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Switched Mode Power Supplies
Get out your calculator and have some fun .

Switched mode power supplies (SMPS) are relative newcomers to the electronics world. In
days gone by, m otor-generators, dynamotors, or vibrator supplies were used to convert a
battery voltage to some other voltage. Today SMPSes do that job. They are small, lightweight,
and relatively inexpensive, and within the construction capability of the home brewer.

Fig.l, A push-pull amplifier is used to provide the high power output.
10 73 Amateur Radio Today· March 2002

Most conventional power supp lies
operate from the 60 Hz mains. and
have ripple frequencies of 120 Hz. The
60 Hz transformers and cho kes arc big
and heavy, hut they arc devi ls we know
and have learned to live with. But
when we need to operate from a bat­
tery. we arc pretty much up the creek
unless we can work with the battery
voltage as it is. Of course , we can still
generate 60 Hz with a motor generator

T
he power density, watts-per-cu.
hie-inch . of newer comme rcia l
SMPSes is tru ly amazing .

While some newer SMPSes have den­
sities of 20 watts-per-cubic- inch, most
home bui lders will accept a much
lower power density. a larger unit, if
they can bui ld it themselves. The
home-built supplies may not be the
most compact. but they are still a far
cry from being boat anchors.

and use the 60 Hz supply. but that is
like standing up to padd le a canoe ­
there are bet ter ways .

Instead of generating 60 Hz, why
not 60 kH:t. or 600 kl-lz? The trans­
formers and inductors will be much
smaller and the filtering much easier.
Arguing against a hi gh frequency is
component availability. 60 HI. magnet­
ics, transform ers, and cho kes, are com­
mercially available, but high frequency
transformers arc not. High frequency
transformers arc small and easy to
wind: A few turns on a ferrite core for
an SMPS looks pretty good.

As an example, obtaining 28 volts
from a 12 vo lt source can he achieved
with a DCIDC converter: A high fre­
quency osci llaLor follow ed by an am­
plifier. Then rectified and filtered. Thi s
so lution is certai nly simple, hut it has
no regulation and must be manually
adju sted. SNIPSes arc reg ulated and
often have a lot of other hells and
whist les not essentia l to generati ng a
stable voltage such as over or under
voltage protecti on , current limiting. or
soft start. Once you kno w what the
necessary parts are and what they do
you can add these extra functions.

The output of a bare bones unregu­
lated supply changes as the main battery
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requires consideration of parasitics
that could be ignored at 60 Hz. What
were trivial parasitics at 60 Hz become
se rious problems at 60 kH z and at
600 kHz everything is critical : Leads
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Fig.2. A DC/DC con\'ener can be manually adj usted.

The MOSFETs Q3 and Q4 in Fig. 1
conduct when their gates are positive:
Q3 conducts on one half cycle and Q4
conducts on the next hal f cycle.

Operating with higher frequencies

voltage changes or as the load changes.
An unregulated supply is certainly
simple, but adding regulation need not
be a deal breaker. It can be as simple as
following the unregulated supply with
a zenor diode or a three terminal regu­
Iator, This is a rather inefficient ap­
proach. Another more complex but
efficient method is to control the drive
to the power oscillator. An even more
complex scheme is to sense the DC
output and automatically control the

. drive to the amplifier to maintain the
desired DC output voltage . This is an
SMPS.

Controlling the output power of an
SMPS isn' t like controlling the output
of a linear amplifier. The output power
is controlled by changing the duty
cycle of the drive. A push-pull ampli­
fier is shown in Fig. 1. When each
transistor is on for full alternate hal f r - - - - - - - - - - - - - - - - ----- - - - - ---­
cycles the output will be maximum,
but when each transistor is on for only
a part of the half cycle, the output will
be less. Changing the duty cycle of the
drive is the smart way to change the
output voltage.

In Fig, 2, two sections of V I a
CD400 I, UIA and V I B, act as a relax­
ation osci llator. The leading edges of
the square wave are differentiated with
C2 and R3, and C3 and R4 and logic
NOR'd in VIC, then inverted with U ID
to produce the trigger for the monostable
multivibrator U2A and U2B, imother
CD400 I . The period of U IA and B is
approximately 1I1.39R2C1. R I just
stabilizes the frequency with changes
in supply vo ltage. R I can have any
value but something in the range of
three to ten times R2 is typical. Large
values of RI can limit the maximum
frequency, so at 200 kHz a value of
about three limes R2 is safe.

