is in position A and abruptly interrupted when the switch is in position B. The
pulsating current characteristic of the buck structure s one major undesirable feature of this
convers fon approach since it Is a potential seurce of much greater 1ine-conducted emission (EM1)
than the non-pulsating input of the boost converter. A buck conversion approach, therefore,
necessitates the inclusion of a highly attenuative low pass filter between the input voltage a&nd
the input port of the converter to reduce conducted EMI on source voltage )ines {see Section 6).

3.1.5.1.2 Boost converter. The boost converters of FIGURES 15 (b) and 16 (b). as the term
applies, will perform an Tdeal step-up voltage conversion given by

V/V = 1O (boost)

where D' = 1-D 2s defined earlier. The switching action first stores energy in L during the
transistor Q1 on time, uts. and then releases energy into capacitor C and the Joad RL when

the diode is conducting (0'T_). The boost structure 15 the dual of the buck in that a step-up
transiation is attained rather than a step-down, and the Inpul and output currents now reverse
pulsating/non-pulsating roles. The pulsating output is & potential source of higher ocutput

ripple than the non-pulsating output of the buck &pproach. Therefore, if the output ripple
needs to be low, more output fiitering is required than would be required with non-pulsating

output of the buck epproach.

3.3.5.1.3 Buck-boost_converter. The buck-boost converter fs & voltage inverting structure
with its conversion function a2 product of ideal buck and boost gains such that

Volv = -0/D", {buck-boost)
As shown in FIGURES 15 (c) &nd 16 {c), the switch action commutates the continuous Inductor current

alternately between input and output ports. Hence, both input and ocutput currents are pulsating.
Thus the buck-boost converter structure, from a low EMI point of view, is the worst structure,
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FIGURE 15. The four basic dc-to-dc converter topologies.
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(¢) Buck-boost converter (see 3.3.5.1.3)
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(d) Cuk converter (boost buck){see 3.3.5.1.4)

FIGURE 16. Implementation of the ideal switches in FIGURE 15 by

bipolar transistor-diode networks {note — D' = 1-0).
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3.3.5.1.4 Boost-buck ’Cuk! converter. The boost buck converter was added to the basic

[ﬂﬂlll] m 1357s IJ_" ur. 3. LUK OT E“E I.ﬂl]TU'I"l’Ild IHSLII.LII.E oy IECI’II’IUIUg] ﬂlll.l |S KHUHII as LHE l..IJK

converter. This new converter is the dual network of the buck-boost structure. FIGURES 15(d)

and 16{d) are representative circuit diagrams of the new basic converter structure. The topol-
ogy has the same inverting and dc voltage transfer function as 1ts dual counterpart, the basic

buck-boost network, shown in FIGURES ls?c) and 16(c}, or

VOIV = -D/D*, {boost-buck, Cuk)

but, in other circuit performance areas, there are striking differences. OUne major and distin-
guishing difference is the non-pulsating characteristic of both input and output currents, whereas
the buck-boost circuit has pulsating currents at both circuit ports.

Dafare{inn
neilcry llls L)

charged by the input current through diode D1 and inductor L,. when Q1 is turned on during time
OT.. the voTtage of the energy transfer capacitor reverse-biases the diode, turning it off, and
the stored energy of Ce is released through Q1 to the output filter network and load. Thus,

capacitive energy transfer in the Cuk converter is fundamental to its operation just as inductive
energy is essential for operation of the other three basic converters in FIGURES 15 and 16.

whnn
Iy WG

Because all pulsating currents are contained within the inner triad of components and input/output
ports isolated by instantaneous current-limiting inductances, the Cuk structure is ideally suited

for low conducted EMI applications. As will be shown later, some extensions of this topology can
lead to the realization of a quifrhinn conversion structure that closely approximates a true dc¢-

to-dc transformer.

This new conversion approach shows promise of ylelding maximum conversion performance with a mini-
mum of power circuit components. It, therefore, has been termed optimum by many of its advocates
{reference 2).

3.3.5.2 Some transfermer fsolated derivatives. The basic conversion approaches for FIGURES
15 and 16 are usually found In evolved forms for other performance reasons. For example, the
basic structures do not electrically isolate the input and output grounds. For {solation, trans-
formers must be addfd to each of the topologies as shown in FIGURE 17.

The presence of a transformer places the selection of the output return terminal at the option

of the designer. Thus, the restriction of inherent inverting or non-fnverting voltage gains is
removed. Also, the transformer's turn ratio can be selected to either increase or reduce volt-
age conversion gain as noted by the ideal equations in FIGURE 17 where

n = number of secondary turns / number of primary turns = N / N

3.3.5.2.1 Forward converter. Adding an isolation transformer to the bas1c buck results
in the forward converter of FIGURE 17(a). The input energy is pushed or fed-forward to the
output and not stored as in the case of the flyback of FIGURE 17(c). When the transistor con-
ducts, the output inductor current rises linearly, fed by the transformer secondary current via
diode D¢, 2nd flows into the output capacitor and load. During this time, energy is both

trancferred tn the output and c<tored in the inductor L When the trancigtar 01 turns off, the

e SN S LAFT o (i LR =T LLHE Y

energy is kept flowing into the load by the connmtating diode, D1.

The transformer in FIGURE 17{a) has a third winding plus a series diode, Dm, for demagnetizing

the core when the transistor is off. So as not to waste this magnetizing energy, it is returned
to the. input voltage source am shown. This third winding is necessary in practical designs to
safely 1imit the peak collector-to-emitter voltage of (1 when it {s not conducting to no more
than twice the input voltage value.

Forward converters have {nherent lower output ripple than comparable flyback design because of
the continuous nature of the output inductor current,
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(b) Reverse converter (boost-derived) {d)

Isolated Cuk converter (Cuk-derived)
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(see 3.3.5.2.4)

FIGURE 17. Transformer-isolated dc-to-dc converter topologjes derived
' from the basic structure of FIGURE 16 {(0' = 1-D).
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3.3.5.2.2 Reverse converter. The boost derived converter of FIGURE 17(b) is an unusual
structure rarely found 1n power supply designs today. Bloom and Severns (reference 5) have
coined the term reverse converter to emphasize the dual nature of the structure compared to
that of the forward converter shown in FIGURE 17(a).

As was the case for the basic non-isolated designs of FIGURES 15 and 16, the iaput current of
the reverse converter of FIGURE 17{b) is non-pulsating, while that of the forward converter is
pulsating. Ouring the times transistor Q1 is on, energy is supplied primarily by capacitor C.
Transistor Qf is always turned off while Q1 is on and vice versa. When Qs is turned on, the

energy of inductance L is released to the output capacitor and load by transformer action through
diode D1. As for the forward converter, a third winding of the transformer is used to remove
magnetizing energy stored in the transformer while 0 is off. But, in contrast to the forward

converter of FIGURE 17{a), this energy is returned to the load instead of the source to help
supply load power during those times Q1 is en.

Interestingly enough, if the magnetizing™inductance of the transformer and that of the input
inductor are proportioned correctly, the output ripple current waveform can be made very small
since both the capacitor C and the magnetizing inductance clamp-winding of the transformer will
share the job of supplying load power while Q1 is on and Qf is off, Thus, the reverse structure

of FIGURE 17(b) has the design potential of obtaining low conducted EMI on both input and output
ports.

3.3.5.2.3 Flyback converter. In the buck-boost derived flyback converter of FIGURE 17(c),
the transformer alsp serves as the inductive energy storage element. When the transistor Q1 is
on, energy is stored in the primary, and diode, D1 does not conduct. When Q1 turns off, the
diode turns on and the energy stored in the magnetic field of the transformer is released to the
output capacitance and load via the secondary winding. Flybacks require considerable input and
output EM1 filtering since they have the same pulsating input and output currents as the basic
buck-boost.

3.3.5.2.4 1Isolated Cuk converter. In the case of the isolated Cuk converter shown in
FIGURE 17(b), there are three key steps to adding the transformer to the basic non-isolated
topology as diagrammed in FIGURE 18.

The first step is to separate the coupling capacitance Ce of the basic structure (see FIGURE 16(d))
into two series capacitors Cp and Cs, thus making the original symmetrical structure divisible

into two halves, as shown in FIGURE 18(a), without affecting the operatfon of the converter.

The second step is to recognize that the connection point between these two capacitances has

an indeterminate dc {average) voltage, but that this dc voltage can be set at zero by connecting

an inductance between this point and ground (see FIGURE lB(b)?. If the {nductance is large enough,
it diverts a negligible current from that passing through the series capacitors, so that the con-
verter's operation is unaffected. The third step is the separation of the extra inductance

into two equal transformer windings, thus providing the dc isolation, resulting in the isolated
version of the new converter shown in FIGURE 18(c).

The isolation transformer in this new converter has no dc current component in either winding
which is a size and loss advantage over to the transformers required for the other {solated
topologies (see FIGURES 17{a), (b}, and (d)}}. The Cuk converter can use an ungapped toroid of
square-loop material whereas the other isolated topoiogies require gapped cores. Therefore, the
Cuk converter's transformer is smaller, less lossy, and can minimize leakage inductance (less EMI}.
Reference 3 (chapter 17) discusses these comparisons and also compares stress levels on circuit
components,

3.3.5.3 Multiple switch forms. For most low and many medium power delivery applications,
the quartet of basic single-switch dc-to-dc converters and their first order derivatives are
usually preferred for simplicity and low component count. For higher power situations, multiple
semiconductor switch forms are usually used. Basic push-pull and bridge topologies are usually
buck-derived {although they could be derived from the other three single-switch basic converters).
New variations of the basic multi-switch approaches show desirable features.
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3.3.5.3.1 Push-pull buck-derived. The most familiar of the two-transistor converter
structures is the push-pul) topology shown in FIGURE 19. As verified by the accompanying
voltage waveform at the input to the L-C filter network, this push-pull converter is a member
of the buck-derived family and has an ideal voltage gain identical to the forward converter of
FIGURE 17a, or Volv =nD, The presence of two sets of alternating conversion switches (Q1

and D1, Q2 and D2) allows the average current levels in each set to be reduced by 50 percent
from the single-switch basfic approaches. When both transistors in FIGURE 19 are off, both
secondary diodes work in parallel to commutate the output inductor current, allowing it to be
cont fnuous in form.

Each converter transistor in FIGURE 19 will ideally see no more than twice the value of the input
voltage {2V} when in an off state. When the value of V is large, alternate primary switch arrange-
ments are often used, such as the single-ended half-bridge version shown in FIGURE 20 or the full-
bridge topology of FIGURE 2.

3.3.5.3.2 Half-bridge push-pull buck-derived. In the case of the half-bridge network,
division of the Tnput voltage 1s performed by capacitors C1 and C2 in FIGURE 20, where C1 equals
C2 in value. The common connection point of these capacitors, therefore, must be at an average
potential of V/2. Therefore, the peak off voltage seen by each of the transistors is ¥V in con-
trast to 2V for the basic push-pull circuit of FIGURE 19. However, for the same secondary output
power, the average primary current and, hence, transistor currents are twice those in the basic
push-pull arrangement. Because the two division capacitors are asked to handle large rms currents,
they are often large and expensive.

3.3.5.3.3 Full-bridge push-pull buck-derived. The full-bridge eliminates the need for
the capacitors and, therefore, Is a somewhat more econmomical and definitely more volume efficient
approach. It ic illustrated in FIGURE 2. Here,k on alternate half-cycles, diagonally opposite
transistors Q1 and Q2 or Q3 and Q4 are simultaneously turned on. Therefore, the voltage V across
the primary of the transformer T1 will change polarity with every half-cycle of operation. Like

the half-bridge circuit, no transistor ideally sees more than V when in an off state.

3.3.5.3.4 Shortcomings of basic push-pull designs. The push-pull converter and the two

variations just descrdbed have some major shortcomings from a practical design viewpoint and,

if not compensated for, can cause permanent damage to the major transistor switch networks. In

FIGURE 19, transistors 1 and Q2 can never be perfectly electrically-matched and differences in
* -—gswitching speed and voltage drop between them can produce imbalances in primary currents in the

transformer. The imbalance can cause transformer saturation, ultimately destroying the trans-

istors. In the half-bridge circuit of FIGURE 20, overlap in switching one transistor off and

the other one on can effectively short the input voltage source, resulting in high-surge currents

and possible transistor damage. The full-bridge converter of FIGURE 21 has the same potential

imbalance and overlap problems as the other two variations.

Jo eliminate the possibility of primary transistor damage from overlapping conduction or com-
ponent-induced imbalances, protective circuit measures are required. The protective circuits
employed are frequently elaborate, inefficient and costly. Approaches potentially more cost-
effective are discussed in 3.3.5.3.5.

3.3.5.3.5 Variations of the basic multi-switch approach. Two topologies are known which
can inherently 1imit the flow of instantaneous primary current and still exhibit the desired volt-
age gain and power-sharing features of the basic structure of FIGURE 19. One is referred to as
the Weinberg Converter and the other the Severns Converter. Both approaches show inherent advan-
tages in their stress-reduction and current-1imiting capabilities and are described in detail
in reference 5.
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SECTION 4, EMI CREATED BY AC TO DC RECTIFICATION.

Rectification in power supplles causes the input ac line teo set up harmonics which not only adver-
sely affect sensitive loads on the same input line but 2also decrease the power factor. For these
reasons several military specifications have been amended to lower the permissible emissions of
these harmonics, These specifications are discussed in relation to the types and magnitudes of
the emissions obtained with some common rectification architectures. Approaches used to reduce
these emissions are evaluated. Also, this handbook specifies certain revisions of the specifica-
tions and standards, some of which have been changed.

4.1 Introduction. Harmonic currents of the ac frequency (for example, 60 Hz) are conducted
on the Input Tine of ac to dc power supplies due to the nonlinearity of the rectification process.
Regardless of whether a dissipative or switching-mode regulator is used, conversion from ac to dc
will generate harmonic currents due to rectification. To the extent that the more efficient regu-
lators require less source power (maybe less than half), a switching-regulator will result in
lower amplitude harmonic currents than a comparable less efficient dissipative type power supply.
The magnitudes of individua) harmonics depend upon the rectification architecture, Although some
of the cotmonly used topologies generate less EMI than others, even the better designs emit har-
monic emissions shove the limits of several militery specificatton requirements,

4.2 Basic rectifier sction. The possible confligurations for rectifier circuits 2re manifold.

The most widely used, however, are bridge circuits either for single-phase or three-phase power
supplies. Of importance to EM! are other variations in the rectification system, such as the
following characteristics:

a. Whether or not an fnput transformer (s used (switching-mode power supplles
frequency omit the input transformer)

b. Whether or not phase-controlled rectification i3 used (a2 commonly used type of
switching-mode regulation for high power &pplications)

¢. Whether the load is primarily inductive or capacitive {pure resistive loads
require energy storage to remove undesired ripple)

4.2.1 Pulse number. The ripple voltage at the dc terminals s an important factor in
influencing the cholce and design of the rectifier. The smaller the megnitude and the higher
the frequency, the cheaper it is to filter the ripple to specified tolerances.

The ratic of the fundawenta} frequency of the dc ripple to the ac supply frequency is commonly
called the pulse number. Most single-phase rectiflers are two-pulse, and most three-phase recti-
fiers are six-pulse.

4,2,2 Sloplifying assumptions. Initially, the analysis of 2 rectifier circult usually

......

assumes an igealized version of the circuit {reference 8). Practical deviaiions can then be
added as needed. Design tables ere slmost always based on the assumptions 1isted below:

8. Switches have no voltage drop or leakage current
b. Instantaneous switching
c. Sinusoidal voltage source

d. Constant dc current over each ¢ycle (an infinite inductive filter)

4.2.3 Single-phase half-wave rectifier. Although the half-wave dicde rectifier s used
f

anly ér SOTE SImple 10w power &pplicacions, it naverthéless permits & nusbér of useful principles
to be explained in thelr simplest terms (reference 7). Simplifyl assumptions a, b, ¢ of 4.2.2
are adopted but assumption d of 4.2.2 is not valld for this one-pulse circuit.

4.2.3.1 Resistive load. If the load is purely resistive, the output voltege waveform
consists of hall-cycles of a sine wave separated by half-cycles of zero output voltage. The
current waveform is identical in shape to the voltage waveform and both are depicted in

FIGURE 22.
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FIGURE 22. Single-phase half-wave rectifier.
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4.2.3.2 Inductive load or filter. If the load is purely inductive, the waveforms change
considerably {see FIGURE 22). Uirin? the first half ¢ycle, the current builds up from zero to 2
peak value and energy has been transferred from the ac source to the inductor. The diode con-

tinues to conduct throughout the second half-cycle, durfag which the output voltage s negative
and the total energy stored in the inductor is returned to the ac Vine. At the end of each full
cycle the total net energy transfer is zero (for a lossless inductor}. Since the diode conducts

continuously, the load voltage Is ldentical to the ac source voltage.

In prectice, the inductor s not lossless but has at least some series resistance {FIGURE 23).
At the end of the first half cycle, the current is less than for the pure inductor because of
the voltege drop and consequent power loss in R, Ouring the second half cycle, R continues to
dissipate power as long as current flows. Since there is less total energy te return to the &
line, current always ceases before the second half cycle s completed.

As L/R increases, the delay in commutation increzses and the curr
t rann

waun dnliue a2 deo semesanant ) Hawavar einesa tha noak rurean
S pod&R Lurven

ent waveform approaches a sine
gg hxrnnd U L.l tha fndiwrt.
t

[ H e & ¥ UWin g witie s

Wavs (PIUS @ UL LU § . TRINRYLE 53 & iy it

ance cannot be increased sufficiently to hold the current consten
assumption 4.2.2d.

¢s required by slmplifying

1f the intent of the rectifier 1S to get maximum power transfer into the load, the flow of power
back into the ac 1ine is undesirable., This reverse flow can be prevented by placing a freewheeling
or by-pass diode across the output to conduct whenever the output voltage tries to go negative.

The energy stored in L then discharges into R rather than being returned to the ac line. The
freewheeling diode helps prevent the load current from ever going to zero, &nd thereby reduces

the ripple.

4.2.3.3 Capacitive load or filter. If the load is purely cepacitive, the load voltage
charges up to the peak voltage and thereafter current ceases.

When a capacitor s connected in paralle)l with a resistive Joad, as shown in FIGURE 24, the
capacitor tends to smooth the ripple in output voltege, but the current (in the diode} occurs
in brief spikes. Ouring the inftial charging time the capacitor voltage, ¥V, reaches a value
equal to the oaximum fnput voltage. When the supply voltage falls, the capacitor discharges
through the load resistor. Current is, therefore, maintained in the load during the pertod
when the input voltage is falling to zero and also during the negative half-cycle.

Because current is mafntained through the resistor when the diode is not conducting, the average
dc value is increased, and the ripple factor is decreased. The diode conducts only during the
time when the input voltage is greater than the capacitor voltage. Quring this conduction time
the diode must supply current to the load and aiso supply the capacitor with the charge necessary
to maintain the increase in average current to the load. Thus the diode current, !, oust be very

high during its conduction period.

4.2.4 Slngle-gﬂase full-wave rectifiers, The most common type of full-wave rectifier is the
bridge-rectifier. KAs shown in may be used without a transformer and this s a major
advantage compared to the two-diode full-wave rectifier. However, this advantage s only practical
for switching-zode power supplies where isolation fs more cost-effectively achieved with a trens-
former at the higher switching frequency. Single-phase full-wave diode rectifiers ere two-pulse
circuits since the fundamental ripple frequency s twice the ac supply frequency.

4.2.4.) Resistive load. [f the load is purely resistive, the dc voltage consists of
successive haiT-cycTes of a sine wave, and the dc current has the sxpe waveform as the voitage.
The 2c line current is the sazpe as the dc current except that alternate half cycles are reversed
in polarity. Thus the & line current is purely sinusoidal with no harmonic content--no EMI.
However, this current has limfted practical value because of the large ripple in the dc output
voltage, FIGURE 25 shows the circuits for both types of full-wave rectiflers and the waveforms
which are the s&re for both circuits.
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4.2.4.2 Inductive input filter {critical inductance). FIGURE 26 shows the effects of
inductance in serfes with the Toad in two cases. In the first case, the inductance is big
enougn to have an appreC‘lanle smoonmng effect but smaii enougn that the Fiﬁﬁle is stiil
significant. An approximate value for this inductance is RAu (reference 7}. The ac line
current 1s no longer sinusoidal. The inductance has reduced the harmonic content of the load
current by increasing the harmonic content of the ac source current. In the second case, the
series inductance is increased until it is much larger than R/w. The ripple across the load
is now insignificant, and simplifying assumption 4.2.2d is valid. The inductance has totally
removed the harmonic content of the load voltage and current, but the ac current waveform has

become a square wave.

Unless otherwise stated, most rectifier analyses assume these idealized conditions.

drnnat £Filtan Ae i dn a2 reiticral valua Af ind, ictance avicte that accurne sant inuannc

These inductive input-filter conditions also apply when one or more LC sections are used as th

e
o~ rant
.
INpUT 71wl AsS a Illlllllllum, a@ CriciCasy vaiue o7 naudtance exXists Tnatl assures Continucus currant

in the inductor. For a single LC filter two-pulse circuit, the inductance must be large enoug

so that mLc/R is greater than or equal to .35 {reference 8). Lc is called critical inductanc

and assures continuous current in the inductor.

4.2.4.3 Capactive input filter. When a capacitor is connected in parallel with the load
of a full-wave rectifier, as shown in FIGURE 27, the percent of ripple is decreased. Since the
capacitor is charged to peak input voltage twice per cycle, the resultant average voltage across
the load is higher than if a half-wave rectifier were used with the same RC Topad. Here as in
the half-wave rectifier the 1ine current is pulsating and high to supply sufficient charge to
the capacitor.

§.7.5 Three-phase rectifiers. The puise number of a singie-phase rectifier cannot be
increased beyond two. On the other hand, the pulse number of a polyphase rectifier may be made
arbitrarily high by various interconnections of transformer windings. Half-wave, full-wave,
bridge, and many other configurations are possible, but the most widely used are bridge circuits
because they better utilize the transformer windings or eliminate the need for a transformer.
The most common multiphase rectifiers are supplied from a three-phase source and use a three-
phase bridge {6-pulse} circuit,

4.2.5.) Inductive input filter (critical inductance). If bridge rectifiers are used for
three-phase power sources, the transformer 1s optional for switching—-mode regulators (see FIGURE 28).
The three-phase bridge rectifier has & pulse number of 6 {less ripple to filter), and as will be
shown in the next section less harmonic distortion of the input current. FIGURE 28 shows two
possibitiities for the line current waveforms depending on whether or not a transformer is used
and on the type of transformer. Both three-phase waveforms contain identical harmonics (in
number and amplitude) but the phases of the individual harmonics do not correspond, which
explains the differences in the waveforms,

Here again, as for the single phase case, the idealized waveform is assumed when one or more
sections of LC filters with sufficient filtering is used. The critical inductance for six-
pulse circuits requires a minimum of .01 for wl /R---so that L can be much smaller
(reference B).

NOTE: The LC filter is preferred for switching-mode power supplies because it also does a better
job of decreasing the switching frequency and its harmonics on the power line. In fact, a two-
stage filter is even more advantageous. It is lighter in weight than a single-stage filter when
both are optimally designed to meet identical peak1ng, attenuation and efficiency requlrements
(references 9 and 10). However, when using LC input filters (of one or more stages) with switching-
mode regulators, care must be taken to prevent instability (see 3.3.4.2 and APPENDIX B). Input
filter stability considerations also apply to single-phase, half-wave and other multi-phase recti-

fiers.

4.7.5.2 Capacitive input filter. As for single phase, a capacitive filter results in pulsat-
ing and high currents. Theoretically less capacitance is required to obtain a level of filtering
comparable to the single-phase case. Frequently very large capacitors are used to keep the dc bus
within the voltage requlation range of the control circuit. It is cheaper than using an inductive
input filter. Also the capacitance of some electrolytics vary a great deal with temperature so
large C's are used to provide sufficient capacitance even when hot. However, the larger the
capacitor, the narrower and higher are the line current pulses.
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4.2.6 Resultant harmonic spectrums. As the previous paragraphs have shown, rectifiers
followed by either inductive or capacitive input filters cause the line current to be dis-
torted. 8y appiying Fourier anaiysis these non-sinusoidai iine currenis can be broken up into
sinusoids, a fundamental and harmonics. It is the number and amplitudes of the harmonics
that determine the non-sinusoidal waveshape {see APPENDIX D).

If p is the pulse number and f is the source frequency, the only harmonics present in the input

current (in addition to f) occur at {(np *1}f, n=1,2,3,..... The amplitude of each harmonic current,

relative to the fundamental current, fis 1nversely proportiunal to its order {that is, to np +1)
for ideal diode rectifiers {reference 7). That is, the pulse number determines which harmonics
of f are present but does not change the relative amplitude of a given harmonic {f present (see
TABLE 1V}.

However, for non-ideal capacitive loads higher amplitudes are present particularly for the lower
order hammonics. Two-pulse and six-pulse spectrums will be examined ‘sirg‘.e-pu‘.se spectrums are
50 high they should be limited to very low power devices if used at all).

4.2.6.1 Two-pulse 1ine current spectrums. For the ideal infinite inductive filter, harmonic
amplitudes can eas{ly be predicted from the rule in 4.2.6. The waveform {see FIGURE 26) is a
sqguare wave containing only odd harmonics {33 percent third, 20 percent fifth, 14 percent seventh,
and so forth). For capacitive and LC filters computations are more difficult. Therefore the CAD
SPICE-2 computer program was used. The program only computes the first nine harmonics. FIGURE 29
shows the results for two values of capacitance with the same resistive load. The large C,
2650 microfarad (uF}, produces 86 percent third harmonic. Also shown on the figure is the 3 per-
cent maximum allowable specification 1imit (to be discussed in more detail later on).

FIGURE 30 shows the resylts of adding inductance to the large C. Considerable improvement is
obtained and for L = 13 millihenry (mH) the results appear to be similar to the ideal filter
{critical inductance calculates to be 9 mH, see 4.2.4.2).

4.2.6.2 Six-pulse line current spectrums. The ideal rectification spectrum is shown in
FIGURE 31 for The six-pulse case. TIriplen harmonics {multiples of three) no longer exist and
so the lowest is the fifth (20 percent). Also shown are the specified 3 percent harmonic
current limits. SPICE-2 computations were made using the same values of C (see FIGURE 32). For
C=2650 uF, the fifth harmonic reached 90 percent. However, a 13 mH inductor brought the fifth
down to 21 percent close to the ideal situation. A smaller inductor may still achieve close to
the ideal harmonic values since CRITICAL inductance s now .3 mH {see 4.2.5.1}). The inductance
also includes any parasftic wiring and transformer leakage inductances.

4.3 Other rectification EMI sources. [In the real world, components are not ideal. Even
for large Tnductive filters the waveshape is, of course, not a zero rise time step but more like
a trapezoid with some rounding of the corners. Spikes occur in the waveshape during diode
recovery. A deliberate change in waveshape occurs if phase control regulation is used.

4.3.1 Rise/fall time effects. The typical current risetime is on the order of one or two
microseconds (ps) without a transformer, and approximately 200 ps with a transformer {the leakage
inductance slows down the rise (fall) times). A Fourier analysis of this trapezoidal waveshape
compared to the rectangular waveshape indicates a more rapid diminishing of harmonics above a
frequency, 1/t, (where t is the rise time), A 40 dB per decade drop-off compared to a 20 dB
per decade drop-off starting at a lower frequency for the slower rise time (see FIGURES 33 and 34
and APPENDIX D, Section 10}.

4.3.2 Diode recovery spike. Whereas the rise/fall time effects decrease the higher fre-
quency harmonics, the rectifier diode recovery spike increases them. Effectively the spike
Fourier harmontcs are superimposed on the basic Fourier spectrum. For bridge rectifiers the
spike harmonics become noticeable usually between 50 kHz and 2 MHz. The current spikes are
more pronounced with a transformer.

4.3.3 Phase controlled rectifiers. As discussed in 3.2.3, if phase controlled switching-
mode regulators are used, they create additional line frequency harmonic distortion. As shown
in FIGURE 3, circuit designs are available to decrease individual harmonics and total harmonic
distortion,
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TABLE IV. Harmonics in input current for ideal diode rectifiers.

HARMONICS OCCUR AT (n P t 1)1, n=1, 2, 3. ..

_ FUND P = PULSE NUMBER
AMPLITUDES = ——= WHERE { ¢ - SOURCE FREQUENCY

nPtl
FUND = FUNDAMENTAL
' CURRENT
FOR EXAMPLE: FORP =6
‘HARMONIC # AMPLITUDE

5 EUND

e}
FUND

7 7
FUND
atc. etc.
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4.4 Military specificatton requirements. Several military specifications place a 3 percent
limit on the amplitude of any harmonic current for power supplies drawing power above one kilovalt
amperes {(kVA) for 60 Hz or above 0.2 kVA for 40D Hz (reference 12). Harmonic currents distort
the ac voltage waveform through the source and distributlon system impedance. Limiting harmonic
currents to 3 percent amplitude (for the higher powered equipment), is based on keeping the total
hermonic voltage distortion on the ship power system within 5 percent and the anplitude of any
single harmonic within 3 percent. There are several undesirsble effects of excessive harmonic

voltage distortion.

4.4.) Problems from excessive harmonics, The distorted voltage can cause problems in
poorly designed electronic equipment, Increased power losses in motors and other magnetic
devices, reduced torque in high-effliciency induction motors, and excitation of undesirable
vibratton modes through electrical-mechanical couplings. Furthermore, 2 distorted waveform
can ect as a driving source for hull currents in ships. Similar problems can be created by
low frequency harmonic line-currents generating magnetic fields which couple into other lines
or eguipment,

4.4.1.1 Structure (hull) currents, Structure currents in ships can create problems in
sensitive equipzent. Extensive Investigations were conducted to identify, to determine the causes
and to find solutions for this problem. The structure currents were found to be caused by large
line-to-chassis EMI filters feeding harmonics to the structure. For example, tests on the USS
GUITARRO 400 Hz power line showed that capacitive-input filter type power supplies were causing
large structure currents through 1line-to-ground capacitors of gpproximately 135 pF per phase.
The switching-frequency power supplies were major offenders but not primarily from thelr
switching frequency harmonics. They were supplying excessive rectification harmonics because
they used capacitive-input filters. (NOTE: In the past, it has been very common for switching-
mode power supplies to be designed with capacitive-input filters. However, as discussed in 5.2.3
either one or two-stage L-C filters are recommended to sufficient}y attenuate the conducted
switching-frequency 1ine current.) Although rectification harmonics appeer to be the major source
of structure currents, switching-frequency harmonics, if present, will also cause structure
currents.

