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1 INTRODUCTION

1.1 Galvanically Isolated Quasi-Z-Source DC-DC Converter — a
New Topology for Renewable Energy Applications

Galvanically isolated impedance-source (IS) DC-DC converter technology is
an emerging trend of electric energy conversion alternative to voltage-source
and current-source technologies. A galvanically isolated quasi-Z-source DC-DC
converter (qQZSC) was the first member of this family of converters. It was
introduced in [1] as a new type of power conditioning system for renewable and
alternative energy sources. The new topology is based on a conventional
voltage-source (VS) full-bridge (FB) galvanically isolated DC-DC converter
[4]; it contains a passive impedance network — a quasi-Z-source network
(qZSN) at the input (Figure 1.1). The qZSN consists of two capacitors, two
inductors, and one diode, all of which are connected in a specific configuration.
The gZSN is an improved derivative of a baseline Z-source network [5] with
another position of the input voltage source, as shown in [PAPER-VII]. The
qZSC suits well for renewable energy applications thanks to continuous input
current ensured by the input inductor L,z;. Improved position of input voltage
source connection to the qZSN results in limited inrush current, since there is no
current path at start-up, which is present in Z-source derived topologies.
Moreover, qZSC is capable of converterless integration of short-term energy
storages (batteries) [6], bidirectional operation capability [7], and inherent
short-circuit protection.

|
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Figure 1.1 Generalized topology of the qZSC.

General operation principle of the ¢ZSC

The qZSC is advantageous in applications with wide input voltage
regulation. It keeps the DC-link voltage (Vpc) constant despite input voltage
variations. The qZSC ensures volt-second balance and constant flux swing of
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the isolation transformer if the DC-link voltage is stabilized using the PWM
control with constant active state duty cycle [8]. The qZSC operates either in the
boost or in the normal mode depending on the input voltage. The converter is
usually designed to operate in the normal mode at maximum input voltage,
which equals the desired DC-link voltage. The converter switches to the boost
(shoot-through) mode when the input voltage decreases. The shoot-through (ST)
states are used to step up the voltage across the FB inverter (Vpc in Figure 1.1),
like in the current-source converter (CSC) [5]. During ST states, at least one leg
of the primary inverter is conducting, which leads to an increase in the magnetic
energy stored in the DC side inductors L,z; and L,z2. At that time, the DC
capacitors C,z; and C,z; are protected from short-circuiting by the diode D,z.
The higher energy stored in inductors results in the voltage step-up seen on the
transformer terminals during the active states of the inverter. Therefore, the
gqZSN allows short- or open-circuit states without any damage of the converter.

In the normal mode, when the input voltage reaches the predefined DC-link
voltage level, the qZSC operates without ST states. Its operation is quite similar
to the conventional voltage-source converter (VSC), where the capacitor Cyz;
handles the whole DC-link voltage. Therefore, the qZSC features key properties
of the VSC and the CSC, and thus withstands short- or open-circuit states of the
main inverter without any damage.

General operating waveforms and main switching states of the qZSC are
shown in Figure 1.2. The shoot-through states generated by simultaneous turn-
ON of all inverter switches are advantageous due to the reduced current stress
of the switches. The shoot-through state duration is evenly split into two time
intervals. The switching period of the qZSC combines the shoot-through and
active states and could be simply represented as:

T=t,+tg, (1.1)
where ¢4 is the cumulative duration of active states over the switching period,
tsr is the cumulative duration of the shoot-through states over the switching
period, and 7 is the switching period.
The peak DC-link voltage value across the inverter bridge depends on the
shoot-through state duration and is equal to the sum of voltages of the
capacitors Cyz; and Cyz:

1
— Vi, 1.2
e (1.2)

where Dsr is the shoot-through state duty cycle (Dsr=tsi/T).

Voe =Vegn +Vegz =

Operating voltage and average current values of the primary side
components of the qZSC during the active and shoot-through states are shown
in Table 1.1 for the lossless case.

