BT [ Desion Fearure

tep-down rectifier makes a simple
dc power supply

NATHAN O SOKAL, DESIGN AUTOMATION INC, K KiT Sum, CONSULTANT, AND
DAvID C HAMILL, SURREY SPACE CENTRE

Most equipment operating
from the ac power mains
needs low-voltage dc. Tradi-
tionally, the power supply
comprises a 50/60-Hz step-
down transformer followed
by a rectifier, or it comprises
a switch-mode power supply
(SMPS) that consists of a rec-
tifier followed by a step-
down dc/dc converter. Both
types can easily include isolation.

However, electrical isolation of the internal circuitry is
unnecessary for many applications. Low-power equipment
without user inputs or outputs can use double-insulated
enclosures to comply with electrical-safety requirements.
Examples include clocks, certain battery chargers, TV
receivers, and auxiliary supplies for the primary-side control
circuits of SMPSs. At higher power levels—in motor drives,
for example—all the equipment, including the output, may
be live. For these applications, you get little benefit from hav-
ing an isolated auxiliary supply, and it is advantageous to use

A simple and useful nonisolated rectifier
features voltage step-down operation,
acceptable Class A line-current harmonics,

inherent short-circuit protection, and,
optionally, a regulated output.
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throughout the operating cycle.
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A simple capacitor-fed rectifier uses a large reservoir capaci-
tor, C,, to keep the output voltage, V,, nearly constant

a small, lightweight, low-
cost power supply with few
components, such as the
simple rectifier in Figure 1.

Direct rectification nor-
mally gives a voltage ap-
proaching the peak value of
the mains voltage, but plac-
ing an impedance in series
with the ac input reduces the
dc output voltage. If the
impedance is resistive, low efficiency results. However, if the
impedance is reactive, the circuit is essentially lossless,
except for diode losses and a small power loss in the para-
sitic series resistance.

Using either a capacitor or an inductor reduces the line-
current harmonics to lower than those of a circuit without
the series reactance. The choice between an inductor and a
capacitor depends on their relative size, cost, parasitic loss-
es, and availability. An inductor can attenuate spikes that
might be on the ac input voltage but can also cause over-
shoot on the dc output voltage at turn-on. This overshoot
results from a resonance between the series inductor and the

| output reservoir capacitor, especially at light loads. In gen-
. eral, low-power applications favor the capacitor, and high-
. power applications favor the inductor.

The rectifier in Figure 1, a capacitor-fed version, is not
new. Commercial battery chargers have used the circuit since
t least the 1970s. However, few people know about or

- understand the circuit. Published information regarding this

ectifier exists in brief descriptions in manufacturers’ appli-

. cations notes and a handbook (References 1 through 3). An
- encyclopedic compendium of rectifiers does not even list the
~ exact circuit, although it does show a similar circuit (Refer-

ence 4). Considering IEC 1000-3-2 (Reference 5) and simi-
ar regulations, it is currently necessary to investigate the rec-
ifier’s line-current harmonic characteristics.

* Analyze the circuit

Despite the apparent simplicity of the circuit, the details
of its operation are not obvious. (This article is an abridged
version of an IEEE conference paper, and Reference 6 con-
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tains a more detailed analysis.) The operational cycle com-
prises four time intervals (Figure 2). The large reservoir
capacitor, C,, keeps the output voltage, V, nearly constant
throughout the cycle. You can initially assume that C is infi-
nite and later apply a ripple correction for C_'s finite capac-
itance. The mean (dc) output current, I, is

14
I, =% J' i, (Ddt = 4fC(2V, - Vo - Vp,), @)
12

where i is the line current, V, is the rms ac input voltage
(assumedly sinusoidal), V, is the dc output voltage with infi-
nite C,, and V is the forward-conducting voltage of one
diode.

Let the magnitude of the capacitive reactance at w be

XA——lz*l—

SwC| oC @

(Capacitive reactance is actually negative, so keep in mind
that the notation “X” is for convenience, and X=|X}.)

Using Equation 1 and the fact that V =I,, the rectifier’s
dc output voltage is

v. o 2R A2Vi-Vp 3
0~ ”X 1+2R '
X

The output voltage depends on the amount of capacitive
reactance present, normalized with respect to the load resis-
tance. In other words, X/R is the main design parameter.
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With X/R<<1, the output voltage approaches the peak value
of the input voltage, as expected. When X/R>>1, the output
voltage is low. You can rearrange Equation 3 into

X2 2R 2V-Vo-Vp @)
T Vo

Assuming that V<<V, a dimensionless plot of X/R vs V,/V,,
is useful for design purposes (Figure 3).

