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UNITS, SYMBOLS,
DIMENSIONS, AND
ABBREVIATIONS
USED IN THIS BOOK

Units, Symbols, and Dimensions

In general, the units and symbols used in this book conform to the International
Standard (SI) System. However, to yield convenient solutions, the equations are
often dimensionally modified to convenient multiples or submultiples. (The
preferred dimensions are shown following each equation.)

The imperial system is used for thermal calculations, because most thermal
information is still presented in this form. Dimensions are in inches (I in = 25.4
mm) and temperatures are in degrees Celsius, except for radiant heat calculations,
which use the absolute Kelvin temperature scale.

Some graphs and equations in the magnetics sections use CGS units where this
is common practice. Many manufacturers still provide magnetic information in
CGS units; for example, magnetic field strength is shown in oersfed(s) rather than
At/m. (1 At/m = 12.57 X 107 Qe.)

It is industry standard practice to show core loss in terms of milliwatts per
gram, with *‘peak flux density B*’ as a parameter. (Because these graphs were
developed for conventional push-pull transformer applications, symmetrical flux
density swing about zero is assumed.) Hence, loss graphs assume a peak-to-peak
swing of 2 X B. To prevent confusion, when nonsymmetrical flux excursions are
considered in this book, the term *‘peak flux density B™" is used only to indicate
peak values. The term “*flux density swing AB’’ is used to indicate total peak-to-

peak excursion.

Basic Entities

Unit Unit Quantity
symbol name Quantity symbol Dimensions
kg Kilogram Mass m M
m Meter Length i L
s Second Time t T
A Ampere Electric current I ot
K Kelvin Temperature T K
¥)/) Xix

J J j J

——



%X SYMBOLS
Multiples and Submultiples of Units Are Limited to the Following Range
Symbol Prefix Power
prefix N name multiple
M mega- 108
k kilo- 103
m milli- L) 1073
“ micro- 10-¢
n nano- 102
p PiCO- 10~12
Symbols for Physical Quantities
Quantity Unit Unit
Quantity symbol name symbol Formula
Electric
Capacitance C farads F S-s
Charge Q coulombs C A-s
Current I amperes A viQ
Energy U joules J W-s
Impedance Z ohms 0 -—
Inductance, self- L henries H Wb/A
Potential difference 14 volts \' Whb/s
Power, real (active) P watts w VI cos 6
power, apparent S voltamperes VA V-A
Reactance X ohms [0 —
Resistance R ohms Q VIA
Resistivity, volume ) ohm-centimeters cubed Q-cm? R-A
1
Magnetic
Field strength H amperes per meter A/m —
Field strength (CGS) H oersteds Oe 471073 A/M
Flux o] webers Wb V-s
Flux density B teslas T Wb/m
Permeability m henries per meter H/m V-s/A'm
Other
Angular velocity w radians per second rad/s 2nf
Area A centimeters squared cm? —
Frequency f hertz Hz cycles/s
Length { centimeters cm —_
Skin thickness A millimeters mm —_
Temperature T degrees’ Celsius °C —
Temperature, absolute T kelvins K —
Time t seconds s —_
Winding height ) millimeters mm —

SYMBOLS xxi

Symbols for Mathematical Variables Used in This Book
Variable Parameter Unit
A area cm?
A gain (without feedback) dB
A’ gain (with feedback) dB
A minimum cross-sectional arta of pole (transformer) cm?
A area of center pole (of core) cm?
ac alternating current A
A, effective area (of core) cm?
A, area of air gap (in core) cm?
Az inductance factor (inductance of a single turn) nH
An minimum area of core cm?
An attenuation factor
A, area of ceater pole (of core) cm?
A’ area of primary winding cm?
AP area product of core (4,, X A,) cm*
Ape effective area product (4,,, X A,) cm*
A, resistance factor (bobbin); also attenuation factor
A, winding window area (of core) cm?
Ay winding window area (of bobbin) cm?
A effective area of copper in winding (total) cm?
Awp primary winding window area cm?
A, surface area cm?
Ay area of copper (for a single wire) cm?
B magnetic flux density mT
B peak magnetic flux density mT
B feedback factor - —_
AB small change in B mT
AB,. magnetic flux density swing (p—p) mT
By steady-state magnetic flux density (due to Hy,) mT
Bopt optimum flux density swing (for minimum loss) mT
B, remanence flux density mT
B, saturation flux density mT
B, peak (working) value of flux density mT
b, useful winding width (of bobbin) mm
o capacitance uF
C. leakage (parasitic) capacitance pF
cfm cubic feet per minute (of air flow) cfm
Ch heat (storage) capacity (joules/in®/°C) Ws/°C)
Cy interelectrode capacitance pF
Cp parasitic coupling capacitance -pF
D duty ratio (t,n/t;)
d duty cycle (ton/tom)
D’ D' (1 — D) = *“off” time
dB logarithmic ratio (voltage 20 log;e V)/V> or power 10 logo dB

P,/P,y)
dB,, logarithmic power ratio with respect to 1 mW (10 log;o dB
P,/1 mW)

DC direct (nonvarying) current or voltage AorV
dildt rate of change of current with respect to time Als
dipldt rate of change of primary current with respect to time Als

rate of change of secondary current with respect to time Als

dildt




xxii SYMBOLS

Symbols for Mathematical Variables Used in This Book {cont.)

Variable Parameter Unit
dvldt rate of change df voltage with respect to time Vis
d, wire diameter mm
e emf, induced electromotive force (vector quantity) 3 v
e’ radiant emissivity of surface
lel emf (magnitude of emf only) v
E electrical energy J
f frequency Hz
F, layer factor (copper)
F, ratio of ac/DC resistance (of winding)
H magnetic field strength Oe
A peak value of effective magnetic field strength Oe
h conductor thickness (strip) or wire diameter mm
H,. magnetic field strength swing, p—p Oe
Hy magnetic field strength due to DC current Oe
Hop optimum value of magnetic field strength Oe
H, saturating value of magnetic field strength Oe
AH small change in magnetic field strength Oe
I current flow (DC) A
i‘ rms current (ac) A
I peak current A
I, current density (in wire) Alem?
Iy average value of current for a defined period A
1, peak collector current A
Iy direct current (dependent variable) A
1, effective input current A
I; harmonic interference current A
I, inductor or choke current (average) A
ir ac inductor current A
Ity ripple current p—p in choke or inductor A
‘max maximum value of current A
Inean time-averaged current value A
min minimum value of current A
I, primary current (in transformer) A
I secondary current (also snubber current) A
Al small change in current A
PR resistive power loss w
Jwe capacitive reactance, 1/2 7 fC (complex #) (¢}
Jwit inductive reactance, 2 7 fL (complex #) Q
KX copper utilization factor (topology factor)
K, material constant
K, primary area factor
K, primary rms current factor
K, packing factor (of wire) %
K., utilization factor of bobbin
L inductance (self-inductance of wound component) H
! length (length of magnetic path) cm
cm

l effective path length

SYMBOLS xxiii
Symbols for Mathematical Variables Used in This Book (cont.)
Variable Parameter Unit
Iy total length of air gap (in core) cm
Lip primary leakage inductance xH
L, secondary leakage inductance rH
Lyt total (transformer) leakage inductance uH
I mean length of wire or magnetic path (or core) cm
L, primary inductance mH
L, secondary inductance mH
M, mean length per turn cm
mmf magnetomotive force (magnetic potential ampere-turns) At
N number of turns
Npg, number of turns of feedback winding
Nuia minimum number of turns (to prevent core saturation)
Nopp minimum primary turns for p-p operation
N, primary turns (of transformer)
N; secondary turns (of transformer)
N, turns per volt (on transformer) TV
N, number of turns (or wires) per layer
P power w
P period (of time) us
P, power dissipated in core w
P power factor (ratio true power/VA) —
Pi, input power w
Py total internal dissipation w
Pou output power w
P, power dissipated in transistor QI - W
P, heat energy (joules) j
P, total internal dissipation w
P,IN primary volts per turn viT
P, winding copper loss w
Q rate of heat flow (in watts by conduction or in w
J/sfin? by radiation) Jis
R resistance (9]
r radius (or wire) mm
Ry DC resistance of wound component at specified temperature Q
R, effective DC resistance of transformer winding Q
Ry thermal resistance, case to heat exchanger °C/IwW
R, thermal resistance, heat exchanger to free air °CIW
Ry thermal resistance of heat exchanger “CIW
R; thermal resistance, junction to case °CIW
rms square root of the mean of the square of all the harmonic Vorl
components
R, total thermal resistance °C/IwW
R, effective resistance of prime source or network Q
Ry effective source resistance factor (R = R, X W,,,;) Q
RT temperature coefficient of resistance (copper = 0.00393 at QiQrc
0°C)
RT., resistance of wire in {M/cm at temp T, °C Q/em
Ry thermal resistance (of heat-conducting path) » °CIW
Ryjq thermal resistance, hot spot to free air _°CIw
)
L
—— e J J J J
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Symbols for Mathematical Variables Used in This Book {cont.) |

Variable Parameter Unit 5
Ry, thermal resistance °C/W

R, effective resistance of wound component at frequency f (V]

R, resistance factor of bobbin

Sy scaling factor

T temperature in degrees Celsius °C ‘

t time s

Tomb ambient temperature (of air) °C

T. temperature of copper (winding) °C

ty time delay period s

Tus temperature of surface (diode) °C

7] fall time (time required for voltage or current decay) us

T, temperature of heat exchanger surface °C

1, total period (of time), i.¢., duration of single cycle uS

tor nonconducting ‘‘off”’ time period us '
ton conducting ‘‘on’’ time period us

AT small change in temperature °C

AT, small temperature rise (above ambient) °C

At small increment of time us

T, temperature rise (above ambient) °C

VA volt-ampere product (apparent power) VA

V. transistor collector voltage v

Vee supply line (voltage) v

Vee voltage, collector to emitter v

Veeo collector-to-emitter breakdown voltage (base open circuit) v

Veer collector-to-emitter breakdown voltage (with specified base- v

to-emitter resistance) .

Veex collector-to-emitter breakdown voltage (base reverse-biased) v

A effective volume of core cm?

Vo feedback voltage A"

Vi header voltage (voltage at input of regulator) \' I
Vi harmonic interferance voltage, rms Vrms

Vin input voltage v

| 7] voltage across inductor v

Von mean voltage A"

Ve nominal (average normal) voltage \"

VIN volts per turn viT

V, ripple voltage v

Vouw output voltage A"

v, peak voltage or primary voltage v

Voo ripple voltage. peak—peak value v

Vieer reference voltage v

Vems root mean square voltage Vrms

Viar saturation voltage v

Wia true input power (VI cos 6, or VA X Py, heating effect) w

Woue true output power (VI cos 6, or VA x Py, heating effect) w

W; heat dissipation at junction, J/s w
X. capacitive reactance (1/2 7 fC) Q
X, inductive reactance (2  fL) . 0

S~
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Symbols for Mathematical Variables Used in This Book (cont.)
Variable Parameter Unit
p volume resistivity of copper (at 0°C = 1,588 uQ/cm?) -cm’®
Pre resistivity of copper at f, °C (R, = p,‘._l pQ-cm®
A
Ho magnetic field constant (4 = x 10”7 H/m) Vs/Am
B, relative permeability (of core)
e effective permeability (after gap is introduced)
n efficiency (power output/power input X 100%) %
A a small increment (change); also skin thickness, mm mm
AD a small change in total flux [}
@ effective conductor height mm
(1] total magnetic flux, Wb Vs
= approximatly equal to
a ' proportional to
w angular velocity (w = 2 7 f) rad/s
oV zero voltage reference line (often the common output) v
1-D 1 — duty ratio (the **off ”* period) s
T physical constant (3.1416)
Ixl magnitude of function (x) only
ABBREVIATIONS
ac alternating current
AIEE  American Institute of Electrical Engineers
AWG  American wire gauge
B/H-  (curve) hysteresis loop of magnetic material. -
CISPR  Comité International Spécial des Perturbations Radioélectriques
CSA Canadian Standards Association
dB decibels (logarithmic ratio of power or voltage)
DC  direct (nonvarying) current or voltage
DCCT  direct-current current transformers
e.g. exemplia gratis
emf electromotive force
EMI electromagnetic interference
ESL effective series inductance
ESR effective series resistance
FCC Federal Communications Commission
FET field-effect transistor
HCR  heavily cold-reduced
HRC  high rupture capacity
IEC International Electrotechnical Commission
IEEE Institute of Electrical and Electronics Engineers
LC (filter) a low-pass filter consisting of a series inductor and shunt capacitor
LED light-emitting diode
LISN line impedance stabilization network
mmf magnetomotive force (magnetic potential, ampere-turns)
MLT mean length (of wire) per turn



MOV
MPP
MTBF
NTC
“on"
“Soff
OVP
PARD
pcb
PFS
p-p
PTFE
PVC
PWM
RF
RFI

RHP
+s
~$

SCR

SMPS

SOA

SR

UL
UPS
UvP
VDE

SYMBOLS —y

metal oxide varistor

molybdenum Permalloy powder

mean time before/between failure(s)

negative temperature coefficient

conducting (working),state of device (circuit)

nonconducting (nonwbrking) state of device (circuit)

overvoltage protection (circuit)

periodic and random deviations (see glossary) 1Y

printed circuit board .

power failure sense/signal

peak-to-peak value (ripple voltage/current)

polytetrafiuoroethylene

polyvinyl chloride

pulse-width modulation

radio frequency

radio-frequency interference

root mean square

right-half-plane (zero), a zero located in the right half of the complex s-plane
positive remote sensing (terminal, line)

negative remote sersing (terminal, line) |
silicon controlled rectifier

switchmode power supply

safe operating area

saturable reactor (see glossary)

transistor-transistor logic ,
Underwriters’ Laboratories

uninterruptible power supply

undervoltage protection (circuit)

Verband Deutscher Elektrotechnikér

SWITCHMODE
POWER SUPPLY
HANDBOOK




P+« A +«R T - 1

FUNCTIONS AND
REQUIREMENTS
COMMON TO MOST
DIRECT-OFF-LINE
SWITCHMODE POWER
SUPPLIES



(

CHAPTER 1

COMMON REQUIREMENTS:
AN OVERVIEW

1.1 INTRODUCTION

The *‘direct-off-line’’ switchmode supply is so called because it takes its power
input directly from the ac power lines, without using the rather large low-
frequency (60 to 50 Hz) isolation transformer normally found in linear power sup-
plies. ’

Although the various switchmode conversion techniques are often very differ-
ent in terms of circuit design, they have, over many years, developed very similar
basic functional characteristics which have become generally accepted industry
standards.

Further, the need to satisfy various national and international safety, electro-
magnetic compatibility, and line transient requirements has forc€l the adoption
of relatively standard techniques for track and component spacing, noise filter
design, and transient protection. The prudent designer will be familiar with all
these agency needs before proceeding with a design. Many otherwise sound de-
signs have failed as a result of their inability to satisfy safety agency standards.

Many of the requirements outlined in this section will be common to all
switching supplies, irrespective of the design strategy or circuit. Although the
functions tend to remain the same for all units, the circuit techniques used to ob-
tain them may be quite different. There are many ways of meeting these needs,
and there will usually be a best approach for a particular application.

The designer must also consider all the minor facets of the specification before
deciding on a design strategy. Failure to consider at an early stage some very
minor system requirement could completely negate a design approach—for ex-
ample, power good and power failure indicators and signals, which require an
auxiliary supply irrespective of the converter action, would completely negate a
design approach which does not provide this auxiliary supply when the converter
is inhibited! It can often prove to be very difficult to provide for some minor ne-
glected need at the end of the design and development exercise.

The remainder of Chap. 1 gives an overview of the basic input and output
functions most often required by the user or specified by pational or international
standards. They will assist in the checking or development of the initial specifi-
cation, and all should be considered before moving to the design stage.

PP i [ [



14 PART 1

1.2 INPUT TRANSIENT VOLTAGE PROTECTION

Both artificial and naturally occurring electrical phenomena cause very large
transient voltages on all bit fully conditioned supply lines from time to time.