Some of the solutions recommended include: a. isolation transformers, b. line-to-line filters,
¢. nulti-phase transformers to reduce harmonic levels, and d. limiting tine to chassis capecity
in EMI filters (MIL-STD-451 now specifies 1ine-to-ground capacitance not to exceed 0.1 pF for

60 Hz equipments or 0,02 yF for 400 Hz equipments}. HNew solutions to reduce rectificatlon har-
monics are being developed (see 4.5.2).

4.4.1.2 Power factor. Another disadvantage of harmonic currents is that they decrease
the power factor of the system. Power factor ts universally defined os the ratio of the
average or real power in watis passing through the terminals to the apparent voltamperes,
[root-means-square (rms) volts times rms amps) at the terminals. A maxioun value of unity power
factor s achleved when the instantaneous voltage and current at the circuyit terminals are in
time-phase at every instant of the cycle. When a sinusoidal voltage is applied to a nonlinear
circult the current is perfodic but non-sinusoidal. Average power is transferred from the
supply to the load only by the combination of sinusotdal supply voltage end fundezental
harmonic of the current. Therefore, &n expression for power fector cen be conveniently split
into two components (reference 11).

PF o [cos o] [;{‘J

{Displacement factor) {Distortion factor)

where PF = power f;ctor for non-sinusoidal supply currents {assuming sinusoidal supply
voltage

a = displacement angle between supply voltage and fundamental current
lf = rms value of fundamental supply current

lt = rms value of tota) supply current {ammeter)

The non-sinusoidal it can be shown, F aiysis
and sinusoidal harmonics; so that lt is equivalent to the square root of the s
of the rms values of gll the Fourier components.

ourier anaiysis t

be composed of &

a
of the sguares

§ 8

Thus, the greater the number and azplitude of harmonics above the fundazental, the Jower the
power factor, requiring the source to supply more voltamperes--3 costly requirement.
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4.4.2 DoD-STD-1399, Section 300. This milftary standard, the Interface Standard for
Shipboard Systems, AC Electric Power, was issued 1 August 1978 to supersede MIL-STD-1399,
Section 103. Paragraph 6.2.7 of DoD-5TD-1399, Section 300 reads as follows:

“Harmonic current. The operation of equipment shall be designed to have minimum harmonic
distortion effect on the electrical system. The operation of such equipment with the following
specified ratings shall not cause harmonic line currents to be generated that are greater than
3 percent of the unit's full load fundamental current between the 2nd and 32nd harmonic.

Frequency of power source (Hz) Rating of unit
60 1 k¥A or more
400 0.2 kVA or more

on other than a
single-phase,
115-volt source
400 2 amperes or more
on a single-phase,
115-volt source

Additionally, currents with frequencies from the 32nd harmonic through 20-kHz shall not exceed
100/n percent of the unit's rated full load fundamental current, where n is the harmonic muitiple
number. Units with power ratings less than those specified above shall be current amplitude
Vimited such that no individual harmonic 1ine current from the 2nd harmonic through 20-kHz exceeds
a magnitude of 100/n percent of the unit's full load fundamental current.®

By no coincidence the 1/n fall-off rate corresponds to the fali-off rate of the ideal filter.
Therefore, for the lower power units using a highly inductive input filter, no additional low
frequency filtering should be necessary.

4.4.3 MIL-E-164006, Amendment 1. This is the General Specification for Electronic, Interior
Communication, and Navigation Equipment for Naval Ship and Shore. The amendment, dated ) December

1976, specifies in paragraph 3.5.10 essentially the same requirement as for DoD-5TD-1399. In
addition, paragraph 4.8.5.11 specifies the following test conditions:

“"Harmonic current. Equipment shall be tested to determine conformance with 3.5.10, when operating
in the mode that generates the highest input current harmonics. The power source shall not have

a harmonic voltage content in percent rms at any frequency which is greater than 25 percent of

the allowable harmonic current at any frequency. The accuracy of measurement of harmonic currents
shall be plus or minus 5 percent of the harmonic being measured."

NOTE: Two other specifications also were modified te include similar harmenic current limits;
MIL-F-18870E(05), dated 25 April 1975, and MIL-T-28800B, Amendment 1, dated 20 July 1977.

4.4.4 MIL-5TD-461, CED1 requirement. This military standard specifies the Electromagnetic
Emissions and Suscep y Requirements for the Control of Electromagnetic Interference. CEQOI
is the Conducted Emissions Requirement for Power and Interconnecting Leads, Low Frequency {up to
15 kHz). Other requirements such as CEQ3 (.D15 MHz to 50 MHz) and REO! (magnetic radiation,

.03 kHz to 50 kHz) are also affected by harmonic currents but these requirements are discussed
in Section 5. MIL-STD-4618, dated 1 April 1980 is divided Into nine categories of equipment and
subsystem cliasses for limit requirements. A CEQ) requirement is imposed on equipments installed
in critical areas such as the platforms specified in 4.4.4.1 and 4.4.4.2.

4.4.4.1 Surfece ships and submarines. For ac power leads, FIGURE 35 specifies the limits.
The 1imits are very similar to those of DoD-STD-1399 with a few small variations. For the higher
powered equipment, 90 dB microampere (uA) corresponds to 3 percent when the dB relaxation eguation
is used {120 dBuA is one amp). Likewise for the fall-off rates, except that 23 dB per decade is
used instead of 20 d8 per decade {the dB eguivalent of 1/n). The maximum variation occurs at
15 kHz where for MIL-STD-461B, the 1imit is 7 dB tighter. TABLE V compares these ac limits to
the similar 1imits imposed by DoD-STD-1399, Section 300 and MIL-E-16400.

For dc power and interconnecting leads {see FIGURE 36), the limits start at 30 Hz at 120 dBuA
remaining at this dB level until 400 Hz and then falling off at 42 dB per decade again with dB
relaxation for currents over one amp. These limits correspond to the MIL-STD-461A, Notice 1 limits
which, however, are not relaxed for currents over ane amp. These Iimits (see FIGURE 36} are looser
than the preceding ac 60 Hz 1imits (see FIGURE 35) until 4 kHz at which point they become tighter.
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FREQUENCY (Hz)
LIMIT SHALL BE DETERMINED AS FOLLOWS

. Fordevices operating < the stated ratings, use the limit lines connecting

point ¢, ¢ end f and g, d and h for 60 and 400 Hz equipments and sub-
systems, respectively.

. Fordavices operating > stated ratings, the limits are:

8. For 60 Hz equipment: Use the limit ling connecting points e, b, ¢
and f.

b. For 400 Hz equipmens: Use tha timit line connecting points b, ¢, d
and h,

. For equipments and subsystems with lozd curremis >> 1 ampere, the

limit shall be related as follows:
dB relaxation = 2 log {load current)..

FIGURE 35. Limit for CEQ1 ac leads, MIL-STD-4618, part 5.
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TABLE ¥. Military Timits for harmonic line currents - 60 Hz power source.

N = HARMONIC FUND = AMPLITUDE OF
NUMBER FUNDAMENTAL .
CURRENT
< IKVA IKVA OR MORE .
DOD-STD-1399 o < FuND o <& T% FUND
SECTION 300 N UP TO 1,92 kHz
MIL-E-16400 G (20 dB PER DECADE) | ® < —n_ FROM

AMENDMENT-1 1.92 kHz TO 20 kHz

MIL-STD-4618,CE-01 | ® 23dBPER ¢ <90 dBuA (CORRESPONDS
SURFACE SHIPS, DECADE TO 3% WITH 0B RELAXATION)
SUBMARINES, AND UP TO 15 kHz UP TO 1.2 kHz

NAVY GROUND
FACILITIES 23 dB PER DECADE
FROM 1.2 kHz TO

15 kHz
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4.4.4.2 Afrcraft, spacecraft and ground facilities. The CEQl1 requirement has only limited
applicability for these classes of equipment and, except for Navy ground facilities, a looser limit
is used starting at 130 dBpA (simitar to MIL-STD-461A, Notice 3). Navy ground facility Timits
correspond to surface ship and submarine Timits stated in 4.4.4.1.

4.5 Approaches to reduce rectifier harmonics. Two and six pulse power supplies drawing
Yess than T kKVA {1f 60 Hz, or 0.2 kVA If 400 Hz) and using a highly inductive input filter
{see FIGURE 31) will meet the 1/n fall-gff limit of the three miljtary specifications. However,

equipment requiring higher power will not meet the 3 percent limit without additional bulky
components or new approaches.

4.5.) Standard solutions. The control of harmonic currents is not a new subject. It has
been theoretically and experimentally investigated for more than fifty years. In 1974, after
static power converters had been in use about ten years and promised to be increasingly used in
industry and home, the IEEE formed a committee to develop a guide for harmonic control and
reactive compensation of status power converters, This work was published in April 1981 as
1EEE Std 519-1981, (reference 13).

Various approaches are being employed to reduce harmonic currents, including the use of 12, 18,
and 24 pulse rectification, the use of harmonic traps, the use of large low-pass filters, and
the use of active technigues that add or subtract power to the line to cancel harmonic currents
(active filters). These approaches, in gemeral, increase the size, weight, and complexity of
the electronic equipment power supply and can cause other problems.

4.5.1.1 Low pass filters. Brute force low-pass filtering of the fifth harmonic in 60 Hz
systems (300 Hz)] to three percent can result in a filter larger than an off-line switching-mode
power sunnly. In addition, as discussed in reference 14, the effect of power factor variations
on filter gain at the line frequency, especially at higher line currents, is totally unacceptable.
The interaction of the input filter with the switching-mode power supply output filter has to be
carefully examined to prevent degradation of the output impedance of the power supply or the
stability margin of the feedback loop {see APPENDIX B).

4.5.1.2 Shunt filters. Series-tuned shunt filters, sometimes called harmonic traps, are
also large, compiex for multifrequency inputs, not completely effective for variations ia line
frequency, and can cause system instabilities. Also, a contractor uses them at considerable
risk to his field reliability. If another power user neglects to reduce his harmonics, they
are absorbed by the harmonic trap of the contractor who uses this approach, over stressing and
often destroying the filter components. There has been limited success in agdding a shunt filter
to a group of 400 Hz equipments to reduce the harmonic currents {reference 15). The prablem is
that the filter appears to have to be individually sized and designed, or at ieast extensively
tested, in each application.

4.5.1.3 Harmonic compensation or injection, Harmonic injecticn technigues are discussed
in reference 13 and alsc APPENDIX D of reference 16. These active filters can become very
complex and heavy if all major harmonics are ta be reduced over a large load range.

4.5.1.4 Ferroresonant transformers. Ferroresonant transformers have successfully been
used to reduce the harmonics below three percent (reference 14). The disadvantages are those
typical of the ferroresonant approach (see 3.2.2). That is, the transformer is larger than a
conventional transformer and requires a fairly large rescnant capacitor in addition. If the
ferroresonant transformer fs also used to regulate, the output voltage varies with frequency
by a transfer ratic of about 1.7. This is a minor disadvantage when used on a major utility
where frequency variations are rare but more of a consideration on ships where frequency varia-
tions can be expected. Alsp, power factor may be poor and regulation may be a strong function
of power factor.
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available [reference 7) such as the six phase center-tapped ring connected transformer which
decreases the transfarmer VA to 1.03 rather than increasing it ?reference 18).

If 1solation 1s not required, then an auto-transformer configuration can be used with 2 considerable
savings in size, reduced acoustic hym, and reduced stray magnetic field. An excellent discussion
of the merits of this approach Is in reference 19.

For ships, the best way to use the multi-pulse method is to exploit the characteristics of the
ship electrical system combined with the combat system. The present state-of-the-art {n off-
line switching-mode power supplies strongly favors using 115V rather than 440V as the input

power to the power supply. Since a transformer 1s needed some place in the system to make this
transformation, it can be used with multi-pulse rectification to provide 155V d¢ to the off-line
switching mode power supplies. These power supplies will operate fram 115V ac or 155V dc equally
wall, If a transformer-rectifier scheme such as the six phase center-tapped ring connected
transformer can be used, the three percent 1imit c¢an be met with no size or weight penalty to

the combined ship and combat system (reference 17).

4.5.2 New approaches. Several promising new techniques have been concefved end are in
various stages of development,

4.5.2.1 Simulation of & resistive load. FIGURE 37 shows a solution developed by Delco
Electronics which tries to make the swltching-mode power supply appear as three single-phase
resistive loads to the three-phase power source. To the extent that the input into the three
individual converters can be made to appear resistive no harmonics are generated (see 8.2.4.1).
Actually reactive components are required but they are designed to be low and to generate
primarily triplen harmonics which are cancelled in the three-phase system {reference 20). A
model was developed which resulted in 2 maximum individusal harmonic distortion of 3.8 percent
{7th harmonic) at the light load power level, 6kW, of a converter designed for 15kW where the
distortion was less. Although resonant converters were used, duty cycle converters should be
Just as feasidle.
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4.5.2.2 Switching-mode techniques. Conceptually, for an applied sinusoidal voltage, 2
sinusoidal line current can be accurately approximated by applying high frequency switching
techniques which regulate the current magnitude to be proportional to the applied voltage
magnitude over the entire 1ine frequency perfod. The high-frequency switching noise is much
easier to suppress than low frequency harmonics. [n addition, the electronic regulation of
line current can be designed to control current surges.

In order to approximate a resistive load, the converter has to draw power at near zero input
voltage which eliminates the buck configuratiaon from consideration. When & boost configuration
fs used, the dc output voltage must be greater than the pesk ac input voltage. When isglatlon
is required, a buck-boost or boost-buck (Cuk) configuration must be used. The output voltage
can then be adjusted as required by a coxbination of transformer turns ratic and duty cycle

control.

A basic limpitation of these approaches s the bandwidth of the control loop. In concept, 8
single buck-boast converter could provide iine and load regulation as well #s hermonic reduction
by controlling both frequency and duty cycle of the switch. [n practice, the control must be
constant over one half the period of the line frequency in order to keep from introducing
harmonics. This greatly degrades the response to load and line transfents. As a result, 2 two
stage configuration {s often used with one converter controlling input harmonics and the other
converter providing 1ine and load regulation.

Several designs along these Vines have been proposed. An example of such a technique fs described
in a Powercon 6 paper {reference 21) for an off-line duty-cycle converter with a capacitive input
filter. For this, design power factor improved from about .6 to .95 and since this was due to
the distortion factor (see 4.4.1), harmonics are thereby diminished. The system can become a
cozplete ac to dc switching regulated power Supply. Some degradation {n performance resulted
when compared with conventional switching power supply designs, Another example uses this
concept to control the waveshape of & thyristor (SCR} phase-control converter {reference 22).

A third example is given In reference 23 wherein the concept (s 2pplied to a battery charger,

further development of this conceptual approach appears likely to result in new or improved
performance designs or both.

4.5.2.3 AC to de converter withput large reactors. A new power conversfion concept that
would eliminate Tine Tow-frequency distortion was described in two pepers by M. Venturini
{references 24 and 25). These papers propose an ac to &c, three-phase to three-phase converter
but the concept can be applied to 2¢ to dc conversion.

This concept 1s based on theoretical work (reference 26) that predicts a class of converters
that, given no pulsating input power (that is, three-phase fnput) and no pulsating output power
(that is, dc pawer), power converslon and control! can be accomplished by connecting the imput
lines to the output lines through switches with no energy storage devices in the circuit,

The c¢lrcuit has unity power factor and no harmonics below the switching frequency which can be
20 kHz or higher. [n concept, the total converter consists of six switches, control logic for
the switches, and high frequency filters. Since switching techniques are used, the efficiency
fs high. This is an attractive topology even {f it did not solve the harmonic problem.

The basic operating principle fs to plece together &n output voltage waveform with the wanted
fundamental component (which can be dc) from selected segments of the input voltage waves., A
generalized transformer results, cepable of frequency, voltage, and power factor change. A
sinusoidal fnput current waveform can be obtained with good ?nput power factor.

More development work is needed. The major restrictfions are that the output voltage is limited
to one haif the peak ac input voltage and there is no isolation between input and output since
there are no transformers in the circuit. The lack of isolation is the only major drawback
presently known to the approath restricting it from being &n elegant solution to the Navy three
perceni harwanic Timit probiem.

4.5.2.4 Other related approsches., References 27 through 35 are papers relating to the new
zpproaches discussed In the preceding sectfons. Most of them are by authors outside the U.S.,
indiceting the universal interest in reducing rectifier harmonics.
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4.6 Summary. Topics included in Section 4 are:

a. Power line low-frequency harmonics are limited by new military specifications.
Particularly for Navy use, the 1imits require appropriate design of the input architecture
of ac to d¢ convertiers.

b. For 6(3-Hz converters powering less than 1-kW the specifications are easy to meet
but only if sufficiently large inductive input filters are used, and, at least single-phase
full-wave rectification {s used although three-phase is preferable.

c. For 6D-Hz converters above 1-kW a tighter limit is specified, a 3 percent maximum
limit for each individual harmonic between the 2nd and 32nd harmonic. To meet these limits
bulky filters or large multiphase transformers are used but more cost-effective solutions are

obambdoac 2a ha dav.alacmad amd (mad
akal b iy LW Ve UCvElupecuw dllu uatu.

d. 400-Hz converters must meet the tighter three percent 1imit if they power 0.2 kVA
or more on other than single-phase, 115 ¥V or 2 amperes or more on a single-phase, 115 V source.
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SECTION 5. EMI FROM SWITCHING-MODE CONVERSION.

Components and techniques are discussed to curtall or contain electromagnetic interference (EMI)

in switching-code converters. The frequency spectrums of the power line conducted switching-action
noise are determined analytically. 8y using an optimally designed input filter these conducted
emisstons are shown to be less than CEQ3 limits for MIL-5TD-461. Radiation fram wiring and non-
ideal camponents within the chassis can be suppressed by using reccmmended components, layouts,
shielding, snubbers, baluns and high frequency filter designs. REOV specificetions for MIL-STD-451
can thereby be met.

5.1 lIntroduction. A major shortcoming of switching-regulator technology is that it is a
rnmnln: technolngy at appears to he simpler than it actual‘lv fe. Because of this apparent

simplicily. misjudgements are prevalent ln the design and application of swltchingqmude power
supplies by the uninitiated engineer. HNowhere was this more evident then in the early days of
switching-mode power supplies when designs were made without regard for noise prevention and
reduction techniques.

In the past few years, however, the inherent advantages (especially high efficlency) of switching-
mode technology for power supplies have spurred advances in component desfign {to 1imit the noise
sources) and cdesign techniques {to curtai) noise coupling to the outside world). The result is
much less EMI. Because the more efflcient power supplies may require less than half as much
source power, a well designed ac input switching-mode power supply can result in less EMI than

a comparable less efficient ac Input dissipative type power supply {since al) 60 Hz or 400 Hz ac
to dc rectifiers emit an EMI spectrum resching beyond the comronly used 20 kHz switching-mode
frequency).

There are two types of nondissipative switching-mode power supplies capable of being operated
off-1ine. In both types, ac power is immediately rectified to dc and power conversion is per-
formed at frequencies well above line frequency. The type referred to in this report as a
switching regulator |s a duty cycle converter that regulates by varying the ratio of switching
ON time to OFF time. It 1s the one usually referred to as a switching-mode regulator.

Another type of off-line switching-mode regulator is called a resonant comverter {see 3.2.4).

A salient feature of resonant converters is minimal high-frequency EMI due to the filtering of
the resonant circuit; znd, therefore, only the EM] characteristics of the duty cycle converters
are discussed here.

Switching regulators, due to the switching action, are potential generators of EM] noise at
higher frequencies than the noise produced by rectificatton although there are overlapping
frequencies. This section will limit its scope to the switching action noise. It cen be
manifested in the following ways:

a. Differential-mode conducted nofise on the power line which also in turn causes a
radiated magnetic field

b. Differenttal-mode conducted nolse on the output leads (referred to as ripple
voltage)

¢. HNoise generated within the wiring and non-ideail components of the power supply
and coupled to the outside world either inductively or capacitively--which, if coupled to
the input or output leads, causes common-mode neise

5.2 Power line conducted differential-mode noise. The switching action generates a spectrum
of the switching Trequency and Tts harmonics on the power iine. The magnitude of these emissions

depends on the type of switching regulator and the amount of fnput filtering (internal and external}.

The main noise sources of switching frequency harmonics are the switching transistor (or thyristor)
and commutating diode. FIGURE 38 shows a simplified buck switching requlator using & power
transistor as the switching element, FIGURE 39 depicts the transistor current waveform for the
buck switching regulator tn the continuous mode. The buck waveform was selected because it

represents the maximum conducted EMI compared to other types of switeching regulators (the boost
recults in lece EMI and the buck-boost resulte in the same EMI as the hm-l-l §uaprimm<nd on

the basic transistor waveform is a turn-on spike caused by the diode recovery current (also shown
in FIGURE 39).
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FIGURE 38. Noise sources for dc-input switching regulators.
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FIGURE 39. Switching transistor and commutating diode currents
for simpii?ieﬂ buck switching requlator.
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5.2.1 Basic waveform, The basic switching waveform (without considering the diode action)
js shown in FIGURE 40 where T is the period for one cycle {50 psec for 20 kHz}. A rise time
for the transistor, tr, is also shown (for simplicity it was not shown in FIGURE 39). Rise

times will vary with different transistors. A fast rise time will decrease heat losses {more
efficient} but will result in more potential EMI. Typical rise/fall times associated with the
switches are of the order of 100 nanoseconds (nsec}. The waveform {see FIGURE 40) represents

operation in the continuous mode for d>0. Operation in the discontinuous mode would be represented

by d = 0.

5.2.1.1 Fourier transform of basic waveform. For both continuous and discontinuous
operation, the basic waveform can be modeled as a trapezoid to obtain the Fourier transform
(see APPENDIX D). The low freguency interference levels are identical for any trapezoid
pulse shape. Above a frequency of approximately one/pulsewidth, the frequency level is
determined by the rise and fall times of the pulse.

FIGURE 41 is a plot of the loci of maximum frequency amplitudes (Cn) for a 20 kHz frequency

switching requlator with a 30 nsec rise time. The first harmonic, 20 kHz sinusoid, will have
an amplitude of 2A/7m so that for a one ampere peak pulse the fundamental peak current is 0.64
amp or 4 dB down from the pulse peak. The amplitudes of the higher harmonics will he equal to
or less than the spectrum in FIGURE 41. The actual spectrum, {sin x)/x function will result in
low or zero amplitudes for some frequencies depending on the width of the pulse.

5.2.2 Turn-on spike. The spike (see FIGURE 3% and 5.4.1) caused by the diode recovery
current can also be modeled as trapezoid. The usual waveshape, however, is a damped sinusoid
as a result of circuit and parasitic resonances

5.2.2.1 Fourier transform of turn-pn spike. The Fourier transform of a ringing waveform
peaks close to the ringing frequency and then decreases at 40 dB per decade {see APPENDIX D).
The amplitude of the damped sinusoid will depend on the characteristics of the diode recovery.
This effect can be limited by the use of a fast recovery diode. Typical ringing frequencies
are in the vicinity of 3 MHz. FIGURE 42 is a plot of the loci of maximum frequencies for a

one ampere ringing spike with a peak at 3 MHz, attenuation (@) of 1.153 x 105 nepers, and a
pulse repetition rate (P.R.R.} of 20 kHz. The peak amplitude, 98 dBpA, is close to 3 MHz and
the individual frequencies start at the P.R.R., 20 kHz, with lower amplitudes.

5.2.3 Resultant conducted noise spectrum {no filters). FIGURE 43 is the noise spectrum
piot combined from both the basic waveform and the turn-on spike. The resuitant enveiope is

shown extended at the low frequency end to account for subharmonic frequencies caused by potential

jmbalances when multiple switching transistors are used in the regulator design {push-pull or
bridge operation). This resultant noise spectrum assumes no filters.

5.2.4 Input filters. EMI input filters can be designed as a single-section low-pass
filter or by cascading several single-section filters to obtain more attenuation. Yu et al
{reference 36} demonstrates that & two-stage filter {see FIGURE 44) results in a lighter
opt imum weight than a single-stage (see FIGURE 45) filter when both are designed to meet
identical peaking, attenuation, and efficiency requirements. Design details for both filters
are given in APPENDIX B, paragraph 60. Methodologies and computer programs for optimum power
processing circuits {such as these filters) used in switching regulator power supplies have

hanm Aac - P " i am
been developed for the MASA Modeling and Analysis of Power Processing Systems (MAPPS) programs.
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FIGURE 40. Switching current basic waveform
{without diode recovery spike).
T =50us f1 = V/T = 20 kH2
te=30ns A= 1AMP
. oa o *t) 8in [an{te+t)/T]  sin (70 1/T)
Cn=2A =50 TNt )T #an /T
[\\ sin [xa(tg + 4)/T)] =
sin (7n l,IT) san /T
I r\\ /Cn n 20 log
ns1 2 3 a
1= 20 kHz
Ca (4B)
z ;o Iog L no S0 n ['n(lo"f,m] =1
L N N (S P21 MHz oreeed sin (xaty/T) = 1
Cn (dB) = Cn = 20 log
20hg%% 2n2y,
* 20 log 2AL
T \
L1l L1 111 Lo Ly 1 LLLiil
10 103 109 | 105
FREOUENCY KHz
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harmonic spectrum.
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-b
N
(=]

100 NG
\\
—-.—.__._.é.t.:_- y
80 1 amp 30 ns RISE- \\
TIME PULSE WITH \
A 1 amp SPIKE, ~
FREQUENCY = 20 kHz N

avau ‘

o
o
i

MAXIMUM CONDUCTED CURRENT, dB/uA
o
o
T

“
/ \ RESULTANT ENVELOPE '~
20} —=——~ BASIC WAVEFORM “a
V —-— SPIKE “RINGING" WAVEFORM \ l
o [ lllllll.l_ { 1 Illllil 1 llllllll 1 lllll.lll 1 llllll\
a1 110 1102 103 {104 110° {

FREQUENCY, kHz

FIGURE 43. Switching regulator input current
spectrum (no filter).

66




MIL-HDBK-2418
30 September 1983

L2 R
H 02370} 103 psH 01590
e 2} ) X l
v-— [ = L4
s i T
. 20 log O, = 6.3 de PER DECADE 2120 T
' -] 0 _—— © <
© {
: l
ry 14 * 1.05 kHz
- i «20 P~
4
o REQUIAEMENTS
o PeswW
- Z 40 1234
s G = -54 dB at 20 kHz
' w Cq welghs 372 kg/F dB
v i; -50 - ! {toll tantatum) PER DECADE
< C3 waighs 2600 kg/F
E {poly carbonate)
' -80 RESULT
MINIMUM WEIGHT
=171 gm:
100 Lo ol R L 4 1 11N
0.1 1 10 100
. FREQUENCY, kHx
| . FIGURE 44. Two-section optimum weight filter.
J f’fa-GA‘” 23.7 pH 06752
REQUIREMENTS{~ . ca un AT 20 kM O —N— 2
m LS} N UEF M AV RITE [ "
© lc WEIGHS 372 kg/F vy 1335uF=C vy
: ;‘ +201 Orrem T 0
o
z
> 0
o
b=
O
Zz -20p
a
- 4 -40 dB PER DECADE
w -
r a0} RESULT: 12 dB PER OCTAVE
5 MINIMUM WEIGHT
: E = 499 gms
-60}1 SWITCHING
FREQUENCY
]
-ao 1 1 !l!llll Il { lllllll
0.1 ! EQEAIICMAY LL 10 i 100
. FREUWUVENLT, KNI

FIGURE 45. Sinqgle-section optimum weight filter,

67




MIL-HDBK-2418
30 September 1983

5.2.4.1 Recommended component types. Referring to FIGURE 44, the resistor Rc is placed
in series with CI to control resonant peaking because negligible current flows in C] and Rc

except during 1ine and load changes. The following gquidelines are recommended in reference 10
for selecting components (also see Section 6):

&. Since C2 supplies most of the pulse current, use low-dissipative capacitors
such as ceramic, mylar, and poly-carbonate.

b. Powdered permalloy core for L2 will achieve a small core loss.

¢. Inductor L] passes essentially a direct current, therefore, eddy current

and hysteresis losses are negligible. High saturation flux core material, such as gapped
s{licon steel, can be used for size and weight savings {(reserve flux capability is required
to prevent saturation during input transients and audio susceptibility tests}).

d. For C] foil, or wet-slug tantalum capacitors are suitable as are low
inductance aluminum electrolytics.

5.2.4.2 Potential instability problem. As discussed in 3.3.4.2, switching-mode regulators

can became unstable by the additiun uf input filters. APPENDIX B gives design criterla Tdeveloped
by Middlebrook) and recommendations to prevent instability including simplified models.

APPENDIX B also includes two-stage filter spectrums as analyzed by Middlebrook (references 2 and 37}
who also prefers a two-section LC filter. Greater flexibility in achieving stability is achieved
with a two-section filter,

5.2.5 Input noise current with two-stage filter. FIGURE 46 shows plots of the noise current
without and with the FIGURE 44 two-stage input filter {designed for 54 dB attenuation at 20 kHz).
The attenuation curves shown in FIGURE 46 assume ideal components {L, C and R) which are frequency-
invariant. The dotted line shows the theoretical attenuation slope if the filter capacitance
values were invariant with freguency and neglipible ESR and ESL existed. For the frequency
region shown, the unfiltered notse declines at a 20 dB per decade slope and the ftltertng at 2
60 dB per decade slope so the maximum attainable slope is 80 dB per decade.

A more realistic curve is represented by a solid line which assumes: a. capacitors are chosen
to have the specified values at the switching frequency but decrease with increasing freguency;
b. ESR and ESL values are low, with ESL between 1 and 15 nH; and c¢c. 1lead lengths cause about

10 d8 less attenuation at 1 MHz. Macomber (reference 38) recommends particular capacitaors (see
6.2) and gives experimental data which are noted in FIGURE 45.

5.2.6 Predicted noise current compared to Navy £EQ3 l1imits. FIGURE 47 compares the pre-
dicted {(realistic) noise current to Navy CEG3 Timits for MIL-STD-4618. The predicted envelope
{a worst-case prediction) is below the Vimits for load currents of one amp and below. For load
currents greater than one amp and up to two MHz, the limits are relaxed in proportion to the
increased current and, therefore, the predicted noise levels remain below the relaxed limits up
to two MHz. Limits are exceeded above two MHz for load currents greater than 45 amps (153 dBpA).
However, high power loads often use a resonant-type switching converter which generates minimal
high frequency EMI or sufficient high frequency filtering can be added to the basic two-stage
filter to meet the specified limits.