Rearranging Equation 1 gives the dc output characteris-
tic for the case when [_>0:

I
Vo =2V - Vp - L. )

Thus, you can represent the rectifier by a Thevenin-equiva-
lent circuit comprising a voltage source of \/EV,—VD in series
with a resistance of 1/4fC. This resistance is lossless because
it is due to capacitive reactance on the ac side of the rectifier.

Then, by setting I,=0 in Equation 5, you find the open-
circuit voltage:

VO(OPEN) = \/EVP (6)

On the other hand, setting V=0 yields the short-circuit out-
put current:

Tostorm) = 328 cv. 7)

Thus, the rectifier has the useful feature of inherent overload
protection. The rectifier now appears to the ac supply as a
simple capacitive reactance, and the rms line current is
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The rectifier's principal steady-state waveforms lndicate four Plottlng X/R as a function of V /V with V -0 shows that

distinct operational regions: O tot, t, tot, t,tot, and t, to

t,.
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increasing the series capacitive reactance reduces the output
voltage.
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Lisuormy = 2 fCV,.

®

If V<<V, the rectifier approximates a dc current source,
which makes the circuit useful for applications such as con-
stant-current charging of NiCd batteries, in which case the
battery replaces C, and R (Reference 1).

Correct for finite C,

The actual output voltage is lower than the value predict-
ed using C =, because of the presence of ripple. Assuming
that the ac ripple waveform is symmetrical about the mean
output voltage level, you can multiply V,, by a ripple cor-
rection as follows:

Voccorrecten) = Vo(1-1/2), )
where the ripple factor, 1, is defined in terms of AV, the
peak-to-peak output voltage ripple:

o AV

VO(CORRECI'ED)

(10

A reasonable assumption is that the ripple and thus the
ripple factor, 1, should be inversely proportional to f, C,,, and
R, at least to a first approximation. In reality, r also varies
with X/R because the conduction angle of the diodes
changes. Taking this approach, you can use Equation 11 to
estimate the value of r:

- 0:24-0.10l0g,,(X/R) (11)
fCoR '
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The rectifier complies with Class A requirements over a useful
range of power. Maximum power, P, of 250W is available
when X/R~0.5.

This equation results from a combination of performing
analysis and fitting a function to values of r obtained by
PSpice simulation, with X/R in the 512-to-1 range of
0.03125<X/R<16.

Simulation results verify operation

A series of PSpice simulations to verify the analysis uses
the parameter values of V=120V rms, f=60 Hz, R=100Q, and
Co,=1 mF. The value of C varies among runs. The simulation
uses the default Spice model for each diode with a series resis-
tance set to 0.5Q. Table 1 compares the steady-state output
voltage with the theoretical predictions obtained from
Equation 3 using V,=0.8V and the ripple correction of
Equations 9 and 11.

The theoretical and simulation results agree to better than
12% over the 512-to-1range of X/R. The discrepancy is great-
est at low X/R, for which the circuit’s performance approach-
es that of a conventional rectifier. The reason for this dis-
crepancy is that the input current has a spiky waveform that
causes a significant voltage across the diodes’ ohmic series
resistance, but the theoretical analysis doesn’t consider this
voltage. However, this result is of little consequence because
the rectifier mainly targets step-down applications, for
which X/R is high.

The design steps for the rectifier are as follows:

1. Represent the dc load as an equivalent resistance,

“@®

Vo
325V 4
SINGLE SERIES C
DESIGN POINT: 12V, 1A
24+ C4/C, VOLTAGE DIVIDER
ov v
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A capacitive voltage divider comprising C, and C, reduces the
no-load output voltage (a) and substantially improves the
load regulation of the original circuit (b).
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R=V,, correcren)/lor Where Vocorrecrep) 18 the desired dc out
put voltage.

2. Define a desired ripple factor, 1, from Equation 10.

3. Find the infinite-C_ output voltage using a rearranged
Equation 9: V=V, peecre/(1-1/2).

4. Use Equation 4 to find X. Or, for a less accurate result,
obtain X/R from Figure 3, and multiply by R. Then cal-
culate C=1/2=fX.