IEEE Standard 587-1980 shows the results of an investigation of this phenom-
enon at various locations. These are classified as low-stress class A, medijum-
stress class B, and high-stress class C locations. Most power sup;;ies will be in
é%\av(-) ?d medium-risk locations, where stress levels may reach 6000 V at up to

Power supplies are often required to protect themselves and the end equip-
ment from these stress conditions. To meet this need requires special protection
devices. (See Part 1, Chap. 2.)

1.3 ELECTROMAGNETIC COMPATIBILITY

Input Filters

Switching power supplies are electrically noisy, and to meet the requirements of
the various national and international RFI (radio-frequency interference) regula-
tions for conducted-mode noise, a differential- and common-mode noise filter is
normally fitted in series with the line inputs. The attenuation factor required from
this noise filter depends on the power supply size, operating frequency, power
supply design, application, and environment.

For domestic and office equipments, such as personal computers, VDUs, and
so on, the more stringent regulations apply, and FCC class B or similar limits
would normally be applied. For industrial applications, the less severe FCC class
A or similar limits would apply. (See Part 1, Chap. 3.)

It is important to appreciate that it is very difficult to cure a badly designed
supply by fitting filters. The need for minimum noise coupling must be considered
at all stages of the design; some good guidelines are covered in Part 1, Chaps. 3
and 4. '

1.4 DIFFERENTIAL-MODE NOISE

Differential-mode noise refers to the component of high-frequency electrical
noise between any two supply or output lines. For example, this would be mea-
sured between the live and neutral input lines or between the positive and nega-
tive output lines.

1.5 COMMON-MODE NOISE

For the line input, common-mode noise refers to that component of electrical
noise that exists between both supply lines (in common) and the earth (ground)
return.

For the outputs, the position is more complicated, as various configurations of

1. COMMON REQUIREMENTS 1.5

isolated and nonisolated connections are possible. In general, output common-
mode noise refers to the electrical noise between any output and some common
point, usually the chassis or common return line.

Some specifications, notably those applying to medical electronics, severely
limit the amount of ground return current permitted between either supply line
and the earth (ground) return. A ground return current normally flows through
the filter capacitors and leakage capacitance to ground, even if the insulation is
perfect. The return current limitation can have a significant effect on the design
of the supply and the size of input filter capacitors. In any event, capacitors in
excess of 0.01 uF between the live line and ground are not permitted by many
safety standards.

1.6 FARADAY SCREENS

High-frequency conducted-mode noise (noise conducted along the supply or out-
put leads) is normally caused by capacitively coupled currents in the ground
plane or between input and output circuits. For this reason, high-voltage switch-
ing devices should not be mounted on the chassis. Where this cannot be avoided,
a Faraday screen should be fitted between the noise source and the ground plane,
or at least the capacitance to the chassis should be minimized.

To reduce input-to-output noise coupling in isolating transformers, Faraday
screens should be fitted. These should not be confused with the more familiar
safety screens. (See Part 1, Chap. 4.)

1.7 INPUT FUSE SELECTION -

This is an often neglected part of power supply design. Modern fuse technology
makes available a wide range of fuses designed to satisfy closely defined param-
eters. Voltages, inrush currents, continuous currents, and let-through energy Pt
ratings) should all be considered. (See Part 1, Chap. 5.)

Where units are dual-input-voltage-rated, it may be necessary to use a lower
fuse rating for the higher input voltage condition. Standard, medium-speed glass
cartridge fuses are universally available and are best used where possible. For
line input applications, the current rating should take into account the 0.6 to 0.7
power factor of the capacitive input filter used in most switchmode systems.

For best protection the input fuse should have the minimum rating that will
reliably sustain the inrush current and maximum operating currents of the supply
at minimum line inputs. However, it should be noted that the rated fuse current
given in the fuse manufacturer’s data is for a limited service life, typically a thou-
sand hours operation. For long fuse life, the normal power supply current should
be well below the maximum fuse rating; the larger the margin, the longer the fuse
life.

Fuse selection is therefore a compromise between long life and full protection.
Users should be aware that fuses tend to age and should be replaced at routine
servicing periods. For maximum safety during fuse replacement, the live input is
normally fused at a point after the input switch.

To satisfy safety agency requirements and maintain maximum protection,
when fuses are replaced, a fuse of the same type and rating must be used.
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1.8 LINE RECTIFICATION AND CAPAC
INPUT FILTERS ToR

Rectifier capacitor input filters have become almost universal for direct-off-line
§w1tchmode power sqpphes. In such systems the line input is directly rectified
mt(}j tliargv:. electrolytic reservoir capacitor.

ough this circuit is small, efficient, and low-cost, i i

0 ¢ , - it has the disadvantage
demz_mdmg sho_rt, l}lgh-;:urrem pulses at the peak of th’e applied sink-wave it%puc:f
causing excessive line Ir losses, harmonic distortion, and a low power factor ’
notIges?;?e atp;(alllcatéons (eﬁ.l, shipboard equipment), this current distortion. can-

erated, and special low-distortion input circui

e put circuits must be used. (See Part

1.9 INRUSH LIMITING

"Inrush limiting reduces the current flowing i i i
: : g into the input terminals when th -
ply is first switched on. I_t should not be confused with *‘soft start,” whicilsil;pa
:%parate function controlling the way the power converter starts its switching ac-
ion.
In the interests of minimum size and weight i i
e i : , most switchmode supplies will
use §em1conductor rectlﬁqrs and low-impedance input electrolytics inpg capaci-
tive input filter configuration. .Such systems have an inherently low input resis-
tance; also, because the capacitors are initially discharged, very large surge cur-
;‘::nts£ would occur at switch-on if such filters were switched directly to the line
put.
Hence, it is normal practice to provide some form : i imiti
>t ] ) prov of current inrush limiting on
power supplies that ha\"e ‘capacitive input filters. This inrush limiting typifally
ta:kes the form of a resistive _hmltmg device in series with the supply lines. In
high-power systems, the llmlpng resistance would normally be removed (shorted
g:;)bl;y a? ISICRI'; tnacé, (I>r 1swntch when the input reservoir and/or filter capacitor
1as been fully charged. In low-power systems, NTC thermi
e istors are often used as
The selection of the inrush-limiting resistance value i
| ue is usually a compromise
between acceptablq inrush current amplitude and start-up delay time. I\?egative
temperature coefficient thermgstors are often used in low-power applications, but
it should b.e noted that thermistors will not always give full inrush limiting.’For
example, if, after the power su;?ply has been running long enough for the
therm;stor to hez_lt up, the input is turned rapidly off and back on again, the
thermistor will stlll_ be hot an.d hence low-resistance, and the inrush cun'ent’ will
be large. T!le published spec_lﬁgation should reflect this effect, as it is up to the
user to.dec1de whether th.lS limitation will cause any operational problems. Since
elvent;vuh a ltlot NTC the allnrush current will not normally be damaging to the sup-
ply, thermistors are usually acceptable and ‘are often used fo - i
cations. (See Part 1, Chap. 7.) F low-power appli-

1.10 START-UP METHODS

In direct-off-line switchmode supplies, the elimination of the
, ow-frequency (50 t
60 Hz) transformer can present problems with system start-up. The di)éﬁ(cult;

{ Fe
AT
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usually stems from the fact that the high-frequency power transformer cannot be
used for auxiliary supplies until the converter has started. Suitable start-up cir-

cuits are discussed in Part 1, Chap. 8.

1.11 SOFT START

Soft start is the term used to describe a low-stress start-up action, normally ap-
plied to the pulse-width-modulated converter to reduce transformer and output
capacitor stress and to reduce the surge on the input circuits when the converter
action starts.

Ideally, the input reservoir capacitors should be fully charged before con-
verter action commences; hence, the converter start-up should be delayed for
several line cycles, then start with a narrow pulse and a progressively increasing
pulse width until the output is established.

There are, in fact, a number of reasons why the puise width should be narrow
when the converter starts and progressively increase during the start-up phase.

_ There will often be considerable capacitance on the output lines, and this should
be charged slowly so that it does not reflect an excessive transient back to the
supply lines. Further, where a push-pull action is applied to the main trans-
former, flux doubling and possible saturation of the core may occur if a wide
pulse is applied to the transformer for the first half cycle of operation. (See Part
3, Chap. 7.) Finally, since an inductor will invariably appear somewhere in series
with the current path, it may be impossible to prevent voltage overshoot on the
output if this inductor current is allowed to rise to a high value during the start-up

phase. (See Part 1, Chap. 10.)

1.12 START-UP OVERVOLTAGE PREVENTION

When the power supply is first switched on, the control and regulator circuits are
not in their normal working condition (unless they were previously energized by
some auxiliary supply).

As a result of the limited output range of the control and driver circuits, the
large-signal slew rate may be very nonlinear and slow. Hence, during the start-up
phase, a *‘race’ condition can exist between the establishment of the output volt-
ages and correct operation of the control circuits. This can result in excessive
output voltage overshoot. '

_ Additional fast-acting voltage clamping circuits may be required to prevent
overshoot during the start-up phase, a need often overlooked in the past by de-
signers of both discrete and integrated control circuits. (See Part 1, Chap. 10.)

1.13 OUTPUT OVERVOLTAGE PROTECTION

Loss of voltage control can result in excessive output voltages in both linear and
switchmode supplies. In the linear supply (and some switching regulators), there
is a direct DC link between input and output circuits, so that a short circuit of the
power control device results in a large and uncontrolled output. Such circuits

— J j
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require a powerful overvoltage clamping technique, and typically an SCR “‘crow-
bar’* will short-circuit the output to clear a series fuse.

_ In the direct-off-line SMPS, the output is isolated from the input by a well-
insulated transformer. In such systems, most failures result in a low or zero out-
put voltagc;. The need for crowbar-type protection is less marked, and indeed is
often 90nsxdered incompatible with size limitations. In such systems, an indepen-
dent_51gnal level voltage clamp which acts on the converter drive circuit is often
considered .satisfactory for overvoltage protection. '

The design aim is that a single component failure within the supply will not
cause an overvoltage condition. Since this aim is rarely fully satisfied by the sig-
nal level clamping techniques often used (for example, an insulation failure is not
fully protected), the crowbar and fuse technique should still be considered for the
most exacting switchmode designs. The crowbar also provides some protection
against externally induced overvoltage conditions. %

s

1.14 OUTPUT UNDERVOLTAGE PROTECTION

Output undervoltages can be caused by excessive transient current démands and
power outages. In switchmode supplies, considerable energy is often stored in
the input capacitors, and this provides ‘‘holdup” of the outputs during short
power outages. However, transient current demands can still cause under-
voltages as a result of limited current ratings and output line voltage drop. In sys-
tems that are subject to large transient demands, the active undervoltage preven-
tion circuit described in Part 1, Chap. 12 should be considered.

1.15 OVERLOAD PROTECTION (INPUT POWER
LIMITING)

Power limiting is usually applied to the primary circuits and is concerned with
limiting the maximum throughput power of the power converter. In multiple-
output converters this is often necessary because, in the interest of maximum
versatility, the sum of the independent output current limits often has a total VA
rating in excess of the maximum converter capability.

Primary power limiting is often provided as additional backup protection, even
where normal output current limiting would prevent output overloading condi-
tions. Fast-acting primary limiting has the advantage of preventing power device
failure under unusual transient loading conditions, when the normal secondary
current limiting may not be fast enough to be fully effective. Furthermore, the
risk of fire or excessive power supply damage in the event of a component failure
is reduced. Power supplies with primary power limiting usually have a much
higher reliability record than those without this additional protection.

1.16 OUTPUT CURRENT LIMITING

In highe'r-gower switchmode units, each output line will be independently
current-ht_mte_d. The current limit should protect the supply under all conditions
to short-circuit. Continuous operation in a current-limited mode should not cause
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overdissipation or failure of the power supply. The switchmode unit (unlike the
linear regulator) should have a constant current limit. By its nature, the switching
supply does not dissipate excessive power under short-circuit conditions, and a
constant current limit is far less likely to give the user such problems as
““lockout’” under nonlinear or cross-coupled load conditions. (Cross-coupled
loads are loads that are connected between a positive and a negative output line
without connection to the common line.)

Linear regulators traditionally have reentrant current limiting in order to pre-
vent excessive dissipation in the series element under short-circuit conditions.
Section 14.5 covers the problems associated with cross-coupled loads and reen-
trant current limits more fully.

1.17 BASE DRIVE REQUIREMENTS FOR
HIGH-VOLTAGE BIPOLAR TRANSISTORS

In direct-off-line SMPSs the voltage stress on the main switching device can be
very large, of the order of 800 to 1000 V in the case of the flyback converter.
Apart from the obvious needs for high-voltage transistors, ‘‘snubber’ net-
works, load line shaping, and antisaturation diodes, many devices require base
drive waveform shaping. In particular, the base current is often required to ramp
down during the turn-off edge at a controlled rate for best performance. (See Part

1, Chap. 15.)

1.18 PROPORTIONAL DRIVE CIRCUITS

-

With bipolar transistors, base drive currents in excess of thosp required to satu-
rate the transistor reduce the efficiency and can cause excessive turn-off storage

times with reduced control at light loads. .
Improved performance can be obtained by making the base drive current pro-

portional to the collector current. Suitable circuits are shown in Part 1, Chap. 16.

1.19 ANTISATURATION TECHNIQUES

With bipolar transistors, in the switching mode, improved turn-off performance
can be obtained by preventing ‘‘hard’’ saturation. The transistor can be main-
tained in a quasi-saturated state by maintaining. the drive current at a minimum
defined by the gain and collector current. However, since the gain of the transis-
tor changes with device, load, and temperature, a dynamic control is required.

Antisaturation circuits are often combined with proportional drive techniques.
Suitable methods are shown in Part 1, Chap. 17.

1.20 SNUBBER NETWORKS

This is a power supply engineering term used to describe net_works which provide
turn-on and turn-off load line shaping for the switching device.
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) Loac_i line _shapi.ng is required to prevent breakdown by maintaining the switch-
ing device within its ‘‘safe operating area™ throughout the switching cycle.

In many cases snubber networks also reduce RFI problems as a result of the
reduced dv/dt on switching elements, although this is not their primary function,

1.21 CROSS CONDUCTION

A

h i
In half-bndg_e, fu_ll-bridge, and push-pull applications, a DC path exists between
the supply lines if the ‘““on” states of the two switching devices overlap. This is
called “‘cross conduction’’ and can cause immediate failure. .
. To prevent this condition, 2 *“dead time’ (a period when both devices are off)
is often provided in the drive waveform. To maintain full-range pulse-width con-
trol, a2 dynamic dead time may be provided. (See Part 1, Chap. 19.)

1.22 OQUTPUT FILTERING, COMMON-MODE
NOISE, AND INPUT-TO-OUTPUT ISOLATION

These parameters have been linked together, as they tend to be mutually inter-

de;?endent. In switchmode supplies, high voltages and high currents are being
s_w1tched at very fast rates of change at ever-increasing frequencies. This gives
rise to electrostatic and electromagnetic radiation within the power supply. The
e!ectr:ostatic coupling between high-voltage switching elements and the output
circuit or ground can produce particularly troublesome common-mode noise
problems.

. The problems associated with common-mode noise are not generally recog-
nized, and there is a tendency to leave this requirement out of the power supply
§pec1ﬁcatlons. Common-mode noise is a very real cause of system problems, and
it should be normal practice in good power supply design to minimize the cazpac-
itance between the switching elements and chassis and to provide Faraday
screens between the primary and secondary of the power transformer. Where
switching elements are to be mounted on the chassis for cooling purposes, an in-
sulated Faraday screen should be placed between the switching element z;nd the
mounting surface. This screen and any other Faraday screens in the transformer
should be returned to one of the input DC supply lines so as to return capacitively
coup!ed currents to the source. In many cases, the transformer will require an
additional safety screen which will be connected to earth or chassis. This safety
screen should be positioned between the RF Faraday screen and the output wind-
ings.