13



ST Al ST A2 ST
SiS; S8 Sl S5
/ S5 S
838, 5154 5584 o - |
]/\ 1 VI)(‘ V]j\il,,-70
Viga Y P/Vin
> Sz S4
l t i
VegzitVegzo=Vpcpear Vegze
Vpe
Viy
" A gl s
V DC(peak) t 1 3 (.
X, pr
Vpe Vixm=Vpce
Vixpr o DC _T.\_, DC
t
S/ S
-Vocpeat I
Vour VentVey !
MV A2 s‘ R
1 3
IT\'pr
Vixsec 7 Vi Vixp=-Vpc
Sl Ss
T -n VTYJN‘

Figure 1.2 General operating waveforms and main switching states of the qZSC.

Utilization of a voltage doubler rectifier (VDR) on the secondary side of the
gZSC improves power density by reducing the turns ratio of the isolation
transformer. Positive voltage is applied to the transformer when the inverter is
in state 4/. This results in charging of the capacitor Cy through the diode D,; up
to the inverter output voltage reflected to the secondary winding of the isolation
transformer. Inverter output voltage is negative in state 42, and thus Cp is
charged through the diode D,,. The output voltage (Vour) is a sum of voltages of
the VDR capacitors, and equals twice the peak voltage of the secondary
winding of the isolation transformer (Vrxsec) [9]:

Vour =2 Vrx sec - (1.3)
Taking previous equations into consideration, we can express the output
voltage of the qZSC as:

2.V, -
VOUT:#v (1-4)

where 7 is the turns ratio of the isolation transformer.

It should be mentioned that these equations are valid if the gZSC operates in
the continuous conduction mode (CCM), when the currents through the qZSN
inductors L,z and L,z never fall to zero. At light loads and relatively low
switching frequency, inductance values of L,z; and L,z could be insufficient to
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avoid the discontinuous conduction mode (DCM) [8], [10]. It causes an
overboost effect of the DC-link and consequently the output voltage, which can
lead to unstable operation of the qZSC. The DCM can be avoided if converter
components are properly sized according to the detailed design guidelines
presented for the CCM in [8], while values of the inductors L,z; and L,z have to
be dimensioned according to [11].

Table 1.1. Operating voltages and average currents of the qZSI.

State Active Shoot-through
D 1-D
Inductor voltage (Vigzi=Vi4z2) T S; Vv T3 IS)T Viy
—2 Dgr — < Dgr
1
DC-link voltage (Vpc) 1-2. Do Viv 0
— 2 Dgr
P-(1-2-D 2-P
DC-link current (Ipc) % "Dy
IN IN
1
Diode voltage (Vpyz) 0 2D Vv
— < Dgr
. 1- DST vV
Capacitor voltage (Vcqzi) 2D N
e ST
C . DST N
apacitor voltage (Vcyzz) —2.D IN
— < Dgr
P
Input current (Iy) v
IN
P
Inductor current (I14z1=I1422) Vo
IN
) P
qZS diode current (Ipyz) v
IN

The qZSC could perform output voltage control through shoot-through
generation in two ways: pulse width modulation (PWM) and phase-shift
modulation (PSM). The shoot-through states in the PWM can be generated
either by the overlap of active states [2] or by the shoot-through generation
during zero states of the inverter [1]. In the PSM [3], only the shoot-through
generation during zero states of the inverter is feasible.

Figure 1.3a represents the shoot-through control principle for the PWM
performed by the overlap of active states. The control signals of the inverter
diagonals are interleaved and require no dead time, while their duty cycles are
greater than or equal to 0.5. The shoot-through states are generated naturally if
the duty cycle is greater than 0.5 when top and bottom transistors conduct. The
switching period in this control principle comprises only a shoot-through state
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duration tsrand an active state duration ¢4 Eq. (1.1). Equation (1.1) could also be
represented as:
Lyl _p yp, =1 (1.5)
T T A ST > N
where D4 and Dsr are the duty cycles of active and shoot-through states,
correspondingly. Apparently, the duty cycle of the shoot-through states can
never exceed 0.5 [12].

The gating signals of the FB inverter switches measured (Figure 1.4a) have
the same switching frequency at the PWM shoot-through control by the overlap
of active states. The operating voltage and current waveforms of the inverter
switch S; measured in the shoot-through and normal modes are shown in
Figure 1.5. It can be seen that the efficiency of the qZSC is limited due to hard-
switching of the inverter switches.