Even lower noise levels throughout the spectrum can be achieved by using larger input filter
components or increasing the switching frequency. For example, the input two-stage filter in
FIGURE 44 was designed for -54 dB at 20 kHz. Another 10.6 dB of attenuation is attainable by
shifting f' from 1.05 kHz to 700 Hz with larger filter components. Using the same filter but

doubling the switching frequency intreases the attenuat
cy

switching frequency (40 kHz).

68




MIL-HDBK-2418
30 Sepiember 1983

100 MMz

120
1 amp 20 ns
20dB PER DECADE e’ tuiebunsE
WITH A | omp BPIKE \_
100 -
«
2
% NO
b 80 - FILTERING
w
-4
[
=]
O g |
o
u
113 PREDICTED INPUT
3 © CURRENT ASSUMING:
z THEORETICAL INPUT — DECREASING CAPACITANCE
8 CURRENT USING WITH FREQUENCY
\ — LOW ESR/ESL
s TWO-SECTION FILTER \
S 0 L wiTH IDEAL \ — DECREASED ATTENUATION
= COMPONENTS — DUE TO LEAD LENGTHS
< Z80d8 PER DECADE—"\ @
3 ‘\
0 |- @ EXPERIMENTAL DATA \
FROM MACOMBER \\
\ .
-20 Lol v vl N . BuR
1 10 102 103 1&‘ @ 105
FREQUENCY, KHz2
FIGURE 46. Switching regulator input current without
and with filtor ffun <t annc\
[* 1L ) i el Y ey - - UH J_L.
100
NOTE:
MIL-STD 461 CE-03 NEW LIMITS FROM
20 kHz TO 2 MHz MAY BE RELAXED
80}- FOR EQUIPMENT WITH LOAD
CURRENTS >1 AMP BY ADJUSTING
< THE 20 kM2 LIMIT BY A FACTOR OF
a 20L0G (LOAD CURRENT) AND DRAW-
v gol ING A STRAIGHT LINE TO THE
s 20 dB pA AT 2 MHz POINT.
x
< NEW LIMITS
0 «ol MIL-STD 461 CE-03
a
w
[
(& ]
a
2T
o PREDICTED MAXIMUM NOISE
CUARENT FOR SWITCHING-
ol REGULATOR POWER SUPRLY
WITH 1 AMP PULSE
-20 ¢ 1) el L gl 1 11m
1 kHz 10 kHz 100 kHz 1 MHz 10 MHz
FREQUENCY

FIGURE 47. CEO3 Navy limits for MIL-STD-4618B.

69



MIL-HDBK-2418B
10 September 1983

5.3 Ripple on output leads. Output ripple is an inherent characteristic of switching-mode

power supplies. There s always & residual component of the switching frequency conducted

differentially on the output leads. FIGURE 38 shows a typical LC output filter. It can be
designed for low output ripple (and even lower ripple values are achievable with muiti-stage
filters}. Very low ripple designs, however, can be expensive in component cost, and are more
difficult to stabilize. Fortunately, modern day digital logic circuits have excellent noise
immunity and wide switching margins. It is poor economy to over-specify power source output
noise.

The question remains--what is the most cost-effective way to deal with analog circuits that
cannot tolerate such ripple? 0Often only one or two critical circults require very low ripple.
These sensitive circuits are best handled by adding a point-of-use series regulator. By lecating
the lossy regulator only at the noise sensitive circuit, losses are kept to a minimum. Other
circuits fed by the power supply may not need very low-ripple voltages.

5.4 Suppression of internally radiated noise. EMI radiation from within the chassis no longer
need be a major problem. Noise generated within the wiring and non-ideal components can be coupled
either to the outside world or to the input and output leads, inductively or capacitively. This
potential noise problem has been successfully solved in recent years. In the past, switching-
mode power supply manufacturers avoided reference to EMI except for specifying output ripple.

Today, however, many low EM] designs exist and many manufacturers do not hesitate to refer to
iow EMI in their catalogs, in some cases referencing MIL-STD-461 and other Governmental or
fndustrial specifications.

Several texts have recently appeared in which noise reduction techniques are discussed. Gottlieb
(reference 41) states that recent understanding of nofse filtering and suppression techniques has
enabled the designer to contain the spurious noise energy within the physical confines of the power
supply. A book by Ott {reference 42) is devoted exclusively to noise reduction in electronic
systems and much of the detailed theoretical and practical information therein is directly appli-
cable to switching-mode power supply noise reduction.

5.4.1 Use of fast (soft) recovery diodes. 0iodes are non-ideal and exhibit a phenomenon
known as reverse recovery. A spike occurs at the end of a diode conduction cycle when reverse
voltage is just applied by the transistor. A short pulse of reverse current through the diode
is required to sweep out minority carriers and to establish the reverse biased junction. The
transistor must supply this current in addition to the commutated inductor current. Therefore,
there is a corresponding transistor current spike. This effect can be limited by the use of a
fast recovery diode.

Where the Schottky diode is applicable, one can considerably diminish this source of noise.
Schottky diodes have low forward voltage drops but their reverse leakage current increases with
high reverse voltages and rising temperatures. At the present time Schottky rectifiers are
cbtainable {references 43 and 44) with acceptably low reverse current and reverse voltage capa-
bilities up to 100 volts. A safety factor is recommended, however, limiting their use to

lower voltages {50 volts or 60 volts). However, a Schottky diode has four to five times more
Jjunction capacitance than pn rectifiers. In a practical power supply, this capacitance together
with transformer's leakage inductance forms an equivalent tuned series circuit. Energy in this
inductance can force excess charge into the capacitance building to a breakdown voltage level
(reverse-blocking state} unless a protective snubber circuit is provided. Resistance-capaci-
tance (RC) snubber across the Schottky will protect it and also help minimize voltage spikes

wnad e bmiim  aaam e ~h - - - - .
and thus reduce conducted and radiated interference.

For higher voltages other types of fast recovery diodes become increasingly competitive as forward
voltage drop diminishes in importance. These fast recovery diodes, however, can generate radiated
energy due to the steep di/dt. To control this radiation, use ferrite beads on transformer output
leads feeding rectifier diodes and place lossy mylar capacitors across the diodes (reference 45).
Reducing the need for beads and capacitors are new high speed rectifiers with soft recovery charac-
teristics which reduce the di/dt on turn-off of the diodes.
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5.4.2 Contro) of transistor rise and fall times. Fast rise/fall time transistors result
in more efficlent switching-mode power supplies. Unless controlled, however, they result in
high frequency rediated or conducted emissions and also stress the transistor. The Fourler
analysis of the basic switching waveform {see FIGURES 41 and 116 of APPENDIX D) shows a series
of harmonic components extending into the meganertz region of the spectrum. The initial rate of
roll-of f with increasing fregquency is only 20 dB per decade for the trapezoidal waveshape, and
the 20 dB roll-of f extends to higher frequencies as the switching speed incresses, By rounding
the switching waveshape, & roll-off of 60 dB to B0 d3 per decade can be obtained (see FIGURES 118
and 119). The rounding can be 2ccomplished by snubbing networks.

Two basic snubbing configurations are shown in FIGURE 48 and design equations are given for them
for six types of switching regulator/converter circuits in reference 46. Snubbers use reactive
elements to shape the load 1ine. For the current snubber most of the power dissipated in the
snubber would otherwise be dissipated In or radisted from the transistor. The voltage snubber
can lead indirectly to improved efficiency by allowing for a lower average junction temperature.
Recommendations are also made for component selectlon for the passive elements of the two snubbers
cons idering the transient performance in addition to the normal voltage, current and power con-
straints. They state that more elegant techniques are available to those who are willing to

trade simplicity for greater efficiency (reference 46).

For exzmple, unigue snubber networks are given in references 47 and 48. Switching spikes are
cons{derably reduced. At high power levels mpst of the switching losses from the switching
transistor are removed with either of two networks, each containing three components: an
inductor or a capacitor, diode, &nd a resistor. With proper design they even sonewhat improve
the overall efficiency.
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(a) TURN-OFF {(CURRENT) {b) TURN-ON (VOLTAGE) {c) IMPLEMENTATION OF
SNUBBER SNUBBER VOLTAGE AND CURRENT
SNUBBER
FIGURE 48. Voltage and current snubbers.
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5.4.3 Mechanical suppression techniques and high frequency filtering. To minimize magnetic
field radiatTon, all switched current Teads, both ac and dc, should be kept short and the hot and
return leads twisted, or where the wiring is & printed circuit, the hot and return lgads should
be run in mirror-image conductors. Inductive loops should be avoided wherever possible (see
FIGURE 49} and the wirling layout should aim for cepacitive isolation of high dV/dt points in the
clrcuits (see 6.6.1).

e

v um ll’: artundod haa
L iH ai &In

Igeally, the collector A om groundad he -
ground loop of common-mode switching-fregq nt. However, the capacitance between a
TO-3 encapsulated transistor and its heat sink when a mics Insula:ing washer Is used 1s typically
100 pF. This may result in more conducted EMI than is permitted. One solution to this problem
1s to use transistors with better fnsylators such as beryllium. Another solution is to connect
the heat sink to the transistor emitter or positive supply line. This ensures that the current
in the collector-to-heat sink capacitance remains In the primary circuit and is prevented from
flowing fnto the line via the ground connection. Another solutfon is to enclose the heat sink
within a screen which is connected to the dc supply line. The optimum solution will depend on
the electrica) and mechanical details of the Individual power supply. Also, (solated transistors
are starting to be manufactured by some power transistor companies.

3!'

ta nravent a
U provenRt =

1t will usually he necessary ta enclase the power supply 1n an attenuating enclasure., For
shielded enclosures to be effective, a1) leads entering or leaving the shield should be
filtered to prevent them from conducting nolse out of the shield. For lower freguencies,
norma) decoupling filters are adequate. At higher frequencies, however, special care must
be taken to guarantee the effectiveness of the filter and the following fiitering methods

(see FIGURE 50) are recommended In reference 42:

a. The use of feedthrough capacitors where the conductor passes through the shield:
the mica or ceramic capacitor, with short leads, between the conductor and ground 2t the Circuit
end

b. Shielding the conductor inside the enclosure to decrease the noise picked up by
the conductor

c. Obtain additional filtering with a w type filter using the feedthrough as one
capacitor

d. Further improve this pi-fiiter by enclosing the choke in a separate shield Inside
the primary shield to prevent it from picking up noise.

In all1 the above filters the lead lengths on the capacitors and shield grounds must be kept short.

Although filtering of input and ocutput leads is essential, packsging in a shielded enclosure may
not always be necessary. Use of low EM]1 technigues may be sufficient to permit open-frame power
supplies. Some newer techniques being used include the use of lossy ferrites in balun and other
line inductors. A balun is a transformer used as a longitudinal choke {see FIGURES 51 and 52}.
it is also called a neutralizing transformer. A transformer connected in this manner presents a
low impedance to the differential current and allows d¢ coupling. To any common-mode noise,
however, the transformer is a high impedance. Thus the ground laop is broken without the use

of an isoleting transformer {see pages 71-76 of reference 42).

Another use for ferrites is as beads {see 6.5). Ferrite beads provide an finexpensive and con-
venient way to add high frequency resistive loss in a ¢ircuit without introducing power loss at

dc and low frequencies. The beads are small and can be installed by siipping them over a component
lead or conductor. They are most effective zbove one MHz and can provide high frequency decoupling,
parasitic suppression and shielding. They are being used to damp out the high frequency oscilla-
tions generated by switching transients 1f a sing!e bead does not provide sufficient attenuation.
iwd or ihreée beads may be used. They sre frequently used a3 part of an €M1 LC filter. 7o reduce
comon-wode conducted emission, see FIGURE 53 where a mylar lossy capacitor is placed from each
fnput and output lead to ground and the input a&nd cutput leads are routed through ferrite beads

{reference 45).

External EMI filters should be mounted close to the power supply. This will prevent external
noise {for example computer noise) from entering the power supply.

To reduce EM], some manufacturers physically divide the power supply into two parts - a high-
power section and low power section - which are separated by shielding.
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FIGURE 49. Examples of bad and good wiring layouts.
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I 5.4.4 EMI confinement techniques for transformers and inductors. Transformers, not being
ideal, have capacitance between primary and secondary windings, and this allows noise coupling
through the transformer. This coupling can be reduced by providing a properly grounded electro-
static, or Faraday, shield {a grounded conductor between the two windings). Inductors wound on
closed magnetic cores (for example, toroidal) have less externa) magnetic fleld than open cores.
If necessary, high-permeability magnetic shielding material can be used to confine the magnetic
fleld from transformers and inductors. Magnetic coupling is minimized by the use of twisted
leads. Reference 5] recommends quadrature placement of torolds in reference to adjacent torofds
to minimize magnetic cross-coupling; and 90 degree orientation of high-level and low-level
twisted pairs where they must cross.

- 5.5 Future low-noise designs--two major developments. A recently developed version of a
cascaded optimum topology switching-mode power supply s & major breakthrough in reducing EM]
(references 2 and 49). This novel converter has the same genera) conversion property ({increase
or decrease of the input dc voltage) es does the conventicnal buck-boost converter. However, its
new optimud topology (maximum performance for minimum number of parts) results n reduced EMI, as
well as higher efficiency, lower cutput volta?e ripple, smaller size and weight, and excellent
dynanic response. For example, as discussed in 3.3.5.2, in the Cuk converter the fsolation trens-
forwer has no d¢ current component which makes it possible to minimize its size, loss and leakage
inductance (less EMI}. The converter, however is & sixth order system with real and complex zeros
in the right-half plane; and therefore, requires skiliful stebilizing procedures (see 3.3.4.3.3).
The advent of MOS fleld effect transistors (FET) has made possible higher-switching-frequency
{duty cycle) power supplies. Higher switching frequencies are easier to filter. Increasing the
switching freguency cen result in more attenuation for given sfize filter components {(or smaller
components for the same attenystion). The advantages of higher frequency operatien are there-
fore as follows:

4. Magnetics are simpler and should be less expensive to fabricate
b. Ceramic and film {polycarbonate) capacitors replace electrolytics

c. Decreased size and weight

d. RFI fiitering is simpler and one can now use commercial low pass EMI filters
{usually ineffective at 20 kHz or 40 kHz) which begin to provide significant rejection as they
approach 300 kHz.

The primary drawback--degraded efficiency due to increased switching losses--has been
largely overcame by the application of MOSFET switching devices (reference 50). It is
anticipated that as MOSFET technology matures, operation at 100 kHz and beyond will become
much core commanplace (see 6.1.3}.

5.6 Summary. Topics included In Section 5 are:
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b. State-of-the-art switching-mode power supplies can be designed to meet the Navy
CEO3 Vimits for MIL-STD-461.

c. Internally radiated noise is no longer a major problem. Noise reduction
techniques must be used but they are being successfully used and information about them
is available.

d. Output ripple is an inherent characteristic of switching-mode power supplies. The
most cost effective way to deal with intolerant sensitive analog circuits {usually only a few
require very law ripple) ic by 2dding a point-of-use regulator,

e. A major breakthrough in reducing EMI {s a recently developed optimum topology
switching-mode power supply. Both the input and output current ripple at the switching frequency
can be made essentially to vanish., Further development of resonant converters and MOSFET devices
will also result in reduced EMI converters.
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SECTION 6. COMPONENT AND CIRCUIT DESIGN CONSIDERATIONS.

Fundamental to power electronics is that lossless components must be used as circuit elements--
to do otherwise 1s too costly in terms of lost power. The lossless components are switches,
inductors, capacitors, and transformers. The objective of power electronics design is to com-
bine these four components in a topology and control the switches such that the system require-
ments are met (reference 55).

These lossless components all are subjfected to either fast current changes or fast voltage changes,
or both. As a result, they are potential generators of high frequency EMI (see APPENDIX D) unless
consideration is given to preventing EMI from these lossless sources. The EMI may be generated

as an external magnetic or electric field or may be coupled internally to other parts of the
circuit via real or parasitic components. Information is presented here on the selection process
for these lossless components to better understand how to prevent them from being a source of EMi.

6.1 Semiconductor switching devices. The switches in power conversion circuits today are
solid-state semiconductors. Both current and voltage change rapidly and EMI can be induced during
turn-on and turn-off. The power semiconductor marketplace is characterized by a growing variety
of special components which offer to the user a high degree of flexibility in the design of
electrical circults and in the mechanical construction of equipment. A1l component manufacturers
are trying to make their power devices faster and capable of handling more power. But a major
emphasis is on packaging, to produce cheaper and more energy-efficient devices. This is
especially true with industrial-power devices.

The switch is central t electronics. Whatever can be achieved at any given time in power
electronics is a strong function of the current state-of-the-art in switches. Solid-state thyristor
switches with voltage ratings over 1 kV and current ratings over 1 kA are routine with ample margin
to trade-of f parameters to increase speed-of-operation or other parameters. This is a power
maximum (Pmax} rating of aver ] megawatt in a single device. Transistors capable of switching

up to the 100 kHz frequency band are routinely available in Pmax ratings of 10 kW to 20 kW. The
Pmax figure-of-merit is defined as the ratio of output power to the peak-voltage and peak-current
product of the amplifying device. It is a measure of how well a circuit utilizes the power

handling capability of a device (reference 55).

[+
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Because of their different limiting capabilities, thyristors are gemerally used for the higher
powered uses and transistors (both bipolar and MOSFETS) for the higher frequency requirements.
However, thyristors are available for use up to 60 kHz and transistors, particularly MOSFETS,
are increasing their power handling cepability. Both monolithic and hybrid combinations are
being manufactured to combine the advantages of individual types, often resulting in effective
synergisms. These combinations include not only integrated Darlington (bipolar) connections
but also MOSFET and bipolar transistors in a cascade configuration and a polyphase SCR topo-
Jogy with FET commtation (reference 54),

Much of the discussion that follows on thyristors and transistors (6.1.1 through 6.1.3) is taken
from reference 55 and from a comprehensive report on the state-of-the-art of high power switching
prepared by Texas Tech University (TTU)} (reference 56}.

TABLE VI 1ists the semiconductor switching devices discussed,
6.1.1 Solid-state thyristors. Various types of thyristors are discussed. Thyristor

design involves a tradeoff between voltage rating, current rating and switching speed (both
turn-on and turn-off}. These tradeoffs are discussed in relation to the types of thyristors.
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TABLE VI. Semiconductor switching devices.

Thyristors — High power

Bipolar transistors — High frequency
MOSFETs — High frequency

Bipolar Darlingtons

Hybrid synergistic combinations

- MOSFET & bipolar

- SCR&FET

Power diodes

- Schoitky — Low forward dissipation

- Fast epitaxial — High reverse voltages

- Dilfused diodes — Various combinations of reverse voltage,
forward voitage, & reverse recovery lime
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6.1.1.1 Types of thyristors. A thyristor, generally speaking, 1s a semiconductor whose
switching action depends on regenerative feedback. It s a four-layer, three-terminal device,
with connections to » cathode, an anode, and a control gate. A number of different types of
thyristors have been reported: gate-triggered, light-triggered, laser triggered, non-reverse
blocking, gate-assisted turn-off, gate turn-off, reverse-blocking diode, and field-controlled.
{Field-controlled thyristors are not, strictly speaking, thyristors; they have no regenerative
gain and do not latch on.)

The gate-triggered thyristor is the conventicnal silicon-controlled-rectifier (SCR) which is
triggered on by an electrical pulse. Both forward and reverse blocking are cbtained with this
structure, but switching times are relatively long for large blocking voltages because of the
amount of charge which must be injected into or extracted from the base regions during
switching.

Light-triggered SCRs are similar to gate-triggered devices, but use a weak light pulse for
triggering; light-triggering is useful for electrical isolation, but has no other abvious
agvantage over electrical triggering,

Laser triggering involves higher light energies; turn-on js probably obtained through a narrow
region of very high carrier density (generated by the light pulse), which dissipates very low
power, permitting high di/dt and high peak currents.

The non-reverse blocking thyristor [or reverse-conducting thyristor (RCT or ASCR) has an
asymmetrical structure. One blocking junction has been eliminated, and valtage blocking takes
place only in the forward direction. The charge-modulated volume is smaller than in the
conventional SCR, so that faster switching is obtained.

A negative gate pulse is applied to assist turn-off in the gate-assisted turn-off thyristor
(GATO) to heip reduce switching times; however, anode current must be commutated.

The gate turn-off thyristor {GT0) does not require commutation; a reverse gate bias squeezes
the conduction plasma into a high current filament which is pinched off.

The reverse blocking diede thyristor (RBDT) is essentially self-gated, using dv/dt switching.

Finally the field-controlled thyristor (FCT) is a modified vertical channel field-effect trans-
istor containing a reverse blocking junction. In
diade; when the gate is reverse-hiased, the inter
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6.1.1.2 Voltage {blocking voltage) and current ratings. The breakdown, and hence the
blocking voltage, js controlled by the properties of the n-base, that is, by its doping and
width, or by the character of the n-type surface near the center or the anode junctions.
The blocking voltage itself is less than the breakdown voltage.

Most thyristors ére designed around the bulk breakdown vaoltage of the n-region. The base width
must be increased as the blocking voltage is increased. However, the dynamic properties of the
thyristor (such as turn-off time? degrade with increasing base width, so that a compromise
between blocking voltage and other thyristor characteristics is required.

The in,.urity concentration of the n-base is establ{ished by the resistivity of the thyristor
starting material, Resistivity variations occur from wafer to wafer, and radially across
jndividual wafers themselves. For large area high current devices, such variations must be
compensated for by making the n-base wide. Such a worst-case design results in a large
variation in breakdown voltage for a given base width, affecting yield, and degrading the
dynamic performance of the thyristor at a given breakdown voltage. However, this problem
has recently been circumvented by the introduction of the technique of neutron doping.

SCR forward current is usually limited by thermal constraints and is essentially limited by the
product of current-squared and resistance until the current densities approach several hundred
and several thousand amperes per Ssquare centimeter.

the on-state, the structure behaves like a p-i-n
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6.1.1.3 Turn-on and difdt. The rate at which a device turns on depends on the amount of
current which can safely flow through the small region where switching is {nitiated. In the
center gated thyristors, only & small part of the device immediately adjacent to the gate
electrode turns on, A considerable time may elapse before the entire cathode 2rea turns on,
and during this time, the entire anode current flows through only 2 small part of the total
conducting area; at high values of di/dt, high power dissipation and localized heating can
cause considerable damage to the device,

Laser triggered thyristors are & solution to slow turn on. The turn-on time can be many orders
of magnitude greater than electrically turned on devices,

6.1.1.4 Recovery time (turn-off). A conventional SCR latches on, that is, remains on
after the gate-Erigger signal has been removed, and can be turned off only by interrupting the
anode current (commutation). The turn-off time, that is, the time whith must elapse before
forward blocking capability is reestablished is usually long. The reapplication of a forward
voltage while substantial charge sti1) remains in the base regions will turn the device on
zgain. Turn-off time s usually adjusted by introducing suitable impurities, such as gold,
to reduce carrier lifetime; with gold-doping, turn-off times can be reduced to 10 ps without
seriously affecting other device parameters. However, if minority carrier lifetime s reduced
excessively, forward voltage drops are increased, and leskage currents become large enough to
affect leakage power dissipation,

Reverse conducting thyristors (RCT), or asymmetrical SCRs (ASCR), sacrifice reverse blocking
capability to reduce the n-base width while maintaining forward blocking; forward voltage drop
and turn-off time are thereby reduced. In developing the ASCR for high frequency applications,

a basic SCR structure is gold doped for faster turn-off--which gives slower turn-on, greater
forward drop, and decreased punch-through voltage. The n- re?lon is then thinned--which speeds
up turn-on, reduces forward drop, and reduces the blocking voltage. Then an additional n+ region
is added--which Increases the forward blocking voltage 2nd reduces the reverse blocking voltage.
In effect, the device has been speeded up keeping all other characteristics the same except
reverse blocking voltage which is sacrificed.

6.1.2 Power bipolar transistors., A transistor is a semiconductor, opening and closing
switch, whose switching action Is controlled by the presence or &bsence of current flow through
a p-n junction (the cmitter-base junction). When the p-n junction Vs forward biased, and forward
diode current flows, the switch is closed. The transistor is a three-layer three-terminal device,
with connections to an emfitter, a collector and a contro! base.

The principal design considerstion for high power transistors is the standoff voltage, that s,
the collector-base junction breakdown voltage. Starting resistivity, diffusion depths and base
widths are all chosen with respect to the volitege requirements, and switching performance is
affected by those choices. Fabrication processes are affected as well; device configurations
oust be consistent with high voltage operastion,

6.1.2.1 Pulse current and gain. The current gain (the ratio of collector current to base
current) of a Transistor falls of f considerably at high forward current densities. The net
effect of high currents is a wider base width and gain faii-off at high currentis.

Destructive effects at high currents are generally the result of high temperatures which follow
the formation of current constructions. High forward current stability can be enhanced by
interdigitation of the emitter and base contacts,

6.1.2.2 Delay and recovery. Delay and recovery effects in transistors are the result of
junction depleton and charge storage capacitances., When a base signal is first applied, the
emitter base depletion capacitence must be charged through the source output resistance and
transistor input resistance before base current can flow. The charging time constant {s the
intrinsic delay time of the transistor, which, when added to the rise time of the collector
current pulse, establishes the transistor switching delay time. As the base current increases,
the transistor turns on, charge s stored in the base region as current flows. This stored
charge represents an equivalent storage capacitance which aust be charged up as the collector
current increases, and which affects the rise time of the collector current pulse.

bmnma das
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Switching delay time may be reduced by overdriving the base with base cyrrents in excess of
those required to sustain a given collector current, but such overdriving reduces the effective
current gain and introduces excess charge to be stored in the base, increasing the collector
current fall time, hence the recovery time.

Switching recovery time is determined by the storage capacitance, which must be completely dis-
charged before the current pulse is off. The recovery time has two components: the storage

time required to remove excess stored charge introduced into the base by base overdrive currents;
and thetpulse fall time, which corresponds to the removal of stored charge introduced by normal
base drive.

The maximum value of di/dt is determined by the rise time of the collector current. The pulse
rise time may be increased by base overdrive; however, inasmuch as the maximum pulse repetition
rate depends an the recovery time, an increase in di/dt wi)) be accompanied by a diminished

max imum pulse repetition rate.

6.1.2.3 Breakdown voltage versus forward voltage. The introduction of a v-layer affects
the output behavior of a transistor by increasing the breakdown voltage,

Although breakdown voltage is improved by introducing the v-region, the forward voltage in the
on-state, typically several tenths of a volt, is also increased. Turn-on {deiay) time is reia-
tively high in quasi-saturation, so that power dissipation may be increased excessively during
turn-on. It 5 possible, by increasing the base doping level, to reduce the final on-state
voltage drop across the transistor and to reduce the delay time; but quasi-saturation effects
are not eliminated, and turn-on times remain relatively high.

6.1.2.4 Life. The life of transistors is established generally by the same constraints
which affect the Yife of thyristors. If a transistor is heat sinked well-enough, it is rea-
sonable to expect a lifetime in the order of tens of years, providing that transient adiabatic
heating is not so great as to cause catastrophic damage. Transistors, moveover, do not
experience the pulsed thermal shocks which damage thyristors in which high currents are required
to flow through small turned-on regions. A transistor with dimensions comparable to those
typical for a thyristor inverter will turn-on ia around 0.5 ns, the time regquired for the
base signal to propagate across the base. Within the same period of time, approximately
0.001 percent of the total thyristor area will conduct. However, transistors can be driven
into unstable operation relatively easily, particularly when switching inductive loads, and
catastrophic faiture can quickly result once a transistor has been driven into an unsafe

power region.

This unstable operation is called secondary breakdown and is specified by at least four safe
operating area (SOA) descriptions. Forward biased SOA is often exceeded during current over-
loads where the collector current goes beyond the product of the gain and base current product,
or if a transformer saturates. Collector-base clamped SQA is a special case of forward biased
SOA seen in ignition circuits and solenoid drivers. Unclamped reverse-biased SOA occurs when

a device is forced into avalanche. Clamped reverse-biased SOA occurs in switching an inductive
load with the collector current ciamped to a voltage source.

Failure of the circuit to keep the transistor within the various SOA Vimits is one of the major
failure modes of transistor switching circuits,

6.1.3 Power MOSFETs. The power MOSFET is a semiconductor opening and closing switch
whose switching action Ts controlled by an electrical field applied across a semiconductor
channel. It is a three terminal device with connections to the drain, source, and gate.

Unlike thyristors and bipolar transistors, which are minority carrier devices, the power
MOSFET is a majority carrier semiconductor device and has a fundamentally different con-
struction and mode of operation. ({(The discussion of MOSFETs is mostly taken from reference 55).

The MOSFET is a voltage driven device as opposed to a bipolar transistor which is current driven.
With no voltage applied between the gate and source electrodes, the impedance between the drain
and source terminals is very high, and only a smal) leakage current, in the region of nanoamperes,
flows in the drain.

The gate is isolated electrically from the body of the semiconductor by a layer of silicon oxide.
when a voltage is applied between the gate and the source terminals, a field is formed in the

p channel inverting it to an n channel and current flows from drain to source. The gate is still
isolated from the source and no dc gate current flows.
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6.1.3.1 Types. Power MOSFETs are of two basic construction types: surface groove MOS
structures, with the trade names of V 805 and U MOS; and D KOS structures with the trade nzmes
of HEXFET, T KOS, 7 M35, SIPMDS and SUPERFET. High voltage, high current power KOSFETs are
alcost without exception D MOS structures. The major differences between surface groove and
D KOS is the structure. The groove used in the surface structure makes it core susceptible
to voltzge breakdown above 100 V. Breazkdown voltage is fncressed by rounding the bottom of the
groove, hence the name U MOS. 0 KOS has a planar structure with no grooving, and consequently

[ P [ 1AMA 0

has & higher breakdown voltage--up to 1600 V.

6.1.3.2 Drain resistance versus breakdown voltage. The goal of all} of the power MOSFET
constructlons is to paralle} many channels to get Tow on-resistance. A single device may have
- a thousand parallel cells. The positive temperature coefficient allows successful paralleling
of cells within the structure of individual devices. Unfortunately, the on-resistance s a
strong function of breakdown voltage and increases exponentially {by & power of 2.3 to 2.7).
The design issues for a power MOSFET is to make the shortest possible channel, to mzke the
. thinnest possible defect-free gate-insulator, to make the greatest possiblte channel-source
periphery per unit area of chip, to minimize the gate input-capacitance consistent with a
thin gate~insulator and large channel source periphery, and to minimize the serles drain
resistance consistent with the needed breakdown voltage.

6.1.3.3 Turn-on, turn-off and reliebility. Power KOSFETs are fast for semiconductor
devices. Oevices with a 300 V, TO A ratTng {Pmax of 5 kW) have typical turn-on delays of
40 ns, rise times of 60 ns, turn-off delays of 200 ns, and fall times of 90 ns in standard
test circuits., Special drive techniques can force faster times.