In rare cases (where the output voltages are high), a second Faraday screen
may be required between the safety screen and the output windings to reduce
output common-mode current. This screen should be returned to the common
output line, as close as possible to the transformer common-line connection pin.

The screens, together with the necessary insulation, increase the spacing be-
tween the primary and secondary windings, thereby increasing the leakage induc-
tance and degrading transformer performance. It should be noted that the
Faraday screen does not need to meet the high current capacity of the safety

h
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screens and therefore can be made from lightweight material and connections.
(See Part 1, Chaps. 3 and 4.)

1.23 POWER FAILURE SIGNALS

To allow time for *‘housekeeping’” functions in computer systems, a warning of
impending shutdown is often required from the power supply. Various methods
are used, and typically a warning signal should be given at least 5 ms before the
power supply outputs fall below their minimum specified values. This is required
to allow time for a controlled shutdown of the computer.

In many cases, extremely simple power failure systems which simply recog-
nize the presence or absence of the AC line input and give a TTL low signal
within a few milliseconds of line failure are used. It should be recognized that the
line input passes through zero twice in each cycle under normal conditions; since
this must not be recognized as a failure, there is usually a delay of several milli-
seconds before a genuine failure can be recognized. When a line failure has been
recognized, the normal holdup time of the power supply should provide output
voltage for a further period, allowing time for the necessary housekeeping pro-
cedures.

Two undesirable limitations of these simple systems should be recognized.
First, if a “*brownout’’ condition precedes the power failure, the output voltage
may fall below the minimum value without a power failure signal being generated.
Second, if the line input voltage to the power supply immediately prior to failure
is close to the minimum required for normal operation, the holdup time will be
severely diminished, and the time between a power failure warning and supply
shutdown may not be long enough for effective housekeeping.

For critical applications, more sophisticated power failure warning systems
which will recognize brownout should be used. If additional holdup time is re-
quired, charge dumping techniques should be considered. (See Part 1, Chap. 12.)

1.24 POWER GOOD SIGNALS

“Power good™* signals are sometimes required from the power supply. These are
usually TTL-compatible outputs that go to a ‘‘power good™’ (high state) when all
power supply voltages are within their specified operating window. **Power
good’* and ‘‘power failure’ signals are sometimes combined. LED (light-emitting
diode) status indicators are often provided with the “‘power good™ signals, to
give a visual indication of the power supply status. .

1.25 DUAL INPUT VOLTAGE OPERATION

With the trend toward international trading it is becoming increasingly necessary
to provide switchmode supplies for dual input, nominally 110/220-V operation. A
wide variety of techniques are used to meet these dual-voltage requirements, in-




1.12 \\/ PART |

cluding single or multiple, manual or automatic, transformer tap changing, and
voltage doubling. If auxiliary transformers and cooling fans are to be used, these
must be considered in the dual-voltage connection.

A useful method of avoiding the need for special dual-voltage fans and auxil-
iary transformers is shown in Part 1, Chap. 23, It should be remembered that the
insulation of the auxiliary transformer and fan must meet the safety requirements
for the highest-voltage input. More recently, high-efficiency “‘brushless’ DC fans
have become available; these can be driven by the supply output, overcoming
insulation and tap change problems. [

The voltage doubler technique with one or two link changes is probably the
most cost-effective and is generally favored in switchmode supplies. However,
when this method is used, the design of the filter, the input fuse, and inrush lim-
iting should be considered. When changing the input voltage link arrangements,
the _l9w-voltage tap position gives higher current stress, whereas the higher tap
position gives a greater voltage stress. The need to meet both conditions results
in more expensive filter components. Therefore, dual-voltage operation should
not be specified unless this is a real system requirement.

1.26 POWER SUPPLY HOLDUP TIME

One of the major advantages of switchmode supplies is their ability to maintain
the output voltages constant for a short period after line failure. This *‘holdup
time”” is typically 20 ms minimum, but depends on the part of the input cycle
where the power failure occurs and the loading and the supply voltage before the
line failure.

A major factor controlling the holdup time is the history and amplitude of the
supply voltage immediately prior to the failure condition. Most specifications de-
fine holdup time from nominal input voltage and loading. Holdup times may be
considerably less if the supply voltage is close to its minimum value immediately
prior to failure.

Power supplies that are specified for long holdup times at minimum input volt-
ages are either expensive because of the increased size of input capacitors, or
less efficient because the power converter must now maintain the output voltage
constant for a much lower input voltage. This usually results in less efficient op-
eration at nominal line inputs. Charge dumping techniques should be considered
when long holdup times are required at low input voltages. (See Part 1, Chap. 12.)

1.27 SYNCHRONIZATION

Synchronization of the switching frequency is sometimes called for, particularly
when the supply is to be used for VDU (visual display unit) applications. Al-
though synchronization is of dubious value in most cases, as adequate screening
and filtering of the supply should eliminate the need, it must be recognized that
systems engineers often specify it.

The constraints placed on the power supply design by specifying synchroni-
zation are severe; for example, the low-cost variable-frequency systems cannot
be used. Furthermore, the synchronization port gives access to the drive circuit
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of the main converter and provides a means whereby the operating integrity of
the converter can be disrupted.

The possibility of badly defined or incorrect synchronization information must
be considered in the design of synchronizable systems. The techniques used
should be as insensitive as possible to abuse. The user should be aware that it is
difficult to guarantee that a power supply will not be damaged by incorrect or
badly defined synchronization signals. Because of the need to prevent saturation
in wound components, most switchmode supplies use oscillator designs which
can be synchronized only to frequencies higher than the natural oscillation fre-
quency. Also, the synchronization range is often quite limited.

1.28 EXTERNAL INHIBIT

For system control, it is often necessary to turn the power supply on or off by
external electronic means. Typically a TTL high signal will define the ‘‘on’’ con-
dition and a TTL low the “‘off’”’ condition. Activation of this electronic inhibit
should invoke the normal soft-start sequence of the power supply when it is
turned on.:Power supplies for which this remote control function is required will

- often need internal auxiliary supplies which are common to the output. The aux-

iliary supply must be present irrespective of main converter operation. This ap-
parently simple requirement may define the complete design strategy for the aux-
iliary supplies.

1.29 FORCED CURRENT SHARING

Voltage-controlled power supplies, by their very nature, age low-output-
impedance devices. Since the output voltage and performance characteristics of
two or more units will never be identical, the units will not naturally share the
load current when they are operated in parallel.

Various methods are used to force current sharing (see Part 1, Chap. 24).
However, in most cases these techniques force current sharing by degrading the
output impedance (and consequently the load regulation) of the supply. Hence
the load regulation performance in parallel forced current sharing applications
will usually be lower than that found with a single unit.

A possible exception is the master-slave technique which tends to a voltage-
controlled current source. However, the master-slave technique has fallen out of .
favor because of its inability to provide good parallel redundant operation. A fail-
ure of the master system usually results in a complete system failure.

More recently, interconnected systems of current-mode control topologies
have shown considerable promise. The technique should in theory be quite good;
however, the tendency for noise pickup on the P-terminal link between units
makes it somewhat difficult to implement in practice. Further, if one unit is used
to provide the control signal, failure of this unit will shut down the whole system,
which is again contrary to the needs of a parallel redundant system.

The forced current sharing system described in Part 1, Chap. 24 does not suf-
fer from these difficulties. Although the output regulation is slightly degraded, the
variation in output voltage in normal circumstances is only a few millivolts,
which should be acceptable for most practical applications.

Failure to provide current sharing means that one or more of the power sup-
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plies will be operating in a maximum current limited mode, while others are
hardly loaded. However, so long as the current limits for the units are set at a
value where continuous operation in the current limited mode gives reasonable
power supply life, simple direct parallel connection can be used and should not
be ignored. .

1.30 REMOTE SENSING A

If the load is situated some distance from the power supply, and the supply-lead
voltage drops are significant, improved performance will be obtained if a remote
voltage sense is used for the power supply. In principle, the reference voltage and
amplifier comparator inputs are connected to the remote load by separate voltage
sensing lines to remove the line-drop effects. These remote sense leads carry neg-
ligible currents, so the voltage drop is also negligible. This arrangement permits
the power supply to compensate for the voltage drops in the output power leads
by increasing the supply voltage as required. In low-voltage, high-current appli-
cations, this facility is particularly useful. However, the user should be aware of
at least three limitations of this technique:

1. The maximum external voltage drop that can be tolerated in the supply leads
is typically limited to 250 mV in both go and return leads (500 mV overall). In
a 100-A 5-V application, this would represent an extra 50 W from the power
supply, and it should be remembered that this power is being dissipated in the
supply lines.

2. Where power supplies are to be connected in a parallel redundant mode, it is
common practice to isolate each supply with a series diode. The principle here
is that if one power supply should short-circuit, the diode will isolate this sup-
ply from the remaining units.

If this connection is used, then the voltage at the terminals of the power
supply must be at least 0.7 V higher than the load, neglecting any lead losses,
and the required terminal voltage may exceed the power supply’s design max-
imum unless the supply is specifically designed for this mode of operation.
Furthermore, it must be borne in mind that in the event of power supply fail-
ure in this parallel redundant mode, the amplifier sense leads will still be con-

-nected to the load and will experience the load voltage. The remote sense cir-
cuit must be able to sustain this condition without further damage.

It is common practice to link the remote sense terminals to the power sup-
ply output terminals with resistors within the supply to prevent loss of control
and voltage overshoot in the event of the sense leads being disconnected.
Where such resistors are used in the parallel redundant connection, they must
be able to dissipate the appropriate power, V.2, /R, without failure in the event
of the main terminal output voltage falling to zero.

3. Remote sense terminals are connected to a high-gain part of the power ampli-
fier loop. Consequently, any noise picked up in the remote sense leads will be
translated as output voltage noise to the power supply terminals, degrading
the performance. Further, the additional phase shifts caused by lead induc-
tance and resistance can have a destabilizing effect. Therefore, it is recom-
mended that remote sense leads be twisted to minimize inductance and noise
pickup.

Unless they are correctly matched and terminated, coaxial leads are not

:\
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recommended, as the distributed capacitance can degrade the transient per-
formance.

1.31 P-TERMINAL LINK

In power supplies where provision is made to interlink one or more units in a
parallel forced current sharing mode, current sharing communication between
supplies is required. This link is normally referred to as the P-terminal link. In
master-slave applications this link allows the master to control the output regu-
lators of the slave units. In forced current sharing applications this link provides
communication between the power supplies, indicating the average load current
and allowing each supply to adjust its output to the correct proportion of the total
load. Once again, the P-terminal link is a noise-sensitive input, so the connections
should be routed so as to minimize the noise pickup. (See Part 1, Chap. 24.)

1.32 LOW-VOLTAGE cUTOUT

In most applications, the auxiliary supplies to the power unit will be derived from
the same supply lines as the main converter. For the converter to start up under
controlled conditions, it is necessary that the supply to both the main converter
and the auxiliary circuits be correctly conditioned before the power converter ac-
tion commences. It is normal practice to provide a drive inhibiting circuit which
is activated when the auxiliary supply falls below a value which can guarantee
proper operation. This ‘‘low-voltage inhibit’’ prevents the convert®r from starting
up during the power-up phase until the supply voltage is sufficiently high to en-
sure proper operation. Once the converter is running, if the supply voltage falls
below a second, lower value, the converter action will be inhibited; this hyster-
esis is provided to prevent squegging at the threshold voltage.

1.33 VOLTAGE AND CURRENT LIMIT
ADJUSTMENTS

The use of potentiometers for voltage and current limit adjustments is not rec-
ommended, except for initial prototype applications. Power supply voltages and
current limits, once set, are very rarely adjusted. Most potentiometers become
noisy and unreliable unless they are periodically exercised, and this causes noisy
and unreliable performance. Where adjustments are to be provided, high-grade
potentiometers must be used.

1.34 INPUT SAFETY REQUIREMENTS

Most countries have strict regulations governing safety in electrical apparatus,
including power supplies. UL (Underwriters Laboratories), VDE (Verband

-
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Deutscher Elektrotechniker), IEC (International Electrotechnic issi
and CSA (Canadian Standards Association) are typical exampleals gto’rgx?lis(:g?e)s’
formul_at_ing these reg}xlations. It should be remembered that these regulations de-
ﬁ_ne minimum insulation, spacing, and creepage distance requirements for printed
circuit boards, transformers, and other wound components.

Mec_eting these specifications will have an impact on the performance and must
be an integral part of the design exercise. It is very difficult to m dify units to
meet safety regulations after they have been designed. Consequently, drawing of-
fice and design staff should be continually alert to these requirements during the
design phase. Furthermore, the technical requirements for high performance tend
to bg generally incompatible with the spacing requirements for the safety speci-
fications. Cpnsequently, a prototype unit designed without full attention to the
saft_:ty spacing needs may give an excessively optimistic view of performance
which cannot be maintained in the fully approvable finished product.

A requirement often neglected is that ground wires, safety screens, and screen
connections must be capable of carrying the fuse fault current without rupture, to
prevent loss of safety ground connections under fault conditions. Further 2’1ny
removable mountings (which, for example, may have been used to proviée an
earth. connection from the printed circuit board to earth or chassis) must have a
provision for hard wiring of the ground of the host equipment main frame.
Mounting screws alone do not meet the safety requirements for some authorities.

CHAPTER 2

AC POWERLINE
SURGE PROTECTION

2.1 INTRODUCTION

With the advent of “‘direct-off-line’’ switchmode power supplies using sensitive
electronic primary control circuits, the need for input AC powerline transient
surge protection has become more universally recognized.

Measurements carried out by the IEEE over a number of years have demon-
strated, on a statistical basis, the likely frequency of occurrence, typical ampli-
tudes, and waveshapes to be expected in various locations as a result of artificial
and naturally occurring electrical phenomena. These findings are published in
IEEE Standard 587-1980* and are shown in Table 1.2.1. This work provides a
basis for the design of AC powerline transient surge protection devices.4°

-

2.2 LOCATION CATEGORIES

In general terms, the surge stress to be expected depends on the location of the
equipment to be protected. When equipment is inside a building, the stress de-
pends on the distance from the electrical service entrance to the equipment loca-
tion, the size and length of connection wires, and the complexity of the branch
circuits. IEEE Standard 587-1980 proposes three location categories for low-
voltage AC powerlines (less than 600 V). These are shown in Fig. 1.2.1, and de-

scribed as follows:

1. Category A, Outlets and Long Branch Circuits. This is the lowest-stress cat-
egory; it applies to )

a. All outlets more than 10 m (30 ft) from Category B with #14 to #10 wires.

5. All outlets at more than 20 m (60 ft) from the service entrance with #14 to
#10 wires. In these remote locations, far away from the service entrance,
the stress voltage may be of the order of 6 kV, but the stress currents are
relatively low, of the order of 200 A maximum.

2. Category B, Major Feeders and Short Branch Circuits. This category covers
the highest-stress conditions likely to be seen by a power supply. It applies to
the following locations:

a. Distribution panel devices

*Also issued under ANSI/IEEE Standard C64.41-1980 and IEC Publication 664-1980.
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TABLE 1.2.1 Surg
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b. Bus and feeder systems in industrial plants
¢. Heavy appliance outlets with ‘‘short” connections to the service entrance
d. Lighting systems in commercial buildings

Note: Category B locations are closer to the service entrance. The stress
voltages may be similar to those for category A, but currents up to 3000 A
may be expected.

Category C, Outside and Service Entrance. This location is outside the

building. Very high stress conditions can occur, since the line and insulator

spacing is large and the flashover voltage can be greater than 6 kV. Fortu-
nately, most power supplies will be in category B or A locations within a par-
tially protected environment inside the building, and only protection to cate-
gory A and B stress conditions is normally required.

Most indoor distribution and outlet connectors have sparkover voltages of
6 kV or less, and this, together with the inherent distribution system resis-
tance, limits the stress conditions inside the building to much lower levels.

Where power supplies are to be provided with surge protection, the cate-
gory of the protection should be clearly understood and specified in accor-
dance with the expected location. Since the protection devices for category B
locations can be large and expensive, this protection category should not be
specified unless definitely required.