This control algorithm is simple and fits well IS DC-DC converters with a
capacitive output filter, where the voltage amplitude of the primary winding of
the isolation transformer defines the output voltage, while the active state duty
cycle has minor influence. However, the active state duty cycle along with the
transformer voltage amplitude has major influence on the output voltage in an
IS DC-DC converter with a higher order low-pass filter, like an LC-filter, at the
output side. In this case, it is needed to control the duty cycles of the active state
and the shoot-through state independently to adjust the output voltage and
stabilize the DC-link voltage correspondingly.

Durations of the active and the shoot-through state could be controlled
separately if shoot-through states are generated during the zero states of the
inverter, when either the top (S; and S3) or bottom (S and S,) inverter switches
short circuit the primary winding of the isolation transformer. It means that the
switching period comprises three states: active, shoot-through, and zero state:

T=t,+t,+t,. (1.6)
Equation (1.6) could also be expressed as
Laylsr Iz _p v pg,+D, =1, (1.7)
T T T

where D, is the duty cycle of an active state, Dsr is the duty cycle of a shoot-
through state and Dy is the duty cycle of a zero state.

Figure 1.36 shows the PWM control principle with shoot-through generation
during zero states. In the given case, the zero states are generated only by the
top inverter switches (S; and S3). This method features different switching
frequencies of the inverter switches. S; and S; operate at the switching
frequency of the converter (i.e., with a switching period T), while S and Sy have
three times higher switching frequency. Therefore, the PWM control with
shoot-through generation during zero states is less advantageous than the
previous one because of unequal switching losses of the inverter switches. The
modification of this algorithm through diagonal and vertical swapping of the top
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and bottom transistors proposed recently in [1] can be used to balance switching

losses of the inverter switches.

S1
05T T
Sz S2 ! ! »
5T T
s s B
5T T
S4 St ! !
05T T
Vixpr Vrxpr [ T e
’ e 05T |

(b)

S - l_l :.
Phase”’

-t 5T T Active states
shift L]

S4 m Bl Shoot-through states

,—l B Zero states
VTX,pr t } t i } >
0.5T
(c)
Figure 1.3 Shoot-through control principles: the PWM shoot-through control by the

overlap of active states (a), the PWM control with shoot-through generation during zero
states (b) and the PSM control with shoot-through generation during zero states (c).

The switching losses in the inverter switches are balanced in the PSM
control principle with the shoot-through generation during zero states, which is
an alternative to the previous PWM control principles, as shown in Figure 1.3¢
[3]. Zero states are generated through a phase shift between control signals.
Gating signal of the inverter switches measured (Figure 1.4¢) shows that zero
states are generated twice per switching period by either the top (S; and S3) or
bottom (S, and §y) inverter switches. This results in uniform distribution of
switching losses among inverter switches.
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Figure 1.4 Gating signals of the full-bridge inverter switches at the PWM shoot-through
control by the overlap of active states (a), the PWM control with shoot-through
generation during zero states (b) and the PSM control with shoot-through generation
during zero states (c).

The typical voltage, current and gating signal waveforms of the inverter
switches in the boost operating mode are presented in Figure 1.6 and Figure 1.7
for the PWM and the PSM control with shoot-through generation during zero
states, correspondingly. The PWM control features full soft-switching operation
of the top inverter switches and partial soft-switching of the bottom inverter
switches. In the PSM control, partial soft-switching of all the inverter switches
is achieved. It is remarkable that they operate with ZVS and ZCS without any
additional components.
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Figure 1.5 PWM shoot-through control by the overlap of active states: typical voltage
and current waveforms of the inverter switches in the boost (a) and normal (b)

operation modes.
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Figure 1.6 PWM control with shoot-through generation during zero states: typical
voltage, current and gating signal waveforms of the top (a) and bottom (b) inverter

switches in the boost operation mode.