Devices appear to have excellent fleld reliability if: the gate is protected from overvoltage
{the thin oxide insulator can be destroyed with any overvoltage, even spikes of nanosecond
duration and minimal energy content), the drain to source voltage 1s not exceeded; and the
heat sinking and application keeps the device out of a narrow reglon susceptible to thermal
run&way. The device has no secondary breazkdown problems., Designers observing the above pre-
cautions reported that they have yet to lose & MOSFET in development projects where they
would expect ta lose dozens of bipolar devices during the development stage. However, some

ROSFETs do have finite energy capabllity requiring care if switch!ng an fnduct ive load.

Power MOSFETs have just begun to be widely used since they are more expensive at present
than bipolar devices with similar Pmax ratings. They have proven to be excellent drivers
for high power bipolar and thyristor devices.

6.1.4 Power diodes. Power diodes ere ac to d¢ rectifiers In power supplies, and if the
power supply Is a switching-mode type, then diodes are also used as commutating (free-wheeling
or catch) diodes. At the present time, the following types are availeable:

a. 5chottky diodes with up to 60 ¥ reverse voltage, low forward dissipation and
extremely short switching time.

b. Fast epitaxial diodes with reverse voltages up to 300 V.

¢. Diffused diodes in various combinations of reverse voltage and recovery time,
and forward voltage.

d. Diffused diodes with a specified recovery current waveform (soft recovery).

6.1.4.1 AC to dc rectifier diodes. In a low-voltage ac to dc rectifier, the forward
voitage drop is Tmportant, S50 cuch so that a center-tapped transformer full-wave rectifier
is often used instead of a full-wave bridge rectifier in order to eliminate one-half of the
diode power losses. Of vital interest Is the recovery characteristics of the dlode, partic-
uiariy when inductance is present in the source. Reactance of the input trensformer, if one
is used, can place a very high voltage-transient on the diode being commutated off 1f the
diodes have snap-off recovery characteristic.

The Schottky diode, often used for rectification particularly in designs employing a full-wave
diode, does have two severe limitations: a high leskage current 2bove 100 degree centigrade
Junction temperature; and a low peak inverse voltage breakdown 1imit. The other types listed
above are more applicable where higher reverse voltages are present.
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6.1.4.2 Commutating switching frequency diodes. Selecting a rectifier diode for use in
high frequency converter clrcults involves a number of trade-offs and a number of circuit con-
straints must be considered. Many of these have been discussed by Fred Blatt {reference 57).

In summary, the characteristics to be balanced include primarily: forward voltage (VFM),

reverse voltage (VRHM)' and reverse recovery time (trr). The Schottky barrier diode {s gener-

ally regarded as the best choice for low voltage supplies (12 ¥ or less) because of its extremely
low forward voltage drop, which, coupled with its freedom fram stored charge effects, yields
a low loss rectifier circuit. However, presently available VRHM is limited to about 60 V.

Recently, p-n junction devices {often made by a combination of ion-implantation and epitaxial
technology) have been introduced which offer high speed and voltage ratings to 150 V, with
forward drops somewhat lower than the ordinary fast recovery rectifier diodes. These diodes
appear to warrant first consideration in supplies in the 10 ¥V to 24 V range, particularly if
voltage transients are a problem. The ordinary fast recovery device is often satisfactory in
higher voitage suppiies. Switching speed of any of these diodes is satisfactory from a rectifier

efficiency point of view, if operation is not much over 20 kHz; but the slower the diode the higher

the penalty, in terms of switching losses in the transistors, contrary to a demand for transistaors
with higher safe operating area.

6.2 Capacitors. The growth of switching-mode power supplies has spurred advances in capac-
itor development, particularly for the input and output filter capacitors.

In addition to its filtering function, the input capacitor for ac to dc power supplies must have
sufficlent capacitance to support the load during the period when the rectifier is non-conducting.

The output filter capacitor must also support the load during the non-conductive periods of the

charge period is in microseconds rather than milifseconds, substantiaily smailer capacitance
values are required. The capacitor must alsoc be sufficiently large to absorb the energy trans-
fer from the choke should the load decrease dramatically.

Because of advanced configurations {multitab, stack-fo!l, and four-wire) better foil-etching
techniques, and new materials (such as nonagueous electrolytes) aluminum and tantalum electro-
1ytic capacitors now demonstrate lower equivalent-series inductances (ESL) and lower equivalent-
series resistances (ESR) and pack higher CV products into a given case size.

Smalier capacitors (mica and ceramic) are also required for higher frequency filtering. Some
of these take the form of feed-through construction.

6.2.1 Input and output filter capacitors. A1l capacitors have parasitic inductance and
resistance. As shown in FIGURE 54, this forms a series-resonant circuit so that at frequencies
below self-resonance, the capacitor is capacitive, and above seif-rescnance it is inductive.

In general, larger valued capacitors have lower self-resonant frequencies. At 20 kHz an
electrolytic capacitor is usually used for the cutput capacitor, with the size determined by the
ESR needed for the ripple current. The result is that to obtain a low ESR the filter capacity
may be much larger than is required for filtering. This large value of capacitance results in

a very low self-resonant frequency.

The input capacitor is usually even a larger electroiytic {or bank of parallel electrolytics)
again oversized--but for different reasons. One reason is to increase the hold up time should
the input power be cut off. A second reason is oversized input capacitors are used is to
compensate for a decrease of capacitance with increasing frequency. However, these large input
capacitance values will cause high rectification harmonics to distort the input line unless
sufficient inductance is part of the LC filter or unless one of the newer techniques are used,
for example by switching-mode technigues to regulate the input current to follew the input
sinusoidal voltage (see 4.5.2.2).
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FIGURE 54. Capacitor ac equivalent circuit.
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6.2.1.1 Electrolytic cagacitors. Electrolytic capacitors are neither ideal nor frequency
invariant, Typical Tow aluminum electrolytic capacitors may lose about 15 percent to
50 percent capacitance from 120 Hz to 10 kHz, settling down to a high frequency value of less
than 1 percent of the 120 Hz capacitance.

ESR aiso decreases with frequency but for low voltage capacitors increases again. (For example,
a 6 V dc capacitor typically decreases with frequency about 40 percent from 120 Hz to a minimum
near 1 MHz. The ESR then typically increases with frequency to within 25 percent of the 120 Hz
value above 10 MHz).

ESL is relatively independent of frequency, but it depends enormously on the capacitor's construc-
tion (if designed for fast manufacturability, ESL typically runs more than 50 nH but Tow ESL
aluminum electrolytic capacitors run between .5 nH and 15 nH). The net effect is to reduce the
capacitor's attenyation ability at high frequencies. Above approximately 150 kHz the capacitor's
ability to attenuate EMI depends almost entirely on ESL., A high voltage capacitor especiaily
designed for low ESL (see 6.2.2.3) might be expected to provide two to six dB additional noise
attenuation at 1 MHz and 18 dB at 150 kHz. Experimental results {in reference 38} using a 20 kHz
power supply drawing 3 amperes and a low ESL input capacitor resulted in conducted EMI values of
12 dBpA 150 kHz, -15 dBuA at 50 kHz, -16 dBpA at 1 MHz, -26 dBpA at 5 MHz, -30 dBpA at 30 MHz,

and -26 dBuA at 30 MHz {these points are plotted in FIGURE 25).

ESR and capacitance decrease with increased frequency for those capacitors generally suited to
switching regulator input filter applications (aluminum electrolytic, tantalum foil, tantalum

wet slug, and solid aluminum) (reference 40). For example, it is common to find the capacitance
or ESR of tantalum wet slug capacitors at 50 kHz equal to 50 percent of their 120 Hz rated values.
The lowered capacitance results in a higher ripple voltage across the capacitor in the time
domain (at the switching frequency)}. Referring to FIGURE 45 for the one stage filter, the fre-
quency domain curves would be less steep because attenuation, v2/v] at any frequency is

tnversely proportional to a capacitive function, 1/(1 + jwRC +u:2 LC).

6.2.1.2 Plastic or ceramic input or output capacitors. Where capacitance values less
than 50 ufd are adequate for system performance {which {s sometimes true even at 20 kHz) plastic
diglectric capacitors offer much jower E5R iosses, and jong term stabiiity over & wide tempera-
ture range (see C2 in FIGURE 44). Polycarbonate and other film capacitors are used extensively
in high frequency switching power supply applications and applications where substantial ac
currents must be tolerated by the capacitor--high frequency power filtering and series resgnant
power conversion circuits, for example. For switching-mode power supplies operating at very high
frequencies (for example, 200 kHz) either plastic film or ceramic capacitors are used. The ESR
of a good film capacitor may be two orders of magnitude less than the best electrolytic. At
200 kHz the smaller capacity for a given ESR is an asset in that it raises the self-resonant
frequency. As the current capability of the capacitor increases however, the self-resonant
frequency goes down, and in high power designs a point is reached where the high freguency
impedance is unacceptabie. One circuit trick to beat this problem is to paraliel small, high
self-resonant-frequency capacitors in a low inductance structure. Another scheme is two
different parallel capacitors as shown in FIGURE 55. Keep in mind that the effective ESL of
the capacitor includes the leads and mounting arrangement, so that a capacitor that stands up
from a non-ground plane board may have a much lower respnant frequency than the same capacitor
mounted close on a ground plane board with minimum lead lengths and the outer foil grounded
to the ground plane board (reference 58}.

6.2.2 Capacitor type descriptions. Aluminum and tantalum electrolytic capacitors are
described, and thelr performance properties are compared particularly for power supply needs.
Mica and ceramic capacitors are described including feed-through types.
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FIGURE 55. Compound capacitor.
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6.2.2.1 Aluminum versus tantalum electrolytics. Aluminum electrolytic capacitors have
finite 1ives, and present ser{ous temperature Timitations; their ESL and ESR, working-voltage,
surge-voltage, ripple-current, and leakage-current capabilities all need improvement. Never-
theless, these capacitors provide by far the bulk of the ripple filtering in switching power
supplies and dominate other switcher-capacitor needs because--so far--they cannot be beaten
in providing a high capacitance per dollar along with a high CV product per unit volume.

Moreover, aluminum electrolytics can be very suitable for the switcher-filter market if they are
designed with minimum impedance (see 6.2.2.3). A major drawback of electrolytic capacitors,
particularly the aluminum types, is their finite (but predictable) operating and shelf lives.

8y contrast paper, mica, ceramic, and film capacitars--the electrostatic varieties--have
indefinite lives, barring catastrophic problems. Tantalum types have substantially longer lives
than equivalent aluminum types, but in either case, the working conditions--working and surge
voltages, operating temperature, and ripple current--are the ultimate arbiters of electrolytic-
capacitor life. The closer each of these factors gets to the capacitor's limits, the shorter
its life. For a given set of working conditions and capacitor gquality, the larger unit is
likely to live the longest.

For more exacting needs, tantalum is one of the more expensive materials applied to electrolytics.
But for its much higher cost, a tantalum-oxide dielectric offers a much higher dielectric constant
han aluminum oxide; therefore, much smaller capacitors can be built with tantalum for a given CV
product. The anode of a tantalum capacitor can be made of foil or sintered tantalum material.
The electrolyte can consist of a dry solid-semiconductor material, such as manganese dioxide,

instead of a gel (wet unit). But each new technique or ingredient exacts a price, Solid-
tantaium capacitors have low internal inductance and resistance, and thus don't resonate until
well beyond 1 MHz.

t
wnan

In fact, solid-tantalum electrolytics offer specifications that no single aluminum electrolytic
can beat in every respect. However, individual tantalum specifications can be challenged by
specific aluminum units. For instance, small size, always one of the primary tantalum advantages,
Is now characteristic of some aluminum units.

The dc-leakage, life, and ripple-current handling of aluminum units generally are not as good
as those of tantalum units. Some larger aluminum units, however, can match the leakage, and
stil) others can compete in ripple-current handling, but none can simultaneously offer a long
life span (2000 hours at 85 degrees C for the tantalum 1000 h for the aluminum) and as small a
size. In operating temperatures, some aluminums can beat the tantalytics--but the aluminum is
larger, it leaks more, and loses more power.

Stability is one characteristic of tantalum devices that no aluminum can match, especially
when the electrolytic tantalum capacitor has a solid anode. Reliability is also unmatched,
but tantalum working-voltage ratings are limited--to 50 V. Aluminum-electrolytics easily
attain higher working voltage.

Differences exist even between different tantalum capacitors., Wet-electrolytic units can be
buflt smaller for a given CV product than solid-electrolytic units. Unfortunately, the tantalum
wets are not quite as reliable as tantalum solids.

Where very high capacitance is necessary, as in the filter circuits of large power supplies, the
desfigner does not have a choice between aluminum and tantalum; only aluminum capacitors are made
with sufficient CV product. Considerable effort has been spent in improving the large aluminum
electrolytics.

The result is that the good grades are quite good. ESR s amazingly low, as low as one milliohm
near resonance for some types. Temperature range can reach -55°C and +105°C. Controlled values
of both ESR and capacitance are possible.

6.2.2.2 Controiied ESR and ESL. The necessity for filtering the outputs of switched-mode
power supplies has led to the requirement not only for very low ESR and ESL at fregquencies between
10 kHz and 50 kHz, but for controlled values of these characteristics. The output filter is part
of the control loop, so the loop designer needs to know with some degree of precision what the
output impedance will be, else he will have difficulty designing a stable loop. It is now
possible to control capacitance to within 20 percent and ESR within 30 percent.
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6.2.2.3 Minimai ESR angd ESL. There are several ways to minimize ESR and ESL. One fs to
bring out multiple tabs connecting to each electrode fo!l at several points in the roll lsep

F1GURE 56b}. Connectlng the tabs together yields & low-inductance, low-resistance link to the
terminals.

The stacked-foil capacitor represents another approach (see FIGURE 560). In aluminum stacked-foil
capacitors, the resulit 1s achieved a little differently than In films. For example, severa)
rolled capecitors are placed in parallel. &£ach roll fs a flattened cylinder. The anode foil
protrudes on the other side. All the anode-foll edges are welded together, as are all the
cathode-foi) edges. E£ach weld is connected to & broad strip conductor, terminating on the
outside of the can. The profusion of parallel paths through the capacitor results in low ESR

in the mi))iohms range and ESL to less than 2 nanchenrys.

S§t111 another method of achieving low effective inductance and minimizing the ESR is the four-
terminal capacitor, an axial unit with both an fnput and output at each end {see FIGURE 56C).
Load current flows in at one end, through the length of the anode electrode and out the other
end, thence through the load and back through the Ien?th of the cathaode electrode in the reverse
direction. Since the current paths in the two directions 1ie very close together through the
capacitor, the magnetic fluxes due to the currents cancel quite well and the net inductance fs
small (less than 1 nanchenry 1s possible).

Stacked-foll and four-terminal capacitors exhilbit impedance curves that are flat over a frequency
range of two decades or more; in this range the inductive reactance is equal to or less than the
ESR. Murg convent fonal electrolytics have an fmpedance minimum that covers about a decade (see
FIGURE 56).

6.2.2.4 Mica and ceramic. Mica and ceramic capacitors of small values are useful for higher
frequencies and up to ebout 200 MHz. A capacitor of flat construction, if the capacitor plates
are round as in & ceramic disc capacitor, will remain effective to higher frequencies than pne
of the square or rectangular construction.

Other factors must be considered In selecting ceramic filter capacitors. A ceramic capacitor
element is affected by operating voltage, current, frequency, &ge, and smbient temperature. The
arpunt the ceapacity varies from its neminal value is determined by the composition of the ceramic
dielectric. The dielectric compas(tion can be adjusted to obtain a desired characteristic such

2s negative temperature or zéro temperature coefficient, or minimum sfze. En obtaining one
characteristic, other characteristics may become undesirable for certaln applications. For
exzmple, when the dielectric composition s adjusted to produce minimum size capacitors, the
voltage characteristic may become negative to the extent that 50 percent cepacity exists at

full operating voltage, and full embient temperature may ceuse an additional sizeable reduction

in capacity. Also, from the time of firing of the ceramic, the dielectric constant may decrease;
after 1000 hours, the capacitance may be as low as 75 percent of the original value. The designer
should make ceranic capacitor selection based on required capacity under the most adverse operating
conditions, taking fnto account aging effects.

Capacitors of short-lead construction, and feed-through capacitors, are three-terminal capac-
ftors designed to reduce inherent end lead inductances. Theoretical insertion loss of three-
terminal capacitors is the same as for an ideal two-terminal capacitor. However, the insertion
loss of a practical three-terminal capacitor follews the tdeal curve much more closely than does
2 two-terminal capacitor. The useful freguency renge of a feed-through capacitor is improved
further by its case construction enabling a bulkhead or shield to isolate the input and output
terminals from each other,

Capacitor selection for shunt capacitive filters, or any other filter application, is determined
in part by the voltage, temperature, and frequency range in which the filter must cperate. For
28 vdc applicattions, capacitors rated at 100 working volts dc (Wvdc) are adequate. Metallized
mylar capacitors offer the most compact design and good reliability, Their dissipation factor
Is very low, and lea2d length can generally be kept short to improve high frequency performance.
For high voltcge dc applications, ceramic capacitors are available with capacitances as great

as 15,000 pF at 6000 volts dc.
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FIGURE 56. Capacitor response characteristics.
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‘ . 6.2.3 Capacitor paralleling end mounting. 1t often occurs that because of their large
physical size, electrolytic capacitors may be located some distance from their associated
working components (diodes, resistors, and so forth)., This necessitates long interconnecting
leads on printed circuit (PC} boards or between subassemblies, and these leads usually carry
high circulating currents. In addition to the wiring loops (and H fields) thereby created,
the effective ESL of the capacitor Is increased from its inherent ESL (see FIGURE 54) and the
resonant freqguency is even further decreased. These effects can be reduced by placing a
ceramic capacitor in parallel with the electrolytic capaclitor, but physically located on the
PC board near the associated components {see FIGURE 55).

However, not all cerzmic dielectrics have low losses, particularly those with the highest X,
s0 some care cust be exercised in selecting ceramic capacitors (reference 58).

It is Importent when paralleling these cepacitors to use very short leads for the high frequency
capacitor so it is realiy capacitive, keeping 72 in FIGURE 55 resonant at a high frequency.
The following rules are therefore recommended:

a. Cepacitor leads should be kept as short as possible. When mounted on a PC board,
the PC tracks become, in effect, an extension of the capacitor leads increasing the ESL of the
ceapacitor.

b. Paralleling two capacitors to cancel long lead length effects, keep the leads
to the smaller high frequency capacitor as short as possible.

In addition, the following procedures are also recommended:

sfda Fatl

¢. The outside foil af & capacitor may be indicated elther by a negative sign, &
wide band printed on the casing, or by a drop of solder on that particular leed. This le
should be directed towards the Iauest ec i{mpedance to circuit ground,

d. The ground return lead for chassis-mounted capacitors can be twisted with the
| hot lead, if the wires are insulated, to reduce magnetic ffeld emissfons.

e. A capacitor should be mounted at right angles axfally, with respect to another
| capacitor or element, in order to redute interaction effects.

6.2.4 Soft start. The input fiiter capacitor may create & potentia) problem--high finrush

| current. If [t 1s lntentlona\ly chosen for high storage capacity and low ESR, it behaves 1ike

a nearly perfect short circuit when the power supply first turns on {unless cnnsiderable induct ance
is included in the fnput filter). The short-durat fon peak (nrush current can destroy the input
rectiffers and stil) lack sufficlent energy to open protective fuses or circult breakers.

To deal with this problem, many designs incorporate circuits that include efther a thermistor
or a series resistor that is effectively shorted out by a triac or SCR after the turn-on surge
has subsided.

6.3 Inductors. To design an Inductor one selects the size and type of core, the core
material, the wire size and number of turns, and the optimum design permeabilfty. Generally,
the size end weight of the conductor is determined by the power capabilities desfired of the

1 inductor. The size 2nd weight of the inductor core is determined by the peak energy storage

| requirements of the fnductor. The size and welght vary as the square of the peak current

‘ times the Inductance divided by the core perme2bility, provided there s space in the core
window for the required nucber of turns with the wire size needed to keep the winding resist-
ance within 1imits. Toroidal inductors have been optimally designed for efther minimum
welght or minizum loss. Lezkage and magnetic shielding requirements depend on the core
material and construction. Coupling of multiple output Inductors affect regulation and

: other parameters of power supplies.

Many switching regulator topologies require cne or more inductors for the gutput filter. Also,
as discussed in Sectlon 3, the input filter should include ona, and preferably more, inductors.
The cholice of core material for these inductors {s determfned by design considerations such as
power level, frequency, sfize, and loss. Tepe wound bulk metals, powdered iron, ferrites, and
the newer amnrphous metal have different magnetic and loss chara:terlstlcs and are used in

¢ various core shapes. VWhere skin effect becomes pronocunced, st frequencfes above 100 kHz (an
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lower frequencies at high power), Litz, multifilar magnet, or copper ribbon provide lower ac¢
resistance (Litz wire is essentially multifilar magnet wire that has been braided to further
equalize the current distribution). Additional {aductars may be used in balun configuration
to diminish common-mode EMI, and ferrite beads may be used to diminish high frequency EMI.

It better methods are not used to eliminate rectification harmonics (power line frequency
harmanics) it may be necessary to use large inductors as part of a filter to reduce one or
more of these harmonics (see Section 3).

6.3.1 Material (core! considerations. {The discussion in this section is excerpted from
a paper by S. CTuk, pages - of reference 2.) The magnetic field has associated with it two
vector guantities. One, the field strength H, is directly related to the electric current which
produced the magnetic field. The other, the flux density B, is directly related to the effects
of the field (mechanical forces, electric voltages). The ratio of B divided by H is termed
permeabitity, p. Certain materials are able to augment the effects of the H field and result
in higher 8 for & given H compared to free space. However, this rapid increase of flux density
stops at a value of B called saturation flux density, Bsat. These materials are ferromagnetic
and the Bsat has a direct bearing on the size and welght of the magnetic components. It may
vary from 0.3 tesla for ferrite materials (mixture of Mn Fe04 with ZnFe04) to better than 2T
for pure iron. The intermediate range is covered by alloys of iron and the other two materials,
nickel and cogbalt. FIGURE §7 illustrates the high permeabiiity and saturation of ferromagnetic
materials compared to the permeabiiity of free space. Beyond the saturation point ferromagnetic
effects no longer occur and the permeability returns to the free space value.

Ferromagnet ic materials are frequently classified as either sguare-loop or linear and this is
shown in FIGURE 58. In scme materials such as silicon iron (3 percent SI, 97 percent Fe),
Orthonot (50 percent Ni, 50 percent Fe}, Permendur (50 percent Co, 50 percent Fe), even a very
smal] field strength can cause saturation and usually the saturation flux density will be high.
These are termed square-leoop materials. In other materials such as Ferrite (MnZn alloy) the
flux density is gradual such that a distinct linear region is visible before saturation is
reached and the saturation flux density will be lower. These materials are termed linear.

These magnetization characteristics are further compounded by the fact that the B-H characteristic

is double-valued, exhibiting hysteresis loop behavior (see FIGURE 58). Furthermore the static
losses are directly associated with the area of B-H loop at a given frequency, while the
dynamic losses include additional core loss at higher frequencies resulting in 2 widening of
the 8-H loop.

An air gap is frequently part of the core design and it is important from an EMI point of view
since depending on how it is constructed it may cause significant magnetic radiation. Air gaps
permit higher peak inductor currents before core saturation is reached, but at the sacrifice of
reducing inductance. FIGURE 59 shows this. The B-H material properties with its p slope can

be scaled by geometric factors (cross-section, magnetic path length, and turns ratio) €o sbtain
the coordinates shown in FIGURE 59 where the slope i5 now inductance L, the ordinate is now turns
ratio N multiplied by flux ¢#, and the abscissa is the current i, Higher DC currents are now
possible. Another example of a magnetic circuit with air gap is shown in FIGURE 60 which not
only changes the slope but also changes the shape. Ume core configuration for achieying this
magnetfc characteristic is an EI core with only one outer leg gapped. The flux first follows
the ungapped loop until this leg saturates. Then the flux chooses the alternative lower
reluctance path through the gapped leg and, finally the gapped leg saturates as seen in the
third slope. Thus high L is available for lower currents and saturation is extended to higher
current values. (This is sometimes termed a Swinging Choke and can also be achieved with other
configurations, for example, two inductors or cores with different permeabilities and saturation
levels.) The composite core is useful for large dc load variations, and for prevention of tran-
sient saturation of transformers in switching regulators. Composite cores with different lpsses
2s well as different permeabilities are used to damp high frequency osciliations as explained in
6.3.3.

The introduction of the air gap into square-loop cores has the effect of linearizing the permea-
bility p. 1t is often referred to as a shearing over of the square-loop B-H characteristic into
the Vinear one, although the material properties are still unthanged. However, in some cases,
powdered iron 15 mixed with some nonmagnetic materfial to introduce a distributed air gap, which
produces an equivalent slope Haff usually referred to in manufacturer's data sheets.
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FIGURE 57. Two features of ferromagnetic materials: high permeability p

{steep sTope on_a B-H curve) and saturation (slope is free
space po).

FIGURE 58. UOoubie valued 8-H loop characteristics
u of square (a) and linear (b) materials
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FIGURE 59. Increase of air gap increases dc current
capability of the inductor.

NG | FREE SPACE

SLOPE IS L2 OF
GAPPED SECTION

SLOPE IS Ly OF
UNGAPPED SECTION

FIGURE 60. Composite core with gapped and ungapped sections
eliminates core saturation probiems and keeps high

inductance (L) at lower current (i).
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6.3.2 lezkage and magnetic shielding. As discussed In 6.3.1, alr gaps in the form of open
magnetic core Inductors are Tikely to result {n magnetic leakage and, therefore, may cause magnetic
field interference. Closed magnetic cores including distributed air gaps have much reduced magnetic
fleld since nearly all the flux remains In the core. To diminish the leskage the following
conf igurations are recommended:

3. Use toroidal cores with distributed air gaps or pot core construction. They will
produce the minimum leakage. In pot cores the gap is well shielded by the core.

b. W¥herever possible windings should cover the entire core. Air gaps should be
located instde the coil windings, and preferably at the center of the co!l length.

c. Gap the center leg if core has a center leg.

d. Use the smallest gap possible. This has the added advantage of increasing L and
using less core material.

e, Orient the !nductor so that the flux lines are farthest from the power supply
cabinet.

f. If necessary, shield the inductor, using one or more layers of magnetic shielding
(see 6.10 on shielding}. Magnetically shielding the inductor may make it unnecessary to magneti-
cally shield the entire power supply and prevent the fleld from interfering with ather parts of
the power supply.

6.3.3 Capacitive effects. Inductors are not ideal and in addition to resistance they also
exhibit capaclglve effects between coi) windings. There will, therefore, be a resonant frequency
associated with each Inductor giving rise to possible ringing. It is desirable to decrease this
capacitance and thereby extend the resonant frequency and extend the Inductive effect to as high
a frequency as possible. There are 2 numher of winding technigues that can be used to decrease
this capacitance: single layer spaced turns, minimizing the winding to core capatity by wrapping
the core with a low K dielectric, and bank winding. For example, for a toroid the following pro-
cedure will result in less C. The wire is wound back &nd forth bullding up layers over a 180 degree
sectfon of the coil until half of the turns have been wound. The cofl {s then turned over and
the same routine is again used to wind the second half of the turns. The two half colls are tied
together by the beginning leads and the terminals of the Inductor are the end leads of the {adi-
vidual halves. FIGURE 61B depicts this for the first layer of winding. Smaller sectlons can be
used. FIGURE 61C shows & first layer of winding for 90 degree sections. This construction results
fn lower voltage differences between layers. At very high switching freguencies {over 100 kHz)
there Is a 1imit to how high the self-resonant frequency can be pushed and it {s usually necessary
to use multisection filters.

The resonant frequency resulting from the parasitic capacitance can give rise to high frequency
oscillations (rlnging{ particularly under discontinupus mode operation {low load). Reference 60
describes a composite core induttor which damps these resonant oscillations without the need for
a daxping circuit. This inductor is termed & soft inductor. Over most of its load operating
range, the inductor operates much as any other inductor, but at low drive currents it presents

a very low ( to ac signals with frequencies greater than the basic 10 kHz to 50 kHz switching
rate {see FIGURE 62), thus damping out most low level ringing. Also, since the inductance swings
quite high at low current levels, either discontinuous mode may be avolded or a lower ringout
frequency will occur.

6.3.4 gptlmall! deslgned inductors. Three computer progr&ns have been developed by TRW
Defense and Space Systems Group, 0 Beach, CA as part of the Modeling and Analysis of Power
Processing Systems (MAPPS) project sponsored by NASA {references 36, 61, and 62). These optimally
designed Inductors are limited to toroidal cores. Torpldal cores, however, produce low EM}

inductors. The programs*® fdentification and brief description are as follows:

a., [INDOS! - Optimum-Welght Inductor Design With Wire 5ize Predetermined
b. [INDOS2 - Cptimum-Weight Inductar Design With a Given Loss Constraint

inudas L

c. [INDOSI - Optimum-Loss Inductor Design With a Given Weight Constraint

NOSC verified the derivation of the design equations based on Lagrange multipliers and also the
usefulness of the programs. To verify that these programs are indeed useful NOSC designed
fnductors without and with the ald of the program. For each of the three optimuem conditions,
several induttors were first designed using procedures recommended in a commercia) catalog
(without using the programs). Then, for the same design requirements, the programs were used
to design the inductors, and catalog cores were selected with dimensions close to the program
values, For all nine inductors the results verified that the computer progrems considerably
shortened design time and produced better designs. The computer programs produced a lighter
weight design ?fur INDOS1 and INDOS2) and a less lossy design (for IKD0S3).
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FIGURE 61. Methods of winding toroid cores depicting only
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6.3.5 Cross-noise in multi-cutput converters. In dc-to-d¢ converters with multi-output
inductor coupling, nolse generafed in one of the multiple loads is transmitted to the ather
loads. Reference 63 calls it cross-noise and describes analytical and experimental work for
3 two-output buck-boost and a two-output forward (buck} converter.

In practical electronic systems, dc voltage sources of different voltage levels are freguently
required. Multi-output power converters are an economical way to provide these different volt-
ages but a noise problem appears. When a losd such as & dc motor, 2 line printer or other
nolsy load is connected on one of the multiple outputs, the noise generated in this apparatus

is transmitied to ihe other outputl terminais. The &mount of cross-talk transmitied depends on
how the multi-cutput converters are confligured with respect to regulation. For multi-regulators
(uncoupled} the cross-noise is low, but cross regulation types can preduce considerable cross-

noifse.

