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Abstract:

Three-level PWM dc—dc converters convert high dc
voltage (>500 V) generally at the output of a three-
phase ac-dc PWM rectifier in ac—dc converters to an
isolated dc output voltage which can be used to power
data center loads. Strict efficiency requirements at
loads from 20% to 50% of full load of ac—dc
converters for telecom applications have been
introduced by energy star enforcing industries to
improve efficiency of the dc—dc converter in an ac—dc
converter powering data-center loads at those loads.
High-efficiency requirements at low and mid loads in
high switching frequency PWM dc—dc three-level
converters implemented with MOSFETs can be
achieved by reducing switching losses through
optimized load adaptive ZVS for the entire load range.
In this paper, a simple yet novel load adaptive ZVS
auxiliary circuit for three-level converter is proposed
for so that the resulting three-phase ac—dc converter
can meet energy star platinum efficiency standard.

INTRODUCTION:

Three-level dc—dc converters are used for dc—dc
conversion with galvanic isolation when the input
voltage is typically higher than 500 V dc. Fig. 1 shows
a three level dc—dc converter. The key advantage of
this topology compared to the conventional dc—dc full-
bridge converter in high voltage applications is that the
input dc voltage is split equally so that the peak
voltage stress of the semiconductor devices and the dc
bus capacitors are reduced to half of the input dc
voltage.
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Although there exists quite a few three-phase ac-todc
rectifiers with input power factor correction (PFC)
[11], the PWM three-phase boost-type rectifier shown
in Fig. 2(a) is one of the simplest and cheapest three-
phase active rectifier which is often used in industrial
converters for three-phase ac-to-dc power conversion
with input PFC. In order to reduce overall energy
consumption by data centers and telecom loads, U.S.
Environmental Protection Agency (EPA), Energy Star
and Climate Savers Computing initiative documents,
[271-[30] have set up strict efficiency requirements for
converters used in telecom and IT systems and other
plug loads powered by the utility mains. According to
such regulatory agencies ac—dc converters for plug
load applications should have high-efficiency values at
loads ranging from 20% to 50% of full load to fulfill
the strict requirements of Energy Star “Platinum
Efficiency Standards.”

The corresponding efficiency curve of an ac-dc
converter meeting Platinum Efficiency standard is
shown in Fig. 2(b). It should also be noted that
presently lightload and mid-load efficiencies of such
ac—dc converters are of utmost importance compared
to the full load efficiency since such converters always
operate in parallel with similar converters along with
load cycling so that during their operating cycle these
converters mostly operate from 20% to 60% of full
load. It is this typical load profile of most frequent
operation of the converter that has enforced agency
standards like Energy Star to develop such strict
efficiency requirements at low and mid loads of a
converter.
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Full range soft switching from no load to full load is
also important for reducing overall EMI of the
converter leading to size and weight reduction of the
EMI filter components which constitute to the
converter weight and volume. Three-level dc—dc
converters can be classified into following categories
according to the soft switching techniques that they
use.

Exciting concept:

A. ZCS and ZCZVS PWM Three-Level DC-DC
Converter

B. Resonant Three-Level DC-DC Converter.

C. Conventional PWM Three-Level DC-DC
Converter With Natural ZVS

D. ZVS PWM DC-DC Three-Level Converters With
Entire Load Range ZVS Capability

Proposed concept:

Proposed 2ZVS PWM DC-DC Three-Level
Converters With Load Adaptive ZVS.

In order to overcome the issues associated with load
adaptive ZVS in three-level PWM dc—dc converters, a
new three-level converter topology is proposed in this
paper, as shown in Fig. 3. A simple load adaptive ZVS
auxiliary circuit consisting of auxiliary inductors Lal
and La2 , dc bus-splitting capacitors Cbl , Cb2 , and
flying capacitors Cb3 and Ch4 , which are also
involved in the voltage balancing mechanism along
with clamping diodes Dc1 and Dc2 is shown in Fig. 3.
A dc blocking capacitor Cblk is necessary to block any
dc voltage in the transformer primary winding. The
auxiliary windings Lal and La2 are magnetically
coupled with an effective turns ratio of 1:1 and
inductance of LC are the key components of the
auxiliary circuit.

