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Abstract — The Integrated High-Quality
Rectifier-Regulators (IHQRRs) suffer from
relatively high stress on the internal-energy
storage capacitor and, consequently, on
primary-side semiconductors. As a result,
they are not practical in applications with the
universal input-voltage range. In this paper,
a variable-frequency control that reduces the
voltage stress and makes the THQRRs suit-
able for universal input-range applications is
described. Evaluation results of a 90 W, ex-
perimental BIBRED converter that uses the
proposed variable-frequency control are pre-
sented.

1 Introduction

Utility /dc interfaces that draw nearly sinusoidal cur-
rent from the utility lines have been extensively
used in high-power conversion systems for decades.
The use of these high-power-factor, low-harmonic-
distortion power processors has been primarily dic-
tated by the need to maximize the power that can be
extracted from the utility [1].

In applications with power levels substantially
lower than the maximum power available from the
utility outlet, a utility/dc interface has been used
rarely due to its cost. However, the imminent intro-
duction of power-quality standards that are expected
to limit the current harmonic content of power proces-
sors starting at power levels as low as several tens of
watts (e.g. IEC 555-2) has spurred significant research
and development efforts in the area of low-power, low-
cost, low-current-distortion converters.

The most commonly used approach in ac-de con-
version that meets high power-quality requirements
is the ”two-stage” approach [2]. In this approach, a
nion-isolated boost-like converter, which is controlled
so that the rectified line current follows the line volt-
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age, is used as the input stage that creates an inter-
mediate dc bus with a relatively large second har-
monic ripple. This power-factor-correction (PFC)
stage is then followed by a dc/dc converter which
provides isolation and high-bandwidth voltage regu-
lation. For high-power levels, the PFC stage is op-
erated in the continuous-conduction mode (CCM),
while the dicontinuous-conduction-mode (DCM) op-
eration is commonly used at lower power levels due to
a simpler control.

Although relatively simple, mature, and viable in
a wide power-range applications, the two-stage ap-
proach suffers from several drawbacks. First, due to
two-stage power processing, conversion efficiency is
reduced. Second, a separate PFC stage adds com-
ponents and complexity and, consequently, increases
the cost. The cost increase is especially undesirable
for low-power supplies used in consumer electronic
products such as, for example, personal computers,
low-end printers, home appliances, etc.

In an effort to reduce the component count and also
improve the performance, a number of ”single-stage”
PFC ac-dc converters have been introduced recently
[3] - [7]. In a single-stage approach, power-factor-
correction, isolation, and high-bandwidth control are
performed in a single step, i.e., without creating an in-
termediate dc bus. Generally, these converters use an
internal energy-storage capacitor to handle the differ-
ences between the varying instantaneous input power
and a constant output power. This storage capacitor
is connected to the output through switch(es) as op-
posed to the energy-storage capacitor in the conven-
tional PFC converters where it is connected directly
across the load.

Among the single-step approaches, the Integrated
High-Quality Rectifier-Regulator (THQRR) approach
described in [4] seems particularly attractive from
the cost point of view since it can be implemented
with only one switch and simple control. Generally,
the ITHQRR concept combines the DCM boost con-
verter with various de-de converters in a single stage.
Low input-current harmonic distortions are achieved
through the inherent property of the DCM boost con-
verter to draw a sinusoidal-like current if its duty cy-
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cle during a line period is held relatively constant. Al-
though the proposed family of the IHQRR has a num-
ber of members that imply high- and medium-power
applications (e.g., bridge-type IHQRRs) [4], this ap-
proach seems practical at lower power levels due to
the limitations imposed by the input characteristic of
the THQRRs which is the same as that of the DCM
boost converter.

The major drawback of the THQRRs is relatively
high voltage stress on the internal energy-storage ca-
pacitor and the primary-side semiconductors. As a
result, this approach in its originally proposed form is
not practical for applications with the universal input-
voltage range.

The objective of this paper is to introduce and de-
scribe a variable-frequency control technique for the
IHQRRs that reduces the voltage stress and, there-
fore, makes the IHQRR, approach practical for low-
power, universal input-voltage range power supplies.