For the buck converter, the cross regulation is performed by coupling the output inductors
{see FIGURE 63}. Experimental results (reference 63) showed that loose coupling of the output
inductors suppressed the cross-noise by 55 dB to 65 dB from .1 MHz to 5 MHz compared to 35 dB
to 45 dB suppression obtained with tight coupling over the same frequency range; and this was
accorplished with only a 1ittle expense of the ¢ross regulation characteristic. The output
inductor was about 500 pH and the leakage fnductance was about 50 pH. Loose coupling provided
considerable suppression of the ¢ross-noise without an additional noise filter.

6.4 Transformers, Designing transformers is similar to designing inductors with the
added considerations of turns-ratio and the effects of leakage inductances and capacitances
between primary and secondary windings. Transformers are used not only to change voltages
but also to isolate segments of the power supply. Linear dissipative power supplies require
transformers to be located in the 60 Hz or 400 Hz section of the power supply. These low
frequency transformers are necessarily large and, therefore, high permeability cores are used
to keep the size and weight as small as possible, Switching-mode power supplies can achieve
isolation and voltage change at the switching frequency with smaller transformers, and the
cores that perform best at these frequencies are lower in permeability but still consfiderably
smaller and 1ighter than the 60 Hz or 400 Hz transformers.

6.4.1 Material (core) considerations. The discussion in 6.3.1 for inductors also applies
here to transformers. AIr gaps (elther confined to one or more sections of the core or distributed
through the core) are frequently used particularly if dc flows through the windings to increase

dc current capability of the transformer (see FIGURE 59). It should be noted that one transformer-
isolated basic topology (the Cuk-derived one) does not have d¢ flowing in the windings {as is

true for the three other basic topologies) because the energy is transferred capacitivaly rather
than magnetically {see FIGURE 17). Also for those topologies where the dc winding currents

reverse permitting the core to be reset, air gaps may possibly be avoided (for exeample, bridge
toplogies, FIGURES 19, 20, and 21); althnu?h some appin% may be advisable due to not being

able to perfectiy match transistor properties resu?tlng n imbalances causing transformer
saturation (see 3.3.5.3d). The Cuk-derived converter has & true ac waveform (zero voltage

average} and a core creep and eventual core satyration Is avoided; permitting use of & smaller
ungapped square-loop core with smaller leakage Inductances [less potentia) EMI), and lower

copper and core losses.
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65.4.2 Capacitive effects and electric field shielding. Transformers, like fnductors, have
3 primary sei?-v‘ﬁaing capactiante and & secondary self-winding capacitance and the recommendations
given in 6.3.3 to minimize these capacitances should be followed. In addition, transformers have
capacitance between the primary and secondary windings, as shown in FIGURE 64, and this allows

noise coupling through the transformer, Methods of minimizing primary to secondary capacitance
are:

a. Increase dielectric thickness
b. Reduce winding width and thus reduce the area
c. Increase nusber of layers

d. Avoid large potential differences between winding sections, as the effect of
capacitance is proportional to applied potential squared

e. Use electrostatic (Faraday) shields

To decrease this capacitence by separating the primary and secondary windings is, of course,
counter to the desirable coupling from the magnetic fleld, and thereby increases leakage
inductance. 1In fact, lTeakage inductance and capacitance requirements may have to be compromised
fn practice since some corrective measures are opposites (see 6.4.3 on leakage iInductance). A
way that will have little effect on leakage finductance 1s to reduce the capacitive coupling

by providing an etectrostatic, or Faraday shield (a grounded conductor between the two windings],
as shown in FIGURE 65. The single Faraday shield should be ?rounded at point B to prevent the
noise from reaching the load since if the ground connection {s made at point A the shield will
be at the noise potential and can couple into the loed through C2. Therefore, the transformer
should be located near the load to simplify the connection between the shield and point B
{reference 42).

Tests were performed on seven 115 ¥ ac transformers to determine the effects of both single and
triple electrostatic shields. The test procedures used were from MIL-T-27D, paragraph 4.8.11.11,
for cormon-mode rejection, and paragraph 4.8.11.7 for differentiai-mode rejection. Resuits of
the differential-mode test, from 100 Hz to | MHz, indicate the shield has 1ittle or no effect.
The results of some of the common-mode tests are shown in FIGURES 66, 67, and 69. FIGURE 66
shows the coomon~zode rejection (typical} for a single shield transformer, with the shield
grounded and disconnected--over 30 dB8 over the range 100 Hz to | #Hz. FIGURE 67 shows the common-
zode rejection for two similear trensformers, one with a single shield and the other unshielded--
over 25 dB over the range 100 Hz to 1 MHz. Even better common-code rejection {s obtainable when
& three-shielded configuration (see FIGURE 68) is used; with the primary shield connected to the
low side of the primary, the secondary shield connected to the low side of the secondary, and

the central Faraday shield connected to the transformer outer case and to the safety ground.

The results for this triple shield are shown In FIGURE 69 for the three shields connected and
disconnected--ulth ccmon-mde reject fon so high it was well beyond the instrumentut!on range

for frequencies up to 40 kHz and & minimum of over 30 dB at 1 MHz. At higher frequencies, the
common-code refectfon {s 21so dependent on the capacitance between the transformer terminals

and the windings, and the terminals and ground,
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6.4.3 Le2kage and magnetic field shielding. In an ideal transformer all the energy
entering the primary Ts transferred to the secondary. In a practical transformer, however,
same of the energy is not coupled to the secondary. This uncoupled energy is proportional
to the leakage inductance of the transformer (usually modelled as a primary leakage finductance
and a separate secondary leakage inductance). In & switching regulator, large leakage induct-
ances have the following disadvanteges:

a. Produces an unwanted rad{ated magnetic fi
issio

1d
ns iﬂ it-

eld at the switching frequency and its
””” MIL-5TD-461)

b. Induces voltage spikes which produce voltage stress on the switching components--
requiring spectal snubber circuits

¢. Reduces the efficiency of the power supply
d. Impairs cross regulation between multfiple outputs

Leakage inductance cannot be completely eliminated butfit can be reduced to a low value, Patel
fn reference 64 derives the leakage inductence for a pot core where the leakage inductance i
directly proportional to the cross-section of the uncoupled area and inversely proportional to

&b e Lo b £ *h Lo d a1
the width of the winding. Alss 1t is & square function of the aumber of turns of the primary.

Pertaining to gapped cores both reference 64 and sectjon 13 of reference 2 experimentally demon-
strate the somewhat surprising result that the Ieakage induct ances are essentially independent
of the air gap length. However, coupling coefficient'decreases with increasing air gap length,
and both self induttances decrease with increasing air-gap. So the practical design effect is

an effectively leskfier transformer to achieve the ungapped higher (primary and secondary)
inductance values even with increasing afr-gaps. Sectlon 13 of reference 2 predicts and
experimentally confirms that the leakage inductance of one winding of a three-winding transformer
is increased by closer coupling between the other two windings. Methods of minimizing leakage
induct ance are:

4. Minimize turns by using a core materfal with the highest possible permeability
b. Reduce build of coil
¢. Increase winding width

d. Minimize spacing between windings, insulation thickness should be as small as
possible

e. If possible, use bifilar windings

f. For high voltzge primary to secondary, use parallel or interleaving winding
techniques '

g. Use smallest possible wire diameter

1f leakage inducténce is not sufficiently reduced, it may be necessary to use magnetic shielding.
At low frequency, magnetic materials are required for magnetic shielding and even then shielding
fs difficult, freguently requiring thick shields for effective magnetic shietding, Better results
are achieved with layers of materials with different permeabilities and saturation levels (6.10
discusses this and other shielding considerattons in more detail).

103




MIL-HDBK-241B
30 September 1983

For line frequency transformers (60 Hz or 400 Hz), a non-magnetic metallic shield in the form of an
encircling band has been demonstrated by measurements to be effective out to 5 kHz. This highly
conduct ive band of metal encircling the transformer is commonly called a shading ring. In
principle, the coil of a transformer having an alternating magnetic field induces a large current
flow in the shading ring, setting up a magnetic field opposing the original magnetic field and, |
theoretically, reducing it. In practice, this can be easily done by placing a copper band about

.063 centimeters (cm) ?.025 inches) thick around the core and windings, centered on the windings, {
and then shorting the ends with solder {see FIGURE 70). The ratic of the width of the shading

ring to the width of the windings should be about 1:2 (for example, a 5.08 cm (two inch) wide
winding would have about a 2.54 cm (one inch) shading ring). Using a wider shading ring (larger
ring to winding ratio) or completely enclosing the windings does not seem to be advantageous

because of the re-radiation of the magnetic field at the top or bottom of the shading ring. This
fringing lessens the effect of the shading ring by increasing the magnetic field in the plane of
maximum radiation {side A of FIGURE 70). The magnetic fields from all six sides of a transformer
are predominantly composed of odd harmonics of the power frequency; the even harmonics are generally
20 dB to 40 dB lower in amplitude than the odd ones for each respective face. It also should be
noted that the odd harmonic radiation level from each face is not equal because of the direction

of current flow in the windings; side A (see FIGURE 70) has radiation levels about 20 dB higher

than side C; side B's radiation is much less in value than side C. The shading ring will reduce

the larger magnetic fields (sides A and C) by about 6 dB to 9 dB; side B will show little or no
effect. On a cost versus performance basis, the use of shading rings 1s a good method of EMI
reduction. However, the designer should orient the transformer within the equipment to obtain
lowest all-round magnetic fields external to the equipment. Since the magnetic field decays

very rapidly with distance (l/r3 as shown in 6.10), the transformer may be oriented so that
its face with the highest emission is towards the greatest distance to the chassis surface.

104 '




MIL-HDBK-2418
30 September 1983

SHADING RING
CENTERED ABOLY
CORE W INDINGS

[~

\mmuv AND SECONDARY

CORY WiKDINGS

FRAME OF THE
TRANSFORMER

FIGURE 70. Power transformer after adding copper shading ring.
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6.5 Ferrites and ferrite beads. Ferrite components are frequently useful for noise suppres-
sfon. The mast commonly used ferrite devices for suppression are shielding beads. Ferrite beads
provide an inexpensive and convenient way to add high frequency loss in a circuit without intro-
ducing power loss at dc and low frequencies. The beads are small and can be installed simply by
slipping them over a component lead or conductor, to produce a single turn inductor/suppressor.
Toroids usually supplied for transformer or inductor use can alsp be used for noise suppression,
These cores lend themselves to multi-turn devices. Torpids often have longer magnetic path
tengths than comparably inductive beads and can, therefore, tolerate more current.

Ferrite components are useful because of some of their high frequency properties. As the fre-
quency is raised permeability is at first constant, then a critical frequency 15 reached where
permeability starts to fall at about 16 dB per decade. Meanwhile, losses start low, slowiy

increasing with frequency. As the critical frequency is approached, losses rise dramatically.

FIGURE 71 shows how these properties are reflected in the characteristics of an inductor. An
equivalent circuit shows a serles inductor and resistor representing the inductance and losses
of the core. Using, for example, a single turn through a cylindrical core, we can plot the
equivalent series inductance, reactance, resistance, and impedance. At low freguencies the
device presents a smal) inductance whose reactance can usually be neglected. As frequency
rises past the critical frequency, the inductance falls; the reactance peaks, then drops off;
and the resistance rises. At still higher frequencies, the impedance becomes nearly all
resistive, reaching a broad peak before rolling off.

A ferrite core is thus a frequency dependent resistor. FIGURE 72 is a simplified circuit repre-
senting the core resistance and inductance at a single frequency and {ncluding source and load
impedances. Thus this device becomes part of a voltage divider that could attenuate higher
frequencies while passing lower ones. Whether this will effectively attenuate the noise depends
on the relative magnitudes of the three Impedances involved. For example, if Zs and ZL were

each 1 ohm, and if Zcore varies from less than 1.0 ohm at low frequency to 100 chms at the

noise frequency, then there will be substantial attenuation - over 33 dB. On the other hand,
if ZL were one megohm, then the impedance of the core would be insignifcant and there would

be virtually no attenuation. In such cases, the situation can sometimes be improved by lowering
the impedance of the load as with a by-pass capacitor. The insertion loss can be calculated by
simply comparing the total impedances around the Toop as shawn in the formula in FIGURE 72.

Ferrite beads can thus be used to add high freguency loss to a circuit without introducing a dc
loss. Shielding beads are available in a wide range of sizes and shapes, and are made in several
materials having different critical frequencies {see FIGURE 71). Special variatfons of beads can
also be supplied. They can be ground to tight dimensional tolerances to fit into connectors or
filter assemblies. Certain beads can be assembled on wire leads, taped and reeled for automatic
insertion. Multihole cores are sometimes used to attenuate noise on wire pairs or to produce
multi-turn chokes having low inter-turn capacitance.

Since the impedance of a single bead is 1imited to about 100 ohms, beads are most effective in
low- impedance circuits such as power supplies, class C power ampiifiers, resonant circuits, and
SCR switching circuits. If a single bead does not provide sufficient attenvation, multipie beads
may be used. However, if two or three beads do not solve the problem, additional beads are not
normally effective.

When using ferrite beads in circuits with dc current, care must be taken to guarantee that the
current does not cause saturation of the ferrite material.

Since the operation of these products depends only on coupling to the magnetic field surrounding
a conductor, contact between the lead and the bead is inconsequential. Nickel-zinc ferrite and

magnes lum-manganese-zinc ferrite have volume resistivites around 10% ohm-em and act as fairly
good insulators. Manganese-zinc ferrite, on the other hand, has volume resistivity around

100 ohm-cm classifying 1t as a semiconductor. Because of this, it is best to arrange such beads
so they will not short two circuits. Usually this can be done by lead dressing. If not, it
may be necessary to fix the core in place or insulate it. Manufacturers can supply beads with

a variety of iInsulating coatings such as parylene, varnish, Teflon or enamel.

Toroids are useful to suppress common-mode noise. As shown in FIGURE 52, the toroid is wound with
two windings, such that the fields resulting from the power currents cancel while the common-mode
noise fields add, This approach allows a common-mode choke to carry high power currents without
trouble while attenuating common-mede noise. This technique is used quite effectively in power
line filters, particularly for lower frequencies where winding self capacitance is not significant.
In many cases where noise is normal-mode and large current must be carried, it is necessary to
provide a gap to avoid saturation (see 6.3.1).
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,For one type of material; other materials will peak a! different
requencles and ohms, eg, 150 MHz, 300 MHz instead of 10 MHz)

NOTE: (1) Equivelent resistance Increases with frequency due to
high frequency cora losses
{2) At low lroquencies, Inductive reactance small

FIGURE 71. Ferrites, fnductance, reactance, resistance,
Jmpedance vs frequency.

& Zcore [:]zl_

Z5 +ZL+ Z CORE
ZS'O' ZL

INSERTION LOSS = 20 log

NOTES:
1. MOST EFFECTIVE ABOVE 1 MHz
2, Zcore LIMITED TO ABOUT 100
3. MOST EFFECTIVE IN LOW IMPEDANCE CIRCUITS
(SUCH AS POWER SUPPLIES)

FIGURE 72. Insertion loss of ferrite core (or bead).
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Ferrites are brittle ceramics having rather jow thermal conductivity and are subject to failure
from physical or thermal shock. These tonditions become progressively more serious with large
parts. Depending on the shock levels, it may become necessary to restrict core movement, pro-
tect from bending stresses or to insulate from sharp thermal transients. Like most other
ceramics, ferrites are about ten times stronger in compression than tension, so mounting should
a:oid tensile or bending stresses., Cushioned ¢lamps or adhesives are best for halding parts in
place.
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will not be degraded by solvents, water, weak acids or bases, or tempertures up to about 300 degrees C.

In low loss, high frequency materials moisture or high humidity can increase losses slightly due

to eddy currents in the water, but this is inconsequential in suppression applications. Above the
Curie temperature, these materials become non-magnetic, so you should expect no suppression. The

phenomenon s completely reversible, so temporarily exceeding the Curie temperature has no lasting
magnetic effect. Most magnetic properties change with temperature. Foremost of these is permea-

bility which generally rises with increasing temperature, although there are sometimes dips, unti)
it drops sharply at the Curie temperature. Losses change only a little with temperature. Satura-
tion flux density falls with increasing temperature.

6.6 Conductors. Although not usually considered components, conductors do have component
ohaaatamiet Toae  Trd b srcn xmd cocdeksm-m pt o cartine mma meementc
haracteristics: inductance and resistance {Much of the discussion in this section are excerpis

W
from reference 42).

The inductance is the sum of the internal plus external inductances. The internal inductance of

a straight wire of circular cross-section carrying a uniform low frequency current is independent
of wire size, and is negligible compared to the external inductance except for very close conductor
spacings. The internal inductance is even less when higher frequency turrents are considered
since, due to skin effect, the current is concentrated near the surface of the conductor. The
external inductance, therefore, is normally the only inductance of significance,

TABLE VII lists values of external inductance and resistance for various gauge conductors. The
table shows that raising the conductor higher about the ground plane increases the inductance.
This assumes the ground plane is the return circuit. Beyond the helght of a few inches, however,
the inductance approaches its free-space value, and increasing the spacing has little effect on
the jnductance. This is because almost all the flux produced by current in the conductor is

already contained within the loop.

As is alsg indicated in TABLE V11 the inductance and conductor diameter are inversely related
in a logarithmic manner. For this reason, low values of inductance are not easily obtained
by increasing the conductor diameter. The spacing between conductars affects the external
inductance, whereas the cross-section affects only the internal inductance. The internal
inductance can be reduced by using a flat, rectangular conductor instead of a round one. A
hollow round tube also has Tess inductance than the same sfze solid conductor.

TAQIC UTI alema liete tha amiiatiane Far tha avioarnal {ndasranecn AF a2 ctmadnhd =moe A randusdam.
TAULL 711 Qi3U 1133 UL TUUOL TUHD TUF LI CARLY HOT UUWRQHILE Ul @ 2LV alyith, T Uuniu I.Ul UCLOY
and for ac resistance as a function of dc resistance, frequency, and conductor diameter (copper).

FIGURE 73 relates some other pertinent characteristics of conductors. The eguation is given for
inductance of two parallel conductors showing how the inductance increases with center to center
spacing and decreases with diameter of the conductors. Also indicated in FIGURE 73 is the lower
ac resistance and inductance of rectangular conductors compared to round ones. As a result
rectangular conductors are better high frequency conductors. In fact, flat straps or braid are
frequently used as ground conductors even in relatively low-frequency circuits.

6.6.1 Planning minimal magnetic loop areas. To prevent radiating magnetic fields, it is
important to minimize Toop areas pariicularly where currents are high. One method of planning
minimal loop areas is to take a schematic and wiring diagram and color heavily those connecting

wires which comprise the main fluctuating current flow. Then, when laying out component 1ocation.
the jpop area should be minimized but care should be taken to not exclude necessary lead length
{see FIGURE 49). On PC boards, high current-carrying components should be located nearest the
plug-in connector, when possible. Attention should also be given to orienting the terminals of
the individual components to minimize loop areas. When attempting to visualize loop area, it

is advisable to consider both the vertical and horizontal planes. Alse, consider that usually
the front-to-back distance for most equipment is greater than the vertical or the Yateral dis-
tances. Therefore, if a large magnetic field is present, it would be better to have it oriented
in the front-to-back direction., This will provide some attenuation of the field before reaching
the equipment case due to the greater distance the field has to travel.
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TABLE VI1. Inductance and resistance of round conductors.

L = Inductance {uH per In.)
Wire d Rye h=0.251n, h=1in
Size Diameter  Resistance Above Ground  Above Ground

(AWG) {in.) {mN/in.} Plane Plane
26 0.016 3.39 o.021 0.028
24 0.020 2.13 0.020 0.027
22 0.025 1.34 0.19 0.026
20 0.032 0.85 0.017 0.024
18 0.040 0.53 0.016 0.023
14 0.064 0.21 0.014 o0.o021
10 0.102 0.08 0.012 0.018

Inductance it h > 1.5d:
L = 0.005 &t (ah/d), uH/in.

AC resistance Is related to Ry for dy/T > 10:
Rac = (0.096 d\/T + 0.26) Ry,

for copper

* Even at low frequencies a conductor normally has
more inductive reactance than resistance

¢ Two parallel conductors carrying uniform current
in opposite directions:

- N.. . -,
L = 0.01 & (2D/d), uH/in.

where D is center to center spacing & d is
conductor diameter

* A flat rectangular conductor has less Rzc & L than
a round one

FIGURE 73 Conductars.
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6.7 Resistors. There are three basic types of fixed resistors:
a. Wirewound
b. Film
¢. Composition

In most cases, a satisfactory equivalent circuit for a resistor consists of an inductor in series
with the resistor and a capacitor shunted across the resistor (reference 42). The inductance is
primarily lead inductance, except for wirewound resistors, where the resistor body is the largest
contributor. Except for wirewound resistors, or very low valued resistors of other types, one
may normally neglect the inductance during circuit analysis.

The shunt capacitance can be significant when high value resistors are used. For example, con-
sider a 22 megohm resistor with .05 pF of shunt capacitance. At 145 kHz, the capacitive reactance
will be 10 percent of the resistance. [f this resistor is used above this frequency, the capac-
itance may affect the circuit performance.

A1l resistors genarate a noise voltage from thermal noise and other noise sources, such as shot
and contact noise. These noise voltages, however, will usually be much lower than the other
power supply noise sources. In generai, they need not be considered in meeting power supply EMI
specifications,

6.8 Mechanical contact protection. Electrical breakdown may develop between contacts
opening ar closing a current-carrying circuit. Breakdown can cause not only physical damage to
the contacts; but also high frequency radiation, and voltage and current surges in the wiring.

Two types of breakdown can occur: gas or glow discharge and the metal-vapor or arc discharge.
The glow discharge is regenerative, self-supporting, and can occur when the gas between the
contacts becomes fonized. To avoid a glow discharge {in air}, the voltage across the contacts
should be kept below 300 ¥ (only a few milliamperes is usually necessary to sustain the glow).
An arc discharge can occur at contact spacings and voltages much below those required for a
glow discharge. An arc is formed whenever an energized but unprotected comtact is opened or
closed, since the voltage gradient usually exceeds the required value when the contact spacing
is small. When the arc discharge forms, the electrons emanate from a small area of cathode--
where the electric field is strongest. The localized current has a very high density which
may be enough to vaporize the contact metal. The appearance of molten metal marks the trans-
ition from field emission {electron flow) to a metal-vapor arc. This transition typically
takes place in less than a nanosecond. The moiten metal, once present, forms a conductive
bridge between the contacts, thus maintaining the arc even though the voltage gradient may
have decreased below the value necessary to initiate the discharge.

The arc discharge, once formed, must be broken rapidly to minimize damage to the contact
material. For that reason, a set of contacts can normally handle a much higher ac than dc
voltage. A contact rated at 30 Vdc can, therefore typically handle 115 Vac,

When the contacts are closed, capacitive loads draw much higher inrush currents than their
steady-state current. To protect the contact, the initial inrush current must be limited.
Soft start circuits are discussed in 6.2.4.

When the contacts are open, inductive loads create a large reverse voltage transient or
inductive kick. The energy stored in the magnetic field must be dissipated in the arc or

be radiated unless protective circuitry is used. FIGURE 74 shows that there are two require-
ments for avoiding contact breakdown {reference 42):

a. Keep the contact voltage below 300 V to prevent a glow discharge.

b. Keep the initial rate of rise of contact voltage below the value necessary to
produce an arc discharge. (A value of 1 volt per microsecond is satisfactory for contacts.)

To determine whether or not breakdown can occur in a specific case, it is necessary to know
what voltage is produced across the contacts as they open. This voltage is then compared to
the breakdown characteristics in FIGURE 74. FIGURE 75 shows an inductive load connected to
a battery through a switch S. The voltage that would be produced across the contacts of the
opening switch if no breakdown occurred, is called the available circuit voltage. I0 is the

current flowing through the inductor the instant the switch is opened, and C is the stray
capacitance of the wiring. FIGURE 76 compares the available circuit voltage to contact break-
down characteristics (see FIGURE 74). Contact breakdown occurs where the voltage exceeds the
breakdown characteristics.
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To protect contacts that control Inductive loads, and to minimize radfated and conducted noise,
some type of contact protection network must normally be placed across the inductance, the con-

tacts, or both. In some cases the protection natwerk can be connected across efther the load

or the contacts with equal effectiveness. From a noise reduction point of view it {s usually
preferable to provide 2s much transient suppression as possible across the noise squrce--in
this case, the inductor. In most cases, this provides sufficient protection for the contacts.
When it is not, additional protection can be used across the contacts,

FIGURE 77 shows six networks comnonly pleced across a relay coil or other inductance to ainimize
the transient voltage generated when current is interrupted. In FIGURE 77A a resistor {s con-
nected across the inductor. When the switch opens, the inductor drives whatever current was
flowing before the opening of the contact through the resistor. This circuit is very wasteful
. of power since the resistor draws current whenever the Toad is energized. [f R should equal

the lpad resistance, the resistor dissipates as much steady-state power as the load.

Another arrangement is shown in FIGURE 77B, where a varistor {a voltage variable resistor) {s
connected across the inductor. When the voltage across the varistor Is low, its resistance {s
high, but when the voltage across it {s high its resistance is low. This device works the same
as the resistor in FIGURE 77A, except that the power dissipated by the varistor while the circuit
is energized is reduced.

A better arrangement is shown in FIGURE 77C, where a resfistor and capacitor are connected in
series and placed across the inductor. This c¢ircuit dissipates no power when the inductor is
energized. When the contact is opened, the capacitor initially acts as a short ¢ircuit, end
the inductor drives its current through the resistor. The values for the resistor and the
capacitor can be determined by the method described in FIGURE 78.

In FIGURE 770 a2 semiconductor diode {is connected across the inductor. The diode is poled so
that when the clrcuit is energized, no current flows through the diode. However, when the
contact opens, the voltage across the inductor is of opposite polarity than that caused by
the battery. This voltage forward biases the diode, which then limits the transient voltage
across the inductor to & very low value (the forward voltage drop of the diode plus any IR
drop in the dicde). The voltage across the opening contect is therefore approximately equal
to the supply voltage. This circuit ts very effective In suppressing the voltage transient.
However, the time required for the inductor current to decay is more than for any of the pre-
vious circuits and may cause operational problems.

Adding a zener diode in series with a rectifier dlode, as shown in FIGURE 77E, 2llows the
inductor current to decay faster. This protection, however, is not as good as that for the
diode sbove and uses &n extra component. In this case, the voitage across the opening con-
tact s equal to the zener voltage plus the supply voltage.

Nelther of the diode circults (see FIGURES 770 or E) can be used with ac circuits., Circuits that
operate from ac sources or circuits that must operate from two d¢ polarities can be protected
using the networks in FIGURES 77A through C, or by two zener diodes connected back to back,

&8s shown in FIGURE 77F. Each zener must have 2 voliage breakdown rating greater than the peak
value of the ac supply voltege and a current rating equal to the maximum load current.

FIGURE 78 shows two protection networks commonly used across contacts that control inductive
loads, The circuit on the left uses an R-C network. 1If the cepacitor ts large encugh, the

load current is comentarily diverted through it as the contact is opened, and arcing does not
occur. wWnen the contact is closed, the capacilor volitage {vdci is discharged through R.

For contact closing, it is desirable to have the resistance as large a5 possible to limit the
discharge current. However, when the contact is opened, it is desirable to have the resistance
as small as possible, since the resistor decreasses the effectiveness of the capacitor In pre-
venting arctng. The ectual value of R must therefore be 2 compromise between the two conflicting
requirements.

Limiting values of R are given in FIGURE 78, and the value of C is also given. The value of C
is chosen to meet two requirements: (ll the peak voltage across the contacts should not exceed
300 v (to avoid a glow discharge}, and {2} the initial rate of rise contact voltage should not
exceed | ¥ per microsecond {to avold an &rc discharge). The latter requirement is satisfied if
€ is at least | pF/A of load current.
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The right side of FIGURE 78 shows a more expensive circuit that overcomes the disadvantages of
the RC circuit on the left. When the contact is open, capacitor C charges up to the supply
voltage with the polarity shown {n the figure. When the contact closes, the capacitor discharges
through reststor R, which 1imits the current. When the contact opens, however, diode D shorts
cut the resistor, thus allowing the load current to momentarily flow through the capacitor while
the contact opens. The diode must have a breakdown voltage greater than the supply voltege with
an adequate surge current rating (greater than the maximum load current). The capacitor value
is chosen the same as for the R-C network., Since the diode shorts out the resistor when the
cont2cts open, a compromise resistance value is no longer required. The resistance can now be
chosen to limit the current on closure to less than one tenth the arcing current, as shown in
FIGURE 78. The R-C-D network provides optimum contact protection, but it is more expensive

than other methods and cannot be used in ac circuits.

The information In this section is primarily from reference 42 with sgme varfations.
6.9 Additional filter considerations. This section considers the effect of input and

output impedances on T1lter atienuatlon and how best to mitigate adverse effects. A related
consideration is the precauttons to be observed if filter clrcuits ere purchased commercially.

Finally considered are the advanteges of Filtering on the dc rather than the ac side of the
rectifier.

6.9.1 Input and output impedances of filters. As discussed In 5.2.4 and APPENDIX 8, the
cozbination of a V1ghtTy damped Tnput TiTter and a 1ightly damped output fiiter can turn the
switching regulator into an oscillator. A less catastrophic, but nevertheless fmportant
consideration is the effect of Input and output fmpedances on the attenuation characteristics
of filters in some cases resulting In negative iInsertfon loss or ringing at one or more self-
resonant frequencles of the filter.

FIGURE 79 deplcts four types of most effective primitive low-pass filters for the four permuta-
tions of low and high Input and output impedances. For example, the commonly used LC filter

in switching power suppiies {the third configuration in FIGURE 79) {is the most effective primitive
Tow-pass filter for & low input and high output impedance circuits. The four filters on the
right side of FIGURE 79 are the corresponding next, less primitive filters. For best results,
the high interface fmpedance should meet & € (shunt) and the low interface fmpedance should
meet an L {series) of the filter,

There would, therefare, be no problem {€ the interfece impedances were known. One could then
also accurately calculate and predict the insertion loss. In prectical installations, however,
one may not know both interfaces. The power supply designer can model the power supply inter-
face {see APPENDICES A and B). However, the power line tmpedances (generators, cabling and
any other system on the generator) is not likely to be known. Also continuous switching with
the power system and sdditions sand changes make the interface unavoidably indeterminate,
Schiicke il"éfé?éﬁfe 55) recommends manag 118 indelarminandy evvellivery and econcmically
by partitfoning and damping. The advantages of partition (multi-sectton filters) can be
attributed to the much steeper cut-off and the much reduced values of the total inductance
{sum of L's); smaller and cheaper filters. FIGURES 45 and 44 show this for the LC filter.
Partitioning very much reduces the effect of mismatch in the stopband. Stated another way,
with partitioning, the stopband performance becomes less dependent on filter conflguration
(Pi, T, or L) and of mismatch conditions.

il“ t}.i- Toacd it i d v iam. affant funl.