Operation principle:

To emphasize the importance of the proposed
converter for meeting Energy Star Platinum efficiency
standards discussed earlier, experimental efficiency
results of the proposed converter cascaded with a
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front-end three phase PWM ac—dc rectifier, those of
the converter in [2] when cascaded with the same ac—
dc three-phase converter are presented and compared.
4) Section V presents a comparative study of proposed
converter with the conventional PWM three-level dc—
dc converter and other extended range three-level
PWM converters in [2] and [5]. This section is useful
to a practicing engineer to realize the advantages and
disadvantages of different three-level PWM dc—dc
converters before choosing a certain topology for their
application. The modes of operation of the PWM
three-level dc—dc converter with the proposed load
adaptive ZVS auxiliary circuit are described in this
section. Fig. 4 shows the current flow during each
mode while Fig. 5 shows the ideal waveforms of the
key components of the converter. The converter is
controlled by the well-known phase-shift control
method, which means that duty ratio of each switch is
0.5 with some dead time; the gating pulses of switches
S2 and S3 are complimentary, while those of S1 and
S4 are complimentary with a certain phase shift
between the gating pulses of S2 and S3 , respectively.
It is this phase shift that defines the duty ratio of the
transformer primary voltage Vab and in turn, controls
the output voltage. The clamping diodes D—cl and
D—c2 are provided to equalize the voltage across the
semiconductor devices and to clamp the voltage Vab
to zero whenever necessary.

MODES OF OPERATION:
Mode 1 (t0 —t1):

An energy transfer mode. Switches S1 and S2 are
conducting and energy is transferred from the upper dc
bus capacitor Cbl . The transformer primary voltage
Vab is equal to VDC /2. Voltage Vac across La2 is
+VDC /4 so that the net voltage across the coupled
inductor LC during this mode is zero so the current in
it remains constant. Also during this mode, a net
positive voltage of (VDC /2-VoN) is incident across
the combination of leakage inductance LIk and the
reflected output inductor to the primary side so that the
current in them starts increasing.
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The key equation in this mode is
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Mode-1 (to-t1)
(a)

Mode 2 (t1 -t2):

At time t1 , which is also the duty ratio of the
converter DTSw /2 , switch S1 is turned OFF. The sum
of currents in the auxiliary winding La2 and the
current in the combined inductance of the leakage
inductor and the reflected output inductor to the
primary side charges and discharges the output
capacitances of the switches S1 and S4 , respectively.
There is no change in the voltage or current waveform
of the auxiliary inductors in this mode. Assuming that
the values of the output inductor and the auxiliary
inductor are large enough compared to the leakage
inductor so that their currents can be considered to be
constant during this mode, the key differential
equations  describing the switching transitions
occurring in this mode are

dvﬁ'l _ ?;ﬂ,ux (tl ) + ?I'Lu (tl )JLM

Cos—g = 2
C dvsy — Vbe _ Lanx (tl) + “LU(?‘IJJ”AT]
DS =t 2 2 '
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This mode ends with the voltage across S1 rising to
VDC /2. During modes 1 and 2, current in Lal is
negative and current in La2 is positive.

L4 —==Csf

— -

"

Mode-2 (t1-12)
Mode 3 (t2 -t3):

This is a freewheeling mode with no energy being
transferred to the output through the transformer,
whose primary remains shorted in this mode. The
clamping diode Dcl starts to conduct and clamps the
voltage of S1 at VDC /2 while the voltage across S4 is
zero. During this mode, there is a change in the voltage
waveform of the coupled inductor Lal so that a net
positive voltage of +VDC /4 is incident across Lal and
a negative voltage of -VDC /4 reflected from Lal is
incident across La2. In this mode, current in Lal
begins to ramp up while that in La2 starts to ramp
down; the output current flows through diode Dol . At
the end of this mode, the inductor currents reverse
their polarities at time t3.
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Mode-3 (tz-t3)
Mode 4 (t3 -t4):