5. Use Equation 11 to calculate the necessary output
smoothing capacitance, C,.

6. Find the short-circuit output current from Equation 7.
You can follow these steps to find component values for a

real rectifier. Consider a design with the following parame-

ters: V=230V, {=50 Hz, and Vocorrecren=12V with 0.5Vp-p
ripple superimposed at I,=1A. Then, perform the following
calculations:

1. DC load resistance R=12V/1A=12Q.

2. Ripple factor 1~0.5V/12V=0.042.

3. Infinite-C, output voltage V =12V/(1-0.042/2)=12.26V.

4. A suitable diode bridge has V,=0.85V. Then,

_ 201226 +20230-12.26-0.85
/4 12.26

(12)

X =199Q.

{(Note that in Equation 12 and subsequent calculations, R
now equals 12.26. Increasing R from 12 to 12.26 is neces-
sary to maintain the specified load current of 1A.) Now,
C=1/(27X50x199)=16.0 nF.

5. The output capacitance is

_ 0.24-0.10l0g,,(199/12.26)
50012.260.042

Co =4.62 mF. 13)

Ry C
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v.é} 3H2

In addition to the C /C, voltage divider, which provides over-
voltage protection, a shunt regulator comprising R, and D,
further improves the basic circuit by stabilizing the output
voltage. :
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6. The short-circuit output current is V32X230x50X%
16.0X10°=1.04A. This number is only 4% higher than the
nominal current in normal operation.

Confirm the design

The design was constructed with measured values of
C=15.75 uF (nominally two 8-uF 440V-ac, metallized
polypropylene-film capacitors), V =0.85V at 1A dc
(GBPC106 diode bridge: 600V, 2A), and C_=5.83 mF (nomi-
nally a 4.7-mF, 63V-dc, electrolytic capacitor). During per-
formance measurements, a power amplifier delivered an
undistorted 230V, 50-Hz sine wave, and a rheostat acted as
the dc load. The design was also analyzed and simulated
using the measured values of the circuit parameters. Table 2
compares the three sets of results, which agree over a range
of output voltages (30.00V/0.11V=273-to-1).

Study the input-current harmonics

The line-current waveform of the capacitor-fed rectifier is
smoother than that of a conventional rectifier, so you might
expect the harmonics to be lower. PSpice simulation results
show that the larger the value of X/R, the lower the har-
monic distortion. This property is valuable because the rec-
tifier is intended for low output voltages.

IEC 555-2 (1987) is the original specification for harmon-
ic-current emissions from electronic equipment, but elec-
tromagnetic-compatibility standard IEC 1000-3- 2:1995 later
subsumed this specification. As EN 61000, this European
standard now carries the force of law within Europe. It is
important, therefore, to examine this rectifier to see whether
it can comply. (The United States does not yet impose com-
parable regulations on line-current harmonics.)

To analyze the rectifier’s harmonic content, assume ideal

. diodes, V=0, and an infinite output capacitance, Cj=x. The
. rms input current is then

(14)

I,=1 {1_ 2a—sm2a’
2r

where I=L gyorry (s€e Equation 8), and a=owt,. A detailed
analysis and Equation 3 give a as

2C 2C c
i I = —
¢ »

Two back-to-back electrolytic capacitors and two antiparallel
diodes can emulate an ac-rated capacitor.
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a=cos! 1—£0———1— 5 (15)
X 1+2R/xX

The rms value of the fundamental is

TABLE T—OUTPUT-VOLTAGE CONMPARISON

I [1+2(m-a)’ +2m - a)sin2a—cos2a  (16)
11(1)(0‘) = ; 2 .

The input current contains only odd harmonics

because of the waveform'’s symmetry. Harmonic cur-
rents for n=3, 5, 7, 9, and so on are as follows:

a7

Limy(@) =

21 1+n?% - (@?-1)COS%x
w(n*-1)

~2(cosacosng + nsinasinna)

The third harmonic dominates, irrespective of a.
You can now set these results within the context of
IEC 1000-3-2. Two classes of equipment are relevant to

Absolute Relative
Theoretical* | Simulation | discrepancy | discrepancy

X/R \2) \) \)) (%)
0.03125 155.76 153.12 2.64 1.7
0.0625 149.19 147.50 1.69 1.1
0.125 137.30 137.00 0.30 0.2
0.25 118.25 118.00 0.25 0.2

