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Abstract--- With the widespread use of non-linear loads,
such as variable speed drives (VSDs), power factor
improvement has become more difficult. The presence of
harmonic currents cause power capacitors to absorb them,
as capacitor impedance is inversely proportional to
frequency. The effects are overheating and increased
dielectric stress of power capacitors, which result in their
premature failure. These traditional approaches can also
interact with harmonics, leading to harmonic amplifications
at resonant frequency, which can damage the capacitors or
components of the system. A new integrated three-level
ac-dc converter is presented. The proposed converter
integrates the operation of the boost power factor
correction and the three-level dc-dc converter. The
converter is made to operate with two independent
controllers—an input controller that performs power factor
correction and regulates the dc bus and an output controller
that regulates the output voltage. The input controller
prevents the dc-bus voltage from becoming excessive while
still allowing a single-stage converter topology to be used.
The paper explains the operation of the new converter in
detail and discusses its features and a procedure for its
proper design.
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I.INTRODUCTION

I I IGHER power ac—dc converters are required to have

some sort of power factor correction (PFC) capability to
comply with harmonic standards such as IEC61000-3-2.
PFC methods can generally be divided into the following
three categories:

1) Passive PFC converters: They use passive elements
such as inductors and capacitors to filter low frequency
input current harmonics and make the input current more
sinusoidal. Although these converters are simple and
inexpensive, they are also heavy and bulky and are thus
used in a limited number of applications.

2) Two-stage converters: They consist of an ac—dc boost
preregulator converter that shapes the input current and an
isolated dc—dc full-bridge converter that converts the
preregulator output into the required dc voltage. Two-stage
converters, however, require two separate switch-mode
converters (each with its own controller), and thus, can be

© 2014 1JAIR. All Rights Reserved

expensive. Moreover, they have poor efficiency when
perating under light-load conditions as there are two
converter stages that are operating—each with its own set
of fixed losses—while a small amount of power is actually
transferred to the load. These fixed losses are dominant
under light-load operating conditions.

3) Single-stage converters: They can perform PFC/ac—
dc conversion and dc—dc conversion with just a single full-
bridge converter. There have been numerous publications
about single-stage PFC (SSPFC) converters particularly for
low-power ac—dc fly back and forward converters [1]-[8].
Research on the topic of higher power ac—dc single-stage
full-bridge converters, however, has proved to be more
challenging, and thus, there have been much fewer
publications [9]-[18]. Previously proposed single-stage ac—
dc full-bridge converters have the following drawbacks:

a) Some are current-fed converters with a boost
inductor  connected to the input of the full-bridge circuit.
Although they can achieve a near-unity input power factor,
they lack an energy-storage capacitor across the primary-
side dc bus, which can result in the appearance of high
voltage overshoots and ringing across the dc bus. It also
causes the output voltage to have a large low-frequency
120-Hz ripple that limits their applications [10].

b) Some are resonant converters [15], [16] that must be
controlled using varying switching-frequency control,
which makes it difficult to optimize their design (especially
theirmagnetic components) as they must be able to operate
over a wide range of switching frequency.

¢) Most are voltage-fed, single-stage, pulsewidth
modulation (PWM) converters with a large energystorage
capacitor connected across their primaryside dc bus. These
converters do not have the drawbacks of resonant and
current-fed SSPFC converters. They operate with fixed
switching frequency, and the bus capacitor prevents voltage
overshoots and ringing from appearing across the dc bus
and the 120-Hz ac component from appearing at the output.
Voltage-fed converters, however, have the following
drawbacks:

i) The primary-side dc-bus voltage of the converter may
become excessive under highinput- line and low-output-
load conditions [10]. This is because SSPFC converters are
implemented with just a single controller to control the
output voltage, and the dc-bus voltage left unregulated. The
high dc-bus voltage results in the need for higher voltage
rated devices and very large bulk capacitors for the dc bus.
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For example, the converter in [9] has a dc-bus voltage of
600 V.

