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Abstract—This paper discusses the basic construction proce-
dure and topological possibilities of creating ac/dc converters out of
simple dc/dc converters. It is shown that two separately controlled
dc/dc converters are sufficient for producing a regulated dc output
and shaping the input current, from an ac voltage source, without
the need for input rectifiers. Some design constraints are discussed,
emanating from the limitation of the conversion ratios that can be
achieved by particular dc/dc converters. Selected topologies are
verified experimentally. This kind of rectifierless converters find
applications in airborne power supplies where zero-crossing dis-
tortions are significant because of the inevitable phase-lead effect
of the input rectifier bridge.

Index Terms—AC/DC converter, circuit topology, control, dc/dc
converter, rectifier.

1. INTRODUCTION

C/DC converters without input rectifiers have received

some attention because of their relative advantages in
eliminating power loss in rectifiers and reducing harmonic
distortions. In airborne applications where the mains frequency
is as high as several hundreds hertz, the phase-lead effect of the
input rectifier bridge in a power-factor-correction converter has
been found to cause significant zero-crossing distortions which
are impossible to eliminate [1]. Without input rectifiers, ac/dc
converters would be free from zero-crossing distortions.

One straightforward approach to implement a rectifierless
ac/dc converter is to construct two circuits (two complete con-
verters), each working for either positive or negative half cycle
of the line period. This approach, however, requires rather com-
plicated circuits [2], [3]. Another possibility is to put the equiva-
lent rectification in the secondary side where the diodes perform
high-frequency as well as line-frequency rectification. This ap-
proach usually requires four quadrant switches and complicated
topologies. Also, the high-current low-voltage condition in the
secondary may present difficulty in raising the overall efficiency
[4]. Recently, suitable converters having inherent ac/dc conver-
sion capability have been studied by Ikriannikov and Cuk [5].
However, such converters, known as bipolar-gain converters
[5], do not seem to have a systematic origin from which gen-
eral synthesis procedure can be derived.
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In this paper we consider the fundamental synthesis problem
of a converter that converts an unrectified ac voltage to a dc
voltage, without using an input rectifier. Our aim is to derive the
simplest topology for ac/dc conversion, based on a combination
of dc/dc converters.

II. DERIVATION OF THE SIMPLEST AC/DC CONVERTER

We begin with a black-box specification of ac/dc conversion.
Let u(t) be the output voltage, and e(t) be the input voltage.
The ac/dc conversion specifies that

{u(t) =U, where U > 0

e(t) = E/sin 27 fet, where E > 0. M

In other words, we consider the usual conversion of a sinusoidal
input voltage having a peak of £ and frequency f. into a fixed
output voltage U. Our purpose is to derive the simplest input-
rectifierless topology based on dc/dc converters that can fulfil
the above black-box requirement.

A. Basic Construction

First of all, we observe that simple dc/dc converters only
convert a dc voltage to another dc voltage. Thus, the use of a
dc/dc converter for ac/dc conversion is handicapped mainly by
its input side which cannot admit negative voltage values. The
problem can be hypothetically solved if one stacks up a suffi-
ciently large dc voltage over the ac input voltage before feeding
into a dc/dc converter. This idea is illustrated in Fig. 1(a), where
¢ denotes the stack-up voltage. Obviously, we need

E>FE. 2)

Our next logical step is to create the required &. Clearly we
need a second dc/dc converter which choicelessly must convert
from the output voltage U. This gives the basic configuration
shown in Fig. 1(b), which is simply a series connection of two
dc/dc converters. We may now construct our black-box ac/dc
converter as shown in Fig. 2.

Remarks on isolation—It should be noted that when con-
structing the practical circuit, care should be taken to avoid
short-circuit paths that may affect voltage conversion. One
simple solution is to use isolated converters, though not always
necessarily, to realize either converter 1 or converter 2. More-
over, if full isolation is required between e(t) and U, then both
converters should be isolated.