Where a number of supplies are to be protected within a total distributed
power system, it is often more expedient to provide a single transient surge
protection unit at the line input to the total system.
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FIG. 1.2.1 Circuit location categories, as defined by
IEEE Standard 587-1980.
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2.3 LIKELY RATE OF SURGE OCCURRENCES

Since some transient protection devices (metal oxide varistors, for example) have
a limited life, dependent on the number and size of the stress surges, the likely
exposure level should be considered when selecting protection devices. Figure
1.2.2 (from IEEE Standard 587) shows, statistically, the number of surges that
may be expected per year, as a function of the voltage ampliude, in low-,
medium-, and high-exposure locations.
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FIG. 1.2.2 Rate of surge occurrences versus voltage level at unpro-
tected locations.

For example, in a medium-exposure location, a 5-kV spike can be expected at
least once a year and, perhaps of greater concern, hundreds of transients in the
range of 1 to 2 kV can occur in the same period. Since even these lower stress
levels are quite sufficient to damage unprotected equipment, it is clear that some
form of protection is essential in any electronic equipment to be connected to the
supply lines.
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IEEE Standard 587-1980 describes the exposure locations as follows:

1. Low Exposure. Systems in geographical areas known for low lightning activ-
ity, with little load switching activity.

2. Medium Exposure. Systems in geographical areas known for high lightning ac-
tivity, with frequent and severe switching transients.

3. High Exposure. Rare but real systems supplied by long overhead lines and
subject to reflections at line ends, where the characteristics of the installation
produce high sparkover levels of clearances.

2.4 SURGE VOLTAGE WAVEFORMS

The IEEE investigation found that although surge voltage waveforms can take
many shapes, field measurements and theoretical calculations indicate that most
surge voltages in indoor low-voltage systems (AC lines less than 600 V) have a
damped oscillatory shape, as shown in Fig. 1.2.3. (This is the well-known *‘ring
wave’’ referred to in IEEE Standard 587.) The following quotation from this stan-
dard describes the phenomenon well:

A surge impinging on the (distribution) system excites the natural resonant frequen-
cies of the conductor system. As a result, not only are the surges typically oscilla-
tory, but surges may have different amplitudes and wave shapes at different places in
the system. These oscillatory frequencies of surges range from 5 kHz to more than
500 kHz. A 30 kHz-100 kHz frequency is a realistic measurement of a ‘“‘typical”
surge for most residential and light in-

dustrial ac line networks. -

In category B locations (close to the v g'E:K — ¥ PEAK
service entrance), much larger energy T=10Ms
levels are encountered. IEEE Standard (f = 100KHZ)
587 recommends two unidirectional -~—
waveforms for high- and low-impe- 0.1
dance test specimens. These two wave- v PEAK

forms are shown in Fig. 1.2.4a and b. 0.5 US =i \/A
For this category, the transient protec-
tion device must be able to withstand
the energy specified in these two
waveforms (Table 1.2.1). In addition to
the unidirectional pulses, ring-wave os- FIG. 1.2.3 Proposed 0.5-us, 100-Hz ring
cillatory conditions can also occur. For ~ Wave {open-circuit voltage).

these, the voltage can be of the order

of 6 kV and the current 500 A. The var-

ious stress conditions are tabulated in Table 1.2.1.

The impedance of the protection circuit is often difficult to define, since a
number of devices operating in different modes and different voltages are often
used in the protection unit. To satisfy both high- and low-impedance conditions,
the test circuitry is usually configured to generate the voltage waveform specified
on an open circuit and the current waveform specified on a short circuit before
being applied to the test specimen.

— 60% OF V PEAK

~——
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FIG. 1.2.4 Unidirectional waveshapes (ANSI/IEEE Standard
28-1974).

2.5 TRANSIENT SUPPRESSION DEVICES

The ideal transient suppression device would be an open circuit at normal volt-
ages, would conduct without delay at some slight voltage above normal, would
not allow the voltage to increase during the clamping period, would handle un-
limited currents and power, would revert back to an open circuit when the stress
has gone, and would never wear out.

At the time this is written, there is no single transient suppression device that
approaches this ideal for-all the stress conditions specified in IEEE Standard 587.
Heqce, at present efficient transient protection requires the use of a number of
devices, carefully selected to complement each other and thus cover the full
range of voltage and current stress conditions. .

‘For the_ lower-stress category A locations, silicon varistors, in combination
with transient suppressor diodes, filter inductors, and capacitors, are commonly
used. In the higher-power category B locations, these devices are supplemented
w}th much higher-current-rated gas-discharge tubes or spark gaps. When gas-
discharge devices are used, fast-acting fuses or circuit breakers will also be fitted.

For efficient matching of the various suppressor devices, their general perfor-
mance characteristics should be fully understood.
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2.6 METAL OXIDE VARISTORS (MOVs,
VOLTAGE-DEPENDENT RESISTORS])

As the name implies, varistors (MOVs) display a voltage-dependent resistance
characteristic. At voltages below the turnover voltage, these devices have high
resistance and little circuit loading. When the terminal voltage exceeds the turn-
over voltage, the resistance decreases rapidly and increasing current flows in the
shunt-connected varistor.

The major advantages of the varistor are its low cost and its relatively high
transient energy absorption capability. The major disadvantages are progressive
degradation of the device with repetitive stress and a relatively large slope resis-
tance.

The limitations of the varistor for transient suppressor applications in medium-
and high-risk locations are fairly marked. Under high-exposure conditions, the de-
vice can quickly age, reducing its effective clamping action. This is a somewhat in-
sidious process, as the degradation is not obvious and cannot be easily measured.
Further, the varistor’s relatively high slope resistance means that its clamping action
is quite poor for high-current stress conditions (even low-voltage varistor devices
have terminal voltages over 1000 V at transient currents of only a few tens of
amperés). As a result, damagingly high voltages may be let through to the *‘pro-
tected”’ equipment if MOV are used on their own. However, varistors can be of
great value when used in combination with other suppressor devices.

Figure 1.2.5 shows the typical characteristics of a 275-V varistor. Note that
the terminal voltage is 1250 V at a transient current of only 500 A.
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FIG. 1.2.5 Metal oxide varistor (MOV) performance characteristics.

2.7 TRANSIENT PROTECTION DIODES

Various transient suppressor diodes are available. These may be unidirectional or
bidirectional as required. In general terms, silicon suppressor diodes consist of an
avalanche voltage clamp device, configured for high transient capability. In a bi-

—
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polar protector, two junctions are used in series “*back to back.” (A
diode exhxbxt.s a normal diode_characteristic in the forward dire.ctic(mg eyalanche
The_ transient suppressor <_ilode has two major advantages, the first being the
r\;:;}; s}gggn?ee%hclampm% acz!tlon—the avalanche condition is established in afew
s. The secon vantage is the ve i i
Ao onds. 3 g ry low slope resistance in the con-
In the active region, the slope resistance can b i i
: > s e very low; with terminal -
age increasing by only a few volts at transient currents rux;ning ipto hund‘;gclits
of amperes. Consequently,_ the transient suppressor digde provides very hard
and effective Y_qltagg.clampmg at any transient stress up to the diode’s maximum
current cégpgbmty. '{;he characteristics of a typical 200-V bipolar transient sup
pressor diode are shown in Fig. 1.2.6. Note t i i .
Dok diode hat the terminal voltage is only
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FIG. 1.2.6 Transient suppressor diode performance characteristics.

The major disadvantages of the transient suppressor diode its relatis
. dis: ¢ are its relativel
gugh cost and hmxted current c.apal.nllty. However, if the diode is overstressed Et/
is designed to f_all to a short-circuit condition; this would normally clear the éx~
ternal fuse or circuit breaker, while maintaining protection of the equipment.

2.8 GAS-FILLED SURGE ARRESTERS

Much larger_ transient currents can be handled by the various gas-discharge sup-
pressor d.ev’!ces. In such suppressors, two or more electrodes are accurately
spaced within a sealed high-pressure inert gas environment. When the striking
voltage of the gas tube is exceeded, an ionized glow discharge is first developed
betwpqn the elegtrodes. As the current increases, an arc discharge is produced

proyldmg a low-impedance path between all internal electrodes. In this mode th'e:
device has an almost constant voltage conduction path with a typical arc drc;p of
25 V. The characteristics of the gas arrester are shown in Fig. 1.2.7. Note the
large striking voltage and low arc voltage.

W
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FIG. 1.2.7 Gasilled surge arrester (SVT) performance characteristi®. (Courtesy of
Siemens AG.)

When it strikes, the gas arrester effectively short-circuits the supply, with only
a small voltage being maintained across the electrodes. Because of the low inter-
nal dissipation in this mode, a relatively small device can carry currents of many
thousands of amperes. With this type of suppressor, protection is provided not so
much by the energy dissipated within the device itself, but by the device’s short-
circuit action. This forces the transient energy to be dissipated in the series re-
sistance of the supply lines and filter.

A disadvantage of the gas arrester is its relatively slow response to an
overvoltage stress. The plasma development action is relatively slow, and the
striking voltage is dv/dt-dependent. Figure 1.2.8 shows the striking voltage as a
function of dv/dt for a typical 270-V device. The effect is quite marked at tran-
sient edge attack rates as low as 10 V/us. Hence, for fast transients, the gas ar-
rester must be backed by a filter or faster-action clamp device.

A major disadvantage of the arrester is its tendency to remain in a conducting
state after the transient condition has ceased. On ac lines, the recovery (blocking
action) should normally occur when the supply voltage falls below the arc voltage
at:the-end of a half cycle. However, the line source resistance can be very low,
and if the current rating of the device is exceeded, the high internal temperature
may prevent normal extinction of the arc, so that the device remains conduct-
ing. The follow-on current, provided by the line supply after the transient has
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y finished, \yill soon destroy the arrester.
600 Hence., with this type of device, it is
essential to provide some form of cur-
1400 rent limiting, fast-acting fuse or fast-
Vs , acting (magnetic) circuit breaker in the

T 1200 f supply line.
000 f Many mar}ufactufers and designers
ad\:ocate fitting a limitiAg resistor in
500 series with the gas tube. This will re-
[ 7 duce the follow-on current after the gas
soo VS =1/ tube has struck. This technique satis-
fies the need to limit the follow-on cur-
400 B vsi| | rent, and allows plasma extinction as
Vede |4 -Vsdc_| the supply voltage passes through
200 ===} zero. However, the series resistance
!L degrades the tfdnsient suppressor per-
0 formance, since even a small (say 0.3-

56 4 12 .00 02 104 p

167 107 10 107 10 d"zdt"/l’vs Q) resistor would develop a voltage

- drop of 1000 V for the 3000-A IEEE

FIG. 1.2.8 Variation in sparkover voltage S}andard 587 high-current stress condi-

with applied dvidt for gas-illed SVPs. (Cour- 100~ The author prefers not to fit se-

tesy of Siemens AG.) ries resistors, but to rely on filter and

external circuit resistances to limit the

suppressor current; this retains the ex-

) cellent clamping capability of the gas

device. For extended stress conditions, a fast circuit breaker or fuse will finally
clear the line input if the gas device remains conducting.

The gas arrester is still undergoing development at the time this is written

and many ingenious techniques are being developed to improve its perfor:

mance.

2.9 LINE FILTER, TRANSIENT SUPPRESSOR
COMBINATIONS

As mentioned above, the various transient suppressor devices have limited cur-
rent capability.

Because the line impedance can be extremely low, it is often necessary to in-

clude some limiting resistance in series with the supply lines to reduce the stress
ont_the shunt-connected suppressors. This also permits efficient voltage clamping
action.
i Although the series limiting may be provided by discrete resistors, in the
interest of efficiency, inductors should be used. If inductors are used i’t is ex-
pedlen} to provide additional filtering in the transient suppressor circ1’1it at the
same time. This will help to reject line-borne noise and filter out power supply-
generated noise. Also, the winding resistance and inductance can provide the
necessary series impedance to limit the transient current for efficient transient
suppression. Consequently, transient suppression is ofien combined with the
EMI noise filtering circuits typically required with switchmode supplies.

/’, l ‘Y
oy
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2.10 CATEGORY A TRANSIENT SUPPRESSION
FILTERS

Figure 1.2.9 shows a typical combination of line filter and transient suppressor
devices that may be found in a category A protection unit.
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FIG. 1.2.9 Line-to-line and line-to-ground transient over- »
voltage protection circuit with noise filter, using MOV and
SVP protection devices (low- to medium-power applications).

The inductors L1(a) and L1(b) and capacitors C1 through C4 form the normal
noise filter network. At the input to this filter network, varistors MOV1 through
MOV?3 provide the first level of protection from line-borne transient stress. For
very short lived high-voltage transients, the clamping action of the varistors, to-
gether with the voltage dropped across the series inductance, h$ids off the ma-
jority of the transient voltage from the output.

For more extended stress conditions, the current in L1(a) and L1(b) will in-
crease to the point where the output capacitors C2 and C3 are charged to a volt-
age at which suppressor diodes ZD1, ZD2, and ZD3 are brought into conduction.
These diodes prevent the output voltage from exceeding their rated clamp values
for all stress currents up to the failure point of the suppression diodes. If this
level is reached, the diodes fail to a short circuit, clearing the protection fuse
FS1, and the unit fails to a safe condition. However, this very high level of stress
should not occur in a category A location.

It should be noted that the suppressor unit also prevents voltage transients
generated within the driven equipment from feeding back into the supply line.
This can be an important advantage when several pieces of equipment in a sys-
tem are connected to the same supply. )

In this example, protection has been provided for differential- (line to neutral)
and common-mode (line and neutral, to ground) stress. It will be shown later that
although differential protection is often the only protection provided, common-
mode stress conditions often occur in practice. Hence protection for this condi-
tion is essential for full system integrity.

The wisdom of common-mode transient suppression has been questioned as
possibly being dangerous, because of the voltage “bump’’ on the earth return line
under transient conditiors. (See Sec. 2.13.) It will be shown later that this effect
is almost inevitable; it should be dealt with in other ways if full protection is to be

provided.
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2.11 CATEGORY B TRANSIENT SUPPRESSION
FILTERS

Although the circuit shown in Fig. 1.2.9 could be used for category B locations if
suitably large devices were selected, it is more expedient to use the small low-
cost gas-discharge suppressors to provide the additional protection.

Figure 1.2.10 shows a suitable circuit arrangement. This circuit combines the
advantages of all three types of protection device, and also has afull common-
and series-mode filter network.

______ 1
Lo—ll-d’ o—-f"\—"

—— e v
CIRCUIT BREAKER

L1 L3(a)
L L AL b
N T TP SRTIG

S 2/% “%"i’ | M“_%Ds%

L3(b)

FIG. 1.2.10 Line-to-line and line-to-ground transient protection circuit with
noise filter, using MOV, SVP, and transient protection diodes (for medium- to
high-power applications).

The common-mode filter inductor L3(a and b) has been supplemented with ad-
ditional series-mode inductors L1 and L2. These inductors, together with capac-
itors C1 through C5, provide a powerful filter for common- and series-mode line-
conducted transient and RFI noise. This unit may be used to supplement or
replace the normal line filter of the switchmode supply.

In addition to the voltage-dependent resistors (varistors) and output transient
suppressor diodes, the three-terminal gas-discharge arrester tube (GT1) is shown
fitted at the interface between the series-mode and common-mode inductors.

This arrangement combines the advantages of all three suppressor devices in a
most effective manner. For very fast transients, once again, the input varistors
V1, V2, and V3, together with L1, L2, and L3(a) and L3(b) and capacitors C1
through C5, provide efficient attenuation of the transient. For medium-stress con-
ditions of longer duration, the current in the inductors will increase and the out-
put voltage will also increase to the point where the output clamping diodes DI,
D2, and D3 are brought into conduction protecting the load.

The major advantage of this category B suppressor is that for very large and
extended stress conditions, the gas arrester GT1 will be brought to the striking
voltage, effectively short circuiting all lines (and the transient) to ground.

An advantage of the three-terminal gas arrester is that, irrespective of which
line the original stress appears on, all lines are shorted to ground. This tends to
reduce the inevitable ground return ‘‘bump”’ voltage.