At t3 , the currents in the coupled inductor reverse
their polarities and continue to slew at the same rate as
given in mode 3. The current in switch S4 also
reverses in this mode and flows through the bulk
device. The transformer primary voltage Vab still
remains clamped to zero. Switch S2 is turned OFF at
the end of this mode. It should be noted that the
combined duration of modes 3 and 4 signify the zero
state of the transformer primary voltage over half a
switching cycle. The key equation for the transformer
primary current during modes 3 and 4 is given by

NV,

— i 2 t<ty).
T+ N7T,) o (2 <t<ty)

%iuﬂ(f —ta) =—
The duration of the combined modes 3 and 4 signify
the zero state of the transformer primary voltage over
half a switching cycle and is given by

Tsw
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Mode-4 (ta-t4)

Mode 5 (t4 —t5):

At t4 , switch S2 is turned OFF. During this mode, the
transformer leakage inductance is disconnected from
the reflected output inductance and both output diodes
Dol and Do2 at the transformer secondary begin to
conduct. The output inductor current freewheels
through both output rectifiers and a negative voltage of
-Vo is incident across the output inductor.The current
in the auxiliary inductor La2 , along with the energy
stored in the leakage inductor, charges and discharges
the output capacitance of switches S2 and S3 ,
respectively, to and from a voltage of VDC /2. At the
end of this mode at t5 , the output capacitors of S2 and
S3 are charged to VDC /2 and discharged to zero,
respectively, so that the body diode of S3 conducts.
The transformer primary voltage also rises from zero
to VDC /2 during this mode.
dige _ swa(t—ts)

=" = fi It t <1
o T or (lty <t <ts5)

dﬂswg(t—t4) _ 1
dt - 2Chs

+ daux (ta)] for (ty <t <i5) |

[l (t —t4)
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dt _20135
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July 2016

Page 334



ISSN No: 2348-4845

Technology, Management and Research

A Peer Reviewed Open Access International Journal

At the end of this mode, clamping diode Dcil stops
conducting.
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Mode-5 (t4-ts)
Mode 6 (t5 -6 ):

This mode is similar to mode 5 except that the body
diode of S3 starts conducting so that S3 can be turned
ON with ZVS. This mode ends with the transformer
primary reducing to zero and undergoing phase
reversal at time t6 . From this mode onward, till the
turn-off of S4 , the transformer primary voltage
remains clamped to —~VVDC /2. During mode 6, current
in S4 can flow either through the bulk device or
through its body diode depending on the magnitude of
the currents in the transformer primary and the
currents in the coupled inductor.

Mode-6 (ts-t6)
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Mode 7 (t6 —t7):

At t6 , the transformer primary current starts reversing
its phase and increases in a reverse direction until the
magnitude of the current in the leakage inductor equals
the current in the output inductor reflected at the
transformer primary side at time t7 , during steady-
state operation of the converter. At time t7 , another
energy transfer mode begins and output diode Do2
conducts the transformer secondary current and S3 and
S4 are conducting the transformer primary current.
The equation describing the current in the leakage
inductor during this mode is given by

ng(t—tﬁ]z——(t—tﬁ) for (tﬁ <t<t7]

It should be noted that duration of this mode signifies
lost duty ratio of the converter. So it is imperative to
reduce the duration of this mode and the most effective
way to do so is to reduce the leakage inductor.
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Fig. waveforms at steady-state operation.
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The following can be concluded from the above
discussion on the modes of operation:

1) It is this current given by (9), available from the
couple inductor which is responsible for assisting ZVS
of the bridge devices during modes 2 and 5. The
current given by (10) is extremely significant in the
sense that it signifies the peak ramp current magnitude
in the coupled inductor and it is now a function of the
duty ratio of the converter. The growth of ramp current
in the auxiliary inductors depends on the duration of
the nonenergy transfer modes or the freewheeling
modes, i.e., modes 3 to 5 which is approximately (1-
D)Tsw /2. The ramp current magnitude will be greater
at lower loads when modes 3 to 5 are longer because
of the smaller duty ratio of the converter, while the
same ramp will have less opportunity to slew at higher
loads when the duration of modes 3 to 5 are shorter.
The assistance from the auxiliary circuit is most
needed in terms of the ramp current during switching
intervals at low loads when there is not enough energy
in the leakage inductance to discharge switch
capacitors, while the same assistance from the
auxiliary circuit needs to be minimized as load
increases since the energy in the leakage inductance
increases as well leading to natural ZVS at higher
loads. This feature is achieved by the proposed
coupled inductor auxiliary circuit, which is simple,
unique, and novel.