2 Review of Operation and
Characteristics of BIFRED
and BIBRED

In this section, the basic operation principles and key
characteristics of the Boost Integrated with Flyback
Rectifier/Energy storage/Dc-de (BIFRED) and Boost
Integrated with Buck Rectifier/Energy storage/Dc-dc
converter (BIBRED) converters are reviewed [4].

2.1 BIFRED [4]

The circuit diagram of the BIFRED power stage along
with its key waveforms is shown in Fig. 1.

Although the BIFRED power stage has only one
switch, two conversion stages can be identified for
the purpose of analysis. In fact, input inductor Ly,
rectifier Dy, switch Si, and internal energy-storage
capacitor Cy form a DCM boost power stage, while
switch S, the transformer with magnetizing induc-
tance Lo, output rectifier Ds, and output-filter ca-
pacitor Cy make up a flyback power stage.

When S, is turned on, L; is energized by the recti-
fied input voltage and inductor current ¢;, increases.
At the same time, magnetizing inductance Ly is en-
ergized by Cs which during conduction of S; appears
in parallel with the primary of the transformer. As a
result, magnetizing current i,, also increases. Due to
a reverse bias, Do is off when S; is conducting.

When S; is turned off, energy stored in L, is being
transferred to C, while 7;, is decreasing toward zero.
During this period, D3 is conducting so that the en-
ergy stored in Lg is being transferred to the output.
As a result, magnetizing current i,, is also decreasing.

To achieve low harmonic distortions in #;,, L must
be operated in the DCM [4], i.e., current i;, must
reach zero before S; is turned on again. Generally,
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Fig. 1: BIFRED power stage: (a) circuit diagram;
(b) key waveforms [4].

Ly can be operated in either the DCM or the CCM.
However, to reduce the current stresses, it is more
desirable to operate Ly in the CCM [7].

The voltage conversion ratio of the BIFRED can be
estimated from the volt-second balance on inductors
Ly and L,, and input-output power balance. Assum-
ing that, at twice the line frequency, the ripple of the
energy-storage capacitor voltage V1 and output volt-
age Vo is small, i.e., assuming that V1 and Vp are
essentially dc voltages, the volt-second balance on L
and L (for the CCM operation) yields:

VinD = (Vo1 + nVo — Vin) D4, (1)

Vei
n
where V;,, is the amplitude of the line voltage, n is the
turns ratio of the transformer, D is the duty ratio of
switch S1, and D; is duty cycle that corresponds to
the time interval of the decreasing i;,.

D = Vo(1- D), @)
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From Eqgs. ( 1) - ( 2), the following voltage conver-
sion ratios can be obtained:

Vo1 + nV, D
Mpem = CIV_ O—1+51'; (3)
Ve D
=—=(1-D){14+ — 4
M= -a-n)(1+5), o
Vo 1D
Mcem = Ver i D’ (5)
Vo 1 D

M

=M Mcem = ;D

(+2). o

where Mpcoym and Meocopr are the effective voltage-
conversion ratios of the DCM boost and the CCM
flyback stages.

Ratio D/D; can be found from the input-output
power balance. Taking quasi-static approach and as-
suming ideal components (100% efficiency), it follows
that:

Vi D,y

<t > Vin = 216V0,

(M)
where < 4;; > is the average input current during
a switching cycle. Factor 2 on the right-hand side
accounts for the fact that in a PFC converter the
maximum instantaneous power that occurs at V;, is
twice the dc output power IpVp, if it Is assumed that
the input current faithfully follows the input voltage
(PF=1) [6].

Since the average input current from the z;, wave-
form in Fig. 1(b) is:

Vin
L

1 Vin

< iy >= DTsD + ——DTs D,
2 Ly

(8)

DN —

1

from Eqgs. ( 7) and ( 8) it follows that:

D -14+/1+2/K;
o ) (9)
D, 2
where: oL, oL, fol
1Js 1Jslo
{1 = = 1
1&1 anL n2VO ) ( 0)

and where fg is the switching frequency and Ry is
the load resistance.