Extensive stress testing of this circuit has shown that in most cases, the sup-
ply line impedance, combined with the current limiting action of L1 and L2, will
prevent excessive buildup of current in the gas arrester after ignition. As a result,
the arrester recovers to its nonconducfing state after the transient has passed,
during the following zero crossover of the supply line. Hence, under the rare con-
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ditions when a gas device is called on to conduct, in most cases the power to the
load is interrupted for less than a half cycle.

Because of the energy storage and holdup ability of the typical switchmode
supply, a half cycle line dropout will not result in an interruption to the DC out-
put to the loads. In the rare event of a gas tube continuing to conduct, the fast-
acting magnetic circuit breaker will operate in less than a cycle, clearing the line
input from the filter.

2.12 A CASE FOR FULL TRANSIENT
PROTECTION

The major cause of high-voltage transients is direct or indirect lightning effects on
the external power system. Irrespective of the initial cause of the transient, be it
a direct strike to one or another of the supply lines or the induced effects of a
near miss, the initial stress attenuation is provided by flashover between lines and
from line to ground at various peints throughout the distribution system.

As a result of these flashovers, the transient that arrives at a remote location
will tend to be common-mode, appearing between both supply lines and ground.
Even if the neutral is connected to ground near the service entrance of the build-
ing, the stress can still tend to be common-mode at the protected equipment be-
cause of flashover in the building cables, distribution boxes, and receptacles. (It
is this flashover that reduces the stress between category C and category A lo-
cations.) Consequently, transient suppressors which provide protection between
line and neutral only are not protecting the equipment or common-mode capaci-
tors against the line ground, neutral ground stress conditions.

2.13 THE CAUSE OF “GROUND RETURN
VOLTAGE BUMP” STRESS

A voltage stress which appears between both supply lines and the ground return
is called a common-mode transient. When a common-mode transient arrives at
the suppressor unit, the current is diverted to ground through one or more of the
transient suppressor devices. As a result, considerable currents can flow through
the ground return during a transient. Because of the resistance and inductance
between the transient suppressor and the service entrance, this ground current
can elevate the potential of the local system ground with respect to real ground.
Hence, a possible shock hazard now exists between the case of the protected
equipment and real earth. (This voltage is referred to as an earth return “‘bump.”’)

It is possible to argue, therefore, that transient suppressors which return the
stress current to the ground line are a shock hazard and should not be used. This
is a viable argument only if the load can be guaranteed not to break down to
ground during the stress in the absence of a transient suppressor. In practice, the
equipment is likely to fail in this mode, and the hazard of ground return bump will
still exist, even without the suppressor. In addition, the load will not have been
protected and may well be damaged.

The possibility of an earth return voltage bump under high-stress conditions
should be considered an inevitable hazard with or without transient protection.
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Measures should be taken to reduce the voltage by ensuring a very low resistance
ground return path. If an operator has access to the equipment, all equipment
within the operator’s reach must be grounded to the same return. In computer
rooms, the need for a good ground return may include the furniture and very fab-
ric of the building itself. ’

2.14 PROBLEMS

1. Why is it important to provide AC powerline surge protection in direct-off-
line switchmode power supplies?

2. Give some typical causes of AC line transients.

3. Give the number of an IEEE standard which describes the typical amplitudes
and waveshapes to be expected on various line distribution systems in office
and domestic locations.

4. Describe stress locations A, B, and C, as described in IEEE Standard
587-1980.

5. Explain the meaning of exposure locations, as described in IEEE Standard
587-1980.

6. How does IEEE Standard 5871980 indicate the likely rate of surge occur-
rence and voltage amplitude at various locations?

7. What would be the typical waveform and transient voltage to be expected in
a class A location?

_ 8. What surge waveforms may be expected in a class B location?

9. Describe three transient protection devices commonly used in input line pro-
tection filters.

10. Describe the advantages and limitations of metal oxide varistors, transient
protection diodes, and gas-filled surge suppressors.

"CHAPTER 3

ELECTROMAGNETIC
INTERFERENCE (EMI)
IN SWITCHMODE
POWER SUPPLIES

3.1 INTRODUCTION

Electromagnetic interference (EMI), otherwise referred to as radio-frequency in-
terference (RFI), the unintentional generation of conducted or radiated energy, is
indefatigable in all switchmode power supplies. The fast rectangular switching ac-
tion required for good efficiency also produces a wide interference spectrum
which can be a major problem.

Further, for proper operation of any electronic system, it is imffdrtant that all

the elements of the system be electromagnetically compatible. Also, the total sys-
tem must be compatible with other adjacent systems.
" As the SMPS can be such a rich source of interference, it is vital that this as-
pect of the design be carefully considered. Normal good design practice requires
that the RF interference allowed to be conducted into the supply or output lines,
or permitted to be radiated away from any power equipment, be minimized to
prevent RF pollution. Further, national, federal, and international regulations
limit by law the permitted interference levels.

These regulations vary according to country of origin, regulatory authority,
and intended application. The power supply designer will need to study the code
relevant to the proposed marketing areas. In Common Market countries, I[EC BS
800, or CISPR recommendations apply. The Federal Republic of Germany re-
quires VDE 0871 or VDE 0875, depending on the operating frequency. In the
United States the Federal Communication Commission’s (FCC) rules apply, and
similar limits are recommended in Canada under CSA, C108.8-M1983.

In general, the range of frequencies covered by the regulations spans from 10
kHz to 30 MHz. Domestic locations have more rigorous regulations than office or
industrial locations.

Figure 1.3.1 shows the FCC and VDE limits for conducted RFI emissions in
force at the time of publication.
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FIG. 1.3.1 Conducted-mode RFI limits as specified by FCC Part 15 (Subpart j) VDE 0871 and 0875.
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3.2 EMI/RFI PROPAGATION MODES

There are two forms of propagation of interest to the power supply designer:
electromagnetic radiated E and H waves and conducted interference on supply
lines and interconnecting wires.

Radiated interference is normally minimized as a natural result of the layout
and wiring practices required to rediice leakage inductance and improve perfor-
mance. Typically the high-frequency current loops will be short, and twisted
pairs will be used where possible. Transformers and chokes with air gaps will be
screened to reduce radiated magnetic fields (see Part 1, Chap. 4), screened boxes
or equipment enclosures will often be used.

The techniques applied to minimize conducted interference will also reduce
radiated noise. The following sections concentrate on the conducted aspect of
power supply interference, as once the conducted limits have been met, the ra-
diated limits will normally be satisfied as well.

3.3 POWERLINE CONDUCTED-MODE
INTERFERENCE

Two major aspects of conducted interference will be considered: differential-
mode conducted noise and common-mode conducted noise.
These will be considered separately.

Differential-Mode Interference -

Differential- or series-mode interference is that component of RF noise which ex-
ists between any two supply or output lines. In the case of off-line SMPS, this
would normally be live and neutral ac supply lines or positive and fegative output
lines. The interference voltage acts in series with the supply or output voltage.

Common-Maode Interference

Common-mode interference is that component of RF noise which exists on any
or all supply or output lines with respect to the common ground plane (chassis,

box, or ground return wire).

3.4 SAFETY REGULATIONS (GROUND RETURN
CURRENTS)

It may seem out of place to be considering safety requirements at this stage; how-
ever, this is necessary because the safety agencies specify the maximum ground
return currents, so as to minimize shock hazard in the event of ground circuit
faults. This requirement not only requires good attention to insulation, but also
puts a severe limitation on the value of capacitors which may be fitted between
the supply lines and ground. This capacitor size limitation has a profound impact
on the design of the line input filters.

The permitted limits for ground return currents vary among the regulatory
agencies and also depend on the intended equipment applications. For example,
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medical equipment, as one might expect, has a very stringent, so-called ‘‘earth

leakage current’’ limit.

The ground return current limits, as set by some of the maj

TABLE 1.3.1

Maximum Ground Leakage Currents Permitted b
and the Recommended Maximum Values for Y Filter Capacitors

or regulatory agen-

cies, that are in force at the time of printing are shown in Table 1.3.1.

y the Safety Regulations,

Ground leakage

Magimum value

Country Specification current limits 1and C2
U.S.A. UL 478 5mA 120V 60 Hz 0.11 uF
UL 1283 0.5-3.5mA 120V 60 Hz 0.011-0.077 pF
Canada C222No 1 5mA 120 V 60 Hz 0.11 pF
. SEV 1054-1 0.7 mA 250 V 50 Hz 0.0095 pF
Switzerland IEC 335-1 ®
Germany VDE 0804 3.5mA 250V 50 Hz 0.0446 uF
0.5 mA 250 V 50 Hz 0.0064 pnF
U.K. BS 2135 0.25-5 mA 250 V 50 Hz 0.0032-0.064 uF
Sweden SEN 432901 0.55mA 250 V 50 Hz 0.0064 nF
0.25-5 mA 250 V 50 Hz 0.0032-0.064 pF

Table 1.3.1 gives the maximum value of decoupling capacitance that may be

fitted in positions C1 and C2 in Fig. 1.3.2, for each specification. These values
assume zero contribution from insulation leakage and stray capacitance. To min-
imize inductor and filter size, the largest decoupling capacitor permitted by the
regulations should be used. Since one side of the input is always assumed to be
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FIG. 1.3.2 Ground leakage current test cirzzuit, as specified by CSA 22.2, part 1.
(Note: CT and RT values depend on the equipment and agency requirements.)
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neutral (connected to the ground at the service entrance), only one capacitor will be
conducting at any time. However, the total leakage current should be checked to
establish the total contribution from all the capacitive and insulation leakage paths.

Figure 1.3.2 shows the method of measurement for ground return currents. It
is assumed that only one side of the supply could be “‘hot,’ and hence only one
capacitor will be conducting to ground return at any time.

3.5 POWERLINE FILTERS

To meet the conducted-mode noise specifications, relatively powerful line filters
will normally be required. However, as previously demonstrated, safety regula-
tions severely limit the size of the capacitors fitted between the supply lines and
ground plane.

Because of the limited size of the decoupling capacitors, the filter cannot eas-
ily cure the severe common-mode interference problems which can occur as a
result of poor wiring, bad layout, poor screening, or bad location of the power
switching elements. Hence, good EMI performance demands care and attention
to all these aspects at every stage of the design and development process. There
is no substitute for effective suppression of EMI at the source.

3.6 SUPPRESSING EMI AT SOURCE

Figure 1.3.3 shows several of the more common causes of EMI problems. Failure
to screen the switching devices and failure to provide RF screens in the trans-
former are principal causes of conducted common-mode interference. This com-
ponent of interference is also the most difficult to eliminate in the filter, because
of the limited decoupling capacitor size.

The differential- or series-mode noise is more easily bypassed by the electro-
Iytic storage capacitors and the relatively large decoupling capacitors C3 and C4
which are permitted across the supply lines. _

Common-mode RF interference currents are introduced into the local ground
plane (normally the chassis or box of the power supply) by insulation leakage and
parasitic electrostatic and/or electromagnetic coupling, shown as C,,, through C,s
on Fig. 1.3.3. The return loop for these parasitic currents will be closed back to
the input supply lines through the decoupling capacitors C1 and C2.

The prime mover for this loop current tends to a constant-current source, as the
source voltage and source impedance are very high. Hence the voltage across the de-
coupling capacitors C1 and C2 tends to a voltage source proportional to the current
magnitude and capacitor impedance at the interference harmonic frequency:

Vi=Lix X,

where V,; = harmonic interference voltage
I, = interference current at the harmonic frequency
X, = reactance of Cl or C2 at the harmonic frequency

c

(It is assumed that the insulation leakage current is negligible.) This voltage
source V,; will now drive current into the series inductors L1, L2, and L3 and
into the output lines to return via the ground line. It is this external component of
RF current that will cause external interference, and hence it is this that is cov-
ered by the regulations and must be minimized.
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r_,v"\;\,_‘ 3.7 EXAMPLE
i
l - Consider the parasitic current loop A, B, C, D, and back to A, shown in Figure
S 1.3.3. Point A is the high-voltage switching transistor package.
o . For a flyback application, the voltage on this transistor may be of the order of
& J.tg_=. 600 V and the switching frequency typically 30 kHz. Because of the fast switch-

of L % ‘ ing edges, harmonics- will extend up to several megahertz. Parasitic capacitive

14 N
= - 2 @ coupling (shown as C,, in the diagram) will exist between the transistor case A
\ 8 [} and the ground plane B.
Pag The tenth harmonic of the switching frequency will be 300 kHz, well inside the

- RF band laid down in the regulations. If square-wave operation is assumed, the
' amplitude of this harmonic will be approximately 20 dB down on 600 V,or60V.,
Assuming the leakage capacitance to be 30 pF, a current of 3.4 mA will flow into
the ground plane at 300 kHz.
The current loop is closed back to the transistor by the filter capacitors C1 and C2.
To meet the most stringent safety regulations, the maximum capacitance al-
lowed for C1 and C2 would be, say, 0.01 pF.

! If the majority of the ground plane current returns via one of these capacitors,
then the voltage V,, across its terminals, nodes C to D, will be 180 mV. The in-
ductors L1 and L2 now form a voltage divider network between point D and the
simulated; 50-Q supply line resistance RT. If the voltage across RT is to be less

) than 250 pV (48 dB up on 1 pV, the regulation limit), then L1 and L2 must in-

! troduce an attenuation of more than 50 dB at this harmonic frequency, an almost
impossible task for inductors which must also carry the supply input current.

By fitting an electrostatic screen between the transistor and the ground plane,

; connecting it such that the RF currents are returned to the input source, the ac

i voltage across the parasitic capacitance C,y will be eliminated and the effective

) RF current from point A to ground will be considerably reduced (see Figs. 1.3.4

‘ and 1.3.5). The demands now placed on the input filter are not se stringent.

i Reducing the RF currents in the ground plane at the source is by far the best

approach to EMI elimination. Once these interference currents have been intro-

duced into the ground plane, it is very difficult to predict what path they will
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FIG. 1.3.3 Example of parasitic RFI current paths in a typical off-line switchmode power supply.
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FIG. 1.3.5 Preferred positions for primary-to-ground-plane RFI screens.

take. Clearly all the high-voltage ac components should be isolated from the
ground plane, or if contact cooling is required, they should be screened (see Fig.
1.3.4). Transformers should have Faraday screens, which should be returned to
the input DC lines, to return capacitively coupled currents to the supply lines (see
Fig. 1.3.5). These RFI screens are in addition to the normal safety screens, which
must be returned to the ground plane for safety reasons.

Capacitor C4 (Fig. 1.3.3) reduces the differential- or series-mode noise applied
to the terminals of L1. The major generator of noise in this part of the circuit is
the input rectifier bridge (as a result of the rectifier reverse recovery current
spikes). The series-mode noise generated by the power switching elements is best
decoupled by a capacitor C5 close to the point where the noise is generated. In
any event, the large electrolytic storage capacitors will usually effectively shunt
away the majority of any series noise that appears between the high-voltage DC
lines. In some cases, additional filter components L4, LS, and C6 (Fig. 1.3.5) are
provided to improve the series-mode filtering.

3.8 LINE IMPEDANCE STABILIZATION
NETWORK (LISN]

Figure 1.3.6 shows the standard LISN, used for the measurement of line-
conducted interference, as specified by CSA C108.8-M1983 Amendment 5, 1983.
(Similar networks are specified by the FCC and VDE.) In principle the wideband
line chokes L1 and L2 divert any interference noise currents from the supply into
the 50-€) test receiver via the 0.1-wF capacitors C3 or C4. The line not under test
is terminated in 0.1 wF and 50 Q. It is normal to test both supply lines indepen-
dently for common-mode noise, as the user can connect the input in reverse or
may have isolated supplies. .

N—; (O
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FIG. 1.3.6 Standard line impedance stabilization network (LISN) as specified for
FCC, CSA, and VDE conducted-mode line interference testing.

3.9 LINE FILTER DESIGN

The design approach used in Secs. 3.4 through 3.8 was to consider the line filter as
an attenuating voltage divider network for common-mode RF noise. This ap-
proach is used in preference to normal filter design techniques, as the source and
load impedances are not definable in the powerline environment.