ii) The input power factor of a single-stage voltage-fed
converter is not as high as that of current-fed converters.
For example, the converter proposed in [12] has an input
current that is neither continuous nor discontinuous, but is
“semicontinuous” with a considerable amount of distortion.
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Fig. 1. Various single-stage power factor correction
converters. (a) Boostbased current-fed ac-dc PWM
integrated full-bridge converter [3]. (b) SSPFC PWM full-
bridge converter [10].

iii) The converter is made to operatewith an

output inductor current that is discontinuous for

all operation conditions or some parts of operation

conditions [9], [11], [12], [18], to try to prevent

the dc-bus voltage from becoming excessive;

output inductor current and dc-bus voltage are

related, as shown in [11]. Doing so results in the

need for components that can handle high peak

currents and additional output filtering to remove
ripple.

Problems associated with single-stage converters;

excessive dc-bus voltages due to the lack of a dedicated
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controller to regulate these voltages, large output ripple,
distorted input currents, reduced efficiency (particularly for
lowinput line voltages due to a low dc-bus voltage
generally exist for two-level single-stage converters, such
as the ones shown in Fig. 1 and three-level converters [15],
[16], [19]-[22].

In the paper, a new single-stage ac—dc converter that
does not have the drawbacks of previously proposed single-
stage and two-stage converters is proposed. The paper
introduces the new converter, explains its basic operating
principles and its modes of operation, and discusses its
features and its design. The feasibility of the new converter
is confirmed with experimental results obtained from a
prototype converter.
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Fig. 2. Proposed single-stage three-level converter.

1. OPERATION OF THE PROPOSED CONVERTER

The proposed converter, which is shown in Fig. 2,
integrates an ac—dc boost PFC converter into a three-level
dc—dc converter. The ac—dc boost section consists of an
input diode bridge, boost inductor L;, , boost diode D,, ,
and switch S, , which is shared by the multilevel dc—dc
section. When S, is off, it means that no more energy can
be captured by the boost inductor. In this case, diode D,
prevents input current from flowing to the midpoint of
capacitors C; and C, and diode D,; conducts and helps to
transfer the energy stored in the boost inductor Lin to the
dcbus capacitor. Diode D, bypasses D,., and makes a path
for circulating current. Although there is only a single
converter, it is operated with two independent controllers.
One controller is used to perform PFC and regulate the
voltage across the primaryside dc-bus capacitors by
sending appropriate gating signals to S, . The other
controller is used to regulate the output voltage by sending
appropriate gating signalsto S; to S, .

It should be noted that the control of the input
section is decoupled from the control of the dc—dc section
and thus can be designed separately. The gating signal of
S, , however, is dependent on that of S, , which is the
output of the input controller; how this signal is generated
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is discussed in detail later in this paper. The gating signals
for S, and S; are easier to generate as both switches are
each ON for half a switching cycle, but are never ON at the
same time.

Typical converter waveforms are shown in Fig. 3, and
equivalent circuit diagrams that show the converter’s
modes of operation are shown in Fig. 4 with the diode
rectifier bridge output replaced by a rectified sinusoidal
source. it is assumed that the supply voltage is constant
within a switching cycle. It is also assumed that the input
current is discontinuous, although there is no reason why
the input current cannot be made to be continuous if this is
what is desired. The converter has the following modes of
operation:
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Fig. 3. Typical waveforms describing the modes of operation.

1) Mode 1 (t, <t st; ): During this mode,
switches S; and S, are ON and energy from
dc-bus capacitor C; is transferred to the output
load. In the output section, a positive voltage
of (Vpi /In) — V, (where n is the ratio of
primary to secondary transformer turns) is
impressed across Lo and the current through it
rises.

2) Mode 2 (t; =t st, ): In this mode, S; and S,
remain ON and Sa turns ON. The energy from
dc bus capacitor C; is

transferred to the output load. At the same
time, the diode bridge output voltage Vrec is
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impressed across input inductor Lin so that the
current flowing through this inductor rises.