The output of the monostable, U2A
and U28, is approximately 11O.7C4R5.
When R5 is made variable the pulse
width can be varied. The negative
pulse from U2A is logic OR'd in V 2C
and 0 to control the duty cycle of the
drive to the amplifier. R5 controls the
DC output of the converter.

The outputs of U IA and B and the
variable pulse from U22A are logic
NOR'd in U2C and U2D to produce a
variable width positive pu lse on alter­
nate half cycles to dri ve the amplifier.
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Fig. 3. A pulsewidth: modulator is an essential part ofan SMPS.
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Fig. 4. A sample of the DC output can be f ed back to control the
output.
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charges through the diode(s) and the
source. The diode 's di ssipation is in ­
creased and the load on the source is
al so much higher than e xpected . The
rippl e increases as we ll. A ll in a ll a
bad si tuatio n.

Schottky diodes and ultra fast d iodes
have much shorter reverse recovery
times and minimize reverse recovery
prohlems. Schottky diodes arc an ex­
cellent choice in that they have reverse
recovery times of a fe w picoseconds
and forward voltage drops of abo ut
0.3 vo lts . Unfo rtunate ly Schottky d i­
odes have a PlY (peak inverse vo ltage)
of only about 30 or 40 volts . U ltra fast
diodes have recovery times of 25 nsec
or so and PIVs up to I kY. Us ing ultra
fast diodes like the Motorola MUR405
or 41 0 provide a nice safety factor for
operating frequencies of several hundred
kilohertz.

The power amplifier and rectifiers
are show n in Fig. 1. The Scho ttky di­
odes Dl and D2 block the negative
swing of voltage at the drai ns of the
MOSFETs . (MOSFETs have a para­
si tic diode that conducts when the
drain is ncgativc.)

While MOSFETs are vo ltage con­
trolled de vices, it takes time to charge
their input capacitance and raise the
gate vo ltage. The capacity at the input
is not just the gate-source capacity
plus the gate to drain capacity; the old
bug-a-boo Mill er effect gets into the
ac t. The input capacity of an amplifier
with a resi stive load is:

Ci"=C~,+C~d x (l +A)

C~, is the gate-so urce capac ity, C~d is
the gate-drain capac ity, and A is the
voltage gain. To complicate the maucr,
Cgd is not constant like in a vacuum
tube but changes with gate to drain
voltage.

MOSFET manufacturers give the in­
put capacity in te rms of the total
charge needed to be charge d to switch
the rated drain c urrent w hen the supply
is the rated drain vo ltage . The total
gate capacitance is given as Q r The
charge of the in put capacitance Q

T
= i x

t, where i is the charging current and t

is the time the charging curre nt flows.
To switch a MOSFET wi th a Q

T
of 15

nano Coulombs in 150 nsec would
require a peak gate current of 100 rnA.

.,0

PWM

avoided by USing

MOSFETs. Since
MOSFETs are maj­
ority carrier de­
vices, they do not
suffer from re­
covery time, and
when dri ven hard
enough can switch
in a few nanosec­
onds. For high fre­
quency supplies
MOSFETs are the
power devices of
choice.

Diode reverse
recovery time is a
different problem.
During the reverse
recovery time a di­
ode conducts equal-
ly well in the re­
verse direction, not
a good situation.

Reverse recovery
times of diodes is
short enough to he
ignored at 60 HI"
but at higher fre-
quencies reverse

recovery time can be a signifi cant frac­
tion of the period of the operating fre­
quency. Ignore reverse recovery time
at your peril.

Ordinary silicon rectifiers begin to
depart from the ideal at a kilohertz or
so. For example, the IN400X series of
silicon rectifiers has recovery times of

about 300 nsec .
T hat is, the diode
continues to con­
duct in the reverse
direction for 0.3
u see after the an­
ode becomes neg­
ative. When the
frequency is 20
kHz the polarity
changes every 25
u see and 0.3 u see
is not negligible.
The di- ode essen­
tially conducts in
both directions for
10% of the cycle.
During the re­
verse recovery
time the filter di s-

CLOCK

PWM

, , , , ,

· ,0

-IUU, , ,

~

become inductors, capacitors and in­
du ctors are resonant circ uits, the
equiv alent series resistance and induc­
tance limit the effect ive ness of capaci­
tors. Reverse recovery time of diodes,
and storage time of bipolar transistors
add to the design problems.