The interference noise generator, in switchmode supplies, is very often a high-
voltage source in series with a high impedance; this tends to a constant-current
source. To give good attenuation, one of the prime requirements is to convert the
constant-current noise source into a voltage source. This is achieved by provid-
ing a low-impedance shunt path at the power supply end of the filter. Hence,
powerline filters will not be symmetrical or matched networks.

“‘Network analysis” shows that the greater the mismatch of the filter imped-
ance to the source or terminating impedance, the more effective the filter is in
attenuating the RF interference.

Referring to Fig. 1.3.3, and assuming a constant current into nodes C and D,
the attenuation into the external 50-Q test receiver would be 12 dB/octave pro-
vided that inductors L1 and 1.2 and capacitors C1 and C2 have good wideband
impedance characteristics. Although capacitors meeting this criterion can be eas-
ily selected, wideband inductors are not so easily found and are difficuit to de-
sign, as they must also carry the supply line currents without significant power
loss.

Finally, as shown in Sec. 3.4, the safety requirements set a limit on the max-
imum size of the decoupling capacitors C1 and C2, so that any further increase in
the attenuation factor of the filter is critically dependent on the value and perfor-
mance of the series inductors L1 and 1.2. Some design criteria for the filter in-
ductors will now be considered.

»
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3.10 COMMON-MODE LINE FILTER INDUCTORS

Inductor L1 in Fig. 1.3.3 should be considered a special case. For the best
common-mode attenuation it must have a high common-mode inductance and
also carry the 60-Hz supply*current.

To provide the maximum inductance on the smallest core, a high—permeability
core material will be used. It is normal practice to wind L1 with tyo windings,
These windings carry large currents at twice the line frequency, as'the rectifier
diodes only conduct at the peak of the input voltage waveforms.

In more conventional choke designs, this operating condition would require a
low-permeability material or air gap in the magnetic path to prevent saturation of
the core. However, in this application, the two windings on L1 are phased such
that they provide maximum inductance for common-mode currents but cancel for
series-mode currents.

This phasing prevents the core from saturating for the normal 60-Hz differen-
tial line currents, as these flow in opposite phase in each winding, eliminating the
60-_Hz induction. However, this phasing also results in negligible inductance for
series-mode noise currents, and additional noncoupled inductors L2 and L3 will
sometimes be required to reduce series-mode noise currents.

This is one situation in which a large leakage inductance between the two
windings on L1 can be an advantage. For this reason, and to meet safety require-
ments, the windings will normally be physically separated and a bobbin with two
isolated sections will be used. As the low-frequency induction is small, a high-
permeability ferrite or iron core material may be used, without the need for an air
gap.

Where this type of common-mode inductor is used for the output filter in DC
applications, the series-mode DC components will also cancel, and the same con-
ditions prevail.

The performance of L1 for common-mode noise is quite different. Common-
mode noise appears on both supply lines at the same time, with respect to the
ground plane. The large shunt capacitor C2 helps to ensure that the noise ampli-
tude will be the same on both lines where they connect to the inductor. The two
windings will now be in phase for this condition, and both windings behave as
one, providing a large common-mode inductance.

To maintain good high-frequency rejection, the self-resonant frequency of the
filter inductors should be as high as possible. To meet this need, the interwinding
capacitance and capacitance to core must be as low as possible. For this reason
single-layer spaced windings on insulated high-permeability ferrite toroids are of-
ten used. The effective inductance of the common-mode inductors can be quite
large, typically several millihenrys.

When extra series-mode inductors are used (L2 and L3 in Fig. 1.3.3), the
common-mode inductor L1 can be designed to reject the low-frequency compo-
nents only, and so the interwinding capacitance is not so important. For this ap-
plication ferrite E cores can be used; these have two section bobbins, giving good
line-to-line insulation. Inductors L2 and L3 must provide good high-frequency at-
tenuation and would normally be low-permeability iron powder or MPP
Permalloy toroids. Single-layer wound chokes on these low-permeability cores
will not saturate at the line frequency currents.

The inductance and size of the main common-mode choke L1 depends on the
current in the supply lines and the attenuition required. This is best established
by measuring the conducted noise with capacitors C1 and C2 in place but without
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inductors. The voltage and frequency of the largest harmonic are noted, and the
inductance required to bring this within the limit can be calculated. It then re-
mains to select a suitable core, wire size, and turns for the required inductance,
current rating, and temperature rise.

It should be noted that the losses in L1 are nearly all resistive copper losses
(PRc,), as the core induction and skin effects are negligible. The design of L1 is
an iterative process which is probably best started by selecting a core size for the
current rating and required inductance using the ‘‘area-product” approach (see

Part 3, Chap. 1).

3.11 DESIGN EXAMPLE, COMMON-MODE LINE
FILTER INDUCTORS

Assume it has been established by calculation or measurement (Sec. 3.10) that a
100-W power supply operating from a 110-V ac supply requires a common-mode
inductance of 5 mH to meet the EMI limits. Further assume the power loss in the
inductor is not to exceed 1 percent (I W) and the temperature rise is not to ex-

ceed 30 K (all typical values).
For a temperature rise of 30 K at 1 W, the thermal resistance of the finished

inductor (to free air) R, is 30 K/W. From Table 2.19.1, at R, = 30 K/W, a core

size of E25/25/7 is indicated. .
For a 100-W unit with an efficiency of 70% and power factor of 0.63 (typical

values for a flyback SMPS capacitor input filter), the input current will be 2 A

rms at 110 V. )
If the total loss (both windings) is to be 1 W, then IR = 1 and the resistance

of the total windings R, must not exceed 0.25 2. -
From the manufacturer’s data, the copper resistance factor A, for the E25
bobbin is 32 pQ. The turns to fill the bobbin and give a resistance of 0.25 Q can

now be calculated:

Cu 0.25
N= = \/——-=88tums
YA, 32 x 1076

Allowing 10% loss for the split bobbin, there will be 40 turns for each side. .
The A, factor (inductance factor) for the E25 core in the highest permeability
material N30 is 3100 nH. The inductance may now be calculated:

L=N?xAp =40 x 3100 X 10~° = 4.96 mH

The largest wire gauge that will just fill the bobbin for this number qf turns (from
the manufacturer’s data) is AWG 20. Since the inductance is marginal, the pro-
cess can be repeated with the next larger core. .

3.12 SERIES-MODE INDUCTORS

The design of the series-mode ‘iron dust or MPP cored inductors is covered in
Chaps. 1, 2, and 3 of Part 3.
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3.13 PROBLEMS

t

. Explain and give examples of some of the typical causes of conducted and ra-

diated RFI interference in switchmode power supplies.

. What forms of electrical ._noise propagation are of most interest to the power

supply designer?

. Describe the difference between differential-mode interference and common-

mode interference.

. Why is it important to reduce interference noise to the minimum?
. At what position in the power supply is RFI interference best eliminated?
. Why are line filters of limited value in eliminating common-mode line-borne

interference?

Pt
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CHAPTER 4

FARADAY SCREENS

4.1 INTRODUCTION

One of the most difficult problems in switchmode power supply design is to re-
duce the common-mode conducted RFI current to acceptable limits. This con-
ducted electrical noise problem is mainly caused by parasitic electrostatic and
electromagnetic coupling between the various switching elements and the ground
plane. (The ground plane can be the chassis, cabinet, or ground return wire, de-
pending on the type of unit.)

The designer should examine the layout, identify the areas where such prob-
lems may exist, and introduce at the design stage the correct screening methods.
It is very difficult to correct for poor RFI design practices at a later stage. Likely
problem areas are shown in Fig. 1.4.1, a diagram of the typical problem areas for
parasitic coupling in a flyback SMPS. Suitable locations for Faraday screens are
shown. -

In most applications, Faraday screens will be required where high-frequency,
high-voltage switching waveforms can capacitively couple to the ground plane or
secondary outputs. Typical positions would be where switching transistors and
rectifier diodes are mounted on heat sinks which are in contact with the main
chassis. Further, where components or wires carry large switching currents,
noise can be coupled by both magnetic and capacitive coupling. Other likely
problem areas are output rectifiers; output chassis-mounted capacitors; and ca-
pacitive coupling between the primary, secondary, and core of the main switch-
ing transformer and any other drive or control transformers.

4.2 FARADAY SCREENS AS APPLIED TO
SWITCHING DEVICES

When components are mounted on heat sinks which are to be thermally linked to
the chassis, the normal way of eliminating undesirable capacitive coupling is to
place an el=ctrostatic screen between the offending component and the heat sink.
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This screen, normally copper, must be insulated from both the heat sink and the
transistor or diode, so that it picks up the capacitively coupled ac currents and
returns them to a convenient *‘star’’ point on the input circuit. For the primary
components, the “star’ point will usually be the common negative DC supply
line, close to the switching device. For secondary components, the “star’ point
will normally be the common return to the transformer. Figure 1.4.1 demon-
strates the principle.

O——

FIG. 1.4.1 Return paths for capacitively coupled Faraday screen currents in
primary and secondary circuits.

One example of a TO3 transistor Faraday screen is shown in Fig. 1.4.2, The
primary switching transistor, with its high voltage and high-frequency switching
waveform, would couple a significant noise current through the capacitance be-
tween the transistor case and the main chassis unless a screen is fitted between
them. In the mounting arrangement shown in Fig. 1.4.2, the copper screen will
return this parasitic noise current to the input circuit, thus completing the current
loop without introducing current into the ground plane. The screen will not inject
any significant current through the capacitance to the heat sink, because it has a
relatively small high-frequency ac voltage relative to the chassis or ground plane.
The designer may identify other areas where problems can occur; in that event,
similar screening should be used.

TO3 TRANSISTOR
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FIG. 1.4.2 Insulated Faraday screen, positioned bet\:/cen TO3 switching transistor and heat sink.
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4.3 TRANSFORMER FARADAY SCREENS AND
SAFETY SCREENS

To prevent circulation of RF currents between the primary and secondary wind-
ings or between the primary and the grounded safety screen, the main switching
transformer will usually have at least one RFI Faraday screen in the primary
winding. In some applications, an additional safety screen will be required be-
tween the primary and secondary windings. There are major differences in con-
struction, location, and connection between the Faraday RFI screens and the
safety screens. Safety regulations require that the safety screens be returned to
the ground plane or chassis, whereas RFI screens will normally be returned to
the input or output circuits. The EMI screens and connections may be made of
very lightweight copper, as they carry very little current. However, for safety
reasons, the safety screen must be rated for a current of at least three times the
supply fuse rating.

Figure 1.4.3 shows the typical arrangement of safety and RFI screens in a
switchmode transformer for ‘“‘off-line”” use. In the fully screened application
shown, the two RFI screens will be adjacent to the primary and secondary wind-
ings, and the safety screen will be between the two RFI screens. If secondary
RF1 screens are not required, the safety screen will be between the primary RFI
screen and any output windings. As a further insulation precaution, the primary
RFI screen may be DC isolated from the input powerlines by a series capacitor.
(A value of 0.01 uF at the rated isolation voltage is usually sufficient.)

The RFI screen shown on the secondary side is fitted only when maximum
noise rejection is required or when output voltages are high. This screen would
be returned to the common output line. Transformer screens should be fitted only
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FIG. 1.4.3 Fully screened transformer, showing positions and con-

nections of primary and secondary Faraday screens, with an addi-
tional primary-to-secondary safety screen.
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when essential, as the increased buildup and winding height increase the leakage
inductance and degrade the performance.

To prevent the high-frequency screen return currents (which can be consider-
able during the switching transient) from coupling to the secondary by normal
transformer action, the screen connections should be made to the center of the
screen, rather than one end. In this way, the capacitively coupled screen return
currents flow in opposite directions around each half of the screen, cancelling any
inductive coupling effects. Remember, the ends of the screen mus! be insulated
to prevent a closed turn.

4.4 FARADAY SCREENS ON OUTPUT
COMPONENTS

For high-voltage outputs, RFI screens may be fitted between the output rectifiers
and their heat sinks. If the secondary voltages are small, say 12 V or less, the
secondary transformer RFI screen and rectifier screens should not be required.

The need for Faraday screens on output rectifier diodes can sometimes be elim-
inated by making the diode heat sink dead to RF voltages by putting the output filter
choke in the return line. Typical examples are shown in Fig. 1.4.4a and .

If the diode and transistor heat sinks are completely isolated from the chassis
(for example, mounted on the pcb), Faraday screens are unlikely to be required
on these components.

4.5 REDUCING RADIATED EMI IN GAPPED
TRANSFORMER CORES

Ferrite flyback transformers and high-frequency inductors will usually have a rel-
atively large air gap in the magnetic path, to define the inductance or to prevent
saturation. Considerable energy can be stored in the magnetic field associated
with this air gap. Unless the transformer or choke is screened, an electromagnetic
field (EMI) will be radiated from the gap, and this can cause interference to the
supply itself or to local equipment. Further, this radiated field may exceed the
radiated EMI limits.

The largest field radiation will occur with cores that have a gap in the outer
limbs or a gap that is equally distributed across the pole pieces. This radiation
may be reduced by a factor of 6 dB or more by concentrating the air gap in the
center pole only. With totally enclosed pot cores, the reduction in radiation by
using only a center pole gap would be much greater. However, for off-line appli-
cations, the pot core is not often used because the creepage distance require-
ments at the higher voltages usually cannot be satisfied.

Concentrating the air gap in the center pole alone increases the temperature
rise and reduces efficiency. This increased loss is probably due to magnetic fringe
effects at the edge of the pole pieces in the center of the winding. The disturbance
of the magnetic field within the windings results in additional skin and eddy-
current losses, and a further reduction in efficiency of up to 2%. Also, the in-
creased losses in the region of the gap can cause a hot spot and premature fajlure
of the insulation in this area. . .

In cores which are gapped in the outer legs, the addition of a copper screen

¢
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FIG. 1.44 A method of reducing parasitic RFI currents in chassis-mounted output dg-
ode heat sinks by fitting the output choke in the common return line. (a) Push-pull appli-
cations; (b) single-ended outputs.

around the outside of the transformer gives a considerable reduction in radiation.
Figure 1.4.5 shows a typical example.

This screen should be a totally closed loop around the nutside of the transformer,
over the outer limbs and windings, and centered on the air gap. The width of the
screen should be approximately 30% of the width of the bobbin and should be in the
same plane as the windings. To be effective, it must have minimum resistance; a
copper screen with a thickness of at least 0.010 in is recommended.

It would appear that this screen is effective because of both eddy-current
losses and the action of the closed loop. The current induced in the closed loop
will generate a back MMF to oppose radiation. In flyback transformers, the
screen should not be more than 30% of the bobbin width, as problems of core

\
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FIG. 1.4.5 Copper screen fitted to a switching transformer, to reduce RFI
and EMI radiation. (Note: Screen goes around the outside of the core legs.)

saturation have been observed with wide screens. Although the screen is nor-
mally used for cores which are gapped in the outer legs, it will be effective for
transformers with a gap in either the center pole or the outer legs. In either case,
there will be a reduction in magnetic radiation of up to 12 dB.

However the application of a transformer screen results in lower transformer
efficiency. This is due to the additional power losses in the screen, caused by
eddy-current heating effects. If the air gap is in the outer poles, the power loss in
the screen may amount to as much as 1% of the rated output power, depending
on the size of the air gap and the power rating of the unit. For applications in
which the air gap is in the center pole only, there will be little further increase in
power loss from fitting a screen. However, the overall transformer efficiency is
about the same in both cases, as the center pole gap increases the losses in the
transformer windings by about the same amount.

It would seem that effective magnetic screening of the transformer can be ap-
plied only at the expense of additional power losses. Consequently, such screen-
ing should be used only where essential. In many cases, the power supply or host
equipment will have a metal enclosure so that EMI requirements will be met
without the need for extra transformer screening. When open-frame switching
units are used in video display terminals, screening of the transformer will usually
be required to prevent interference with the display by magnetic coupling to the
CRT beam. The additional heat generated by the outer copper screen may be
conducted away using a heat sink or a thermal shunt from the screen to the chas-
sis. Figure 1.4.5 shows a typical example of a copper EMI screen as applied to an
E core transformer with air gaps in the outer legs.