3) Mode 3 (t, =t st; ): In this mode, S; and S,
remain ON and S5 turns ON. The energy from
dc-bus capacitor C1 is transferred to the
output load. At the same time, the diode
bridge output voltage Vrec is impressed
across input inductor L;, so that the current
flowing through this inductor rises voltage
Vrec is impressed across input inductor Lin
so that the current flowing through this
inductor rises.

4) Mode 4 (T; st <T, ): In this mode, S; and S,
are OFF and S, is ON. The current in the

primary of the transformer charges capacitor
C, through the body diode of S; and DX;.

5) Mode 5 (T, <t sTs ): In this mode, S; and S,
are ON. Energy flows from capacitor C,

flows into the load while the current flowing
through input inductor Lin continues to rise.

6) Mode 6 (Ts =t <Ty ): In this mode, S, turns
off. The current in input inductor flows
thorough the diode DX; to charge the
capacitors C; and C, . The current in the
transformer primary flows thorough the S;
and D2. This mode ends when the inductor
current reaches zero. Also during this mode,
the load inductor current freewheels in the
secondary of the transformer.

7) Mode 7 (Tg =t =T, ): In this mode, the load

inductor current freewheels in the secondary
of the transformer. This mode ends when the
switches S5 turns off.

8) Mode 8 (T, =t sTg ): In this mode, S5 is OFF
and the current in the primary of the
transformer charges capacitor C; through the

body diodes of S; and S, . Finally, converter
reenters Mode 1.

The simplified schematic of the power converter and the
respective controllers are shown in Fig. 5. The decoupling
of the input controller and output controller can occur
because the crossover frequencies of the two loops are very
different. The crossover frequency of the input controller,
which performs input power factor correction and converts
input ac into an intermediate dc-bus voltage (voltage across
the two primary-side dc-bus capacitors), is much lower
than that of the output controller, which converts the
intermediate dc-bus voltage into the desired output voltage.
Since the two crossover frequencies are far apart, it is
therefore possible to consider the design of one controller
to be separate from that of the other. Since the two
controllers are decoupled, the standard designs for an ac—dc
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Fig. 4. Equivalent circuits for each operation stage for the converter. (a) Mode 1 (tp < t < t1).(b)Mode 2 (t1 < t < t2).(c) Mode 3(t2 < t < t3). (d) Mode

4(f3 < f,g).(C)MOdCS(t_I <t< f;)(f)MOdC6(f;, <t t(;).(g)MOd€7(t(; <t< f';)(h) Modc8(i7 <t< [5)

© 2014 1JAIR. All Rights Reserved 175



International Journal of Advanced and Innovative Research (2278-7844) / # 176 / Volume 3 Issue 9

Fig. 5 shows a simple diagram of the controller scheme
that has two elements of control. One element is to control
dc—dc conversion of the dc-bus voltage to the desired
output voltage, and this can be done by controlling the
gating signals of S; to S, through controlling duty cycle of
D, . The other element is to control duty cycle of the switch
S, to regulate the dc-bus voltage and to perform input
power factor correction. This can be done by controlling D,
and then adding duty cycle of D2 to D, (where D; and
D,are defined in Fig. 3); thus S4 performs two tasks; one
part (D, ) participate to control output voltage and another
part (D, ) to regulate dc-bus voltage.

I1l. CONVERTER FEATURES

The proposed converter has the following features:

1) Reduced cost compared to two-stage converters:
Although the proposed converter may seem
expensive, the reality is that it can be cheaper than
a conventional two-stage converter. This is
because replacing a switch and its associated gate
drive circuitry with four diodes reduces cost
considerably even though the component count
seems to be increased—this is especially true if
the diodes are ordered in bulk numbers.

2) Better performance than a single-stage converter:
The proposed single-stage converter can operate
with a better input power factor for universal input
line applications than a single-controller, single-
stage because it does have a dedicated controller
for its input section that can perform PFC and
regulate the dc-bus voltage. The presence of a
second controller also allows the converter to
operate with better efficiency and with less output
ripple as each section of the converter can be
made to operate in an optimal manner.