Bipolar tran sistor problems can he
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N2
, the turns ratio squared , 1.75 ohms.

The magnetizing impedance should
be greater than 5.25 ohms, s o that at
100kHz, a primary inductance of at
least 8.4IlH is required .

A toroidal transformer wound on a
core of Ferronics B material is quite
suitable for frequencies up to 500 kHz .
As a first cut the 11 -282 core is large
enough to comfortably accommodate
the necessary windings, but as wi ll be
shown a single core will saturate. Two
cores stacked can increase the effective
area and ease that concern.

The magnetic dimensions of two stacked
11 -282 cores arc: A

e
= 1.044 ern! (each

core has an A
c
= 0.522 ern', 1. = 5.42 em.

L computes to be 12 IJ.H for one turn. A
usable flux density is less than 3,500
Gauss in each core. For two stacked
cores the flux density is 7 ,000 Gauss.

The inductance of a toroid is given
as:

L = N20.41Q.lAJ l
c

X 10.8 Henries
L also can be gi ven as the inductive

index A
L

•

11 = B(Gauss)IH(Oersteds)
H = O.41tNUl

c
Oersteds

where :
Ae is effective area in ern"
leis effective length in em.
AL is the inductance index, the 10­

ductance of one turn.

L = A, N'.
A

l
is given as 6,057 nH for the 11 ­

282 core.
The permeability ~ and maximum

flux density B for B material are given
in the data sheets as ~ = 5000 and B =
3,500. When two cores are stacked, A

e

doubles and doubles the inductive index.
Therefore a turn has an inductance
L =A

lN2
= 121lH or an impedance of

7.5 ohms at 100 kHz. Remember, each
pass of the wire through the hole is one
turn.

The transformer has 2 turns cen­
tertapped for the primary and 8 turns
ccntertapped for the secondary, or a
turns ratio of four to one. The second­
ary impedance reflected into each half
of the primary is IIN2 or 1.75 ohms.
The magnetizing impedance of each
half of the primary is 21tfL

p
or 7.6 ohms.

The total current in the primary is the
magnetizing current plus the reflected
secondary current. The maximum

The gate current is a spike of current
that decays exponentially to zero as
the input capacitance is charged. But
the peak current is still 100 rnA. The
output current of the CMOS gates is
only a couple of mils so that more cur­
rent is requi red to switch quickly.
Emitter followers Q I and Q2 provide
the higher current. Since the emitter
fo llowers are not saturated their rise
and fall times are fast. Of course,
MOSFET driver ICs could be used,
but 2N3904s can provide 100 rnA
and they are cheaper and more readily
available.

The transformer is a crucial item in
the design of the supply. The turns ra­
tio of the transformer dictates the step­
up or down of the main battery supply
voltage V+. Designing the proper
transformer is not a walk in the park,
but it's not a deal breaker.

Selection of the wire size depends
on the currents involved, and the num­
ber of turns depends on the required
inductance and the step-up desired.
The ampere turns dictate the core size.
The turns ratio se ts the step up or down
of the voltage.

If the main DC source is a 12 V car
battery, the voltage can vary from 9 V
to 13.8 V; 9 volts is essentially a dead
battery and 13.8 volts is a fully charged
battery.

If it is desired to build a 28 V 1 A
supply powered from a car battery, a
4 :1 ratio transformer would step up 9
volts to about 36 volts peak and step
up 13.8 vo lts to about 55 volts peak if
the transformer were 100% efficient.
With reasonable transformer efficiency
and losses in the amplifier and rectifi­
ers, the output should he 30 V mini­
mum and at least 50 V maximum. A
toroid will probably be easier to work
with than a pot core, but compromises
will have to be made. The turns ratios
must be whole numbers.

Selecting a core that has the perme­
abi lity and saturation characteristics is
the key consideration. The impedance
of the primary with the secondary
open should be as large as practical,
certainly greater than three times the
loaded impedance. The secondary im­
pedance reflected into the primary is
the secondary impedance di vided by
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Fig. S. The TL49.J is a switch mode pulsewidth modulation controt lC.
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the buffer ampli fier UI. U2 is a com­
parator that controls the amplitude of
the sawtooth. U3 compares the saw­
tooth voltage with a pul ses..-idth control
vo ltage .