Figure 1.7 PSM control with shoot-through generation during zero states: typical
voltage, current and gating signal waveforms of the inverter switches in the boost

operation mode.
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1.2 Motivation of the Thesis

Power electronics has an important role in the modern world where efficient
and reliable power supplies and battery chargers for industrial,
telecommunication and consumer electronics are required. Moreover, it is an
enabling technology for modern power engineering, which includes renewable
and alternative energy generation, battery energy storage systems and other
applications. These applications are highly challenging and thus require
versatile power electronics solutions available on the market. The qZSC has
numerous advantages that suit specifically for modern applications: inherent
safe operation with short- and open-circuit states of the inverter, wide input
voltage regulation, continuous input current, galvanic isolation of the input and
output sides, etc. Therefore, this converter topology can be highly beneficial as
a power electronics building block for dispersed generation systems. Up to now,
the topology has shown superior performance as a power conditioner for the
fuel cells [13], PV panels [14] and residential wind turbines [15] as well as the
power factor correction converter [16]. Modern applications typically require a
converter capable of interfacing variable low-voltage input with a relatively
high current into a DC bus at much higher voltage. Maximum peak efficiency of
the qZSC has been reported to be in the range of 93 to 95% [1]. The power loss
in semiconductors is the main cause of efficiency drop. Peak efficiency is
typically achieved in the nominal operating mode, i.e. without voltage step-up at
the input side. Input voltage regulation range is usually limited with an
efficiency drop and typically lies within the range of 1:3. Converter efficiency
can drop down to 85% at maximum voltage step-up when the input voltage is at
a minimum level.

A simulation study of semiconductor power losses in the qZSC was
performed in [PAPER-VIII] by means of PSIM simulation software with
Thermal Module. Results allow for a wide input voltage and load regulation
range according to the operating parameters described in Table 1.3 for operating
points from Table 1.4. Power losses were studied for commercial
semiconductor components from Table 1.2, which were used then in the
experimental prototype. Simulations showed that the diode in the qZSN
contributes most to the total semiconductor power loss. It is responsible for
more than 50% of this power loss over the entire operating range, as shown in
Figure 1.8. Losses in the qZSN diode are mostly comprised of conduction
losses since a Schottky diode features near zero switching losses and depend
slightly on the operation mode at constant average input current. These
conduction losses are higher in the boost operation mode due to higher current

ripple.
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Figure 1.8 Breakdown of semiconductor power losses of the qZSC.

As can be seen from Figure 1.8, other main contributors to the losses in the
qZSC are the conduction losses of the VDR diodes. They depend almost
linearly on the operating power, since an average current of the VDR diode is
equal to the output current (P/Vour) when the output voltage is constant. The
forward voltage drop of the VDR diode remains nearly constant in the model
over an operating range, while switching losses are negligible for SiC Schottky
diodes.

Power losses of the inverter MOSFETSs contribute a small fraction to the
total power loss in the qZSC. Their switching losses remain nearly constant
over the whole operating range of the converter while their conduction losses
are increasing slightly with the increase of the operating power. The reason of
this behavior is the redistribution between active and shoot-through states when
the input power and voltage change. Two MOSFETSs conduct DC-link current
in the active state, while it flows through two inverter legs connected in parallel
and two MOSFETs connected in series in each leg during the shoot-through
state [2]. It means that the current of each inverter MOSFET is equal to the
input current in the shoot-through state. It is shown in [PAPER-VIII] that
conduction losses of the inverter MOSFETs can be separated into two
components: losses during the active state and losses during the shoot-through
state. The first component does not depend on the duty cycles, while it is
defined by the output current reflected to the input side. The second component
depends on the input current and the duty cycle of this state.
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Figure 1.9 Estimated semiconductor power losses as a function of the output power of
the qZSC.

The resulting losses curves obtained from the simulation study of the qZSC
are presented in Figure 1.9. The conduction losses in parasitic resistances of
other components of the converter (transformer, inductors, capacitors, wires,
etc.) were omitted from the study to clarify power loss distribution between
semiconductor components. However, in a real converter these parasitic
elements decrease the efficiency by up to 2% in addition to the influence of the
semiconductor losses [17].