2.2 BIBRED [4]

The circuit diagram of the BIBRED power stage along
with its key waveforms is shown in Fig. 2.

As in the BIFRED, when S; is turned on, L; is
energized by the rectified input voltage, and inductor
current %;, increases. At the same time, the output-
filter inductance Ly is energized by Cy which during
conduction of Sy appears in parallel with the primary
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Fig. 2: BIBRED power stage: (a) circuit diagram;
(b) key waveforms.

of the transformer. As a result, current iy also in-
creases. Due to a reverse bias, Dy 1s off when 57 is
conducting.

When S, is turned off, energy stored in L; is be-
ing transferred to Cy while i;, is decreasing toward
zero. During this period, Ds is conducting current
iy, which is also decreasing. During this interval, the
transformer core is being reset by the voltage across
capacitor Cy, whose average voltage is equal to V.

As in BIFRED, to achieve low harmonic distortions
in i;,, L; must be operated in the DCM [4], i.e., cur-
rent i;;, must reach zero before S is turned on again.
Generally, L, can be operated in either the DCM or
the CCM. However, to reduce the current stresses, it
is more desirable to operate Ly in the CCM [7].

The voltage-conversion ratio of the BIBRED is
identical to that of the BIFRED since Egs. ( 1) -
( 10) are the same for both converters. As a result,
the conditions for the DCM operation of L; and the
CCM operation of Ly in the BIFRED are the same

as the corresponding conditions for L; and Ls in the
BIFRED [7].
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Fig. 3. Voltage of bulk capacitor in BIFRED and
BIBRED as a function of the output current for differ-
ent line voltages. Power stage parameters are shown
in upper right corner.

2.3 Voltage Stress of Bulk Capacitor

In both the BIFRED and BIBRED, the internal, low-
frequency storage capacitor (bulk capacitor) simulta-
neously serves as the output-filter capacitor of the
DCM boost stage and input-voltage source for the
dc/dc converter operating in CCM. Since the output
voltage of the DCM boost stage is strongly dependent
on the load current (Egs. ( 3), ( 9), and ( 10)), and
since the voltage-conversion ratio of the CCM dc/dc

" converter is the same as that of the buck/boost con-
verter (Eq. (5)), the bulk capacitor voltage is a strong
function of the load current if the output voltage is
regulated. The dependence of the bulk capacitor volt-
age on the load current can be estimated from the
following equation:

Vin nZVO

Vo =
el Lifslo

1+4/14

(11)

- nVo,

which is derived by substituting Eq. ( 9) into Eq. ( 3).

Figure 3 shows a plot, generated using Eq. ( 11), of
the bulk-capacitor voltage as a function of the output
current for different line voltages.

As can be seen, the capacitor voltage increases as
the output current decreases and/or the line voltage
increases. For the universal input-voltage range (85-
270 Vrms), the capacitor voltage stress and, therefore,
switch voltage stress are extremely high at lighter
loads. For example, from Fig. 3, for V=270 V
and at 20% of full load (4A), the capacitor voltage is
approximately 900 V, while the switch voltage is 50
V (nVp = 10 % 5) higher. According to Eq. ( 11), the
voltage stress could be decreased by decreasing the
turns ratio of the transformer. However, to attain an
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Fig. 4: Switching frequency as function of output cur-
rent for different regulated voltages of bulk capacitor.
Circuit parameters are the same as in Fig. 3.

acceptable voltage stress at a relatively low minimum
load (e.g., 10% of the full load), a very small turns
ratio would be required, which would result in an un-
acceptable deterioration of the CCM dc/dc converter
efficiency and, consequently, of the overall efficiency.
Therefore, a more desirable method of limiting the
capacitor voltage is required.