The sawtooth ampli tude is deter­
mined hy the hysteresis around U2.
Whe n the vo ltage on C I (the ou tput of
U I ) exceeds the voltage on the nonin­
verting input of the comparator U2, the
output of U2 goes to near zero and Cl
is discharged through D I toward 0.3 V,
the forward drop of D I . When the volt­
age on C I fa lls below the vo ltage on
the inverti ng input. about 0.5 Y, the
output goes high a llowing Cl to rc ­
charge and repeat the cycle . With a 10
vo lt supply and the values shown in
F ig. 3, the sawtooth swings from about
0.5 V to 4.9 V.

The positive going output ofU2 a lso
provides the clock for U4 of Fig. 4.

The frequency of the sawtooth is de­
tcnnined by how rapidly the vo ltage
on C I rises from 0.5 V to 4.9 V. With a
constant charging current, the rate of
change of voltage on C l is dV/dt = IIe.
A charging curre nt of 0.88 mA will
change the voltage on 1,000 pF from
0.5 V to 4.9 V, a change of 4 .4, in 5 mi­
croseconds, and produce a 200 kH z
sawtooth.

The constant current c harging C I is
obtained with Q I. a 2N5457 N-chan­
nel depletion mode JFET (a M PF102
is a fair substi tu te for the 2N5457). R I
contro ls the gate source voltage, and
consequently the drain current. For the
2N5457. d rain curre nt is independent
of drain vo ltage when drain-sou rce
vo ltage is a couple of vo lts and drain
current is less than I mAo The gate
source vo ltage is about 1.4 volts when
drain current is 0 .88 rnA. Under these
condi tions R I would be 1.6k.

Unfo rtunately, the drain current vs .
gate -source voltage is not a lightly
comrolled parameter so a trimmer R1
is needed to se t the c urrent and fre­
quency to a particular value. A variable
R l of 5k will probably suffice. While
the value of R I can be calculated, a
more practical so lution is to just adj ust
the source resistor to produce 0.88 rnA,
and forget about the analytical stuff.

If yo u want to do the math, an accu­
rate prediction of the val ue of RI can
be made when the parameters of the

per amp. In a multi-layer wi nding
transformer the wire size should be
greater than 750 circular mils per amp.
As an aside, M IL specs limit the wire
size in a harness to at least 500 circular
mils per amp. Therefo re # 18 AWG can
be used for the primary and #22 AWG
for the secondary. The 11-282 core has
enough ID to easily allow # 18 AW G to
be used fo r both the primary and sec­
ondary. The temperature rise of # 18
should be well within the temperatu re
limits of any enameled wire . but
Fonnvar" insulation is recommended
and is ideal for any homebrcwcr's ap­
plications. Pcrmvar may be a bi t diffi­
cult to strip. but its toughness makes it
a good all- purpose insulation.

A pu lse width modulator (PWM )
shown in Fig. 3 can also generate a
variable pulse wid th to control the
dri ve to the po wer amplifier. The
PWM is a basic functional block of all
switched mode power supplies .

The variable pulsewidth in the our­
put of U3 of Fig. 3 is obtai ned by com­
paring a contro l vo ltage from R6 to the
sawtooth output of op amp U 1 in the
compara tor U3. Decreasing the vol t­
age narrows the output pulse .

T he sawtoo th is generated by a con­
stant current linearly chargi ng the ca­
pacitor Cl. The voltage on C I is
isolated from the fo llowing circuits by

magn enzmg current exists when the
main battery vo ltage is maximum.
13.8VI7.6Q = 1.8A.

The coerc ive force in the core is H =
O.41tNIII Oersteds. When the tota l cur-,
rent I is 4A + 1. 8A = 5.8A. H = 1.3
Oersteds. The maxim um tota l n ux B is
J.1H or B = 1.3 x 5.000 = 6,500 Ga uss .
With t\VO stac ked cores the nux in
each core is 3.250 Gauss.