To reduce negative tnsertion loss (ringing) damping of the self (eigen} resonances fis
recommended. See APPENDIX B for filter damping techniques.

Some 1dea of power line fmpedances of typical power lines is shown in FIGURE B0 reproduced from
a paper by Bull {reference 67). It shows mean values and standard deviations of the magnitude
of line impedance, as & function of frequency. It alsc fllustrates the impedence characteristic
of a parallel RL circuit, with R = 50 ohms and L » 30 pH. The good fit to the mean values of
line impedance wil) be noted. Superimposed onto the original figure are the following !mpedance
curves:

a. A parallel RL circuit, with R = 150 ohms and L = S0 pH.

b. A parallel RL circuit, with R = 23 chms and L = 13 gH.
These additional curves provide a reasonable fit to the + ¢ and -0 power line impedances values,
respect vely,
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6.9.2 0Off-the-shelf type filters. A number of manufacturers provide low and high current
power line fiTters, some of them specifically designated as being appropriate for switching-mode
power supplies. Most of them supply insertion loss data for 50 ohm input and output test condi-
tions. As indicated in 6.9.1 the {nsertfon loss under actual interface conditions may be very
different and may even result in insertion gain. As shown fn FIGURE 80, the source impedance is
more realistically a fraction of an ghm to 2 few chms at 10 kHz. The power supply input fmpedance
wil) depend upon the current and voltage inputs and power supply configuration {see FIGURE 101
fn APPENDIX B). Another possible contributor of power linge filter problems is the use of
marginal or substandard components such as undersized inductor cores uhich saturate at much less
than the rated current. A}so &5 discussed in APPENDIX B, the addition of & filiter can cause
the entfre power supply to become an oscillator. The designer therefore, should observe the
following precautions In selecting an off-the-shelf power line filter:

a. Obtain circult dlagram and component values and perform Insertion loss tests.

b. Compare filter circufit output i{mpedance to power supply input impedance to pre-
dict whether or not instability can occur {see Appendices B and C), Verify by stability tests.

¢. If no filter circuit information is available, insertion loss and stability
testing will need to be much more extensive.

d. Select mylti-section filters with damped self resonances wherever possible.
Two or three section filters are very effective (n minimizing the effects of varying interface
impedances.

e. In general, select filters with high input impedances to match low power line
{mpedances (third filter down {n FIGURE 79).

f. The filter must be bullt to withstand occasional high voltage transients such
as from lightning strokes, For shore use, this peak voltage can be as high as 1500 volts ac(Vac)
end 2board ship as high as 2500 Vac {see BoD- STD-1399 spike test).

g. See 6.9.4 for limits on }line-to-ground capacitances.

6.9.2.1 Instal¥iation of off-the-shelf power line filters. The most effective location
to mount the filters is at the T1ne cord entrancte to the chassis, [If this is not possible,
the line-side wires should be twisted and perhaps shielded, Do not run these leads in the
same bundle or parallel to any other leads In the equipment. It s also good practice to
twist the load-slide leads to the switch.

REO) magnetic emissions may occur §f the line cord entrance to the chassis 1s not located
close to the terminal entrance to the power supply. The internal wiring leading to the power
supply carries switching frequency currents which in turn radiate EMI. To decre2se these
magnet {ic emissions, a capacitor can be located at the terminal entreance to the power supply.
The capacitor then becomes part of the input filter circuft.

6.9.3 DC versus ac filter, 1In general, as ouch filtering as possible should be performed
on the dc side of the rectifier for the following reasons:

a. Electrolyttcs may be used on the dc side-smaller volume capacitors

b. Less losses in rectifier diodes 1f there are no switching frequency losses

¢. Inductive flltering gn dc side decreases low frequency rectification harmonics
d. Less radiated EM! since fewer wires carrying the switching frequency

e. Easter to achieve low line-to-ground capacitances (see 6.9.4).

Some additional filtering may also be needed on the ac side {e.qg., cormon-mode or if rectification
harmonics extend to the switching frequency).

—
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6.9.4 EMI filtering and MIL-STD-461B. Paragraph 4.3.1 of MIL-STD-461B, Part 1, states
that the use of Tine-to-ground filters for £MI control shall be minimized. This does not mean
that they should not be used nor form a basis for the argument of exceeding the conducted emission
requirements on power lines. As explained in the subject paragraph, such filters establish a low
impedance path for structure {common-mode} currents through the ground plane and can be a major
cause of interference in the systems, platforms or installation because these currents can couple
into other equipment using the same ground reference. The dumping of noise currents, as well as
leakage currents, into the ground plane, which is often the hull of the ship or the fuselage of
an aircraft, makes this ground reference a high noise source. If allowed to continue without any
1imits to the amount of power line and nolse current being dumped into the ground, the bonding of
equipment could cause more problems than it would solve. Furthermore, there are limits to the
amount of reactive current and maximum capacitance to chassis set forth in Reguirement 1,
MIL-STD-454 and MIL-£-16400.

Thus, MIL-5TD-461B states that the total line-to-ground capacitance shall not exceed 0.1 pF for
60 Hz equipment and 0.02 pF for 400 Hz equipment. This will, in turn, limit the power line
current to 5 mA consistent with MIL-STD-454 and MIL-E-16400 requirements. It is important to
note that the filtering employed in an equipment must be described fully in the equipment's or
subsystem's technical manual, as well as in the EMI Test Report, as specified in MIL-STD-461B.
Since many EMI filters are added as a result of EMI tests, the test report is often the first
official document showing their use, usually prior to the issuance of an Engineering Change
Proposal (ECP).

Procuring activities should be alerted to the fact that many contractors may argue that compliance
with the conducted emission or susceptibility requirements of MIL-STD-461B is not possible unless
large capacitors are used in the EMI filters. This is believed to be a fallacy since most commer-
clal computing devices now use EMI filters in conformance with Underwriter's Labs (UL) leakage
requirements consistent with the MIL-ST0-461B requirements. Thus, the technology and commercial
filters for conformance to the requfrements are available. The only problem which may exist is
that the filters are not of military quality or are not on a qualified parts Vist. This problem
can be remedied by either the equipment manufacturer or filter manufacturer pursuing an appropriate
component qualification procedure. The important fact #s that the filtering requirement must be
adhered to, in order to achieve the compatibility of the equipment or subsystem when it is inte-
grated into the overall platform.

To meet these low line-to-ground capacitances, one or more of the following procedures are
recommended:

a. Use of line-to-line capacitors
b. Use of one or more ferrite beads (see 6.5)

¢. Filtering on the dc side {see 6.9.3)

6.10 5hielding. A shield is a metallic partition between two regions of space. It controls
the propagation of electric and magnetic flelds from one of the reglons to the other. Shields
may be used to contain electromagnetic fields 1f the shield surrounds the noise source or it

may also be used to keep electromagnetic radiation out of the region. Circuits, components,
cables or complete systems may be shielded. A major reference for this section is the book by
Ott {reference 42}.

At a point close to the source, the field properties are determined primarily by the source
characteristics. Far from the source, the properties of the field depend mainly upon the medium
through which the field is propagating. Therefore, the space surrounding a source of radiation
can be broken into two regions, as shown in FIGURE 81. Close to the source is the near, or
induction, field. At a distance greater than approximately one-sixth of a wavelength, 15 the
far, or radiation, field. The region between the near and far fields is the transition region.

The wave impedance is the ratio of the electric field (E) to the magnetic field {(H}. In the far
field, this ratio E/H equals 377 ohms for air or free space. In the near field, the ratio is
determined by the characteristics of the source and the distance from the source to where the
field {s observed. If the source is high current and low voltage (E/H < 377} the near field is
predominantly magnetfc. As the distance from the source increases, the magnetic field attenuates

at a rate (llr)3 and the electric field attenuates at a rate of (llr)z. Conversely, if the
source has low current and high voltage (E/H > 377} the near field is predominately electric, and
the electric field attenuates at a rate of (l/r)3 whereas the magnetic field attenuates at &

rate of (llr)z.

. 18
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FIGURE 81. Wave impedance for electric and magnetic fields.
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In the near fleld, the electric and magnetic fields must be considered separately, since the
ratio of the two is not constant. In the far field, however, they combine to form a plane wave
having an impedance of 377 ohms. Therefore, when plane waves are discussed, they are assumed
to be in the far field. When individual electric and magnetic fields are discussed they are
assumed to be in the near field. At one MHz the near field extends cut to about 150 feet

(45.7 meters). At lower frequencies, the near field extends even further and, therefore, most
coupling is in the near field (see FIGURE 81).

6.10.1 Shielding effectiveness. Shielding can be specified in terms of the reduction in
magnetic and electric field or both strength caused by the shield. It is convenient to express
this shielding effectivess in units of dB. Use of dB then permits the shielding produced by
various effects or shields to be added to obtain the total shielding. Shielding effectiveness
(S) is defined for electric fields and for magnetic fields in FIGURE 82.

Shielding effectiveness is a function of frequency, geometry and material of shield, type of
field, and position of shield with respect to field's polarization. It is useful to consider
the shielding provided by a plane sheet of conducting material. This simple geometry serves
to introduce general shielding concepts but does not include effects due to the geometry of
the shield. However, the results of the plane sheet calculations are useful for estimating
the relative shielding capability of different materials.

Two types of loss are encountered by an electromagnetic wave striking a metallic surface. The
wave is partially reflected from the surface, and the transmitted (nonreflected} portion fs
attenuated as it passes through the medium. This latter effect, called absorption loss, is the
same in either the near or the far field and for electric or magnetic fields. Reflection loss,
hawever, is dependent on the type of field, and the wave impedance. The total shielding effec-
tiveness of a material s equal to the sum of the absorption loss (A) plus the reflection loss (R)
plus a correction factor (B) to account for multiple reflections in the shieid. Tota) shielding
effectiveness, therefore, can be written as

S=(A+R+8)dB
ar
S=A+R+B (dB)

All the terms must be expressed in dB. The multiple reflection factor B can be neglected if the
abserption loss A s greater than 10 dB. From a practical point of view, B can also be neglected
for electric fields and plane waves {see FIGURE B82).

Absorption loss in a medium occurs because currents induced produce ohmic losses and heating
of the material. The electromagnetic wave decreases exponentially through the medium and,
therefore, the attenuation is an exponential function of the thickness of the material.

Linearizing the equation by expressing it in dB, the absorptfon attenuation becomes a linear
function of thickness. Doubling the thickness of the shield doubles the loss in dB. The
absorption loss {A) also increases with frequency, permeability and conductivity (see FIGURE 83
for the expression for A}. In the near field when the magnetic field is predominant, the
shielding effectiveness is primarily due to absorption loss.

The reflection loss at the interface between two media is a function of the difference in
characteristic impedances of the two media. When an electromagnetic wave passes through a
shield, it encounters a second interface between the twp media. Both electric and magnetic
fields are reflected at each boundary. For electric fields, the largest reflection occurs

at the initial interface, and therefore even very thin materials provide good reflection loss
{and the multiple reflection correction factors, B, may be ignored). For magnetic fields,
however, the largest reflection cccurs at the second surface and multipie refiections within
the shield reduce the shielding effectiveness. (The near field magnetic reflection loss can
be assumed to be negligible at Tow frequencies. 1In any case, for absorption loss greater than
10 d8, the correction factor, B, may be ignored.)

in the near field, the reflection loss varies with wave impedance (see FIGURE 81), since reflec-
tion loss is a function of the ratio of wave impedance to shield impedance. A high impedance
(electric) field has a higher reflection Toss than a plane wave. A low impedance {magnetic
field) has a lower reflection loss than a plane wave. Thus in the near field when the electric
field is predominant, the shielding effectiveness wiil aiways be greater than refiection ioss for
a plane wave. FIGURE 83 gives the expression for this reflection loss which is inversely pro-
portional to frequency and permeability but proportional to conductivity.
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S = 20 log Hg/H, dB s = 20 log Eo/E dB
for magnetic tor electric
fletds Nelds

where Eg (Hg) Is Incident field strength &
E4 (H4) Is tield strength emerging from shield

TotalS=A+R+B
where A Is absorption loss which is the same for electric
fields, magnetic fields or plane waves
R is reflection loss which is different for electric
tields, magnetic fields or plane waves

B is correction factor (ignore for A > 10dB)

FIGURE 82. Shielding effectiveness(s) for metallic
sheets in near and far tields.

Where t is thickness in inches
i, is relative permeability
o, is relative conductivity
fis the frequency

Magnetic field predominant (primarily absorption loss)
S=A=334t\/tyo, dB

Electric field predominant (primarily reflection loss)
S=R=168-10log (i t/0,)dB

for plane
wave
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6.10.2 Magnetfic material as a shield. FIGURE B4 1ists some of the effects of using a
magnet ic material as a shield. TIn addition, it should be noted that the usefulness of
magnetic materials as a shield varies with the field strength H, The effect at high field
strengths 1s due to saturation, which varies depending on the type of material and its
thickness. At field strengths well above saturation, the permeability falls off rapidly.

In general, the higher the permeability the lower the field strength that causes saturation,

To overcome the saturation phenomenon, multilayer magnetic shields can be used (see FIGURE 85).
There, the first shield (a Tow permeability material? saturates at & high level, and the second
shield (a high permeability material) saturates at a low level. The first shield reduces the
magn itude of the magnetic field to a point that it does not saturate the second; the second
shield then provides the majority of the magnetic field shielding. These shields can also be
constructed using a conductor, such as copper, for the first shield, and a magnetic material
for the second. The low permeability, high saturation material is always placed on the side

of the shield closest to the source of the magnetic field. In some difficult cases, additional
shield layers may be required to obtain the desired field attenuation. Another advantage of
multilayer shields Is that there is increased refiection ioss due to the additional reflectin
surfaces. Even better results seem to be obtained if the layers are separated {see FIGURE 85?.
Magnet ic material manufacturers supply detailed information on these multilayered shields.

When using magnetic materials as shields, it is advisable to consider the orientation of the
flux lines. For example, by designing the shield and brackets to follow natural flow of flux
1ines, better shielding effectiveness can be attained {see FIGURE 86).

6.10.3 Seams, joints, and holes. As indicated in FIGURE 87, the intrinsic shielding
effect tveness of the materfal 7s frequently of less concern than the leakage through seams,
Joints and holes. Some considerations to minimize adverse affects of jaints and holes are
listed in FIGURE 87, FIGURE 88 shows a technique for making a hole into a waveguide below
cutoff and thereby obtain a hole magnetically shielded.

A common way to provide ventilation is to use the configuration shown in FIGURE 89. This figure
shows a section of shiald containing a square array of round holes. The hole diameter is d, the
hole center-to-center spacing is c, and the overall dimensjon of the array is one. The magnetic
field shielding effectiveness {reference 42) is given in FIGURE 89. Shielding effectiveness in
this case is the increased attenuatjon provided by the hole pattern over that provided if the
total area (1 x 1) had been removed from the shield.

6.11 Reliability and EMI. Both reliability and EMI are best achieved in an end equipment
when they are a serious consideration in the early stages of design. For example, an analytica)
survey of a circuit prior to chassis layout will identify those portions which by nature are pro-
ducers of large electromagnetic {EM) emissions. Once identified, the chassis can be so designed
that the natural shielding effect of the Structure will be employed advantageously or high
current-carrying leads can be run through chassis channel numbers.

The techniques and components used to effect EMC, that is, shielding, filtering, and so forth,
should be of the same order of reliability as the basic equipment components, and they should
not obstruct air flow nor add too much heat to a structural member already operating at a high
temperature. MIL-5TD-785 provides guidelines for planning and {mplementing a reliability
program.

Other questions which should be considered in the course of the design study are:

a. Is the nuisance effect of the EMI suppressor such that personnel will discard it?
{Human engineering)

b. Will the EMI device stand the wear and tear of maintenance and operation?

c. Wil 4
of the host equipment

d. Does the EM] device ring disproportionately when subjected to power line transients?

e. Will the EMI device cause the host equipment to exceed its wefght or size specifi-
cations?
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Increases absorption loss (best for low frequency
magnetic fields — very little reflection loss)

Decreases reflection loss (less shielding for low
frequency electric fields)

Decrease of u with frequency
p depends on field strength

Machining or working high » materials may
change magnetic properties

Steel (not stainless) & mumetal are effective up
to about 100 kHz

Somewhere between 100 kHz & 1 MHz nonmagnetic
conductors (eg, copper) become better magnetic
shields than magnetic material (eg, steel)

FIGURE 84. Magnetic material as a shield.

COPPER, ALUMINUM, OR
ANY DIELECTRIC

FIGURE 85. Containing magnetic field with multilayer shield.
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For Exampie |
1 ] L] 1
e Design bracket ends & chassis to cause flux lines to
enter the ends of a U-shaped piece of metal

FIGURE 86. Utilizing natural shielding.

* Actual shielding effectiveness obtained in practice is
usually determined by the leakage at seams & joints, not
by the shielding effectiveness of the material itself

* The maximum dimension (not area) of a hole or
discontinuity determines the amount of leakage

® A large number of small holes result in less leakage
than a larger hole of the same total area

¢ EMI gaskets, commonly made of knitted wire mesh,
when properly compressed, provide electrical
continuity across a joint — can control leakage from
low kHz to tens of GHz

* EMI gasket materiai used shouid be gaivanicaiiy
compatible with the mating surface to minimize corrosion

FIGURE 87. Seams, joints and holes.
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FIGURE 88. Hole formed into a waveguide (d < t)-magnetic shielding
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FIGURE 89. Round holes to provide ventilation.
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6.13.1 EMI as a diagnostic tool to increase reliability. When conducting EMI tests on an
electric equipment ar sub-unit, Tt Ts often possible, by making additional use of the EMI test
set-up, to identify any weaknesses in the equipment design. OQptimizing the design prior to

adding filtering and shielding usually increases reliability and performance, and reduces power
consumption and cost.

EMI may be only a very small portion, the radiated part, of a much more significant amount of
Tost energy. It therefore, may signify dissipative losses, an fndicatfon of heat, and heat may
affect reliability and performance.

6.11.2 Effects from undesired signals. tndesired signals, as well as being undesirable
from an interference standpoint, also reduce reliability and operational effectiveness. For
example:

3. The circulating current through an L-C resonant circuft depends on the circuit Q.
Theoretically, a circuit with infinite Q would have infinite current at resonance. This condition
can never be achieved practically; however, any reasonably high @ circuit can have extremely high
ac currents in its components. [f the capacitor has one percent dissipatfon factor, the heat
build-up 15 within the capacitor and must find a way out through leads, case, and so forth. This
can be the most severe kind of heat build-up. Even some very Jow dissipation factor capacitors
have a problem due to a high ac current, for example, the silver in a silver-mica capacitor
migrates through the mica and shorts out the capacitor.

b. Many circuits may appear to be operating properly when the output and input
terminals are monitored. There can exist, however, an oscillation completely within some part
of the circuit which does not show up in efther the input or output terminals. The conception
that 4f it cannot be seen or heard and therefore should be no cause for concern is not valid.
The dc voltmeter may be used to determine that each stage is working within its dc dissipation
rating. However, the ac dissipation must be added to this, and the engineer is not even aware
of its existence. Also, perhaps touching the dc probe to the test point temporarily quenches
the oscillation. This type of oscillation is known as parasitic and usually causes degraded or
sub-optimum operation since it reduces gain.

€. Sympathetic resonances can occur, for example, when a rectifier smoothing
filter or portion of it i5 resonant at the chopping frequency {or harmonic), of the switching
regulator. Reliability and efficiency are reduced by the high circulating current through the
filter and regulator.

Custodians: Preparing activity:
Navy - EC Navy - EC
Army - CR .
Air Force - 11 {Project EMCS-0102)
Review activities:
Army - SC

Navy - SA, SH, AS
Air Force - 13, 17, 89, 99
NASA - NA

User activity:
Navy - YD
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APPENDIX A

10. Introduction. The dc, or static, properties of dc-to-dc converters are well under-
stood. However, thelr ac, or dynamic, properties are much less well understood. This is
because switching converters together with thefir duty-ratio mpdulators constityte a nonlinear
subsystem whose response is not obvious.

Middlebrook and Cuk (references 2, 37, 49, and 51) have developed a canonical model of a
switching-mode dc-to-de converter, from which not only the large-signal dc but also the small-
signal ac dynanic properties can be obtained. Essentially the model 1s a Vinearfzed equivalent
circuit. The model is valid if the effective filter cutoff frequeacy {s much lower than the
switching frequency {which is always necessery {n order to achieve a low output ripple}, and

for small) zmplitude ac variations. It is a Vinearized model to which standard circuft analysis
can be 2pplied. It is called a Canonical mode) because the form of the model s the seme for

any modutator &nd power stage. The primary source of the discussion and drawings {with permission)
herein is reference 51, a pazper presented at Powercon 5.

Although the form of the Canonical model §s the same for any converter, the formulas (and of
course numerical values) for the elements are different for different converters. Formulas for
the wodel elements are presented for the basic dc-to-dc converters, For some derived converter
configurat fons, the formulas are given for sufficient elements to apply the input filter design
criteria of APPENDIX B.

20. Basic dc-to-dc converter models. A model that represents any basic dc-to-dc converter
in the continuous conduction mode {s shown fn FIGURES 90 and 91. FIGURE 90 emphasizes the three
essent{al functions of any dc-to-de converter: control, basic dc conversion, and low-pass filtering
(cont inuous conduction mode). FIGURE 9) is more detailed relating to the element values in
TABLE vI11. Smal) smplitude 2¢ variations are shown In lower case with & hat over the parameter;

N
for exsmple. d represents a small ac variation in duty ratie D,

20.1 Buck, boost, and buck-boost. The formulas for the codel elements are given In TABLE VIII
for three common converter forms; the buck, boost, and buck-boost (shown in FIGURE 92). The ideal
transformer ratio M is a function of the duty ratio, D, and is consistent with the voltage conver-
sion ratios given in 3.3.5.1 on bastc topologies. The Canonical model in FIGURE B85 is the seme
as the one shown in FIGURE 7 except that the vcltege and current generators 2re reflected to
the primary stde of the transformer, M is the reciprocal of p in FIGURES 7 and 9.

¥Within the limits of its restrictions, the Canonical model is both a large-signal dc model and a
small-signal ac model of the power stage and contains all the information necessary to determine
the dc operating point and the line-to-cutput and duty ratio-to-output transfer functions.

The Cangnical model in FIGURE A2 also Includes s simple version of the modulator stege. The
modulator Is characterized by a voltage vm such that

A A
D= Vc/Vm and  d = v /Y,

thereby expressing 2 lineer relationship between control volitege input and duty ratio output, in
which Vm is the range of control voltage needed to sweep the duty ratio fram O to 1. Extension

to non-1inear dc or a frequency dependent a&c characteristic (s eassily made. Even some linear
eodul ators may require modifying the dc transfer function. For exzmple, since the Silicon General
563524 Regulating Pulse Width Modulator has a ramp offset by a fixed voltage, V_, the dc transfer
funct {on has to be replaced by °

D= (v - V) /v

There are two fmportant features in the model. First, the effective inductance Le is equal to

the 2ctual constant filter inductance L only for the buck converter, and Is different from L and
a function of the duty ratio D (the aperating point) for the other two generators. Second, in
the buck tonverter the voltage generator is not frequency dependent, but in the other two con-
verters the voltage generators ere frequency dependent expressed by & right half-plane zero.
Both of these features make the boost and butk-boost converters more difficult to regulate. In
411 three basic converters, there is no frequency dependence of the current generator, and C

and Re are the same as those fn the actual converter.
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FIGURE 90. Canonical equivalent circuit that models the three

essential functions of any dc-to-dc converter: control,
basic dc conversion, and Tow-pass filtering (continuous
conduction mode).
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FIGURE 91. Canonical model representing any basic dc-dc converter.

TABLE VIII. Element values in the Canonical model of
FIGURE 91 for the buck, boost, and buck-
boost converters.

TYPE M(D) E f-l(S) fz(S) Le
Y,
BUCK D 3 1 | L
L
BOOST | —— v [-s—2 | L
- D S .
Ll ¥ mn ""D)
DL
BUuck- | _D_ .Y |-s—2 | L
BOOST | 1-D D2 R (1-D)2
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FIGURE 92. The basic dc-to-dc converter circuits

for the (a) buck, (b} boost, and {c)
buck-boost topologies.
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The effective resistance Re is not, in general, equal to the inductor resistance Rl In the
actual converter clircuits. Re is a complex function of the various parasitic ohmic circuit

resistances, the duty ratio 0, and a resistance due to the transistor storage-time modulation
(chapter B of reference 2). Since Re is o parasitic resistance or second-order, in a prac-

tical case one merely tries to minimize some of these effects and accepts the resulting value.
Those effects that lower the Q In a lossless manner may be advantegeous (see APPENDIX B).

20.2 Boost-buck {Cuk). The boost-buck converter is shown fn FIGURE 93 and the Canonical
circuit model o s new switching converter fs shown in FIGURE 94. The model in FIGURE 94 is
equivalent to the models in FIGURES 90 and 91 although the low-pass filter network naw consists
of a two-section filter. Chapter 18 of Reference 2 discusses the origin of this new converter
and recomzends keeping we)l separated the resonant frequencies of each L section of the two-
section filter., Also to reduce stabilization problems the following condition should be met:

le /R - ReCeD' <0

Chapter 25 of reference 2 points out that this Cuk (boost-buck) converter can be considered as
a conventfonal buck converter preceded by an input filter. Therefore, in a manner similar to
the one presented in APPENDIX B, design criteria can be fmplemented by suitable choice of the
relative corner frequencies and the damping of the effective Input and output filters fnherent
in the Cuk converter.

30. Models of extended converter confiqurations. As stated In Section 20, the Canontcal
rmode) represenis the properiies of eny dc-to-oc converter, regardless of its detailed configura.
tion. The model s derived for some commonly used extensions of the basic converter. This
process requires additions to or redefinitions of the elements in the basic model.

30.1 Push-pul} transformer-1solated. The topology for the push-pull converter is discussed
in 3.3.5.3.7 It is basically 2 buck converter. As fer as the Canonlcal model is concerned. the
push-pull duplication is irrelevant; the effect is merely that the input voltage is impressed
across the diode for a fraction D of the switching period, just as fn the simple buck converter.
The only extension to be atcounted for is the haif-primary to secondary turns ratio V:n shown in
FIGURE 95 wherein the circult &nd its Canonical mode! are depicted.

The turns ratto Is incorporated into the model's transformer producing a resultant ratio of 1:nD,
The voltage and current generators are thereby transferred to the other side of the V:n transformer.
Their values must, therefore, be changed by the respective factors 1/n and n, as shown in the
Canonical model of FIGURE sslb). The parasitic properties of the real transformer, such as

leakage inductance and stray capacitance, could also be incorporated inte the model, {f desired.

30.2 Double-output single-ended transformer-isolated forward converter. This forward
converter shown in F!EURI Esia) Ts basically a buck converter. The transformer has two func-
tions. First, 1t provided dc fsolation achieving core reset by zener-diode clamping of the

[ Y . toamefmawmnn nuavidar m. it inla A T4

'ifﬁiﬁg Ufl'll‘;dge auring the switch of f-time. Second, the transforper provides sultiple ocutputls
at different voltages determined by the respective turns ratios from primary to secondaries.
Typically, one cutput, say V‘. is the principal output rated at the highest current. VI is

sensed to provide the feedback signal for closed-loop regulator operation. This output is then

the regulated output, and the others are siaved outputs.

The Canonical model is established by referring element values to the secondary winding with n,

turns. As a first step, a trensformer of ratio 1:n; is inserted to the left of the basic Canon-

ical model for a buck converter. Then, this transformer is merged with that in the basic model
to give a single transformer of ratio l:nlo as shown in FIGURE 96(b). At the same time, the
voltans and current generators are modified by the respective factors l.lni and n;. The other

output circult {s shown reflected to the n output {the element values are multiplied by the

appropriate turns ratio factors). The only other extension required is that the current generator
now has the load resistance R term replaced by the total effective load resistance referred to the

principal output, namely RI in parallel with (nI/nz)zRZ. Additional outputs, of elther

positive or negative polarity, can obviously be incorporated in 2 similar manner into the Canonical
mode ).
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FIGURE 94. Canonical circuit model of the Cuk converter
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30.3 Single-ended transformer-isolated flyback converter. This flyback converter shown
in FIGURE 97lai Ts buck-boost derived. RAgain, 6‘ 1s adopted as the principal output. The
model elements are combined with the basic transformer of the basic buck-boost Canonical model
to give a single transformer of ratio (1-0):n]D. The voltage and current generators are like-

wise modified by their respective factors 1/n; and ny. These preceding modifications are
shown in FIGURE 97{b)}.

However, the multiple secondary cutpuls must be incorporated differently than in the buck-derived
converters, [In this buck-boost derived converter all outputs are served by a common inductor, the
isolation transformer's primary inductance L. Therefore, in the extended Canonical model, both2
outputs are fed from the effective inductance Le which is the reflected primary inductance (nl) L

divided by the (I—D)2 factor from TABLE VIIT. [t is to be noted that the effective filter in
the principal output V] involves the total reflected capacitance of all outputs. This is unlike

the previgus example in which each cutput retained its individual filter.

Finally, the factor R in the current generator is again replaced by the total effective load at
the principal output, namely R1 in parallel with (n]/nzlsz; and appropriate substitution

for R and Le is made in the expression from TABLE VIII for the voltage generator right-half-plane
erg W,
a

The appropriately reflected parasitic resistances Re and Rc for the several outputs could of

course be included in the extended Canonical models, but for simplictty have been omitted in
FIGURES 96 and 97.

40. Performance Erogerties of the Canonical model. The Canonical model of FIGURE 91 together
with the element values o » OF as extended to represent more complicated converters,
provides a basis for analysis and design of the converter dynamics. The Canonical model retains
identification with the physical origin of its various elements, which is a prerequisite for the
recommended design-oriented approach to the system analysis. To help further with the physical
understanding of the converter dynamics in the context of the following sections, it is usefu)
to review in graphical form the performance properties of the low-pass filter component of the
Canonfcal model.

The three performance properties of the effective Jow-pass filter, as identified in the Canonical
model of FIGURE 91, are the input impedance Ze‘(s). the transfer function He{s). and the output

impedance Zeo(s). The results are considerably simplified if the (normally good) approximation

1s made that the )oad resistance R is much larger than either of the parasitic resistances Re or RC.