As Figure 1.10 shows, the efficiency of the traditional qZSC cannot exceed
95.9%, considering semiconductor losses solely. In such challenging
applications as module integrated converters for photovoltaic (PV) panel
interfacing, the peak efficiency is typically achieved within the maximum
power point range. The efficiency of the converter defines the energy yield of
the PV panel and thus has to be optimized within the range of the maximum
power point. Moreover, power losses result in additional heat dissipation, which
leads to increased thermal stress on all the converter components. Consequently,
a conclusion could be drawn that the power losses in semiconductors are the
main factor limiting the performance of the qZSC, which has to be carefully
addressed.
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Figure 1.10 Estimated efficiency as a function of the output power of the qZSC.
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This thesis is a part of the priority research program of the Power Electronics
Group of Tallinn University of Technology targeted to the elaboration of new
power electronics converter topologies and enhanced control methods for
Electronic Power Distribution Networks (EPDNs). This activity was launched
in 2010 in cooperation with Estonian (4Energia, Ubik Solutions, Estel Elektro,
Clifton, MS Balti Trafo) and Norwegian (Vardar Eurus) companies. The aim is
to introduce the research results to the market and thus increase their
competitiveness and export potential. The research activities were directly
supported by the targeted financing research project SF0140016s11 of the
Estonian Ministry of Education and Research. In addition, it was co-financed by
Estonian Research Council (grants G8538 and PUT744), European Center for
Power Electronics (project VES554) and Estonian company Ubik Solutions
(projects Lep12055, Lep13069 and LEP15006).

The main importance of this PhD project for Estonian and European science
and economy lies in the development of new state-of-the-art technologies that
will help to improve the efficiency of electric energy conversion and overall
performance of different applications. With the recent growing demand for
renewable energy, where the efficiency and flexibility improvement will lead to
better utilization of the renewable energy resources, the results of this project
become especially topical. Results expected from the project would
substantially contribute to the faster development of modern energy efficient
power electronics and reliable and sustainable power engineering, considering
the growing impact of dispersed generation.
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1.3 Aims, Hypotheses and Research Tasks of the Thesis

The main aim of this PhD research is to develop and experimentally validate
new methods, topologies, control algorithms, and design guidelines aimed at the
reduction of semiconductor power losses and, consequently, efficiency
improvement of the galvanically isolated qZS DC-DC converters. It is expected
that outcomes of the research will substantially contribute to the further
development of the emerging field of the galvanically isolated impedance-
source DC-DC converters.

Hypotheses

Since the qZSC is a step-up converter, its operation is always connected
to the low voltage and high current values at the input side, which lead
to high power losses in the front-end qZS inverter. Such methods of
power loss reduction as zero voltage and zero current switching
performed by means of resonant switching, and advanced shoot-through
generation methods could minimize the switching losses of the front-end
inverter and enhance the dynamic performance of the qZSC.

Diode of the qZSN is the main contributor of losses in the qZSC and its
replacement by the synchronous low Rpseny MOSFET will result in an
efficiency rise of the converter by more than 1% within the entire
operating range of the converter.

Combined application of the synchronous qZSN and synchronous
(active) VDR will not only improve the efficiency of the converter but
also extend its flexibility by adding the bidirectional operation capability
without any modifications in the hardware.

Research tasks

Analysis of semiconductor power losses and systematization of
efficiency improvement techniques for the galvanically isolated qZS
DC-DC converters.

Analytical and experimental study of different techniques of the ZCS
and ZVS performance enhancement for switching loss reductions in the
front-end qZS inverter.

Analytical and experimental study of possibilities of reducing
semiconductor conduction losses by the implementation of the
synchronous qZSN and synchronous (active) VDR.
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1.4 Research Methods and Instruments

The steady state analysis based on the ampere-second balance in capacitors
and volt-second balance in inductors was used first to estimate analytically
power losses in semiconductors. Studies with numerical simulations were
performed using the models developed in the PSIM simulation software. Its
add-on Thermal Module was used to assess conduction and switching losses.
Simulation results obtained correspond to those in the experimental study, since
models of semiconductor components obtained using Thermal Module are
based on the device datasheet values [18].

Experimental verification of the theoretical predictions was conducted using
the laboratory prototypes rated for the maximum input power of 300 W. The
digital phosphor oscilloscope Tektronix DPO7254 along with the split-core
AC/DC current probes Tektronix TCP0030, Rogowski coil current probe PEM
CWTUMY/015/R and high-voltage differential voltage probes Tektronix P5205A
were used to capture operating waveforms (Figure 1.11). The efficiency of
experimental converters was calculated using Eq. (1.8) as a ratio between the
input and output powers of the converters, which were measured by means of
the precision power analyzers Tektronix PA1000.

n=@.100%=M-100%. (1.8)
IN V]N 'IIN
Generalized specifications of semiconductor components used in the
simulation models and the experimental prototype are presented in Table 1.2.
The operating parameters of the qZSC were set according to the data presented
in Table 1.3.