2) ZVS at no load is easily achieved since the ramp
current magnitude is at its maximum at no load and
can provide the sufficient amount of inductive current
for discharging switch capacitances.

3) The component count of the converter is reduced
and better component packaging can be achieved by
having a coupled inductor auxiliary circuit instead of
separate auxiliary inductors wound on separate cores.

ANALYSIS:

The analysis is based on an example specification as
follows:

1) Input dc voltage: VDC =800 V;

Volume No: 3 (2016), Issue No: 7 (July)

www.ijmetmr.com

2) Switching frequency: fSw = 200 kHz;

3) Output voltage: Vo =12V,

4) Output power Po varies from 0 to 2.5 kW;
5) Transformer turns ratio : 24:1;

6) Output inductor : 1 uH.

SOFTWARE TOOLS:

» Simulink
e It is a commercial tool for modeling,
simulating and analyzing multi

domain dynamic systems.

e Its primary interface is agraphical block
diagramming tool and a customizable set of
block libraries.

e Simulink is widely used in control
theory and digital signal processing for multi
domain simulation and Model based design.

» APPLICATIONS
1.Technical computing
2.Engineering and sciences applications
Electrical Engineering
e DSPand DIP
e  Automation
e Communication purpose
e Aeronautical
e Pharmaceutical
e Financial services.

Other Features

e 2-D and 3-D graphics functions for visualizing
data

e Tools for building custom graphical user
interfaces

e Functions for integrating MATLAB based
algorithms with external applications and
languages, such as C, C++, Fortran, Java,
COM, and Microsoft Excel.
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ADVANTAGES:

e Strict efficiency requirements at loads from
20% to 50% of full load of ac—dc converters
for telecom applications.

e Introduced by energy star enforcing industries
to improve efficiency of the dc—dc converter in
an ac—dc converter powering data-center loads
at those loads.

APPLICATION:

e Advantage of this project is compared to the
conventional dc—dc full-bridge converter in
highvoltage applications is that the input dc
voltage is split equally.

e So that the peak voltage stress of the semi-
conductor devices and the dc bus capacitors
are reduced to half of the input dc voltage.

e High-efficiency requirements at low and mid
loads in high switching frequency PWM dc—dc
three-level converters implemented with
MOSFETS can be achieved

e By reducing switching losses through
optimized load adaptive ZVS for the entire
load range.

SIMULINK RESULTS AND OUTPUTS:
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Fig:Output waveforms
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V1. CONCLUSION:

Presently strict efficiency standards have been setup to
reduce overall energy consumed by loads powered by
the utility mains in data centers. In such applications,
the power converters mostly operate between 20% of
full load and 60% of ful lload, so higher efficiencies
need to be achieved at these low and mid-range loads.
To increase efficiency at such load range, load
adaptive ZVS must be ensured for whole load range
from noload to full-load operation of the dc—dc
converter of an ac—dc converter. In this paper, a novel
yet simple auxiliary ZVS circuit for three-level dc—dc
converters is proposed using a uniquely coupled
inductor strategically placed in a PWM three-level dc—
dc converter. The simple auxiliary circuit gives rise to
a load adaptive ZVS. The operation of the proposed
converter operation has been extensively discussed,
analyzed, and validated by experimental results
obtained from a laboratory prototype. The load
adaptive approach helps the overall three-phase ac—dc
converter which is a cascaded configuration of front-
end three phase boost PWM converter and the
proposed PWM three-level dc—dc isolated converter to
conform to Energy Star Platinum Efficiency standard.
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