A1} three performance properties can be expressed in terms of two normaiizing parameters of the
filter and of its Q factor. The two normalizing parameters are the corner or resonant frequency
wy, =1/ Lec and the characteristic resistance Ro = JLe/C. The Q factor describes the degree

.of damping, and is determined by the ratios of the three resistances to the characteristic

resistance. To a good approximation, the { factor is given by the paralle) combination of the Q's
that would result if each resistance were accounted for alone, namely Q = (RO/Re)||(R°/Rc]||(RIR0).

Alternatively it can be expressed as Q = R /Rygs where R, 2 R, + R, + (Ro)le is the

total effective series damping resistance.? ‘¢ ¢

The most useful form fn which to express the performance properties is by graphical assembly of
the asymptotes that represent their magnitudes as functions of frequency, on the usual dB versus
log frequency scales, as shown in FIGURE 98, Al1 of the useful salient features are shown on
the graphs, namely the equations for the asymptotes and corner frequencies. The solid lines
represent a high-, or underdamped case (Q>>0.5), and the dashed lines represent a low-Q, or
overdamped case (Q<<0.5). The value of Q determines the manner in which each function goes
through- resonance at wo; in the Jow-Q case, an intermediate straight-line asymptote appears

that intersects the neighboring asymptotes at cormer frequencies given (to a good approximation)
by th and wolQ. The input impedance ‘Zei' has the minimum characteristics of series resgn-

ance, of the tota) effective series resistance Rte‘ and the output impedance lzeol has the maxi-

mum, characteristic of parallel resonance, of (Ro)lete {which is the total effective shunt
resistance).
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PREVENTING INPUT-FILTER OSCILLATIONS IN SWITCHING REGULATORS

equiators have a negative

dittaon af innut filtere
on OF nput riilers.

10. Introduction. As discussed in 3.3.4.
{nmit maeclictancra af Jou feamunneise and ran be

THPULY TEITILAIILLT O IUW 11 LJuliuviva, QI wgir

Preferably a suitable input filter or filters should be incorporated into the original regula-
tor design. Xnowledge of the design permits criteria developed by Middlebrook to be applied,
ensuring not only system stability but also virtually no effect on the important properties of
loop gain, output impedance, and line rejection. If, however, a line filter is 2dded to a
black box regulator, then one must measure the Input impedance as a function of frequency to
determine stability; however, the resulting regulator properties can only be incompletely pre-
dicted. (The discussion and figures (with permission) in Sections 2Q, 30, 50 and 70, are taken
with some modifications from two papers by R.D. Middlebrook, references 37 and 51, both papers
also appearing in the reference 2 volumes.)

2,

st LY
1]

r
zhle by additt

20. Design criteria for input filter and converter effective fiiter. The modeil shown in

FIGURE 99 represents a general swiitching-mode regulator with additfon of a line input filter and
incorporation of the Canonical model of APPENDIX A. To prevent fnstabilfity the magnitude of the
output impedance of the input filter (or filters}, |Zs|. must be less than the magnitude of the

open-100p impedance of the switching-mode power supply. With reference to FIGURE 99, it is seen
that |ZE|IM2| is the value of Z| that would be gbserved under apen-loop conditions (in which
both controlled generators are deactivated), and is thus identified as the regulator open-ioop input

impedance. Both relevant impedances, |Ze‘/n2| and |Zs‘. are shown in FIGURE 100 as a function
of frequency.

ize'iﬁ?%. shown &5 the tap curve in FIGURE 100, reprasents the magnitude of the
impedance of the series-resonant loaded averaging (output) filter; which is equal to in magnitude
to R/MC at dc and low frequencles, declines along the asymptote 1/ wC above the corner fre-
quency 1/RC, reaches a minimum of Rte/n2 at the resonance (averaging filter cutoff) frequency

wy = 1/ \/E;EE and then rises along the asymptate mLe/Hz passing through the corner frequency
R/Le. Le 2nd Re are the parameters modeled in FIGURE 99 where only for the buck configuration

is Le equivalent to the output filter inductance but also depends on the duty cycle, D, for the
boost and buck-boost; and where Re is the effective resistance, Two cases for ‘zell"zi are
illustrated in FIGURE 100, the soifd Ifne for the high Q, and the dashed line for the low Q; in
each case the minimum impedance {s ‘Rta’"2|' but in the tow § case the minimum Vs spread over

a wider frequency range (see APPERDIX A , Sections 20.1 and 40 and FIGURE 98, for determination
of Re' Rig» 2nd Q factors),

|zs|. shown as the lower curve in FIGURE 100 represents the input filter's output impedance,
here shown for a single-section filter. However, Zs may comprise a multiple-section filter;
and in addition inciude the low-pass filter in the ac line (for ac-to-dc power supplies); and
also include the impedances of the input power cables and generator if they are significant.

The basic singie-section input filter iilusirated in FIGURE 100 has an outputl Impedance zs that

represents a damped parallel-resonant circuit, which is equal to Rls at dc and low frequencies,
rises along with asymptoteeLs. and declines along an asymptote 1/ mcs after reaching a maximum

of ]Zs] max (see figures 102 and 103), A practical input filter, regardless of its
complexity, will have an output section and consequently an output impedance 7. that

has similar salient features, so that the genera) shape of |IJ illustrated in FIGURE 100

is adequately characterized by a low-freguency value Ry¢ and a resonant maximum value lZJ.na,
at or about a frequenced.
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FIGURE 99. Model of the general switching-mode requlator with
addition of a Tine input Filter and incorporation

of the Canonical model.
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FIGURE 100. Desired relative placement of the magnitude shapes of
the input Filter output Tmpedance fZS, with respect to

the open-loop input impedance ‘Zei/le’ and the open-

loap short-circuit input impedance (Re + sLe)/MZ.
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20.1 Stability and line rejection criterion, The addition of an input filter will not
cause instabiTity i1

s

stability is assured becsuse the fnequality ceuses the loop gain to be essentially unaffected by
the addition of the input fliter. The inequality also ensures that the line to output transfer
function and, therefore, the line rejection 1s essentially unsffected, The line to output treans-
fer function determines what frequencies (inciuding nofse} are prevented from being transferred
from input to output. FIGURE 100 contains all the necessary information for design of the system
to satisfy the desirable fnequaiity, It is obviously not desirable to place the input filter
cutoff fregquency wg near the averaging filter cutoff frequency W+ since this would {mpase the

lowest 1imit on the maximum value IZS' max” Placing we above Py while relaxing the require-
ment on Izsl max® @2kes the fiitering requirement beyond filter cutoff more stringent since

we will then be closer to the regulator switching frequency. The practical solution is usually
to place o below rather than above w

z I << [2,0¥

0"

30. Output impedance criterion. [f the regulator output impedance is to be essentially
unaffected a more stringent condition is required, that

|ls‘ <«
where (Re + sLe) / "2 is the regulator open-loop short-circuit impedance, that s, the
open-loop value of la= that would be measured with the regulator output shorted. As indicated
in the center plot of FIGURE 100, (Re + sLe) / "2 remains at the dc and low-frequency value
Re/nz until the corner frequency Re’Le' and then fallows the sumeane/nz asymptote as
does zeilnz‘

(Ry + sLy) / n2|

To meet this Inequality in addition to the stebility inequality, the design problem is essentially
that of placing the typical shape of |25| in both vertical and horizontal positions so that at

all frequencies it is below the lowest of both of the other two shapes. Placing W belou.uo
relaxes the filtering requirement and also relares the maximum |Zs‘ requirement as far as com-
parison with |Ze‘mz| is concerned, but not as far as comparison with |(Re + sLe)/nzl is
concerned. This condition is more gifficult to achieve than the condition in 20.1 because Re is

the effective (parasitic) resistance and therefore to be minimized, whereas the load resistance R
is almost always much higher, Heavier demping of the input filter resonant peak is required and
lossless dazping recommendations will be discussed in 50.1.

= smmnne lann

VTEFlad madat P fmme
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BJ. P i
simple models for the open-loop input impedance Zeilnz. for two different types of switching-
mode power supplies. Both examples use transformer fsolation but one is buck-derived and the
other is buck-boost derived (flyback}.

it mpedance. F 101 shows how to arrive at

T
19
d

The top figures are circult schematics for the dc to dc part of two ac to dc power supplies.

Both examp?;s are for 155 Vdc inputs and 5 Vdc outputs. 155 Vdc is epproximately the dc
voltage obtained from rectifying and peak filtering single-phase power at 115 Vac 60 Hz.

Tne center figures for both examples are the Middlebrook models {see APPENDIX A). In both model-
examples & good approximation for M s the ratio of output to Input dc veltage (5/155 = 1/31).

Since only the open-loop tnput impedance needs to be modelled & further simplification is shown in
the bottom figures with the closed loop feedback generators removed and the transformer ratio M
incorporated into the circuit parameters., MNote that the inductance in the simplified mode) s the
same as the original circuit inductance only for the buck-derived example. For the flyback the model
inductance one must also know the duty ratlo D and the transformer ratio n. If, however, M s
known, then either D or n {s sufficient to determine L_ . For the flyback example, simple

algebraic substitution obtains L, = L{n0)2 or Lo * L(;+M)2.

Other switching-mode designs may be stmilarly simplified using the topological circuits in 3.3.5
and the codels in APPENDIX A.
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FIGURE 101,
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DERIVED MODELS)

Simplified circuit examples of open-loop

input impedance.
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50. Realization of fnput filter design requirements. Herein, various filter configurations
are discussed with respect to thelr propertles as Tnpul Tilters for switching regulators. The
treatment is not quantitatively exact, but is entirely adequate for design purposes and has the
merit of permitting easy quaiitative comparisons leading to simple design criteria; exact compu-
tations can be made If needed for complen cirtuits or to verify the adequacy of the design when
parasitics are Included (see APPENDIX C for computer progrzm).

Specifically, the Input filter design problem is that of realization of the two functions Hs(s}
and Zs to satisfy the several performance requirements and constraints. The greater the number
of elements in the filter, the more degrees of freedom there are avallable to cptimize Hs(s) and 1.

The design of H.(s), the forward voltage transfer function and the reverse current transfer

function, is usually imposed by the requirement for a certain attenuation at the regulator
switching frequency {see 5.2). For the basic single-section LC filter represented in FIGURE 102,
this requirement specifies a filter cytoff frequency w = v/ lecs and hence a certain I.SCs

product. The series resistance R’ is always to be minimized in the interest of efficiency, and

can be considered fized; therefore, the only remaining design degree of freedom is through the
filter characteristic resistance Ro = V1 753‘ This parameter determines the (-fector and

hence the degree of peaking of both the le(s)l and Ilsl characteristics, as also shown in

FIGURE 102. In particular the filter output impedance |Z$| has a maximum Izslmax - Rm - (Rozlﬂs)
1+ (Rs/no)z at the filter cutoff frequency we. To keep |lsi max 28 low as possible the

fiiter characteristic reslistance Ro has to be made low, which in many systems implies an

fmprectically low L /C, ratfo. It s because of too high an L /C, retio end consequent
high |2 that actual systems with simple input filters of this type are prone to instability.
s| max

Given an L /Cg ratio that s too high for the required Zs] max+ &n dlternative is to lower the
Q-factor by eddition of extra series damping resistance, Since one does not wish to increase Rs'
& resistance Rc may be placed in the series with Cs as shown in FIGURE 103. The |zs| Qax is

now reduced by the factor Rs l*(Rc/ROJ I(RS+RC) from its previous value Rm' but the

Hs has been degraded by appearance of a zero at cERn/Rc so that the switching frequency

attenyation is degraded. Also, since most of tha regulator switching frequency input current flow
tn cs thera may be substantial pawer loaze in Rci

A gore attractive way of lowering the output impedance maximum Is to add paralle) damping
resistance Rp acrass L, es shown {n FIGURE 104. The ]Zs‘ max 'S now reduced by the
factor I/(I+R°21Rsﬂp) from R_, but Hy is again degraded by appearance of a zerg at
NSRDIRO. Thus, the ]"s' and ‘ZSI tharacteristics ere the same in nature as for the
series damping resistance Rc' but there is negligible power loss in the parallel damping
resistance Rp.

An improvement is to place the parallel demping resistance Rp a&cross Cs instead of across

L., as shown in FIGURE 105. This has the same desirable effect in lowering 'zsi oax® 2
does not introduce an unwanted zero in Hs' Since there is also negligible power dissipation

in Rp, this arrangement is the best so far discussed, but has the disadvantage that a large
blocking cepacitor is needed,
A large variety of double-section input filters cen be constructed by cascading combinations of

the several single-section filters, One possibility ts shown in FIGURE 106, in which the series
resistances in the dc path are neglected. The Hs(s) of this filter has a zero and four poles,

giving a high-frequency asymptote for Hs(s) of -18 dB/octave. [t is undesirable to make two
resonant frequencies wy - 1V VI.ICI and«nz -1/ \/chz equal, since 1t can be shown

that this not only ceuses the output impedance to have a sharp maximum, higher than would other-
wise be the case, but also causes the fiiter input Impedance to have a sharp minimum, possibly
much less than Rc' which may be undesirable for the source to see. Therefore, the double-

section input filter of FIGURE 106 is usually designed with well-separated resanant freguencies
such that W, <« Wy,
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FIGURE 102. The basic single-section input filter, its two pole
transfer characteristic |H5(§)I: and output imped-
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FIGURE 103. Single-section inpui filter with extra seri
resistance R, its two-pole one-zero ‘Hs(s)
with lZsl

max lower than Rm'
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FIGURE 104. Single-section input filter with parallel damping
resistance Rp across the inductor, its two-pole

one-zero |Hs(s)], ana‘[Zs| with |2 lower than Rm'
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FIGURE 105. Single-section input filter with parallel damping
resistance Rp across the capacitor, its two-pole

|Hs(s)' » and [Z ] with]ZsT max 'ower than R_.
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one-zero lﬂs(s)l its |Zs] has two maxima, shown
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Withw, <Cw,, the |Hs(s)| and Ilsl functions of the double-section input filter can be
determined approximately by superposition of those of the two sections separately, as shown in
FIGURE 106.

It is seen that the output impedance lZs| now has two maxima, both of which must be controlled

to satisfy the various $nequalities discussed in the previous sectfons. A practical example,
alsp shown in FIGURE 106, is the case 1in which the switching regulator open-loop input impedance

Izei/n2 is following a -6 dB/octave siope, that s, between the averaging filter corner

frequency 1/RC &nd lI:nLeC: hera, the |Is| max 3t the higher input filter resonance frequency

oy must be made smaller than that at the lower input filter resonance frequency w, in order to
oaintain equa) degrees of inequality |ls| << ‘Ze‘lnz\ at the two frequencies. This implies that
the second section characteristic resistance Rz should be lower than that of the first section, R|.

A paper by T.K. Phelps and W.S. Tate (reference 52) provides design information for nine commonly
used cne and two-section L-C tilters with a goal of optimizing the performance of switching power
converters.

50.1 Optimun demping for given blacking capacitance value, The damping of 2 single-section
LC filter (see FIEUME iﬂ7i Ts determined Dy three resistances: two In series (one with {nductance (Re)
and one with capacitance Rc). and one in shunt {R) {(acrass the capacitance and its series resis-

tance). Increasing any of the series resisteances !s undesirable (resulting in less efficiency or
introducing a zero in the transfer function.} As discussed for FIGURE 105, a preferred solution
is to parallel the lgad resistance with 2 serles combination of additional damping shunt resistance
and a blocking capacitor (to avold power lass). This solution is represented in FIGURE 108, The
parasitic serfes resistances and load resistance are omitted since damping is to be controiied by
Rd which defines a Q-factor.

Q = Ry/R,

where Ro = LfC §s the characteristic resistance of the filter. The blocking capacitor fis
defined as n times the original filter capacitance C.

An optimum damping resistance Ro exists for a given blocking capacitance value but the optimum
Ro (to get optimum Q) is different for the three properties of concern; transfer function (H),
input impedance (Z.) and output impedance (1 }. If damping of one property is optimized,

those of the other two will not be optimized. In applications to switching requlators, therefore,
compromises are necessary which nevertheless allow a smaller value of blocking capacitance to be
employed than otherwise would be the case. ODesign criteria are given in reference 51.

60. Filter design optimization methodology. A power processing optimization methodology
is presented In reference 36 to meet required specifications for a design and concurrently to
optimize a given desi?n quantity. Such a quantity can be weight, efficiency, regulator response,
or any other physically-realizable entity. Three inductor desfgn examples are given to demonstrate
the methodology: (1) A minimum weight inductor with the wire size predetermined; (2) & ainimm
weight inductor subject to a glven loss constraint; and (3) & minimum loss inductor subject to &
given weight constraint. Computer programs have been prepared by TRW for these optimum inductor

designs as part of the Modelling and Analys!s of Power Processing Systems (MAPPS) project {spon-

sored by NASA Lewis Research Center under Contract !NA3-19590)111.

Also given fn reference 36 are more complex optimum weight designs, one for a single-stage and
& second for a two.stege filter, and they are compared. Theoretical equations and an example
are given for each filter. To facllitate a realistic comparison, four requirements were assumed
identical for both filters:

F: frequency of switching current = 20 kHz
6: attenyation required at frequency F = .002 (-54 dB)
: dc eurrent in inductors = 3 amps

dc

P: power loss allawed « 0.6 watts

111 NDSC has verified the programs' utility by trial applications.
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Where R~ -
o [

2
And Hl‘e = He0 Rc* Ro R

= TOTAL EFFECTIVE DAMPING RESISTANCE

FIGURE 107. Q of an LL filter.

TRANSFER FUNCTION H

A
r N
O Y'Y\ —
L
Q SHUNT
INPUT d S DAMPING OUTPUT
IMPE DANCE » _]_?E&STANCE c:f— < IMPE DANCE
zZ; c BLOCKING B Z
" -l— CAPACITANCE
o— o
FIGURE 108. Single-section Jow-pass LC filter with blocked
shunt damping resistance.
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60.1 Single-section optimum weight filter. FIGURE 45 shows the schematic of the resultant

Y S s - P 1 [V 1o PN v Ty | Py yay 1 Sl addY abmmls £

@inimum weight one-stiage filter (499 grass }. Using techalgues described by Widdlebrook in
reference 2, 8 graphical analysis is also shown in FIGURE 45. The graphical analysis enables one
to predict the attenuation beyond 20 kHz--the slope is -40 dB per decade [assuning components

are frequency invariant). The filter frequency turns out to be

fo = 2mVILC = 895 Hz

and its resonant peaking is
20 log Q = 20 Yog( LIR) = 6§ dB
proximate graphical analysis results in 2lmost exactly -54 dB at 20 kHz (the
-t}
r-

60.2 Two-section optimum weight filter. FIGURE 44 shows the schematic of the resultant

minimm weight two-stage filter (171 gramsvi; Here agaln graphical znalysis perwmits attenua-
tion evalyation at frequencies other than 20 kHz--the slope is -60 dB per decéde beyond 20 kHz
{assuming constant parameters). The filter transfer functien contains four poles and one zero.
At the lower resonant frequency,

2., - 7
wy lIL,C‘ 4.3 x 10
fI - vllzu = 1.05 kHz
and at 2 higher resonant freguency
2 - 8
w," . /L0, = 4.85 1 10
fo = vp/2m = 3.5 kHz.

Resonant peaklng at the first stage fiiter (Q1) (neglecting the small inductor resistance)
calculates to be (reference 36)

0, = 20 Togyq \/ (1 + L/ R AUE/E)T + (L7ERNT - €/, - Lyt €))0)
thus
Q, = 20 1og;y V(1 + (R/RDDUEE? + (R/R)Z TV - €5/C, = (wy/ wp)?TD)
0] = 20 loglo 2.05 = 6.3 a8
and at the second stage,

Q, = 20 logyy V7L, = -4.7 B

60.3 ggtimum filters desianed for hiaher attenuation. Both the one and two-stage filters
were design or - & z onal atfenuation were required, both filters would
need larger components (to resonate at lower frequencles). This would be less costly with the
two-stage filter since the slope fs -60 dB per decade (for example, another 10.6 dB of attenuation

could be obtained by shifting the entire curve in FIGURE 44 to the left so that f‘ is 700 Hz

whereas in FIGURE 45, 10.6 dB additional attenuation would require shifting the resonant frequency
to 486 Hz.)

Using the same filters, additions)l attenuation can be achlieved by increasing the switching frequency.

For exanmple, if the frequency were doubled to 40 kHz the single-section filter (see FIGURE 45)
would fncrease Its asttenvation 12 dB st the new switching frequency {change in transfer function
from -54 dB to -65 dB). The two-section filter (see FIGURE 44) would fncrease its attenuation
even more (18 dB) resulting in & transfer function of -72 dB at the new switching frequency.
Higher switching frequencies would result in even higher attenuations.

IV assumes foil tantalum capacitor, 372 kg/F.

¥ Assumes foil tantalum capacitor for ¢ {372 xg/F)} and polycarbonate capacitor for C2
(2600 kg/F).
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70. °“Black-box" direct measurements. If the regulator is a black-box and open-loop input
impedance magnitude iieiiﬁzi is not known then one must resort to measurement. However,

direct measurements must be made in the normal closed-loop operation and the impedance magnitude
thus obtained is |Zi]' Although measurements taken by Middlebrook indicated that both the low-

frequency and high-freguency asymptotes of |Zi| are essentially the same as of Zeilel,
the dip at the intermediate frequencies is smaller for Ilil' A Filter designed to satisfy
|Zs| < |Zi" which ensures stability, does not necessarily satisfy |Zs| ¢ lzeilnzl or

|Zs| << |(R1s + Le)lM2| which would ensure negligible disturbance of F{line rejection) or Z,
(output impedance).
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FILTER AND LOAD CHARACTERISTICS {OMPUTER PROGRAM

10. Introduction. This computer progrém was prepared as an adjunct to APPENDIX 8. The
program evaluates the attenuation characteristic of the input low-pass filter and also determines
whether or not the Middlebrook stability criterion is belng met (so that the addition of this
input filter to a switching regulator will not cause the switching regulator to become 2n oscil-
lator). APPENDIX B, Section 50, determines both the attenyation and stebility characteristics
by a stmplified analysis that is almost always adequate for design purposes. This program,
however, will be useful to verify the characteristics of the filter design and include, ¢f
significant, the parasitic, source, &nd load impedances.

The circuit is 1imited in complexity to the components depicted in FIGURE 109. The multi-section
filter represents the input filter configuration, and validly includes the EMI filter in the ac
line {f the ac current flows continuously. The load components to the right of Vo represents

the open-loop input impedance model of the switching regulator (see FIGURE 101 of APPENDIX B).

{NOTE: Although the circuit components are labelled with names useful for this application, this
program need not be limited to this application. This program is based on simple circuft analysis
equations, and therefore, may also be used for other circuit analysis applications requiring no
more circuit complexity than is shown in FIGURE 103.)

Section 20 which follows is an example of the program output and includes & printout of the
instructfons. The attenuvation is obtained by evaluating (and plotting) the voltage gain, voltage
out divided by voitage fin, ViV, (see FIGURE 109). In this example the attenvation is first
obtained assuming zero source impedance and infinite losd impedance {see the first graph of
Section 20). When source and load impedance values are inserted a glitch in the attenyation
curve occurs at the switching regulator output filter's resonance frequency {see the second greph
in Section 20).

Section 20 also evaluates the two {mpedances needed to determine the stability criterion. They
are Z‘. the lpad tnput impedance corresponding to the open-loop input fimpedance of the switching-

regulator; and Zs. the output impedance of the input filter configuration (including source
izpedances if desired). To prevent oscillation the magnitude of 1, oust be very much less
than the magnitude of Zi at any frequency. The program includes a plot of these two impedances

...... [ P e M ok ma - . Y3
super imposed on one graph and the stability criterion can readily be datermined thareby. An

exzmple was used to demonstrate the violation of the stability criterion and to indicate the
necessity of using sufficient frequency points. Initially the two superimposed plots do not
cross because too few frequency points were used (see the third graph of Section 20). For high
Q circuits such as in this exemple a greater number of points need to be plotted as shown in
the graph of superimposed impedances at the end of the program output.

Section 30 is the program listing. It Vs written in HP basic for the Hewlett Packard HP-85
desk top Personal Computer, The program listing is stored on a tape cartridge. It s antici-
pated that cartridges for this prograzm may be made avaflable from the Hewlett Packard library.
Until then it may be obtained by supplying a blank tape cartridge either to NAVELEX 832

{W. Jackson, Uashington. D 20363 -tel {202) 692-0599) or to NOSC 5512 (€. Kamm, San Diego, CA
92182 - tel (£19) 225.2752),
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FIGURE 109. Circuit for computer program: evaluation

of 1nput filter attenuation and its effect

on stability of switching regulator.
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FILTEP AND LORD
CHARACTERISTICS PLOTTING PROGRANM

This provran evaluatres and rlots
(in dB) the first three filter
and load charactieristics ligted
below.ln addition the imepedances
can be pPlotted suPreriarosed on
one srarh a5 lisied in item {45

below.

1 Filter Voltave Gain (Voutsvg)
2) Input Load Ieredance (Z2i ref
1 ohn)

3> Outeut Filter loredance (Zs
ref 1 oho>

4) Surerinrosed laredances (2i
and 2s)

larodances are referenced o one
ohn, The ocutputl jaredance.ls.is
the imredance lookine back into
the filter with Vs short cCir~-
cuited.The loaded filter will be
displared and rou will be asked
10 enter the value 0+ each con-
ronent .You wil! also be asked
which characteristic rou would
like rPlotted, the iresuencr
ranse over which the plot is to
be wade, and if rou wvant the
plotted Pointg pPrinted on Parer
as well.

-C2-E2-C4-Ea-
oRs-Ls-L2=-R2-L4-Ré4--===w= ==
: ' : 2s Re
Ct c3 csS ¢-- H
H H H Lo
Vs Rl R3 RS Vo (===
H H H Rc !
L1 L3 LS 2Zi P Po
H H H - [ 3
O mm e m e e e o= —————— Qg ————

0o rou want a cory Gf the
sggponont values rou enter?

To short circuit an unwanted
coamsonent, set RoL=0.La1E100.

To oren circuit an unwanted com-
ronent.set R=La]EIBO,.CatE-100.

Units ot comronent values:
R=0hans.C=Faradas.LsHenries

gource resistance., Rs

]
gource inducrance, Ls

3]
%oad resistance, RO

1E100

151

PROGRAM OUTPUT WITH INSTRUCTIQNS

Load shunt caracitance, Co

?

1E-100 . .

Load Parasi1tic ffhunt résistance.
Re

l?
1E100 .
Load series inducti1ance. Lo

?
1E100 . .
Load eitective rarasitic series

resistance. Re

1E160 )
ghunt caracitance, ClI

1E-100 ) )
Eauivalent gsories resistance, R}

ot C1

?
1E100 .
Eauivalent sertes inductrance. L1

ot C1

?

IE100

Series Inductance, L2
?

369E-% )
Windine resistance: R2 of L2
o

.0237
Parasi1tic caracitance, C2 ot L2
o

1E-100
Core loss resigstance. E2 of L2

?

1E100

Shunt capacitance, C3
Lr 4

73E~-6

Exuivalent series resistance, R3
ot

?

2.12 )

Eaulvalent series inductance, L3
gi c3

0
Series Inductance, L4

?
103E-6
Hindine resistance., P4 of L4

.0159 _
Parasitic caracitance., C4 of L4

1E-100
Core loss resistance. E4 ot L4
I,

1E100
Shunt caracitance, CS5

?

20E-6

Eautvalent series resistance. RS
ot C3

?

1]

Eauvivalent series inductance. L3
ot CS

?

1]
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za ]
F . 1186
1) Filter VYoltagse Gain {(NVouts¥s) af-——"" ]
2 Input Load Impedance (Zi ref \““hu\ﬂ___“__;
1 ohm) tagn
2) Output Filter Impedance (Zs -
red{ 1 ohmy |
4) Surerimeosed [mpedances (Zi Y
and Zs) —— 10
GRIN] : \ )
Enter number of desired pPlot? cdBal \ \ :
1
Would you like to plov: i AN 1-9e

1) Magnitude and FPhassa
2) Ragnitude only
g) Phase only

1
Lowar jreayency limit?
1E2

llpPrer sreayancy

1EE

limit?

How many treauency Pointc would
rou like plotted?
26

bo rou want a Print-out ot the
plotted walues?

YES

FREG. MAG . PHASE
1 .8AE+QBaZ +1.87E~-BB1 -. 13
1.62E+B062 +2 . BOE-BOL -.38
2.64E+DB2 +7 3ZE-001 -1.22
4.28E+p@2 +1.8BE+B00 -4.68
6.93E+9062 +4 42E+004 -28.32
1.13E+903 +5.,29e+608 -76 .28
1 .83E+043 -1.03E+000 -122.48
2.98E+p03 -6 .98E+BB3 -161.87
4.83E+903 -1.69E+081] +147 .00
7.B5E+883 -3.92E+891 +118.80
1.27E+Qa4 -4 34E+001L +186.21
2.07E+@84 -3.62E+0801 +99 .63
3.36E+004 ~6.98E+B81 +95.85
S.496E+Q04 ~-8.16E+881 +93.59
8.86E+DB4 -9 .43E+041 +92.2@
1.44E+985 -1.87E+802 +91 .36
2.34E+985 ~1.28E+0802 +96.84
3.78E+9B5 ~-1.32E+B82 +99 .51
€.16E+085S -1.45E+0062 +949 .32
1.90E+DB6 ~1.5vE+poz +90.20

Do rou want 3 cory of the plot?
YES

152

i \ -189
-130]

Are more plots to be made%
YES

Hould »ou like to change:

12all component values?
2)iilter comronent values only?
3)source and load wvalues anl»?
4)characleristic 1o be plotted?
9)Yfreauency limitrs?

g)number of Points plottred?

3

Source resistance. Rs
o

.1
Source 1nductance. Ls
O

7BE-6

koad rasistance, Ro

19

Load shunt caracitance., Co

?

SE-6 o .

Load parasitic shunt resistance,
Rc

?

{E~-3 .

%oad s52ri1es 1nducrance, Lo

1E-¢ .

Load 2ttective Parasitic series
resistance, Re

?

1E-3

i ——
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1) Filter Voltave Gain (Voutsvs)
2) lnput Load luaredance (i ref
1 ohm)

3> Output Filter lapedance (Zs
ref 1 ohn)

4) Surerimrosed laredances (Z2i
and Z2s)

Enter nusber ¢t desired plot?
1
Would rou like to pPlot!

1) Magnitude and Pnase
2) Magnitude onlr

3> Phase only

?

2

Lower frgwuency limit?
1E2

Urper treauency limit?
1E6

How many freauency POLNLS would
»ou live plotted?