3 Variable-Frequency Control

Since the gain of the CCM dc/dc stage of both the
BIFRED and BIBRED depends only on the duty cy-
cle (Eq. 5), and the gain of the DCM boost input
stage depends on the frequency but not on the duty
cycle (Eq. ( 3), it is possible to regulate the bulk-
capacitor voltage (without affecting the output) by a
variable-frequency (VF) control [8], [7], [6]. Figure
4 shows the switching frequency as a function of the
load current for a VF control of the circuit with char-
acteristics shown in Fig. 3. The curves in Fig. 4
were obtained by solving Eq. ( 11) for the switch-
ing frequency as a function df the output current and
input voltage.

As can be seen from Fig. 4, the frequency range
required to regulate the capacitor voltage is strongly
dependent on the desired regulation voltage. For ex-
ample, if the capacitor voltage is regulated at 700 V,
then the required frequency range for full load down
to 10% of full load extends from 50 kHz to 200 kHz.
In fact, in this case, the voltage regulation is active
only for loads below 8 A since for higher load cur-
rents the voltage of bulk capacitor is below 700 V.
However, if the voltage were to be regulated in the
450-500 V range, the maximum frequency would be
well in excess of 500 kHz. Since neither the BIFRED
nor the BIBRED handles circuit parasitics (mainly



leakage inductance of the transformer) well, the im-
plementation of the circuit at such high frequencies
would be extremely complex and inefficient. There-
fore, there is a strong trade-off between the voltage
stress on the bulk capacitor and the frequency range
of the control. In fact, while it is desirable to limit
the capacitor voltage to a lower value because of a
lower stress, the mihimum voltage of the capacitor
is limited by the desired harmonic distortions in the
input current [9], [4], [6], [7]. Namely, the sum of
the capacitor voltage and the reflected output volt-
age to the primary represents the output voltage of
the DCM boost input stage. Input-current harmonic
distortions and power-factor are strongly dependent
on the difference between the output voltage and the
input voltage of the DCM stage. The distortions in-
crease as this difference decreases [9], [6], [7]. In fact,
it was found that an acceptable level of harmonic dis-
tortions is obtained if the output voltage is kept 25%
higher than the peak line voltage [8]. Therefore, for
the converter with characteristics shown in Figs. 3
and 4, the minimum capacitor voltage at high line
(1.41 %270 = 380 V) is in the 450 V range (450 V +
reflected output voltage 10 %5 V = 500 V).

Since a tight regulation of the capacitor voltage re-
quires an unacceptably wide frequency range, it is
necessary to make a trade-off between the frequency
range and the voltage regulation range. For example,
from Fig. 4, if the capacitor voltage at V™*=270 V
is loosely regulated so that it is allowed to change from
500 V at full load (20 A) to 600 V at 10% of full load (2
A), then the required maximum frequency is 300 kHz.
Moreover, if the voltage were allowed to increase up
to 700 V, the maximum frequency would be 200 kHz.
Implementation of a VF control with a wide regula-
tion range requires low-gain, low-bandwidth control
loop.

Finally, it should be noted that in the above consid-
erations it was assumed that the output dc/dc stage
was always operating in the CCM. However, if at light
loads the dc/dc converter enters the DCM, the capac-
itor voltage dependence on the load current is much
less dramatic since the gain of the dc/dc stage operat-
ing in the DCM is higher than that in the CCM. Also,
in practical circuits, the frequency range is signifi-
cantly smaller than the theoretically calculated one
because of the power loss (i.e. efficiency much lower

than 100%).

4 Experimental Results

To verify the proposed control, an experimental, 90W
BIBRED THQRR with the following specifications
was designed:
Vil?=85-270 V. Vp=b Vde
Ip=1.8-18 Ade  fm"=50 kHz
The circuit diagram of the power stage is shown in
Fig. 5. It was built with the following components:
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Fig. 5: Circuit diagram of experimental 90 W
BIBRED power stage.