4.6 PROBLEMS

1. Why are Faraday screens so effective in reducing common-mode interference
in high-voltage switching devices and transformers?

2. What is a line impedance stabilization network (LISN)?
. What is the difference between common-mode and series-mode line filter inductors?

4. What is the difference between a Faraday screen and a safety screen in a
switching transformer?

W

CHAPTER 5

FUSE SELECTION

5.1 INTRODUCTION

Fuses (fusible wire links) are one of the oldest and fmost universally used over-
load protection methods. However, because the function of the fuse is thought to
be elementary, it tends not to get the close attention it deserves for a thorough
understanding of its characteristics.

Modern fuse technology is an advanced science; new and better fuses are con-
tinually being developed to meet the more demanding requirements for protection
of semiconductor circuitry. To obtain the most reliable long-term performance
and best protection, a fuse must be knowledgeably chosen to suit the application.

5.2 FUSE PARAMETERS

From an electrical standpoint, fuses are categorized by three major parameters: cur-
rent rating, voltage rating, and, most important, *“let-through™ current, or I’¢ rating.

Current Rating

It is common knowledge that a fuse has a current rating and that this must exceed
the maximum DC or rms current demanded by the protected circuit. However, there
are two other ratings that are equally important for the selection of the correct fuse.

Voltage Rating

The voltage rating of a fuse is not necessarily linked to the supply voltage.
Rather, the fuse voltage rating is an indication of the fuse’s ability to extinguish
the arc that is generated as the fuse element melts under fault conditions. The
voltage across the fuse element under these conditions depends on the supply
voltage and the type of circuit. For example, a fuse in series with an inductive
circuit may see voltages several times greater than the supply voltage during the
clearance transient.

Failure to select a fuse of appropriate voltage rating may resuit in excessive
arcing during a fault, which will increase the *‘let-through” energy during the fuse
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clearance. In particularly severe circumstances, the fuse cartridge may explode current/time let-through characteristic for each of the three types. The curve
causing a fire hazard. Special methods of arc _extinction are utilized in high- roughly follows an It law for periods of less than 10 ms. The addition of various
voltage fuses. These include sand filling and spring-loaded fuse elements. moderators within the fuse package can greatly modify the shape of this clear-

ance characteristic. It should be noted that the /%t energy (and hence the energy
let-through to the protected equipment) can be as much as two decades greater in

“Let-Through” Current (I°/ Rating) a slow-blow fuse of the same DC current rating! For example, a 10-A fuse can

. . . have an Fr rating ranging from A%s 5 for a fast fuse to 3000 A% for a slow fuse.
This characteristic of the fuse is defined by the amount of energy \hat must be The total let-through energy of the fuse (pre-arcing plus arcing) also varies
dissipated in the fuse element to cause it to melt. This is sometimes referred to as enormously. Further, it depends on the fusible link material, construction of the
t}}e pre-arcing let-through current. To melt th; fuse element, heat energy must be fusible element, applied voltage, type of fault, and other circuit-linked parame-
dissipated in the element more rapidly than it can be conducted away. This re- ters. '

quires a defined current and time product.

For very short time periods (less than 10 ms), very little heat is conducted away
from the fuse element, and the amount of énergy necessary to melt the fuse is a func-
tion of the fuse element’s specific heat, its mass, and type of alloy used. The heat
energy dissipated in the fuse element is in the form of watt-seconds (joules), or

5.3 TYPES OF FUSES

IR X t for a particular fuse. As the fuse resistance is a constant, this is « /%, nor- ime- -
mally referred to as the P rating for a particular fuse or the pre-arcing energ};. o Time-Delay Fuse (Slow-Blow}

Fgr longer periods, the energy required to melt the fuse element will vary ac- A time-delay fuse will have a relatively massive fuse element, usually of low-
cordnqg to the element maten_al and the thermal conduction properties of the sur- melting-point alloy. As a result, these fuses can provide large currents for rela-
rounding filler and fuse housing. tively long periods without rupture. They are widely used for circuits with large

In higher-voltage circuits, an arc will be struck after the fuse element has inrush currents, such as motors, solenoids, and transformers,

melted and a further amount of energy will be passed to the output circuit while
this arc is maintained. The magnitude of this amount of energy is dependent on

the applied voltage, the characteristic of the circuit, and the design of the fuse Standard-Blow Fuse
element. Consequently, this parameter is not a function of the fuse alone. and will
vary with the application. These fuses are low-cost and generally of more conventional construction, using
The Pt rating categorizes fuses into the more familiar *‘slow-blow*’ normal, copper elements, often in clear glass enclosures. They can handle short-term
and “fast-blow" types. Figure 1.5.1 shows the shape of a typical pre-arcing high-current transients, and because of their low cost, they are widely used. Very
often the size is selected for short-circuit protection only.
300 : i l ‘
17t ,{T’t,gosm Very Fast Acting Fuses (HRC Semiconductor Fuses)
5 <2625 K SLON-BL0 Tipe | JuoiCaL, (PREARCING)
g ‘1‘; aoms\ 313 FOR 10 AMP FAST, These fuses are intended for the protection of semiconductor devices. As such,
2 | 1%t=40 NORMAL J NORMAL & SLOW BLO they are required to give the minimum let-through energy during an overload con-
o 200 10A FAST-Y- gl g Type ' TYPES. (LITTELFUSE) | dition. Fuse elements will have little mass and will often be surrounded by some
& 5;2 TYPE ! i form of filler. The purpose of the filler is to conduct heat away from the fuse dur-
g | ’ f [ : ing long-term current stress to provide good long-term reliability, and to quickly
- i ; quench the arc when the fuse element melts under fault conditions. For short-
§ ’ ! : term high-current transients, the thermal conductivity of the filler is relatively
“ 100 L — f : poor. This allows the fuse element to reach melting temperature rapidly, with the
17}2 AT minimum energy input. Such fuses will clear very rapidly under transient current
1 | loads.
L : Other important fuse properties, sometimes neglected, are the long-term reliabil-
RATING = 104 — ; ity and power loss of the fuse element. Low.-cos_t fa§t-cle§rance fuses will often rely
"0 ] on a single strand of extremely thin wire. This wire is fragile and is often sensitive to
0.001 0.0t 0.1 1 10 100 1000 mechanical stress and vibration; in any event, such fuse elements will deteriorate

_ over the longer term, even at currents below the rated value. A typical operating life
PRE-ARCING MELTING TIE (SECONDS) of 1000 h is often quoted for this type of fuse at its rated current.

The more expensive quartz sand-filled fuses will provide much longer life,
since the heat generated by the thin element is conducted away under normal

-
J

FIG. 1.5.1 Typical fuse It ratings and pre-arcing fuse clearance times for fast, medium, and
slow fuse links. (Courtesy Littelfuse Inc.
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conditions. Also, the mechanical de radation H ;
is not so rapid, as the filling gives n%echanica!ogutggggse element under vibration
Slow-blow fusgs, on the other hand, are generally much more robust and wij]
g?‘;)e !ggtg?t; gﬁrl}(lxgg lives at tl}ﬁir rateq current. However, these fuses, with thelir
- wer, 1 ; "
sefn conduaiy gircu?t‘s). T, will not give very effective protection to sensitive
Th.is brief description covers only a very few of the ingenious methods that a
used in modern fuse technology to obtain special characteristics. It serves to ilie
lustrate the number of different prop_erties that fuses can exhibit, agd perhaps wili

placement.

5.4 SELECTING FUSES

Off-Line Switchmode Supplies

The initial fuse selection for off-line switching supplies will be made as follows:

for the line input fuse, study the turn-on characteristics of the supply and th:e
action of the inrush-limiting circuitry at maximum and minimum input voltages
and ft_lll current-limited load. Choose a standard- or slow-blow fuse that provides
sufficient current margin to give reliable operation and satisfy the inrush require-
ments. Its continuous current rating should be low enough to provide good pro-
tection in the event of a genuine failure, However, for long fuse life, the current
rating shou_lq not bf: too close to the maximum rms equipment input current mea-

mum). Note: Use measured or calculated rms currents, and allow for the form
facttor (approximately 0.6 for capacitor input filters) when calculating rms cur-
rents.

The voltage rating of the fuse must at least exceed the peak supply voltage.
This rating is important, as excessive arcing will take place if the voltage rating is
too fow. Arcing can let through considerable amounts of energy, and may result
in explosive rupture of the fuse, with a risk of fire in the equipment.

5.5 SCR CROWBAR FUSES

If SCR-type overvoltage protection is provided, it is often supplemented by a se-
ries fuse. This fuse should have an It rating considerably less (perhaps 60% less)
than the SCR /% rating, to ensure that the fuse will clear before SCR failure. Of
course, a fast-blow fuse is selected in this case. The user should understand that
fuses degrade with age, and there should be a periodic replacement policy. The
failure of a fuse in older equipment is not necessarily an indication that the equip-
‘ment has developed a fault (other than a tired fuse).

5.6 TRANSFORMER INPUT FUSES

The selectipn qf fuses for 60-Hz transformer input supplies, such as liﬁear regu-
lator supplies, is not as straightforward as may have been expected.
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Very often inrush limiting is not provided in linear power supply applications,
and inrush currents can be large. Further, if grain-oriented C cores or similar
cores are used, there is a possibility of partial core saturation during the first half
cycle as-a result of magnetic memory of the previous operation. These effects
must be considered when selecting fuses. Slow-blow fuses may be necessary.

It can be seen from the preceding discussion that the selection of fuse rating
and type for optimum protection and long life is a task to be carried out with
some care. For continued-optimum protection, the user must ensure that fuses
are always replaced by others of the same type and rating.

5.7 PROBLEMS

1. Quote the three major selection criteria for supply or output fuses.

2. Why is the voltage rating of a fuse so important?

3. Under what conditions may the fuse voltage rating exceed the supply voltage?
4. Why is the It rating of a fuse an important selection criterion?

5. Why is it important to replace a fuse with another of the same type and rating?
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CHAPTER 6

LINE RECTIFICATION
AND CAPACITOR
INPUT FILTERS
FOR “DIRECT-OFF-LINE”
SWITCHMODE POWER
SUPPLIES

6.1 INTRODUCTION

As previously mentioned, the “‘direct-off-line” switchmode supply is so called
because it takes its power input directly from the ac power lines, without using
the rather large low-frequency (60-50 Hz) isolation transformer normally found in
linear power supplies. :

In the switchmode system, the input-to-output galvanic isolation is provided
by a much smaller high-frequency transformer, driven by a semiconductor in-
verter circuit so as to provide some form of DC-to-DC conversion. To provide a
DC input to the converter, it is normal practice to rectify and smooth the 50/60-
Hz ac supply, using semiconductor power rectifiers and large electrolytic capac-
itors. (Exceptions to this would be special low-distortion systems, where input
boost regulators are used to improve the power factor. These special systems will
not be considered here.)

For dual input voltage operation [nominally 120/240 V ac], it is common prac-
tice to use a full-bridge rectifier for the high-input-voltage conditions, and various
link arrangements to obtain voltage doubler action for the low-input-voltage con-
ditions. Using this approach, the high-frequency DC-to-DC converter can be de-
signed for a nominal DC input of approximately 320 V for both input voltages.

An important aspect of the system design is the correct sizing of input induc-
tors, rectifier current ratings, input switch ratings, filter component size, and in-
put fuse ratings. To size these components correctly, a full knowledge of the rel-
evant applied stress is required. For example, to size the rectifier diodes, input
fuses, and filter inductors correctly, the values of peak and rms input currents
will be required, while the correct sizing of reservoir and/or filter capacitors re-
quires the effective rms capacitor current. However, these stress values are in
turn a function of source resistance, loading, and actual component values.

A rigorous mathematical analysis of the input rectifier and filter is possible,
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but tedious.®? Further, previous graphical methods®® assume a resistance load
with an exponential capacitor disct.xarge..ln power supply applications, the loacci
applied to the capacitor input filter is the input loading Qf the regulated DC:to-l.)

converter section. This load is a constant-power loac_l in the case of a sw1tchm_g
regulator, or a constant-current load in the case of a linear regulator. Hence, this
previous work is not directly applicable except where ripple voltages are rela-

tively small. ) ) .
Nale:y A constant-power load takes an increasing current as the input voltage

falls, the reverse of a resistive load. B
To meet this sizing need, a number of graphs hav.e been empmcall.y deve!op.ed
from actual system measurements. These will assist the designer in the initial

component selection.

6.2 TYPICAL DUAL-VOLTAGE CAPACITOR
INPUT FILTER CIRCUIT

i .6.1 shows a typical dual-voltage rectifier capacitor .input. ﬁltgr circuit. A
Erlzgku(l;;tlioi LK1 is prozgded which allows the.rectiﬁer capacitor circuit to be cox:;
figured as a voltage doubler for 120-V operation or as a bridge rectlfier_for .24(2:-5
operation. The basic rectifier capacitor input filter and_energy_storage circuit (C5,
C6, and DI through D4) has been supp}emented with an input fuse FS1 ,Lan
inrush-limiting thermistor NTC1, and a high-frequency noise filter (L1, L2, L3,

Cl, C2, C3, and C4).

310 vOC -
pt $03 ’L s
| pC - DC
LK1 CONVERTER
{Constant
LINK Power Load)

irect-off-li ink- -voltage, capaci-
FIG. 1.6.1 Example of a direct-off-line, h'ng selec}ed dual-vo
tive input filter and rectifier circuit, with additional high-frequency conducted-

mode input filter.

For 240-V operation, the link LK1 will not be fitted, ?.nd diodes D1 through ]})14
act as a full-bridge rectifier. This will provide approximately 320 V‘DC to 5 ;
constant-power DC-to-DC com;]erter load. Low-frequtehnc%; Zxcrlxoothmg is provide

i 5 and C6, which act in series across the . )
oy ;'?)gale:gls Speration, the link LK1 is fitted, connegting dlodes_D3 and D4 in
parallel with C5 and C6. Since these diodes now remain ‘reverse-.bgased through-
out the cycle, they are no longer active. Howeyer, durmg‘ a positive half cycle,
D1 conducts to charge CS5 (top positive), and_ during a negative half <_:ycle, DZ con-
ducts to charge C6 (bottom negative), Since C5 and C6 are in series, the

}
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outputvoltage is the sum of the two capacitor voltages, giving the required v.

« . . b4 Ot~
age doubling. (In this configuration, the voltage doubler can be considered as tvi:)
half-wave rectifier circuits in series, with alternate half cycle charging for the res.
ervoir capacitors.)

6.3 EFFECTIVE SERIES RESISTANCE R, \

:I‘he ef.fective series resistance R, is made up of all the various series components
including the source resistance, which appear between the prime power sourcé
apd the reservoir capacitors C5 and C6. To simplify the analysis, the various re-
sistances are lumped into a single effective resistance R,. To further reduce peak
currents, additional series resistance may be added to provide a final optimum
eﬁ'eche series resistance. It will be shown that the performance of the rectifier
capacitor input filter and energy storage circuit is very much dependent on this
final optimum effective series resistance.

A simplified version of the bridge circuit is shown in Fig. 1.6.2. In this simpli-
fied circuit, the series reservoir capacitors C5 and C6 are replaced by their equiv-
alent capacitance C,, and the effective series resistance R, has been positioned
on the output side of the bridge rectifier to further ease the analysis.

Al RS et
—AAA-
zfm ana
Ve
¢ BC - DC
= CONVERTER
Ce == (Constant
Power Load)
S D2 fF D4
IBI

FIG. 1.6.2 Simplified capacitive input filter circuit, with
full-wave bridge rectifier and lumped total effective source
resistance R,.