3) Improved light-load efficiency: The proposed
converter can be designed so that it has a
conventional dc-bus voltage of 400 V. Since the
converter is a multilevel converter, a 400 V dc bus
means that each switch will be exposed to a
maximum voltage of 200 V. Having 200 V across
a MOSFET device instead of 400 V (as is the case
with two-level converters) results in a 75%
reduction in turnon losses when the converter is
operating under light-load conditions and there is
an insufficient amount to current available to
discharge the switch output capacitances before
the switches are turned on.

4) Increased design flexibility: Since the converter is
a multilevel converter, it can be operated with
high dc-bus voltage (800 V), standard dc-bus
voltage (400 V), or any dc-bus voltage 400 V <
Vpus < 800 V. There are advantages to operating
with high dc-bus voltage or with standard dcbus
voltage. The fact there is flexibility in the level
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that the dc-bus voltage is set means that there is
considerable flexibility in the design of the
converter. This gives the designer options as to
how to optimize the design of the converter for
other factors such as efficiency profile and cost
(i.e. cost of switches based on voltage rating
considerations and availability). It should be noted
that this design flexibility makes the design of the
three-level converter to be much simpler than that
of a single-stage two-level converter or that of a
single-controller three-level single-stage converter
as the dc-bus voltage can be fixed to a desired
level that is considered appropriate. determining
whether to use the proposed converter versus a
conventional two-stage converter, the main
tradeoff that needs to be considered is lower cost
and improved light-load efficiency versus heavy-
load efficiency.

IVV. CONVERTER DESIGN

A procedure for the design of the converter is
presented in this section and is demonstrated with an
example. The converter is to be designed with the
following parameters for the example:

1) input voltage: Vin = 90265 Vims ;

2) output voltage: Vo=48V,

3) maximum output power: Po= 1350 W

4) switching frequency: fsw=1/Tsw = 50 kHz;

5) input current harmonics: IEC1000-3-2 for Class D

electrical equipment.

A. Step 1: Determine Value for Output Inductor Lo

The output inductor should be designed so that the
output current is made to be continuous under most
operating conditions. The minimum value of Lo should be
the value of Lo with which the converter’s output current
will be continuous on the when the converter is operating
with maximum input voltage, minimum duty cycle (Dmin),
and at least 50% of maximum load. The minimum value of
Lo can, therefore, be determined to be

Vo2 1-Dm Tsw (1)
0.5 Poomax 2 2

LO,min =

Substituting Po,max = 1350 W, Vo =48 V, Tsw = 20 us, and
Dm = 0.45 gives Lomin 29.36 xH and the value of Lo should

be larger to provide some margin. It should be noted that
such a value is considerably higher than what is typically
found in most other single-stage full-bridge converters,
which must operate with very low output inductor values to
prevent the dc-bus voltage from becoming excessive. A
value of Lo = 10 uxH, which is just above 9.36 uH, is
chosen.
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Fig. 6. Typical Experimental results. (a) Top switch voltages V.1 and V, s2. (b) Bottom switch voltages V.3 and V4. (c) Primary voltage of the main
transformer. (d) Input current and voltage.
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B. Step 2: Determine Value for Turns Ratio of Main
Transformer N
The relation between V.5, D, V,and N is

Vbus

Vo = W D (2)
The minimum value of N can be found by considering the
case when the converter must operate with minimum input
line and, thus, minimum primary-side dc-bus voltage
Vbus,min and maximum duty cycle Dmax. If the converter
can produce the required output voltage and can operate
with continuous output currents in this case, then it can do
so for all cases

Vp mi
o 2 %-Dmax (3)

Vous = 650 V and it is achieved by controlling the Sa .
Substituting Vo = 48 and Dmax = 0.75, then the value of N
should be equal or more than 5. In this example, the value
of transformer ratio is considered to be equal to N = 5.