S1 - IRFPES0, Dy, Ds1, Dsy - PH BYR34, D, -
IR 30CPQ150, C; - 330 uF/450V X 2 in series, C — 2
- 200 pF, C3 - 47 uF, Cs - 0.4 uF, Cp - 1 nF, L,
- 170 pH (TDK PC40, 22 turns of AWG #22), L, -
23 pH (Micrometals T106-26, 15 turns of 3 strands
of AWG #19), Ls - 25 uH (MPP 55353-A2, 27 turns
of AWG #23), TR (TDK PC40, primary 50 turns of
AWG #26, secondary 5 turns of 3-mil copper foil, L,,
= 1.35 mH), and Rp=100 Q.

To control the voltage spike across the switch
caused by the energy stored in the leakage inductance,
the lossless snubber consisting of Cs, Lg, Ds;, and
Dgs was used.

The VF control of the bulk-capacitor voltage was
implemented using the approach shown in Fig. 6
[10]. In this approach, the frequency change is ob-
tained by varying the effective timing resistance of a
standard PWM chip as a function of the difference
between the bulk capacitor and reference voltage. In
fact, transistor Q along with resistor Rp act as a
voltage-controlled current source that charges timing
capacitance Cp. Resistor Ry sets the minimum fre-
quency. The reference voltage determines the starting
regulation voltage. For voltages below this level, tran-
sistor Q is off, and the converter runs at a constant
frequency determined by Rp and Cr. The voltage
regulation range is set by the gain of the error ampli-

Vc1

PWM
CONT.
UC 3825

Q -2N3947

Fig. 6: Circuit diagram of variable-frequency control
implementation.
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Fig. 7: Measured voltage of bulk capacitor as function
of load current for VF control that starts at 500 V.

fier, while C is used to limit the bandwidth. The com-
ponent values used to implement the VF controller are
shown in Fig. 6.

Figure 7 shows the superimposed plots of the mea-
sured bulk-capacitor voltage as a function of the load
current for a VF control and the theoretically calcu-
lated values that correspond to the parameters of the
experimental circuit (Fig. 3). As can be seen from
Fig. 7, the VF control starts regulating the capaci-
tor voltage when it reaches approximately 500 V. The
maximum capacitor voltage that occurs at high line
(Virms=270 V) and minimum load (Ip=1.8 A) is lim-
ited to around 600 V, which is twice as low as without
VF control. At this operating point, the converter op-
erates with the maximum switching frequency of 122
kHz.

Figure 8 shows the measured capacitor voltage
when the starting regulation voltage is decreased to
400 V. In this case, the maximum capacitor voltage
is limited to 550 V at the switching frequency of 150
kHz. Although this control results in lower voltage
stress on the capacitor and switch, it does not make
any difference in the selection of the voltage ratings
of these components. Both implementations require
a 800 V switch and a 700 to 800 V rated capacitor,
which is usually implemented by a series connection
of lower voltage rated capacitors. To be able to se-
lect these components with a lower rating, e.g., 600
V switch, it would require a VF control with an im-
practically wide range.

The measured efficiencies of the power stage as
functions of the line voltage at full load (Ip=18 A)
for the above discussed VF control implementations
are shown in Fig. 9.

Since in both implementations, for line voltages ap-
proximately below 180 Vrms, the converter at full
load operates at a constant frequency (50 kHz), the
efficiency of the converter is independent of the VF-
control implementation. In fact, the small differences
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Fig. 8: Measured voltage of bulk capacitor as function
of load current for VF control that starts at 400 V.

in the measured efficiencies seen in Fig. 9 are the re-
sult of measurement inaccuracies. However, for volt-
ages greater than 180 Vrms, the efficiencies of the
VF implementations with the regulation threshold of
400 V becomes lower than that of the implementa-
tion with the 500 V threshold. The difference in-
creases as the line voltage increases, and is more than
2% at V;;™*=270 V. The difference is the result of
higher frequency-dependent losses in the 400 V reg-
ulation threshold VF implementation. Generally, the
efficiency is relatively poor compared to the two-stage
approach which, for this application, can yield overall
efficiencies in the seventy-percent range.