The transformer can be wound on ei­
ther a ferrite potcorc or a toroid core.
In most cases a toroid is eas ier to come
by and gaping the core is avo ided. In
either case , a good rule of thumb is to
make the primary 's magnetizing cur­
rent. the current with the secondary
open, as low as practical. That is make
the inducta nce as high as practica l. A
two turn primary would have an indu c­
tance of 48 ohms but the field streng th
would be 2.6, which is too high.

Selecting a core is primarily a matter
of finding a core that can support the
needed ampere-turns withou t saturat­
ing the core . That is, keeping the mag­
netic flux (Gauss) be low the saturation
point of the core . T he core material de­
termines the fie ld strength (Oersteds)
that can be supported.

The wire size used depends on the
RMS curre nt the wire will be carrying.
For a single layer wind ing the wire size
should be greater than 200 circular mil s
14 73 Amateur Radio Today • March 2002



particular JFET arc known. The val­
ues given in the data sheets for the
2N5457 arc pretty loose: loss' the
drain current with gate-source volt­
age zero, is between 5 rnA and 1 rnA,
and cutoff voltage Voff' the gate­
source voltage that reduces the drain
current to less than I uA, is between
0.5 V and 6 V. The MPFI02 limits
are looser. Not very close, but all is
not lost.

The relationship between drain cur­
rent and gate voltage of a JFET can be
expressed as:

10 = [ 05S(1 - VgsN,,(f)2 (Eq 1)
where:
1

0
= drain current for the particular

gate voltage.
loss = drain current with the gate­

source voltage zero.
V

Olf
= gate-source voltage that re­

duces I
D

to essentially zero (less than I
~).

Vg' = the gate-source voltage that
produces 1

0
,

Equation 1 can be rewritten to solve
for Vg,Noff and Voff:

V N = I _ ~ ID (Eq 2)
g' off I

DSS

v = V 1[1 - ~ ID I (Eq 3)
orr g' I

DSS

The values of loss and Voff can be de­
termined with a couple of simple tests.
A supply of 6 to 20 volts or so, a resis­
tor in the order of 10k and a voltmeter
and milliammeter will be needed . Con­
nect the positive voltage to the drain
and the negative side to the source.
Short the gate to source of the JFET
and measure the drain current loss.
Connect a 10k or so resistor in the
source. Measure the voltage V

g
, across

the resistor and the resulting drain cur­
rent Io ' With Vp and ID known, the
value of V,,(f can he computed with
equation 3. With these values of l oss
and V

olf
established, the gate-source

voltage needed to produce a particular
drain current can be calculated with
equation I .

The drain current of a JFET is essen­
tially independent of the drain-source

voltage when the drain-source voltage
is above pinch-off. For a typical
2N5457 , pinch-off is a couple of volts
for drain current of less than I rnA.

In Fig. 3. PWM is accomplished by
comparing the sawtooth voltage to a
variable control voltage obtained from
potentiometer R6. When the sawtooth
voltage on the inverting input of U3 is
less positive than the voltage on the
noninverting input, the output is high
and stays high until the sawtooth ex­
ceeds the voltage on the inverting in­
put. Reducing the positi ve voltage to
the inverting input from R6 decreases
the width of the positive pulse on the
output of U3, and increases the width
of the low.

In Fig. 4, U4 , a type D flip-flop like
the CD401 3, is connected to divide the
sawtooth period by two. In a D flip­
flop . the D input is transferred to the Q
output on application of a positive
clock pulse. The outputs arc 100 kHz
square waves (200 kHz divided by 2)

Co ntinued on page 16
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W hile common emitter bipo lar tra n­
sis tors cou ld be considered, their stor­
age time te nds to be long when
saturated and limi ts the fre quency that
ca n be used . Emitter foll owers arc fast
enoug h because they do not saturate .
Unfortunately unsaturated mea ns their
collector-emitter vo ltage is a volt or
so. In many SM PSes e mitter fo llowers
are used and the losses accepted .

Switch mode povvcr supply control­
lers are avail able as IC s that arc rea­
sonably priced. The IC s are very
simi lar even though the methods of
implementation may vary and some
extra bell s and whis t les may be in­
cluded. Fig, 5 shows the Motoro la
TL494, a basic PWM co ntroller Ie.