150 )
Do vou want & print-out of the

plotted values?
NO

Do rou want a copPry 0f the plot?
YE

26- 180
oF—""
™~
99
10
CAIHL
€(dB?
-9
-180
-130 . . AN
2 Los( ) N\ 6

153

Are more Plots t0 be wade?
YES
Would »you like 10 change:

dall coaronent values?

dtilter coaronent values on}ir?
Jsource and load valuoes onl»?
Jcharacteristic 10 be Plotted?
Yireauencr lioits?

Jnuober of PoiInts pPlotted?

£ 2NA S WIN -

> Filrer Volirave GCain (Voutrsvs)
) Input Load laredance (Zi rei
ohn)

3) OQuteut Filter laredance (Zs
ref 1 ohn)

4) Superimrosed loreodances (2i
and 2s)

- i) -

Enter nuaber ot desired rlot?
4

Lower ireauencr limit?
1E2
Ueper iresuency limit?
iEd

How aany fresuencr Points would
;gu like mlotted?

Do rou want a pPrint-gutl of the
rlotted values?

YES

FREQUERCY IMPEOANHCEC(Zi)
t.60E+002 +2.88E+001

1.62E+002 +2.00E+0B1

2.64E+002 +2.00E+001

4,28E+002 +1.99E+001

6.93E+802 +1,98E+0801

1.13E+003 +«1.93E+001

1.83£+003 +1.88E+001

2.98E+003 +1.73E+801

4.083E+003 +1.48E+001

7.83E+003 +1.14E+801)

1.27E+804 +7.41E+800

2.07E+0064 +2.87E+000
3.36E+004 -2.69E+008
S5.46E+004 -1.24E+001

8.86E+B0G4 -1.41E+001}

1.44E+003 -3.32E+0Q00

2.34E+003 +2.49E+000
3.79E+083 +7.23E+000
6.16E+003 +1.16E+801

1.00E+006 +1 . 39E+001
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FREGUENCY IMPEDANCE(2g,
1 . GRE+BOB2 -9.43E+
1.62E+882 -5.555+ggg
2.64E+002 -1.09E+008p
4 28E+0802 +4 21E+0808
€.55E+@az2 +1 . B69E+001
1.13E+803 +1.29E+00])
1.83E+883 +1 . Q4E+0B9}1
2.98E+@03 +1.83E+081
4.83E+803 +7.48E+@806
r.85E+003 +1,.78E+009
1.27E+084 ~-3.45E+880
2.07E+004 -8.85E+000
3.36E+004 -1.24E+801
5.46E+PB4 -1,67E+881
8. .86E+PQ4 -2.95%E+001
1.44E+395 -2.51E+001}
2.34E+DD5 -2 .9454+008)
3.79E+005 -3.36E£+0081
6. 16E+8P5 -3.78E+0801
1.00E+BB6 -4 . 28E+00]
Bo rou want a coPr of the plot?
YES
407

Py

&

<

o |

. O -

e ,/ \\ //

~ al /.z \ N\ Vd

v //’ \\kd//

u ¥ \\\\\

. [

q g

0 \\\

[ 1}

l \

] \\\\
-49 —

2 fosdé) [
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Are more eplots to be made?
YES3
Would rou like to change:

1all component values?
2)filter comPonent values onlr?
3)sqource and load wvalues only?
d4d)characteristic to be plotted?
S)Yfreauency limits?

GXnumber of pPoints plotted?

q

6 .

How manr frequency points would
you like plotted?

180

Do you want a Print-out of the
Plotted values?

NO

Do rou want a cop: of the Plot?
YES

407

N AN
s \\

v \\ /7

e , K

2 load(f)

Are more erlots 1o be made?

NO
END OF PROGRAM
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Inprul Subroutine-

0
om
-X
) \
MY
7]

™

REM
REM -Call Grarhics Initial-
REM ~Initialization Subrouti

ne -

GOSuUB 1238

REM

REN xx Calculate filter 1%
RKEA I% characierisiics asix

REM T & {unction of fre—%%
REM XX auencyr, b3 4

R Process fre limi
0=(Jl-l)/(LOG(leFI)/LOG(IO)

0 REH -=- For-next loopr eval--

REM -- uates filter char --

260 REM -- acteristics in fre--

REM -- auency ranve LFLl, --
REM -- F21 at 228 soints.--
FOR J=@ 70O Ji~-1

FeF1x10~CJs

o

TR
Y

GOSUB 3900

REM Call subroutine to cal-
RE: Culato characteristic

ON N GOSUB 4210,4640.4690,46

40
HeT1~2+T2~2
EC

4]

IF T1>=8 THEN 43

F ¥2<© THEN KﬂﬂTH(TZITl) 18
8 & GOTO 470

gF 12>=8 THEN KsATH(T2/TL)+1

RN COATH A2
5

BTNy 38
REM Plot & Print FLH(FM;F.K¢

F)
H=10%LOG(HI/LOS '0)
Kl=Ks3-30

.

155

COOOD
e VO N DO = Yt YOOV Dt ) oot e e

Lalealogle T8
A S K

$C1,1284°Y" THEHN 669

a@ THEHNH PRINT

THEN GOTO 340

=@ THEH PRINT " FREQ.
nAG. PHRSE"

390

8 THEN GOTC 600

3 THEN GOTQ 3580

| _"FREQUENCY IH

-

[

S
FREQUENCY In

CE(Zi>"

:

[= Ll Ld

EZXINMNIOOAZIOONTZICLIZTODIZILO CILD

THEN PRIHNHT
THEN GOTO 640
BSING 629 ; F.

[}
»
T
H
T
N
1T
E DDE. 3¥.SD. DDE 3! sDD

; F+H
;S0.0DE
a7 F.Kt @ GOT

MIRAXO: ITVNMMBOMBDMNC TMNHN

QN MDD e

F.H
=2 THEM GOTO 770
1 THEN GOTO 770

nnnc

MOVE F.H

PLOT F.H

NEXT J

IF N#4 THEN GOTO 830
H3=4

Hal

PEKUP

8 GOT0 2956

WAIT 30580
IF N3=4 THEMN Ned4

Print out elot

€ ALPHA
1sCt.1I8°Y THEH PRINT

L]
aa e a mms o
G'l = Wwwr T U'

mxx
wov

B M wrsas

uUo FOuU W

lot*;
Cs
C1.1]8"Y" THEN 970

Vet e QD= T 3D
NI T e NINMmm
- T U

ZOC
w1ty

REM fAgk it oore plots ara
REHH;re to be made

1200 DISP "Are more plots to be

maae";
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1910 [NPYT c2% 1590 MOVE 226,66
1928 IF C2$01,114"N* THEN 2370 1608 LABEL *-99*
1030 DISP = END OF PROGR 1610 MOVE 226, 20
AM* 1628 LABEL “~18@*
1048 REM -- PROGRAM END -- 1639 MOVE 24,162
193¢ Nopmal 1640 LABEL “@-"
3860 STOP 1658 B1=R1+(A1~A2)~6
1079 REM 1660 SCALE B,B1,-140,20
1088 REM XINITIRLIZATION ROUTINE 1678 XAXIS -138,1,A2,A1
x 1688 YAXIS A2,10.-139,20
1090 RER 1698 YAXIS A1,10.-130,28
1109 H=8 @ N1=0 @ NS=0 1788 RETURN
1110 FOR I=0 T0 6 1719 MOVE 16,184
1128 R1(1)=0 1728 LABEL =4@*
1132 L<I)=0 1730 MOVE 11.30
1148 C(I)=0 1740 LDIR 98
1150 R2¢I>=0 1758 LABEL “Imredance (dB 1ohm)"
1160 GC1>=0 1768 LDIR 9
1178 B(1)=9 1779 MOVE 8,12
1188 R(1)=0 1780 LABEL “-4@°
1198 X([)=8 1798 MOVE 2s5@.0
1269 NEXT I 1889 LABEL F2%
1218 REM 1810 MOVE 128,90
1220 RETURN 1820 LABEL “lo9(f>*
1238 SToP 1839 MOVE 24,102
1240 REM 1848 LABEL =@*"
1258 REM ¥X GRAPHICS INITIALI-x 1850 Bi=A1
1268 REM xx ZATION ROUTINE %% 1868 SCALE B,B1.,-50,40
1278 REM 1878 XAXIS -48.1,A2,Al
1280 GCLERR 1880 YAXIS AZ2.18,-48,40
1298 SCALE 0.255.0, 191 1898 RETURN
1388 SHORT A1,R2 1980 STOP
1318 A2=LOG(F1>/L0G(18) 1918 REM Cowelex Division:
1328 A1=LOG(F2)/L0G{18> 1928 REM FN Di1(R)>=Real pari
1338 AZ2=FLOORC(A2) 1536 REM FN B2¢(B)=Ima9. part
1340 A1=CEIL(AL) 1940 DEF FHDI
1350 F1$=VAL$(A2) 1958 A=eo
1360 F2$=vAL$CAI) 1968 IF ABS(53>>=1.E-5@ OR ABS(S
1378 MOVE 32,0 42>=1_E-50 THEN 1998
LABEL F1$ 1970 S53=1.E<50@
B=A2-(A1-A2>/6 198@ S4=1.E-58
1F N#1 THEN GOTO 1716 1998 IF RBS(S4}>=| E-5@ THEN 202
MOVE ©,84 e
LRBEL " (dB)>" 2000 A=S1-S3
MOVE 9,96 2010 GOTO 2868
LABEL “GAIN® 2828 IF ABS(S3)>=1.E-50 THEN 285
MOVE 16,184 @
LABEL *20° 2030 A=52-54
MOVE ©,12_ 204 COTO 2AkA

[ — - wrw TV Dod oW
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B=52,53
GOTO 2199
IF ABS(S3)>=1_E-30 THEN 218

o

Bs-51/54

GOTD 2190
g;(SEISQ'SI133)/(S3IS4+S4/S

REM Comrlex Multiplication:
REM FH Mi(L)>=Peal part

REM FH M2(G)oslmav. Part

DEF FHM1

L=0

G
GBSIt54082¥SS
FHM2=(

FN END

REN

REM xx RCUTINE TO DETER-21%

REM x3 MINE 1F MORE PLOTSYT

ggﬂ % ARE WANTED [
M

DISP “Mould rou like 1o cha

nge: "

DISP

DgSP *"1Jall comronent value

52"

D1SP =2){ilter comPonent va
lues ontr?"
DISP "3)source and load wval

DISP "4)characteristic to b
@ plotted?"

DISP "3)fresuency linitg?"
DISP “6)numsber of mroints sl
otted?"

INPUT N

IF C3sCi.13e"Y" THEN 252¢
PRIMNT ALL

ON M GOTO 3:50.3300,2150.353
30.36350.3710

RETURN

STOP

REM

REM x2 INPUT ROUTINHE %
REM

DISP “Would rou like o gki
P Ihe 1ext and filter diasr

am” ;

INPUT DI1S

1F DIsC),13=2"Y" THEN 2970
CLERR

157

-

PRINT ALL

DIsSP * FILTER AND L

DiSP “CHARRCTERISTICS PLOTT

ING PROGRAM®

DiISP

DISP *This provran evaluate

s and rlots{in dB) the {firs
t three filter”

DISP “and load characterist
ics Jisted”

QISP “below.In addition the
inredancescan be rlotted s

uwerxnrosod on"

DISP "one wrarph as listed i

n iten (4) below,

HORMAL

B DISP @ DISP @ DISP

O1SP “"Press <end line> 10 ¢

ontinue”;

INPUT Cs

PRINT ALL

G0SuB 379¢

NORMAL @ OISP

DISP @ DISP @ DISP

DISP *“Press {end line) to c

ontinue”;

INPUT Cs

PRINT ALL

DISP "laredances are refere

nced to oneohm.The outeut i
oredance.Z8,is"

DISP "the iaredance lookine
back inte the filter with

Vg ghort cir-"

DISP "cuited.The loaded il
ter will bedisplared and ro
u will be asked"

DEISP “t0 enter the value of
each comn-"

DISP “"eponent.You will also

be asked vhich characteri

SUiC rou would"

DISP *"like rlotted. the fre

SP “ranve over wvhich the
t is to"

§P “"be made, and if you w

e

SP "plotted PoOiNnts printe

on parer as well."

NORMAL

DISP “Press {(end line> to c

ontinue™;

INPUT Cs

PRINT ALL

01sSP

GCSUB 4579

ODISP

DISP *"Do rou want & cosy Of
the"

[ [ ———.
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3240
3259

3260
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3280
3290
3300
3310
3328

3339
3348
3350

3360
3378
3380

3390
3400
3410
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DISP "component values »ou
enter™;
INPUT C3%

IF C3sL1.11="%Y" THEN 30620
NORMAL @ £OTO 3038

At i MW e T

PRINT RALL

REM -Call Imitialization-
REM - Subroutine -
GOSUB 1980

DISP *"To short circuit an u
nwanted component,set R=
L=0,C=1E1886 *

DISP *"To open circuit an un
wanted com-POonent.set R=L=1
E190.C=1E-180 *

DISP

DISP “Units of compPonent va
lues-"

DISP "R=0Ohms.C=Farads.,L=Hen
ries"

DISF

DISP “Source resistance, Rs

INPUT R1C3)
QISP “Source inductance. Ls

INPUT L<CB)>

DISP "Load resistance., Ro"
TNPUT R1CE)

DISP "toad shunt caracitanc
e, Co"

INPUT C(6)

D1SP "Load parasitic shunt
resistance.Rc"

INPUT R2(S)>

DISP “"Load series inductanc
e, Lo"

INPUT L¢(&)

DISP "Load effecrtive rarasi
tic series resistance, Re"
INPUT R2<(&)

IF M=3 THEN GOTO 3556

FOR I=1 TQ 5 STEP 2

DISP USING 332e ; I

IMAGE "Shunt caracitance, C

IO

IHPUT C<C1I2
DISP USING 3350 ; I.!

IMAGE "EAQuivalent series re
sistance. R",D,"o0f C",D
INPUT RI1CI)
DISP USING 3388 ; 1,1

IMAGE *"Eauivalent! series in
ductance, L",0,%0of C".,D
INPUT L<(1)>

IF 1=5 THEN GOTO 3539
DISP USINHG 3428 ; I+1
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IMAGE "Series Inductance. L

DI1SP USING 3459 I+1,1+1
IBMRGE “HWindinoe resistance.
R*,D,” of L",

INPUT RICI+1)D

DISP USING 3480 ; [+1,1+1
IMAGE "Parasitic caracitanc
e, C*,D." of L".D

INPUT C(1+1)

DISP USING 3519 ; 1+1,1+1
IMAGE "Core loss resistance
) E-JDI- of L-JD

INPUT R2C(I+1)

HEXT I

REM

GOSUB 379e@

DISP "Enter number of desir
ed Plot";

INPUT N

IF N&1 THEN GOTO 3659

DISP “HWould vou like to plo

SP "1) Ma9nitude and Phas

"2) Mavnitude only"
“3> Phase onlr"~

p

S

P -

SP “Upper freauency iimir
PU

SFP

SP

e
D
D
1
D
1
1}
1
1]
1} B -
DISP "How manr freauency ro
lnts would >»ou like plottred
INPUT JI

DISP “Do »ou want a print-o
ut ot the"

DISP “plotted values™

INPUT P$

GOTD 158

STOP

RENM Display plot oPtlions.
DISP

DISP "1) Filter Yoltagse Gai
n (VoutsVs)"

QISP *2) 1lnPut Load Impedan
ce (21 ref | ohm)"

DISPF *3) OQuteput Filter Impe
dance (Zs ref 1 ohm>*

QISP "4) Superimrosed lmped
ances (Zi and Zs)°*®

DISP

RETURN
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STOP 437¢
REN 438¢
STOP 4390
REM 4400
REM ICALCULATE IMPEDANCES® 4419
REM 4420
21¢(0)=R1(¢0) 44390
22¢0)>=NIL(Q) 4440
21(6)a(RIC(EI+N~2IRL(EIXC(E) 4450
~2ERZ(IIT(RL(EI+R2(SIII (e 4460
(HEC{EIX(RI(EI+R2(I)III~2ZI+R 4470
2¢6) 4488
22¢6)=-UIRIC(EI*2XCL(6I 7 (1 +(H 4496
SCCEIE(RICE)+R2(T) I I 2 +HIL 4380
(86) 4310
S1=1 4320
52=0 4536
§3s21(6) 4540
$4222(6) 4330
Y1¢6)=FNDI1 4360
Y2¢(6)=FND2 4370
FOR I=t TO 3 STEP 2 4380
21<(1=RI1C(1> 4990
Z2C1)adWA23LC1DRCCID-1) /(NS 4600
culy» 4610
Si1=1 462@
S52=0 4639
S$3=21<1) 4640
S54022(1)

Y1<I1J)=sFKNDI1 4650
vY2{1)=FKD2 4660
NEXT 1 4678
FOR [=2 TO 4 STEP 2 45689
S1=2R1C1Y~H~23L{1>2CCEYIR2C] 4698
SZENECLCIY+RICIIXCCIIERICE) 4700
b4 4710
S3u | -WA2XCCIYILCT) 4720
S4=MICCIIECR2ZCID+RICI ) 4730
21 <I)=FNDI 4740
Z22C(1>=FHD2 4750
NEXT 1 4760
RETURM 4770
REM Calculatre Vi{out) Visour 4780
cels 4790
J1=0 4860
12=8 4810
RL1(9)=Y1(3)+Y1(6) 4820
R2(9IaY2(I)+Y2(6> 4838
513R1(9) 4040
S2=RA2{(9> 4830
S3nZ1(4) 4860
S4=22(4) 4870
B1(9)aFHM]l+1 4880
B2(9)=FHNN2 4890
S1=¥1<(3) 4900
§2=Y2(3)> 4910
$3=P1¢(9) 4929
S54oB2(9) 4930
C1(9)=FHA1+R1(D) 4949
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C2(9,aFNN2+A2(9)
§1a21¢2?>
§2222(2)
§$3=C1¢9)
S$4u(2(9)
D1¢(9)=FNM1+B1{(9)
D2(9>=FNN2+82(9)
Sla¥Yi(l)
§2aY2¢1)
53=01(9)
$4=D02(9)
E1¢(9)=FHR1+C1(D)
E2¢(9)=FKR2+L2(9)
S1=21<0)
§2a22¢(8)
§$3=E£1(9)
S4=E£2(9)
F1{9)=FNMLl+D1(9)
F2(9)aFNR2+D2(9)
S1=1

52«0

§3=F1(9)
S4uF2(9)

TilefFND1

T2aFHD2

REM VorVsoT|+iT2
RETURN

REM Calculate Load Imredanc

e
REM

Ti=aZ1¢(6)

T2222(6>

RETURN

REM Calculate Output Imreda

- -
L w

REN

AN I ey N

aoppopoD0DpnYe
<NN<-CNN
Ll VRN VN N
o~
B EHNN - —-DO
W W WA N A W

=¥2¢
aZi(
)aZ2(4)
Ya¥1(3)

Wt N e

0
4]
1
1
2
2
3
3
4
4
3

T2=0

FOR K=@ TO 3 STEP 1
Siel

S2=0

S3=21(K)I+T1
S42]2(K)+T2

T1=FHDI1

T2eFHD2

HEXT K




49542
4960
4970
4980
49918
Spoe
5018
Sez28
58309
5649
Sese
S0669
5a70
3880
Sa96

Si108

(4,30,
-

) =

RETURN
END
REM

REM xXX Filter Diagram X%

REM
ISP " :

DISP “oRs~Ls-L2-R2~L4-R4-——

o
gIsp ¢ i b
DISP * Cit c3
DISP " ; i

Lo
DISP “Vs R1 R3

DISP * -C2-E2~C4-E4-" {
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FOURIER TRANSFQRMS

10. Fourter transform for trapezoidal waveforms.

10.7 Peri{odic waveform, By Fourfer analysis the amplitude at the frequency of the n‘h

harmonic, CN' of the symmetrical trapezoidial periodic pulse s given FIGURE 110.

For t_+t_ = 172, C, is plotted in FIGURE 111 for lower-order harmonics (assuming
N

o r
[sln(ntr/T)]/(ntr/T) = 1 which is true for small values of ntR/T). This is the same
result that would be obtained for & square wave where only odd harmonics are obtained.

10.2 Modified three phase waveform. For three phase rectification with no transformer
or with a deTta-delta transformer, the Tine current waveform can be represented by FIGURE 112.

A Fourfer analysis of this waveform (assuming ‘r = () is shown by Schaefer (reference 6) to

result in all odd harmonics except for n = 3, 9, and so forth {al) add multiples of 3) with the
same amplitudes as for the square wave {see FIGURE 113{2} and (b)). Sfince the low frequency
harmonic spectrum is the same for both the rectanguiar and trapezoidal pulses, the harmonic
relationship shown fn FIGURE 113{a) and (b) also apply to (c) and (d}.

10.3 Broadband versus narrowband. For tytt, 1/2. CN is plotted in FIGURE 114

for lower order harmonics. This is the same result that would be obtained for a rectangular
pulse. FIGURE 115 depicts the spectrum obtained for a single pulse (T—»wo)} and, therefore,

amplitudes ere per megahertz bandwidth (broadband classification). If coherent vi broadband

zmplitudes exist then a definite relationship exists between narrowband and coherent broadband
arplitudes. By dividing equation {a) by the pulse repetition rate (P.R.R.} an amplitude per
P.R.R. is obtained, as shown in FIGURE 115 {since P.R.R. = 1/T).

10.4 Envelope approximation of harmonics. The envelope of the low ordered harmonics fs
actually a s¥n x/x Tunction [see FIGURES 114 and 115). A Vinear envelope, however, can be
obtained by using a logarithmic frequency scale as shown in FIGURE 116. The negative amplitudes
of the sine function are inverted since only magnitudes are considered.

The linear envelope approximation for a rectangular pulse varies inversely with frequency resuit-
ing in a 20 dB per decade decreasing slope {see FIGURE 116).

FIGURE 117 shows the linear 2pproximation for a trapezoidal pulse in three linear sections.
Note that for higher frequencies the pulse rise time is more significant and results in a 40 4B
per decade decreasing slope. Slower rise times produce less high frequency interference. For
periodic pulses the lowest frequency to appear would be 1/T or the pulse repetition rate.

The interface levels for &ny trapezotdal pulse are given on FIGURES 117 and 118. The area under
the pulse, maximuw amplitude of the pulse, and rate of rise of the pulse define the envelopes of
{nterference in the three frequency regions. The average pulse duration and the pulse rise

time determine the corner freguencies.

20.0 Envelope approximations for common pulse shapes. The loci of maximum amplitudes for
eight common pulse shapes are shown on FTGURE ilg. ATT have a2 one volt peak ampiitude and an
average pulise duration of 1 p second. Because all of the pulses have the same ares, the inter-
ference levels at low frequencies are fdentical. At fregquencies less then 1/d, the interference
level equals 2Ad or 126 dB above pV per MHz. Above & frequency of approximately 1/d, the inter-
ference level drops at a rate determined by the shape of the rise and fall time of the pulse.

For a rectangular pulse or a clipped sawtooth pulse (both of which have step functions) the
spectrum extends to higher frequencies; 1t decreases as the first power of frequency, or at a 20-dB-
per-decade-rate.

For 2 trapezoidal pulse, a eritica)ly damped exponential puise, a triangular pulse, and a cosine
pulse (al} of which have sharp corners); interference decreases as the second power of frequency
or at a 40-dB-per-decade-rate,

For a cosine-squared pulse which has small corners, the interference decreases as the third power
of frequency or at a 60-dB-per-decade-rate.

VI e signal or emission is salid to be coherent when nelghboring frequency fincrements are
related or well defined in both amplitude and phase" from reference 14.
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N\

—~—lo—=
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r TIME

By Fourier analysis the amplitude al lhe frequency ol the
nth harmonic,

P Y | aielored FTL
o Yyirv) EULIUR LT R
+1

AT T AT

FIGURE 110. Symmetrical trapezoidal periodic pulse.
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Iy

N

"
- w
-

5 rReauency
=

-| =

FIGURE 111. Low frequency harmonic spectrum for t_ + ty = 1/2

trapezoidal pulse.
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— wiih no iransiormer or wiih a
della-della transtormer

Te— TTER T —_——

FIGURE 112. Line current waveform for three-phase rectification.
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—— S —— . — — — A — — — —— —

{a) ) .
FUNDAMENTAL = 100% FUNDAMENTAL = 100%
3RD HARMONIC = 100/3 5TH HARMONIC = 100/5
5TH HARMONIC = 100/5 7TH HARMONIC = 100/7
7TH HARMONIC = 100/7 $1TH KARMONIC = 100/11
9TH HARMONIC = 100/9
1TH HARMONIC = 100/11 ETC

ETC

{c) {d)

FIGURE 113. Low frequency harmonic comparison for rectangular and
trapezoidal waveshapes.
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Cn tuv)

FREQUENCY

-
=il
Y]

where pulse repetition rate (PRR) =%

FIGURE 114. Low frequency harmonic spectrum for trapezoidal
periodic pulse {narrowband].

NIMHz

N

FREQUENCY

To convert to coherent broadbarid:
Letig+i, =a
|-$
narrowband Cpy sin nid
PRA =2Ad 7id broadband

or in dB and MHZ:
dBuV (narrowbarid) - 20 log (PRR in MHz)
= dBuv/MHz (broadband)

FIGURE 115. Low frequency harmonic envelope for single
pulse (broadband).
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e = 2Ad Hn{rid)
140 ™
120 |-
IA-1V
\\ l-—-tl
6‘(‘...
Oppn de=1x10-64
-*
= 2
80 °q;;; oz 2A
~ i
90@‘\‘/ T
04 o
Ve
60 |- -~
\\
1|2 %i
40 1 d jd | | )
0.01 0.1 1 10 100 1000
FREQUENCY, MHz
FIGURE 116. Interference level for a 1-V, 1-ps rectangular pulse.
180~
150.1x10-6s
e = 2Ad sin nfd _sin rft = -
160} 1 afd A A1y
°<'<ﬁ'
sin rid = nid 1 1
190 sin it = wit <1<
..e = 2Ad sin 7id = 4 d=10-6s
/ sin nl = gt
.. 2A
. 08—
120|—- L0 )
2A sin 7id = 1
2 sin nft = 1
100{- 2Ad=T (o0 2A
.en
1212y
el
nd
80~ 2A_ _2A
mi "2'2t
N
sol- AN | T
40 ] ! 1 |
0.01 0.1 1 10 100 1000

FREQUENCY, MHz

FIGURE 117. Interference level for a 1-V, T-ps trapezoidal pulse.
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150
g 1020 INTERFERENCE LEVEL FOR A 1-YOLT TRAPEZOIDAL PULSE
d + PULSE DURATION IN us
{ = PULSE RISE TIME {N s
140 fmed A s 1VOLY
2 FOR VALUED OF A OTHER THAN 1 VOLT,
: ADD 20 LOG A TO VALUES OF ¢
0.3
120
01
0.1
.
0.02
0.0
0.005
®0
0.002
0.001
%0
a0
0.0 0.1
FREQUENCY, MMz
FIGURE 118. Trapezoidal pulse interference.
NOTE: INTERFERENCE LEVEL FOR V-VOLT,
1-us PULBE A= 1,d 100
2Ad * 126 CBuV/MH2
1. RECTANGULAR _r_l_
180 |- L i',',:
' 1 2. CLIPPED l .
R SAWTOOTH
L I : te _L
140 i L 3. TRAPEZOIDAL —/ —
Pl e 4. CRITICALLY _r\
d .
2Ad s 120 9B t o OAMPED
'20 ' EXPONENTIAL
$, TRIANGULAR —r" N
., SINE —/\_
oo L \ 8 CO
“ 7. COSINE / N\
\ SOUARED
’ \ 8. GAUSSIAN
60 |- '
\
]
1
60 |- 1
1
fe
490 1 L l i |
0.01 0.1 1 10 100 1000

FREQUENCY, MHz

FIGURE 119. Interference levels for eight common pulses.
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For 3 Gaussian pulse, the smoothest pulse considered, the interference drops at a rate that increases
with frequency.

The curves on FIGURE 120 are identical to those in FIGURE 119, but the ordinate and abscissa
scales have been changed so that the curves can be appliied to a pulse of any voltage amplitude
and any pulse duration. The erdinate gives the number of decibels below 2Ad, and the abscissa is
plotted in frequency terms of 1/d. To find the interference level of any pulse, calculate 2Ad
from the peak pulse amplitude and the average pulse duration and select the curve which most
nearly resembles the given pulse shape. This curve will give the aumber of decibels below 2Ad
for any frequency.

Although the pulse shapes analyzed here are ideal, the same methods may be used for other wave-
shapes by considering the waveshape to be made up of a number of rectangular and triangular
pulses. For any pulse shape, the interference level at low frequencies depends only on the area
under the pulse, at higher frequencies the level depends on the number and steepness of the
slopes. The curves on FIGURE 120 are the envelopes of the frequency lobes, each Tobe being an
envelope of the harmonic lines that make up the frequency spectrum. Although the true curves
have numerous sharp nulls, the envelope §5 less than 3 dB from the average interference level
and represents the worst case of maximum interference level.

30.0 Fourier transform of "ringing". A damped sinusoid ringing waveform is described by
the equation in FIGURE 121:

The plot in FIGURE 121 is an example of the loci of maxfmum frequency amplitudes for a damped
sinusoid. Note that it peaks at a slightly higher frequency than the ringing frequency and
then drops off at 40 dB per decade. Here again, if this waveform were periodic, the lowest
frequency that would appear would be 1/T or the P.R.R.
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0 \ | 1 1
A « DEAN AMPLITUDE OF PULSE (VOLTE)
20 - ¢ = AVERAGE PULSE DURATION (#) -
Ad = AREA UNDER PULSE

- CALCULATE 2Ad
]
3 a0 |- -
]
[--]
% Wl _
@ 1
g
& \\ Ecnuauunr
o W} \
z
4
w ]
LY CLIPPED SAWTOOTH)
E TRIAN-
z GULAR

b CRITICALLY

B DAMPED
- EXPONENTIAL
GAUSSIAN COSINE SQUARED
1 1 1
140 s = — Py 1A ARA
A 1 [.7] § OO0 10000
3 ] Y T T -

FREQUENCY, MMz
FIGURE 120. Interference levels for various pulse shapes.

140

8
N

~ -

120

fillap !-01 sin Mt

. 12| {ERE.
3 2.2 WHERE:
80 {f = (ui)_'{' 2 = 1pomp
afe1.153x 10°
g =2.854 x 10°

<8 ABOVE 1 MICROAMPERE PER kHz BANDWIDTH

60 ¥~ 1, = 126.34 ktz
®
a0 Oc,é
\?
Q,
&
20 W U T M W N S P T T W

€.01} 0.1 11 101 100"
" FREQUENCY, MHz2|
FIGURE 121. Normalized frequency spectrum of damped sinewave pulse.
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