Finally, the measured line current distortions for
both implementations are within the limits of the IEC
555-2 specifications [11]. For the 500 V regulation
threshold application, the measured total harmonic
distortions are 18%, while for the 400 V regulation
threshold implementation the THD is approximately

64
=
/’4//\ 66 kHz
62 7 \\
/ 89 kHz
60
EFF [%]
58
8 o kH
r4 N
10=18 A
” |
50 100 150 200 250 300

Vin [Vrms]

Fig. 9: Measured efficiencies as functions of line volt-
age at full load. Squares correspond to VF control
with 500 V threshold (Fig. 7).
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21%. Figure 10 shows the oscillogram of the line
current and voltage at V;7™*=270 V and Ip=18 A.

Fig. 10: Oscillogram of line current and line voltage
at Vii"*=270 V and Ip=18 A. Scales: 200 V/div; 1
A/div; 5 ps/div.

5 Summary

Due to high voltage stress on the internal energy-
storage capacitor and switch, the Integrated High-
Quality Rectifier-Regulators (IHQRR) are not suit-
able for applications with the universal line-voltage
range (85 - 270 Vrms). By applying a variable-
frequency (VF) control, voltage stress can be reduced
so that ITHQRRs can be used in universal line-voltage-
range applications. In this paper, design trade-offs for
the VF control are discussed and verified on an exper-
imental, 90 W BIBRED converter.

Acknowledgement

The authors wish to thank Mr. David Crow of Delta
Power Electronics Lab., Inc. for his help in collecting
the experimental data.

References

(1] M.F. Schlecht, B.A. Miwa, ” Active power factor
correction for switching power supplies,” IEEE

Trans. Power Electronics, vol. 2, no. 4, pp. 273-
281, Oct. 1987.

(2] L.H. Dixon, Jr., ”High power factor preregulators
for off-line power supplies,” Unitrode Switching
Regulated Power Supply Design Seminar Manual,
Paper 12, SEM-700, 1990.

[3] I. Takahashi, R.Y. Igarashi, ” A switching power
supply of 99% power factor by the Dither rec-
tifier,” IEEE International Telecommunication

" Lnergy Conf. (INTELEC) Proc., pp. 714-719,
Sept. 1991,

[4] M. Madigan, R. Erickson, E. Ismail, "Integrated
high-quality rectifier-regulators,” IEEE Power
Electronics Specialists Conf. (PESC) Record, pp.
1043 - 1051, June 1992.

[5] Y. Jiang, F.C. Lee, G. Hua, W. Tang, ”A novel
single-phase power factor correction scheme,”
IEEE Applied Power Electronics Conf. (APEC)
Proc., pp. 287 - 292, M‘ar. 1993.

[6] L.D. Stevanovié, S. Cuk,. "Input current shap-
ing and regulation of multiple outputs in a single
isolated converter,” IEEE International Telecom-
munication Energy Conf. (INTELEC) Proc., pp.
326 - 333, Sept. 1993.

[7] M. Brkovié, S. Cuk, ” Automatic current shaper
with fast output regulation and soft switching,”
IEEE International Telecommunication Energy
Conf. (INTELEC) Proc., pp. 379 - 386, Sept.
1993.

[8] D.M.C. Tsang, ”Improvements in integrated
high-quality rectifiers-regulators,” M.S. Thesis,
Department of Electrical Engineering, Virginia
Polytechnic Institute & State University, Blacks-
burg, VA, Mar. 1993.

[9] K.H. Liu, Y.L. Lin, ”Current waveform distor-
tion in power factor correction circuits employ-
ing discontinuous-mode boost converters,” IEEE
Power FElectronics Specialists Conf. (PESC)
Record, pp. 825 - 829, June 1989.

(10] D.C. Hopkins, M.M. Jovanovi¢, F.C. Lee,
F.W. Stephenson, "Hybridized off-line 2-MHz
zero-current-switched quasi-resonant converter,”
IEEE Trans. Power Electronics, vol. 4, no. 1, pp.
147 - 154, Jan. 1989.

[11] R. Martin, ”Harmonic distortions and IEC 555-
2,7 Compliance Engineering, pp. 33 - 39, Fall
1991.

575