T he T L494 has two error ampli fiers,
a dead hand amp lifier, a reg ulated 5
volt refere nce vo ltage , an o n chip os­
ci llato r, a PWM, and two uncom mitted
bipolar output transistors that can sup­
ply 200 rnA. S ince both emi tter and
co llector are uncommitted , the trans is­
to rs can be used as either common
emitter o r emitter fo llowers . A ll this in
a lu-pin DIP. Unless yo u j ust like to
build things, the IC is the way to go.
Still , understanding what each of the
functional blocks in the IC dues wi ll
g ive a much hettcr appreciatio n of how
to apply the Ie to you r particular
needs.

The e xtra erro r amp lifier ca n be used
to sh ut down the supp ly when there is
an over curre nt or the voltage exceeds
so me preset va lues . In the fi gu re , pin
13 OC is the output co ntro l, a high en­
ables the supply. The dead time con­
tro ls the maximum du ty cycle the
power am pli fier can have and is con­
trolled by the voltage on pin 4, the
minimum dead hand occurs when pin
4 is grounded. The compe nsatio n net.
work between pins 3 and 4, 33 k and
0.0 I IlF, reduces the error amplifier
gain above 3 kHz.

The internal osci llator is co ntrolled
by the RT at p in 6 and CT at p in 5 . The
oscill ato r freq ue ncy (twice the o utput
switch ing frequency) is approx imate ly
1.1IR

T
Cr For an osc illator frequency

of 200 kHz C
T

can be 1000 pF and ~
is 5 .6 k!1.

The diodes D I and 02 are

0'

Fig, 4 , compares a sample of the o ut­
put DC with a fixed refe rence DC volt­
age to provide the control vo ltage for
the PWM. An increase in the output o f
the DC vo ltage causes the output of the
error ampli fie r U5 to be less positive
and narrows the PWM's positi ve pu lse .

The fee dback to the PWM forces the
inverting input of U5 to be 5 vo lts.
Therefore , adj usting R 11 10 Fig, 4
changes the vo ltage di vision and varies
the DC output voltage. R9 minimizes
the change in input resistance of U5 and
conseq uently the gain of the amplifier as
R I I is changed.

The stability of the output voltage is
esse ntially the stabil ity of the refer­
ence vo ltage and the closed loop gain
of the amplifier. The gain of the error
amplifier U5 is the chief determi nant
o f regulation with changes in load . A
small c ha nge m the o utput voltage
produces a sign ificant c hange in the
con tro l voltage fed back to the PWM.

In the example given, 9 to 13 vo lts
was assumed across each half of the
transformer. In rea lity, the voltage
across the tra ns former depends on the
ki nds of transistors a nd blocking di ­
odes used in the amplifier. W hen the
transis tors are MOSFETs, the losses in
the drain-source resis tance can bc very
low. In newer devices the drain-source
res istance RDS is as lo w as 30 mO and
drops less than 0. 3 V even when drai n
c urrent is lO A. When the blocki ng di­
odes are Schoukies . the tota l drop will
be less than 0.6 V.

'"
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Switched Mode
Power Supplies
continued from page J5

that control the outputs of the NOR
gates that drive the power ampl ifier.

The rise of the output of U2 of the
PWM provides the clock for the
CD4013. Therefore. on ahcmatc cycles
of the clock (saw tooth) the low output
of U4 switches from the Q output to
the not-Q output.

The outputs of the NOR gales arc
high whe n both inputs are low. That is,
when the output of U3 o f Fig. 3 is low
and one output of U4 of Fig. 4 is low,
the outputs of a NOR gate is high and
one of the MOSFETs is on.

The DC output can be regulated
when a sample of the output is used 10

control the U3 instead of the voltage
from the manually controlled pot R6,
as shown in Fig. 4.

Feeding a sample of the output back
to control the output is simple in co n­
cept. but the devil is in the detai ls. The
feedback considerations are ex actly
the same as those for any feedback am­
plifier: the fee d back must be I ROOom
of phase with the input until the gain
of the amplifier has fallen to less than
one When the voltage fedback is in. -
phase with the input, or nearly so , the
system will osci llate . Therefore care
must be ta ken to ins ure that the phase
of the fcdback signal is always at least
1500 out o f phase with the input.

The opera tional amp lifi er, U5 III

Fig. 6. A TL494 controls a 28-ml! l -amp power supply.
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