0.5 92.47 92.95 -0.48 -0.5

1 64.39 65.15 -0.76 -1.2

2 40.07 40.55 -0.48 -1.2

4 22.84 23.12 -0.28 -1.2

8 12.30 12.38 -0.08 -0.6

16 6.40 6.46 -0.06 -0.9

*Calculated from Equation 9.

rectifiers. If a rectifier’s active power consumption is 50
to 600W and its line-current waveform fits within a given
template, the rectifier belongs to Class D. Otherwise, it
belongs to Class A. Different harmonic limits apply for each
category, Class D being the stricter. (The 50W lower limit
applies from July 1998; before that date, it is 75W.)

For the previous design example, X/R=199/12=16.6, so
«=0.387, and the input current is 1.14A rms. The output
power is 12W, so the power factor is approximately
12/(230%1.14)=0.045. The extremely low power factor is due
to the series capacitor, not harmonic currents; the THD is
only 9.5%. This rectifier's leading displacement factor (cos
¢,) can assist in compensating for lagging displacement fac-
tors elsewhere.

Rectifier meets Class A, not Class D limits

An in-depth analysis in Reference 6 shows that the circuit
always violates Class D limits for any valid combination of
output power, P, and X/R. For parameter values for which the
rectifier does not fall into Class D, you must evaluate the cir-
cuit according to Class A. Fortunately, Class A has absolute,
rather than relative, harmonic-current limits, which favor
low-power equipment.

For V=230V rms and various combinations of P and X/R,
comparing calculated odd harmonic currents as high as the
39th harmonic to the published limits shows that the recti-
fier complies with the Class A requirements over a useful
range of power. When X/R=0.104, power as high as 65W is
available, rising to a maximum of 250W when X/R=0.5
(V,~180V) and trailing off again at high values of X/R. Thus,
although the rectifier doesn’t comply with IEC 1000-3-2,
Class D, it does fall into Class A for significant voltage step-
down ratios. The circuit then meets IEC 1000-3-2 for power
levels as high as 250W, depending on the voltage step-down
ratio.

Figure 4 shows the class and pass/fail regions in the X/R-
P parameter plane. You can correlate the X/R and P parame-

ters to output current and voltage. For example, to obtain a

SV-dc output from a 230V supply, X/R=41. Figure 4 shows
that for X/R=41, as much as SOW is available, which equates
to an output current of 10A.

Capacitive division improves regulation

If you disconnect the dc load of the basic rectifier in Fig-
ure 1, the circuit’s output voltage rises to the peak value of
the input voltage. C,, the rectifier diodes, and, momentari-
ly, a reconnected load must accommodate this output volt-
age unless you use one of several methods to provide better
load regulation.

For example, a capacitive voltage divider comprising C,
and C, substantially reduces the large value of the no-load
output voltage (Figure 5a). Because both arms of the divider
are reactive, efficiency remains 100% with ideal compo-
nents. A simple way to analyze this circuit is to represent V,,
C,, and C, by a Thevenin-equivalent network, comprising a
voltage source V) in series with an effective capacitance, C,
where C=C,+C, and

’ _ Cl
Vi =V c’ (18)

You can use this new V| and C in the earlier design pro-
cedure. Say, for example, that you want to reduce the previ-
ous design example’s maximum output voltage, which
occurs at no load, to 24V. Now you can use Equation 4 to
perform step 4 of the design procedure. Note that in place of
the peak ac input voltage of V2XV,, you substitute 24V. Then,
using V =12.26V and R=12.26(},

_ 21226 . 24-12.26-0.85
i3 12.26

X =6.93Q. 19

Thus, C=1/2w50%X6.93=459 uF. From Equation 18,
C,=CV!/V;=34 uF, where V=V2x230V. Hence, C,=C-C,=425
pE At step 5, you can calculate the output capacitance, C,,
as follows:
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_ 0.24-0.10l0g,,(6.93/12.26)
5012.260.042

The modified Thevenin equivalent of the rectifier’s output
comprises a 23.15V-dc source in series with a resistance of
1/4fC=10.9Q, giving much better voltage regulation than
the original design. For example, at the half-load current of
0.5A, the calculated voltage rises to 23.15-0.5X10.9=17.7V,
which is 1.48 times the full-load voltage of 12V, instead of
168V, which is 14 times the full-load voltage. A graph of dc
output voltage vs load current for the first example and for
the modified version using the C,/C, voltage divider clearly
shows much-reduced load regulation of the second circuit
(Figure 5b).