In the example shown in Fig. 1.6.2, the effective series resistance R, is made
up as follows:

The prime source resistance R, is the resistance of the power supply line it-
self. Its value will depend on the location of the supply, the size of utility trans-
former, and the distance from the service entrance. Values between 20 and 600
m{} have been found in typical industrial and office locations. Although this may
appear to be quite low, it can still have a significant effect in large power systems.
In any event, the value of the source resistance is generally outside the control of
the power supply designer, and at least this range must be accommodated by any
practical supply design. .
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A second and usually larger series resistance component is usually introduced
by the input fuse, filter inductors, rectifier diodes, and inrush-limiting devices. In
the 100-W example shown in Fig. 1.6.1, the inrush-limiting thermistor NTC1 is
the major contributor, with a “*hot resistance”’ of typically 1 Q. In higher-power
supplies, the inrush-limiting resistor or thermistor will often be shorted out by =
triac or SCR after initial start-up, to reduce the source resistance and power loss.

6.4 CONSTANT-POWER LOAD

By design, the switchmode power supply will maintain its output voltage con-
stant for a wide range of input voltages. Since the output voltage is fixed, under
steady loading conditions, the output power remains constant as the input voltage
changes. Hence, since the converter efficiency also remains nearly constant, so
does the converter input power.

In order to maintain constant input power as the input voltage to the converter
falls; the input current must rise. Thus the voltage discharge characteristic VC, of
the storage capacitor C, is like a reverse exponential, the voltage starting at its
maximum initial value V, after a diode conduction period.

2Pn\12
=[y?-=_"
VC, (V, C. )

where C, = storage capacitor value, pF

VC, = voltage across the C,
V, = initial voltage on C_ at 1, -
P = loading power (on converter)

t = time (ps) after r, but before #5

This characteristic is shown by the solid discharge lines VC,, or VC,, in the pe-
riod t,-15 in Fig. 1.6.3.

6.5 CONSTANT-CURRENT LOAD

To complete the picture, the linear regulator must also maintain the output volt-
age constant as the regulator input voltage falls, between diode conduction peri-
ods. However, in the case of the linear regulator, the input current is the same as
the output current, and it remains constant as the input voltage falls. Hence, for
the linear regulator, the capacitor discharge characteristic is linear rather than an

inverted exponential.

6.6 RECTIFIER AND CAPACITOR WAVEFORMS

Figure 1.6.3a shows the familiar full-wave rectifier waveforms that would be ob-
tained from the circuit shown in Fig. 1.6.2. The dashed waveform is the half

——



1.58 PART |
v
b
r 3
M
W Yee! (a)
] \ /] \ vce2 4 capaciTor
/| I v /o \ XOLTAGE
I [ vs
/ | \ / I sin wt
0 ! \/ ] \ t
I ! | J
| i i
I ! I
Ip1_r_._l__L____.__I _____ \
AN ,’
Ip2__._: .I___.__I -
i {b}
| \\ / \ »  DIODE
} i\ 4 \ CURRENT
\ /) !
/ | / |
01 ‘ L ' t )
I
|
|
|

!
!
]
|
+lc |
|
|
l
]

, IAI
0 L/

I J I |
|
-le 10 4y 4o

AREA
IAI =1 B| \
(c}
} CAPACITOR
/ CURRENT

7 /{B'// kzéé;/ t
1
]
t3

/

FIG. 1.6.3 .Regtiﬁer and capacitor voltage and current waveforms in a full-
wave capacitor input filter. (a) Capacitor voltage waveform; (b) rectifier diode
current waveform; (c) capacitor current waveform.

sinusoidal rectified voltage across points A-B (assuming zero diode drop). The

solid line shows the capacitor voltage VC,, or VC,; across points C-B as applied’

to t?e l;>ad (in this case the load is the input of the regulated DC-to-DC converter
section). :
When the voltage applied to the bridge rectifier exceeds the i i

t ¢ L _ previous capacitor
voltage (time ?,), the rectifier diodes become forward-biased, and curren?ﬂows
via R, to supply the load and charge capacitor C,. During the conduction period
(t=1;), a large ¢u1'rent flows in the rectifier diodes, input circuit, and reservoir

‘\\.//
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capacitors; hence capacitors C, will charge toward the peak voltage of the sup-
ply. However, at 1,, the applied voltage falls below the capacitor voltage, the rec-
tifier diodes are blocked, and the input current falls to zero. Figure 1.6.3b shows
the input current waveforms, and 1.6.3¢, the capacitor current waveforms.

During the period £,—t;, the load current is supplied entirely from the storage
capacitor C,, partly discharging it. As the voltage falls, the load current in-
creases, increasing the rate of voltage decay. At 13, the supply voltage again ex-
ceeds the capacitor voltage, and the cycle repeats.

It should be noticed that the peak capacitor voltage is always less than the
applied peak voltage as a result of the inevitable voltage drop across R, and the
rectifier diodes. This voltage drop is a function of load current and the value of

o

Figure 1.6.3 shows (dashed line) that increasing the effective series resistance
from its minimum value to some higher value will slightly increase the voltage
drop to VC,,. This will reduce the peak current and increase the conduction angle
of the rectifier diodes. The considerably reduced diode peak currents reduce in-
put wiring and filter J?r losses and improve the power factor.

The peak-peak ripple voltage is mainly a function of the capacitor size and
load current. It is only slightly changed by the increased value of effective series
resistance R,.

The capacitor ripple current is shown in Fig. 1.6.3¢. During the conduction
period (t,-t;), the capacitor C, is charging (shown as a positive current excur-
sion); during the following diode blocking period (1,—t5), C, will discharge. The
peak and rms capacitor currents are a function of load, capacitor size, and the
value of R,. Under steady-state conditions, the area B (under the zero line) must
equal the area A (above the line) to maintain the mean voltage across C, con-

stant.

6.7 INPUT CURRENT, CAPACITOR RIPPLE, AND
PEAK CURRENTS

From Fig. 1.6.3, it will be clear that even if the input voltage remains sinusoidal,
the input current will be very distorted, with large peak values. This distorted
current waveform results in increased input I’ power loss and low input power
factors. Further, a large ripple current will flow in the filter capacitors.

Figures 1.6.4, 1.6.5, and 1.6.6 show how the rms input currents, rms capacitor
currents, and peak capacitor currents are related to input power, with the value
of the effective resistance factor R, as a parameter in typical applications. This
information will be found useful for the correct sizing of the input components.

(See Sec. 6.10.)

6.8 EFFEGTIVE INPUT CURRENT I,, AND
POWER FACTOR

In Figs. 1.6.4, 1.6.5, and 1.6.6, the rms input, peak, and ripple currents are all
given as a ratio to a ‘‘calculated effective input current’’ I.:

P
I =‘—,f—“
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= calculated effective input current, A rms
calculated (or measured) input power, W
Vin = supply voltage, rms

Note: 1, is thus the calculated *‘real’” component of input current (the component
which produces the real power). Because of the large harmonic component in the
distorted input current, the measured input rms current will be larger by an
amount defined by the power factor P, (approximately 0.63 in the case of a ca-
pacitor input filter).

Note: Although **power factor” P, is normally defined as

_true input power
! input V- A product
in the case of the *‘direct-off-line”’ rectifier capacitor input filter, the low source
resistance of the supply ensures that the input voltage remains near constant and
free of distortion. Hence the power factor may be defined as the ratio of the ef-
fective input current to the rms input current, i.e.,
I,

I in(rms)

3 Pf=

6.9 SELECTING INRUSH-LIMITING
RESISTANCE

As previously mentioned, the effective series resistance R, is mad?up of a num-
ber of factors, some of which are outside the designer’s control. A large series
inrush-limiting resistance has the advantage of reducing peak repetitive and in-
rush currents, reducing the stress on rectifier diodes, storage capacitor, and filter
components. This gives a better power factor. However, it also results in a larger
total power loss, reduced overall efficiency, and reduced output voltage regula-
tion.
The inrush-limiting resistance is often a compromise selection. In low-power
applications, where an inrush-limiting thermistor is used, this will usually provide
sufficient ‘‘hot resistance’ to limit peak currents and give the required perfor-
mance. In high-power applications, where low-resistance triac or SCR inrush lim-
iting is used, the input filter inductor often becomes the predominant series re-
sistance and is wound to give the required resistance. The maximum value of this
inductor resistance will then be limited by the permitted inductor temperature
rise. However, this power loss limited approach to the inductor design has the
advantage of permitting the maximum number of turns to be wound on the core,
giving the maximum inductance on the selected core size. (See Chaps. 1, 2, and

3 in Part 3.)

6.10 RESISTANCE FACTOR R,

In Figs. 1.6.4, 1.6.5, and 1.6.6, the effective series resistance R, has been con-
verted to a resistance factor R, for more universal application, where

Y,
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Ry = R;. X output power

If specifications call for a power factor better than 0.6, it may be necessary to
supplement the normal sour¢e resistance with an additional series power resistor.
This has a penalty of increased power loss, with an inevitable decrease in overall
efficiency. For power factors better than 0.7, a low-frequency choke input filter
may be required. (Special continuous conduction boost regulator 1i(gput circuits
may be required in some applications.)

6.11 DESIGN EXAMPLE

The following example will serve to demonstrate the use of the graphs.

Question: For a 110-V 250-W 70% efficient “‘off-line”” switchmode power supply
using a rectifier capacitor input filter and a voltage doubler circuit, establish the
fuse rating, minimum capacitor size, rms input current, and peak and rms capac-
itor currents.

Note: For a voltage doubler circuit, Fig. 1.6.1, the recommended minimum ca-
pacitor values are 3 uF/W (see Sec. 6.12), giving a value of 750 +F minimum for
each capacitor C5 and C6.

Input Power P,

Assuming an efficiency of 70%, the input power P, to the converter (and filter)
will be

Py, = — = — = 357 W (at 100% load)

Effective Input Current I,

For an input voltage of 110 V, the effective input current I, will be

Input Resistance Factor R,,

Assuming a typical total effective input resistance R, of 0.42 £, the resistance
factor R, will be

Ry= R, X Py =042 x 357 =1500-W

RMS Input Current 1,,,,,...,

Entering Fig. ' ” 4 with 100% load and a resistance factor R _ of 150 yields the
ratio Liyime) /bz‘AS; hence v Y '
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I = 3.25 X 1.48 = 4.8 A rms

This rms input current will define the continuous-current rating of the input fuse
at 110 V input. It is also used for the selection and losses in the input filter in-
ductors. (Note that if the minimum input voltage is to be less than 110 V, the
calculation will be done for the lowest input voltage.)

RMS Capacitor Current 7 ,p(rms)

Using the same 100% load and resistance factors in the voltage doubler connec-
tion, Fig. 1.6.5 gives the ratio Io,p(mg /1, = 1 at full load; hence

Iap =1 3.25 =325 A rms

The capacitors must be chosen to meet or exceed this ripple current requirement.

Peak Input Current /..,

From Fig. 1.6.6, at full load, the ratio of I .., /I, = 4.6, giving a peak input cur-

rent of 15 A.
The rectifier diodes will be chosen to meet this peak repetitive current and the

rms input current needs.

6.12 DC OUTPUT VOLTAGE AND REGULATION
FOR RECTIFIER CAPACITOR INPUT FILTERS

It has been shown 2% 3 that provided that the product ® X C, X R, > 50, the
DC output voltage of the rectifier capacitor input filter (with a resistive load) will
be defined mainly by the effective series resistance R and load power. However,
when the ripple voltage is low, this criterion also holds for the nonlinear

converter-type load.
Figures 1.6.7 and 1.6.8 show the mean DC output voltage of the rectifier ca-

pacitive input filter as a function of load power and input rms voltage up to 1000
W, with series resistance R ; as a parameter. ’

To maintain @ X C, X R, > 50, the effective filter capacitor C, must be 1.5
nF/W or greater (3 pF/W for C5 and C6 in the voltage doubler connection, re-
member; in this case C, is made up of C5 and C6 in series). In general, this value
of capacitance will also be found to meet ripple current and holdup time require-
ments.

6.13 EXAMPLE OF RECTIFIER CAPACITOR
INPUT FILTER DC OUTPUT VOLTAGE
CALCULATION

Consider the previous example for a 250-W unit. The input power is 357" ind

_a voltage doubler circuit is to be used at 110 V input. The total seriJes ressodnce
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R, is 0.5 {1, and, as previously shown, two capacitors of at least 750 wF will be
used (in series).

Filter DC Output Voltage Voutioo)

From Fig. 1.6.8, entering with a power of 357 W, the 0.5-Q R_ line yield‘s the rati
Voutwcy Vinems) = 2.6. Hence the DC voltage is 0.5-0Q * ©

2.6 x 110 = 286 V DC

The ratio irpproves at lower powers, and the voltage regulation may be obtained
by calculating the output voltage at lower powers in a similar way.

6.14 SELECTING RESERVOIR AND/OR FILTER
CAPACITOR SIZE

In the above exam_ple, _thc_e reservoir and/or filter capacitor values were chosen to
meet.the rather simplistic C, = 1.5 wF/W criterion indicated in Sec. 6.12. In
practice, one or more of the following five major factors may coritrol the selec-
tion:

RMS ripple current rating
Ripple voltage

Voltage rating

Size and cost

Holdup time

RMS Ripple Current Rating

This rating must be satisfied to prevent excessive temperature rise in the capac-
itor and possible premature failure. (See Part 3, Chap. 12.)

The problem at this stage is to know what value of rms ripple current applies.
As shown previously, the ripple current is already a function of capacitor value,
total series resistance R,, load, and input voltage.

However, Fig. 1.6.5 shows the measured rms ripple currents as a ratio of the
**effective input current™ I, for a range of load and source resistances, assuming
that the capacitor value C, is not less than 1.5 wF/W (3 wF/W for C5 and C6).

Note: The “‘effective input current” is the calculated “‘real” component of input
current, not the measured (or calculated) rms input current: hence

_ true input power
rms input voltage

The rms input current will be greater than I, because of the low power factor

(approximately 0.63) of the rectifier capacitor input filter circuit.
Although in Fig, 1.6.5 the ratio I/I, appears lower in the voltage-doubled
L ,

{ o 1 L {
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mode, the actual ripple current will be greater, as I, is approximately twice the
value for the same output power in this mode.

(If in doubt for a particular application, check the capacitor rms current using
a low-resistance true rms current meter with a high crest factor rating. See Part 3,
Chaps. 12, 13, and 14.)

Ripple Voltage

This requirement will often define the minimum capacitor value when holdup
time requirements are short (less than 1 cycle duration).

Large ripple voltages on C, will reduce the range of input voltages that can be
accommodated by the converter. They may also give excessive output ripple (de-
pending on the design).

Typically, switchmode designs aim for a ripple voltage of less than 10% of V¢
(say 30 V,,_,). The ripple voltage will be maximum at minimum supply voltage, as
a result of the increase of input current.

Example

Selecting C, so as to satisfy a particular ripple voltage limit:

Consider a requirement where the primary filter ripple voltage is not to exceed
10% of V¢ for a 100-W supply, designed for a minimum input of 170 V rms at 60
Hz when the overall efficiency is 70%, with the effective series source resistance
R, =2Q.

At 100 W output, with an efficiency of 70% the input power wilj be 143 W.
From Fig. 1.6.7, at 143 W and R, = 2 Q in the bridge-connected mode, the ratio
Voude) Vingems = 1.32, and the header voltage Ve at 170 V rms input will be
1.32 x 170 = 224 V (DC).

The converter input power is 143 W, giving an effective DC converter input
current of P/Vpc = 143/224 or 0.64 A (DC). :

Extrapolating from Fig. 1.6.3, the capacitor discharge period is approximately
6 ms at 60 Hz. Since the ripple voltage is small (10% or 23 V in this example), a
linear discharge will be assumed over the discharge period.

With these approximations, a simple linear equation may be used to establish
the approximate value of C, that will give the required 10% ripple voltage:

At
= X —
C.=1 A
where C, = effective capacitor value, wF (effective value of C1 and C2 in series)
I = converter input DC current, A (0.64 A in this example)

At = discharge period, s (6 ms in this example)
Av = peak-peak ripple voltage, V (in this case 10% Ve = 22.4 V p-p)

Therefore
_0.64 x6x 1072
22.4

Since two capacitors are to be used in series, each capacitor will be 342 uF ~n-

%

c, =171 pF