Table 1.2. Semiconductor components selected for simulations and experiments.

Component Type Specifications
S1..Ss Sy Vishay Vps=100V, Rpsion=8.8 mQ
’ Si41904ADY Ip=18.4 A, 0;=20.7 nC, Rg=2.2 Q
D Vishay VRRMZIOO V, VFZO. 66 |4
@ V60D100C Trur=2x30 A (common cathode)
CREFE Veru=600V, Vi=1.8 V
D1, Dy2
C3D02060E [F(AV):4 A
S S, ROHM Vps=650V, Rpsony=120 mQ2
’ SCT21204F Ip=29 4, Q,=61 nC, R,=2.5 Q

The power losses and efficiency were generally estimated in four test points,
with operating conditions described in Table 1.4. The load resistor R;; was
adjusted to achieve the maximum input current in each operating point.
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Table 1.3. Generalized operating parameters of the experimental prototypes.

Parameter Symbol Value
Input voltage range, V Viv 15..30
Maximum input current, A Iy 8
Peak DC-link voltage in the boost mode, V Vcpea 30
Output voltage, V Vour 240
Switching frequency, kHz Sow 100
Operating frequency of gZSN, kHz Jazs 200 (2 o)
Transformer turns ratio n 1:4
Leakage inductance of the transformer, uH L 0.5
Magnetizing inductance of the transformer, uH Ly 30
Capacitance of qZSN capacitors, uF Cyz1, Cyzz 26.4
Inductance of gZSN inductors, uH Lyz1, Ly 22
Capacitance of output capacitors, uF Cn, Cp 2.2

Table 1.4. Shoot-through duty cycle and operating power in the selected test points.

Test point 1 2 3 4
Viv, V 15 20 25 30
Iy, A 8 8 8 8
Dsr 0.25 0.167 0.083 0
Pw 120 160 200 240

PV Panel Simulator
Keysight E4360

DC voltage supply
TDK-Lambda

Oscilloscope Tektronix

DPO7254
Power analyzer
Tektronix PA1000

Power analyzer

Laboratory
prototype

. Tektronix PA1000

Resistive load

Current probes -
&0 Tckironix TCP0030 g ‘-

Rogowski coil

oy Voltage probes ' .' current probe PEM
Tektronix P5205A CWTUM/01 S/R

Figure 1. I 1 Photo of the test bench assembled for the experimental work within the

PhD project.
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1.5 Contribution of the Thesis and Dissemination

The aim of this thesis was to advance the family of galvanically isolated
impedance-source DC-DC converters [PAPER-V] with special emphasis on the
semiconductor power loss reduction and efficiency improvement of the qZSCs.
The results obtained comprise both scientific and practical novelties.

Scientific novelties

e gsystematization and analysis of the current state-of-the-art
topologies, control methods and development trends of the
galvanically isolated impedance-source DC-DC converters;

e development and experimental validation of six novel shoot-through
generation methods for the qZSCs (yellow background on the
classification shown in Figure 1.12);

e development and experimental validation of three novel topological
variations of the qZSCs (yellow background on the classification
shown in Figure 1.13).

To underline the contributions of the given PhD research project to the
development of the qZSCs with full-bridge switching stage, the classifications
of shoot-through control methods (Figure 1.12) and topologies (Figure 1.13) in
the prior research (white background) were extended by the main theoretical
novelties of the project (yellow background).

Practical novelties

e design guidelines for the proposed topologies aimed at the reduction
of semiconductor power losses and efficiency improvement of the
qZSC,

e recommendations for the control system design to realize complex
shoot-through control algorithms [PAPER-VII],

e recommendations for the elimination of the discontinuous
conduction mode in the qZSC by replacement of the qZS diode by a
N-channel MOSFET.

Practical results were mostly oriented to the Estonian industrial company
Ubik Solutions, which is currently developing a new Smart Microinverter for
the residential PV applications based on the results of this PhD project.