The short-circuit output current is now 23.15V/
10.9€}=2.12A, which is double that of the original circuit.
Because the diode bridge effectively short-circuits C,, the
input current under these conditions is

(20)

Co =10.3 mF.

YsHor = 27 1C,Vy, (21)

which evaluates in this case to 2.46A.

PSpice simulation confirms the validity of this design. The
main drawback is the increased number and size of the capac-
itors, although this aspect may be unimportant at low power
levels.

Another method to improve regulation, in lieu of using
C,, is to connect a zener diode or metal-oxide varistor across
the dc output to provide voltage limiting. The breakdown
voltage should be somewhat larger than the normal maxi-
mum voltage.

Yet another trick is to use a shunt regulator, such as R, and
D, (Figure 6), to stabilize the output voltage. In this case, the
breakdown voltage should equal the desired output voltage,
and X should be low enough to maintain current through
the zener diode under all conditions.

Carefully choose C

Film or ceramic capacitors are convenient for values of
series capacitance, C, as high as several microfarads. For
higher values, electrolytic capacitors are usually smaller and
less costly. When you use polarized types, you need to con-
nect the two capacitors back to back and shunt them with
antiparallel diodes to prevent reverse voltage (Figure 7). The
capacitors’ ripple-current rating should be at least equal to
the largest ac-line current, such as the current with the load
short-circuited.

However, for safety and reliability, C should be a Class X
capacitor—rated for continuous ac-line operation—because
it is effectively connected across the line if the output is a
low voltage or a short circuit. Suitable dielectrics include
polypropylene film and paper, such as those used in motor-
run and lighting-ballast capacitors. Fast voltage transients
cause high currents to flow through C, so it is beneficial to
place a small resistance in series as a current-spike limiter,
such as R, in Figure 6. A value of X/10 usually suffices for
this resistor. The cost is lower efficiency because R, dissi-
pates power equal to I’R,. Recall that I, is the rms value of
the input current, which is higher than the dc output cur-
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TABLE 2—EXPERIMENTAL, ANALYTICAL, AND
SIMULATION RESULTS

Experiment | Analysis Simulation
R=0.11Q
(short circuit):
Vocorseerm V) 0.11 0.00 0.11
1, (A) 1.01 1.02 1.03
AV, (Vp-p) — - 0.15
R=6.06Q:
Vocomsecreon V) 6.00 5.93 6.08
I, (A 0.99 1.00 1.00
AV, (Vp-p) 0.44 0.29 0.39
R=12.37Q
(design point):
Vorcorseerzm V) 12.00 11.97 12.16
I, (A) 0.97 0.98 0.98
AV, (Vp-p) 0.44 0.39 0.41
R=18.75Q:
Vorcomecren V) 18.00 17.87 18.11
I, (A) 0.96 0.96 0.97
AV, (Vp-p) 0.44 0.45 0.43
R=25.53Q:
Vocomeereo (V) 24.00 23.90 24.14
1, (A) 0.94 0.95 0.95
AV, (Vp-p) 0.50 0.48 0.45
R=32.26Q:
Vocomecrom V) 30.00 29.67 29.94
1, (A) 0.93 0.93 0.93
AV, (Vp-p) 0.50 0.51 0.47
Notes: | =ouput current, V. op.rery=desired dc output voltage,
AV =output voltage ripgie, and R is calculated from V /i,
using experimental values.

rent because of the input current’s waveform.

If you pull the power plug from the ac wall outlet while
the rectifier is operating, C can retain energy that depends
on the line-voltage phase at the moment of disconnection.
Subsequently, if you touch the power plug, you might
receive an electric shock. To prevent this possibility, you can
connect a high-value bleed resistor across the rectifier’s ac
input, such as R, in Figure 6. The time constant, CXR,,
should be less than 1 sec. Again, the resistor reduces effi-
ciency, dissipating the power of V ?/R,. Alternatively, if you
don’t use the C-C, divider, placing R, in parallel with C
somewhat reduces the power in R,. Finally, the rectifier is fre-
quency-sensitive, so take care when designing equipment to
be used at both 50 and 60 Hz. EDN
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