B. Constraints on Voltage Conversion Ratios

As shown in Fig. 2, converter 1 (labeled as DC/DC-1) must be
capable of converting a variable dc voltage to a fixed dc voltage,
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Fig. 1. AC/DC conversion using (a) a dc/dc converter with a dc stack-up
voltage and (b) two dc/dc converters.
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Fig. 2. Simplest input-rectifierless ac/dc converter.

whereas converter 2 (labeled as DC/DC-2) converts a fixed dc
voltage to another fixed dc voltage. Suppose the voltage conver-
sion ratios of converter 1 and converter 2 are k; and ko, respec-
tively. We have

U =k [e(t) +¢] 3)
¢ = kyU. @)

Combining the above equations, the overall conversion ratio is
given by

U k1

0" 1 kaky for e(t) # 0. &)

The case when ¢(t) = 0 corresponds to zero-crossing of the
input waveform, i.e., t = n/2f, where n = 0,1,2,.... In this
case, the input to converter 1 and the output from converter 2
are both equal to &, giving
U

ki = E and k1k, =1, fore(t) = 0. 6)
To determine the constraints on the choice of dc/dc converters,
we first observe that

E
ko > i @)
because & > F. Thus, if E > U, then converter 2 must be

a step-up converter; otherwise, it can be an either step-up or
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step-down converter. Also, from (3), we can derive the range
of k1 as
U U

<k < f—_E ®)

Thus, if U/({+E) > 1, converter 1 must be a step-up converter;
if U/(§ — E) < 1, converter 1 must be a step-down converter;
and if U/(€ + E) < 1 and U/({ — E) > 1, then converter 1
must be able to do both step-down and step-up at different time
in a line cycle. Table III summarizes the choice of converters
under different voltage conditions.

C. Power Flow Consideration

‘We now consider the way in which power is processed in the
basic configuration shown in Fig. 2. First of all, assuming that
the input current has the form

iin(t) = tin SID 27 fot )
the condition for power balance gives

5 2P,
lin =
E
where P, is the output power. Thus, the power processed by
converter 1 (labeled as DC/DC-1), p1(¢), is

(10)

pl(t> = (ESin27rfet+ 5) iin(t) (11)
and that by converter 2 (labeled as DC/DC-2), pa(t), is
p2(t) = &ign(1). (12)

Integrating over a half mains cycle, we get the power processed
by converter 1 during the positive mains cycle and the negative
half mains cycle, respectively, as

1/2fe 4¢
Pf’:2fe/ (Esin 27 fot + &) iin(t)dt =P, <1+—>
0 Tl
(13)
and
1/fe 4¢
Pf:?fe/ (Esin 27 fot+&) 4in () dt— P, <—> .
1/2f. TE 14

Likewise, we get the power processed by converter 2 during the
positive mains cycle and the negative half mains cycle as

Pt =-pPy =P, <£>

T (15)

Thus, we clearly see that the average power processed by con-
verter 1 is P, and that by converter 2 is zero, over one complete
mains cycle. Both converters are required to be bi-directional
since during the negative half mains cycle, power flow is es-
sentially reversed. The overall effect is a circulation of power,
which is equal to (4¢/7F), between the two converters. Such
circulation may undesirably degrade the efficiency. Hence, to
reduce this circulation, we may need to design the circuit with a
lower £/ F, meaning that the stack-up voltage £ should be kept
to minimum, as would be expected intuitively.
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III. CIRCUIT IMPLEMENTATION OF SIMPLE AC/DC
CONVERTERS

The implementation of an ac/dc converter based on the fore-
going configuration can be proceeded by inserting appropriate
dc/dc converters to the model. Fig. 3(a) shows a nonisolated
ac/dc converter which is constructed with the buck-boost con-
verter serving as both converters 1 and 2, and Fig. 3(b) shows
another nonisolated ac/dc converter which is constructed with a
buck converter and a boost converter serving as converters 1 and
2, respectively. Note that in Fig. 3(c) and (d), the flyback con-
verter achieves polarity reversal, and does not provide isolation
for the entire ac/dc converter unless the other dc/dc converter is
also isolated.

IV. EXTENSION OF BASIC TOPOLOGIES

The same idea can be implemented with higher-order dc/dc
converters. For example, the Cuk converter has two possible dc
outlets which can be used as input to converter 2, as described
in Section II. Likewise, the zeta and SEPIC converters can serve
the purpose. Fig. 4 shows the conceptual arrangement.

Suppose converter 1 (labeled as DC/DC-1 in Fig. 4) has an
extra output voltage U’ which can be used to feed converter 2
(labeled as DC/DC-2). Let k11, k12 and ko be the voltage ratios
defined as

U
kll :e(t)——|—£ (16)
Ul
2= e (an
ko = % (18)
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converter 2 (boost)
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converter 1 (flyback)
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converter 2 (boost)
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(a) and (b) Examples of simple input-rectifierless ac/dc converters. A flyback converter needed in (c) and (d) in lieu of buck-boost converter to reverse

[ h]
' | +
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~ i ¢| popc2 E
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Fig. 4. Implementation of input-rectifierless ac/dc converter using
higher-order dc/dc converters (DC/DC-1 can be Cuk, SEPIC or zeta converter).