C. Step 3: Determine Value for Inductor Lin

The value for L;, should be low enough to ensure that
the input current is fully discontinuous under all operating
conditions, but not so low as to result in excessively high
peak current. For the case where L, is such that the input
current remains discontinuous for all operating conditions,
the minimum value of L;,, determine as

[(Vbus,min)]z*Dmax*(l_Dmax)z (4)

Lip, max <
2Po,ma.foW

where Dmax = 0.75, Vbusmin = 650 V, Pomax = 1.35 kW,
and fsw = 50 kHz. The minimum value of Lin = 114 uH is
found. For this design, Lin = 80 xH is used.

It should be noted that two controllers can be
designed taking into considerations that their crossover
frequencies should be wide apart on the s-plane. This is to
ensure that the two controllers do not interact with each
other. As mentioned earlier, one controller is used to
control dc-bus voltage and shape the input current and one
controller for control output voltage. The time constant for
PFC controller should be faster in compare to output
voltage controller.

V. EXPERIMENTAL RESULTS

A 48 Vdc, 50 kHz experimental prototype of the
proposed converter was built to confirm its feasibility. The
input voltage Vin = 90-265 Vims . The main switches (S1, S2
, and S3 ) were FDL10ON50 F and switch Ss4 was
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IXFH20N100P and the diodes were UF1006DICT. The
input inductance is Lin = 80 uH, Lo = 10 xH, and C1 and C2
= 2200 pF. The main transformer ratio was 5:1.
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Fig 7 . Experimental efficiency at different value of output power.
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Fig. 8. Input current harmonics at Vin = 100 Vrms, Po = 1.35 kW compared
to IEC1000-3-2 Class A standard.

Typical converter waveforms are shown in Fig. 6.
Fig. 6(a) shows typical gating voltage waveforms of the top
switches and Fig. 6(b) shows the typical gating voltage
waveforms of the bottom switches. Fig. 6(c) shows the
voltage across the primary side of the main transformer. It
can be seen that the proposed converter manages to impress
a standard square voltage waveform across the transformer
primary. Fig. 5(d) shows the input voltage and input
current after filtering; it can be seen that the input current
has no deadbands like those found in single-stage converter
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input currents, and thus, it has a near unity input power
factor.

BIEC 1000-3-2 OMeasured Value

Current (A)

L LR u
7 9 11 13
Harmonic Order

Fig. 9. Input current harmonics at Vin = 230 Vrms, Po = 1.35 kW compared
to the IEC1000-3-2 Class A standard.

Fig. 7 shows the experimental efficiency at different
value of output power. It should be noted that the dc-bus
voltage was regulated for 650 V for the experimental
results. Figs. 8 and 9 show the input current harmonic
when Vin = 100 and 230 Vrms respectively; it can be seen
from Figs. 8 and 9 that the converter can meet the
IEC1000-3-2 Class A standard for electrical equipment.

V1. CONCLUSION

A New PFC Rectifier for Air conditioner Applications
With the widespread use of non-linear loads, such as
variable speed drives (VSDs), power factor improvement
has become more difficult. The presence of harmonic
currents cause power capacitors to absorb them, as
capacitor impedance is inversely proportional to frequency.
The effects are overheating and increased dielectric stress
of power capacitors, which result in their premature failure.
These traditional approaches can also interact with
harmonics, leading to harmonic amplifications at resonant
frequency, which can damage the capacitors or components
of the system. A new integrated three-level ac-dc converter
is presented. The proposed converter integrates the
operation of the boost power factor correction and the
three-level dc—dc converter. The converter is made to
operate with two independent controllers—an input
controller that performs power factor correction and
regulates the dc bus and an output controller that regulates
the output voltage. The input controller prevents the dc-bus
voltage from becoming excessive while still allowing a
single-stage converter topology to be used. The paper
explains the operation of the new converter in detail and
discusses its features and a procedure for its proper design.
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Extension:

We can also connect a inverter and use this for BLDC
motor drive applications which are used in compressors of
Air conditioners. In base paper author discussed only DC-
DC converter, now we are converting the obtained DC to
AC and then fed to drives
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