All the results obtained during the PhD research were reported at 6
international conferences and workshops and published in 11 papers. Four of
them have appeared in international peer-reviewed journals and four are
currently available in the IEEE explore database. The most important papers
directly connected to the topic of the dissertation are listed in the List of
Author’s Publications.
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SHOOT-THROUGH GENERATION METHODS

[

PULSE WIDTH

]
PHASE-SHIFT

generation by overlap
of active states

MODULATION MODULATION
(PWM) (PSM) [3]
—_— 1
Shoot-through

Symmetrical overlap method [3], [4] ‘

Shifted overlap method [PAPER - VI] |

# Shoot-through during zero states [1], [2] ‘

Shoot-through

Shifted shoot-through during
zero states [118]

generation during [

Zero states

|| Shifted shoot-through during zero states in

one leg [PAPER - VII]

Asymmetric shifted shoot-through during
zero states in one leg [PAPER - VII]

Shifted double shoot-through during zero
states in one leg [PAPER - VII]

|| Asymmetric shifted double shoot- through
during zero states in one leg [PAPER - VII]

Figure 1.12 Classification of shoot-through generation methods.

GALVANICALLY ISOLATED QUASI-Z-SOURCE
DC-DC CONVERTER WITH FULL-BRIDGE
SWITCHING STAGE

‘With Single Phase Full-Bridge
Switching Stage

With Three Phase Full-Bridge
switching stage [1]

With separated inductors in qZSN [1]

With coupled inductor in gZSN [2]

With cascaded capacitor assisted

extended boost in qZSN [3]

[PAPER - I], [PAPER - II], [PAPER - IX]

Series resonant gZSC

Full soft-switching gZSC
[117]

[PAPER - IIT], [PAPER -IV], [PAPER -X]

Full-synchronous gZSC

Figure 1.13 Classification of gZSCs.
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2 SEMICONDUCTOR POWER LOSS REDUCTION
TECHNIQUES IN GALVANICALLY ISOLATED
DC-DC CONVERTERS

It is known that semiconductor components contribute to the total power loss
of any converter. They occur mostly due to non-ideal switching processes and
voltage drop in the conducting state. Those losses could be decreased using
different techniques, which can be classified into techniques for reduction of
switching and conduction losses. This section discusses power losses in
semiconductor components and common methods of their reduction.

2.1 Power Losses in Semiconductors

Power losses in semiconductor components could be divided broadly into
two types: switching and conduction losses. Switching losses occur during
switching transients, while conduction losses are observed in the static
condition of a semiconductor component.

Modern power electronic converters use mostly Si MOSFET or IGBT
switches for low voltage applications [19]. Si MOSFETs have advantages in
applications with blocking voltages required up to 600 V, while Si IGBTSs are
used above that level. The first can achieve much higher switching frequency
since it uses only major carriers and thus achieves fast switching times. IGBTs
have longer fall and rise times, since they employ also minor carriers and thus
feature lower voltage drop in applications with blocking voltages over 1000 V.
Also, IGBTs feature a “current tail” effect that results in high turn-OFF losses.
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Figure 2.1 Typical switching processes and power losses in semiconductor components:
transistor (a) and diode (b).
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Typical switching processes of a switch are shown in Figure 2.1a. During
turn-ON and turn-OFF states, the voltage and current of the switch are
overlapping [20]. It results in high instantaneous power dissipated in the switch.
Small conduction losses could occur in OFF-state due to leakage current. They
are negligibly small for modern low voltage switches (up to 1200 V). Major
part of the conduction losses are caused by forward voltage drop or ON-state
resistance for IGBTs and MOSFETs, respectively. Modern trends in power
semiconductor technology are towards their reduction.

The diode has another source of losses. In ON-state, conduction losses are
caused by the forward voltage drop Vr, while there are practically no losses in
OFF-state, as shown in Figure 2.15. Magnitude of the voltage overshoot during
turn-ON is called forward recovery voltage. It is caused by the conductivity
modulation process in the p-n junction when the number of carriers is rising
[21]. The major part of switching losses in the modern Si diode is introduced
with the reverse recovery process during turn-OFF. Recombination of carriers
in the p-n junction causes high current peak of short duration in the reverse
direction. The area inside the reverse recovery current spike is a reverse
recovery charge that is dependent on the diode type, forward current and reverse
voltage in the given case.