The constraints imposed on the voltage ratios can be derived in
a similar manner as in Section II. First of all, £ must be larger
than F, i.e.,

E

ko > —

= (19)

Moreover, k17 and k12 are not independent. For the Cuk con-
verter, for example, we have 1 + k11 = k12, which means

U' = U + e(t) + & with Cuk as converter 1. (20)

Obviously, we have U’ > U, since e(t) > —FE for all time.
Thus, (19) becomes

E ,
ko > i with Cuk as converter 1. 21

So, if E > U, converter 2 should be a step-up converter; oth-
erwise it can be either a step-up or step-down converter. As for
converter 1, we observe that

U U
— <k < —.

E+E E—FE @2)
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Fig. 5. Outline of two possible control approaches.

Thus, if U/({+ F) > 1, converter 1 must be a step-up converter;
ifU/(¢ — F) < 1, converter 1 must be a step-down converter;
and if U/(€ + E) < land U/({ — E) > 1, then converter 1
must be able to do both step-down and step-up at different time
in a line cycle. If the Cuk converter is used, the duty cycle can
be controlled to satisfy these conditions.

V. CONTROL APPROACH

Suppose it is required that the input current be shaped to
achieve unity power factor, in addition to a well regulated output
voltage [6]-[8]. We may summarize the control requirements as
follows.

* To produce a tightly regulated dc output voltage.

* To shape the input current to give unity power factor.

* To crudely control the level of the dc stack-up voltage.
It can be shown theoretically that two separate control parame-
ters are needed to achieve the above requirements [9], [10]. In
our circuit, the allowable control parameters are the duty cycles
of the two converters. Thus, in general, two control loops should
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Fig. 6. Experimental converter circuit based on that of Fig. 3(d).

be designed, one for regulating the output voltage and the other
for shaping the input current. Furthermore, since the converters
are bi-directional, feedback can be assigned arbitrarily to the
converters. Two cases are therefore possible:

1) Converter 1 shapes the input current while converter 2
regulates the output voltage, as shown in Fig. 5(a).

ii) Converter 1 regulates the output voltage while converter
2 shapes the input current, as shown in Fig. 5(b).

It is worth noting that the input current waveform can be arbi-
trarily programmed by implementing suitable control of one of
the converters. In the usual application of power factor correc-
tion, the converter responsible for shaping the input current can
provide crude regulation for the stack-up voltage. This practical
case will be illustrated in the experimental prototype to be dis-
cussed in Section VI.

VI. EXPERIMENTAL VERIFICATION

In this section, we report experimental results of a selected
ac/dc converter that has been constructed using the afore-
described synthesis process. The types of dc/dc converters used
are same as the ones shown in Fig. 3(d), i.e.,

Convertor 1 : flyback convertor (turn ratio n:1);
Convertor 2 : boost covertor.

Referring to Table III, this particular choice of converter type
is suitable for the cases where £ > U and ¢ being any value.
Moreover, efficiency consideration would suggest a low value
for &.

The control consists of two separate feedback loops, as dis-
cussed in Section V. In particular, we employ the configuration
shown in Fig. 5(a), i.e., an input current shaper applied to the
flyback converter and an output regulator applied to the boost
converter. The input current shaper also regulates the stack-up
voltage ¢. Figs. 6 and 7 show the experimental converter and the
schematic control circuit.

We first report the test results for a 50 Hz line input, which
are summarized in Table I for two different choices of £. The
waveforms of the input voltage, input current, output voltage
and stack-up voltage are shown in Fig. 8. It may be of interest
to examine the conversion ratios of the individual converters
for different input voltage levels, in order to verify the analyt-
ical equations developed in Section II-B. Let d; and d be the
duty cycle of converter 1 and converter 2, respectively. Then,
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Fig.7. Control circuit for (a) regulating ¢ (crudely) and shaping input current

and (b) regulating U (tightly).

TABLE 1
EXPERIMENTAL MEASUREMENTS FOR AN INPUT-RECTIFIERLESS AC/DC
CONVERTER USING A FLYBACKCONVERTER AND A BOOST CONVERTER

Parameters Test 1 Test 2

Input voltage £ 121 V (peak) 121 V (peak)

Input current i;, 0.735 A (peak) | 0.637 A (peak)

Output voltage U 48V 48 V
Output current 07 A 05A
Flyback turn-ratio 1:1 3:1
Stack-up voltage & 140.83 V 19941V
Power input P, 45 W 385 W
Power output P, 336 W 24 W
Efficiency 759 % 62.3 %

(consistent with

higher &)

ky and ko, as defined previously, are k; = dy/n(1 — d;) and
ko = 1/(1 — dy), respectively, where n is the flyback trans-
former turn ratio. Table II shows the values of duty cycles and
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Fig. 8. Waveforms of input voltage, input current, output voltage and stack-up
voltage for the rectifierless ac/dc converter operating at 50 Hz line frequency. (a)
Test 1 conditions: stack-up voltage = 140 V; and (b) Test 2 condition: stack-up
voltage = 204 V. Trace 1: input voltage (100 V/div), Trace 2: input current (1
A/div), Trace 3: output voltage (50 V/div), Trace 4: stack-up voltage £ (100
V/div). Note that the apparent dc offset of the input current does not actually
exist and can be eliminated by “de-gaussing” the current probe.

TABLE 1I
MEASURED DUTY CYCLES AND VOLTAGE RATIOS FOR DIFFERENT INPUT
VOLTAGE LEVELS FOR AN INPUT-RECTIFIERLESS AC/DC CONVERTER USING A
FLYBACK CONVERTER AND A BOOST CONVERTER

input = —98V input = OV input = +86V

Test 1 | Test2 | Test1 | Test2 | Test 1 | Test 2
U 48V 48V 48V 48V 48V 48V
3 142V 204 V 140V | 202V 139V 198 V
dq 0.515 0.575 0.263 0424 | 0.190 | 0.349
do 0.657 0.757 0.657 0.757 | 0.653 0.757
k1 1.062 | 0.451 0.345 0.245 0.235 0.179
ko 2.915 4.115 2.915 4.115 2.881 4.115
kiks | 3.096 1.856 1.04 1.008 0.677 0.737
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Fig. 9. Waveforms of input voltage and input current at 400 Hz line frequency
showing total elimination of zero-crossing distortion, with input voltage = 85 V
(rms), stack-up voltage = 147 V, input power = 46.5 W, efficiency = 72.71%.
Trace 1: input voltage (50 V/div), Trace 2: input current (1 A/div).

TABLE 1III
CHOICE OF CONVERTERS

Condition Converter 1 Converter 2
E>U - step-up
E<U - step-up/down

U>¢+E step-up -
U<¢-F step-down -
E—E<U<¢+E | step-up/down -

voltage ratios for a few input voltage levels. Note that at the
zero crossing of the input voltage, i.e., e(t) = 0, the product of
the two conversion ratios is equal to one, as predicted in Sec-
tion II-B. Also, we observe that the efficiency of the converter
drops significantly when the stack-up voltage is large, consis-
tent with our earlier analysis of the power circulation problem.
Finally, to show that the proposed circuit indeed solves the
problem of zero-crossing distortion for high line frequencies as
reported in Sun [1], we raise the line frequency to 400 Hz and
examine the input current waveform. As shown in Fig. 9, the
input current is entirely free from zero-crossing distortion.

VII. CONCLUSION

Most conventional ac/dc converters contain an input rectifier
which provides a rectified full-wave input voltage for subse-
quent processing by one or more converters depending upon the
functional requirements [11], [12].

In this paper, we show that dc/dc converters can be used to
construct ac/dc converters without the need for input rectifiers.
The main purpose of this paper is to point out the basic construc-
tion procedure and topological possibilities of creating ac/dc
converters out of simple dc/dc converters. In particular, it has
been shown that
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¢ two dc/dc converters are sufficient;

e the two dc/dc converters should permit bi-directional
power flow;

e the two dc/dc converters should be separately controlled
to achieve output regulation and input current shaping;

* some power is being circulated between the two con-
verters.

Furthermore, some design constraints have been discussed,
emanating from the limitation of the conversion ratios that can
be achieved by particular types of converters. The idea has been
experimentally tested with a prototype circuit.

While the present work focuses on the basic synthesis
problem, the efficiency issue may be a practical concern.
Essentially, since circulating power always exists, loss becomes
inevitable and can be quite large if the stack-up dc voltage is
not properly controlled. Note that the loss is proprotional to the
ratio of the stack-up voltage to the peak input voltage. Thus,
as a simple rule, the stack-up voltage should be just above the
peak input voltage in order to maintain proper operation.

Finally, as a remark of potential applications, ac/dc converters
without input rectifiers are devoid of phase-lead effect and hence
can eliminate zero-crossing distortions in power-factor-correc-
tion applications. Also, the problem of zero-crossing distortions
is particularly serious when the mains frequency is high, as
in the case of aircraft power systems. Thus, ac/dc converters
without input rectifiers can be used to construct power-factor-
correction power supplies for airborne applications. Details of
an airborne application will be reported in a future paper.
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