Typical switching waveforms shown in Figure 2.1 describe the so-called
hard-switching. This term refers to high instantaneous power dissipated in a
switch or a diode during switching transients. Switching performance can be
substantially improved if the overlapping of current and voltage is diminished.
Switching of a semiconductor device is called soft if in contrast to hard-
switching, it leads to dissipation of considerably smaller power in the
component during switching transients.

2.2 Switching Loss Reduction Techniques

Historically, the first soft-switching converters were proposed in the 1920s
[22]. Intensive research in this field was initiated only in the 1980s, when power
electronics became an integral component of consumer electronics products and
a key technology for modern energy generation and storage systems.

Numerous soft-switching techniques are available that could be used to
minimize switching losses of a converter. Not all of them are applicable to the
isolated full-bridge converter family. Moreover, a soft-switching technique is
often designed to be used only within voltage- or current-source converters.
This subsection describes the concept of soft-switching and soft-switching
techniques used in galvanically isolated current- and voltage-fed full-bridge
DC-DC converters. Soft-switching possibilities of voltage-source topologies
have been extensively studied. Majority of them are based on the interaction
between at least one inductor and a capacitor. In resonant converters, this
interaction affects the whole switching period and thus results in higher voltage
or current stress of semiconductor components and circulating power. In
modern soft-switching techniques, like zero current transition (ZVT) and zero
voltage transition (ZCT), resonance is controllable and utilized only during

30



switching transients. In contrast to the resonant topologies, this leads to the
reduction of current and voltage stress in switches, but their implementation
requires more components.

2.2.1 Fundamentals of Soft-Switching

The simplest way to describe differences in the switching transients of soft-
and hard-switching is to draw a switching trajectory of a semiconductor
component. Usually in hard-switched converters, the semiconductor
components suffer from current overshoot during turning ON and voltage
overshoot during turning OFF, as shown in Figure 2.2 [23]. There are two
points, ON and OFF that describe the static conditions of the semiconductor
component in turn-ON and turn-OFF states correspondingly. Any transition
between these points is a switching, either hard or soft. The area under
switching trajectory is proportional to the switching losses. Switching trajectory
can be improved if a snubber is applied to the semiconductor component.
However, the simplest passive snubbers are dissipative and commonly used for
damping of parasitic oscillations. Non-dissipative snubbers are more
complicated, while they provide better efficiency due to parasitic energy
regeneration to the input or output side of the converter [24]. Snubbered
switching is more advantageous than hard-switching, while it provides higher
losses than those of soft-switching. The soft-switching requires the switching
trajectory to be as close to the -V axis as possible to minimize the switching
losses. Commonly, it is obtained by means of lowering the current or voltage
rise/fall slope depending on the application.

TA
——————————— N .

\ Safe operating area
Hard switching N
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Snubbered switching

Soft switching

»
-

OFF v

Figure 2.2 Typical switching trajectories of semiconductor components [23].

In power switches, switching occurs when the gate signal is changed. There
are two types of soft-switching transients: zero voltage switching (ZVS) and
zero current switching (ZCS). ZVS turn-ON and turn-OFF are defined in
Figure 2.3a. ZVS turn-ON can be easily achieved if a body or an antiparallel
diode is conducting prior to the change of the gate voltage Vi, while ZVS turn-
OFF usually requires a parallel capacitor that could be partially or fully
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substituted with the output capacitance of the switch [19]. Thanks to these
conditions, the voltages across the switch are shifted from the switching
transition interval, and thus overlap voltage and current, i.e. switching losses,
are minimized. ZCS could be described as shown in Figure 2.3b. Usually, ZCS
and ZVS in galvanically isolated full-bridge DC-DC converters are achieved
with the assistance of external inductance, for example, transformer leakage
inductance [25]. In the case of ZCS, additional elements may be required to
keep switch current equal to zero until gate voltage changes. It could be a diode
connected in series with the switch that performs ZCS.

Soft-switching type of a diode is not easily defined with regard to transistors,
since they do not have control signal input. Soft-switching of a diode could be
assisted with series inductance that decreases current rise/fall slope. In this case,
a diode is switching naturally, which is equivalent of ZCS. Another possibility
is to add a capacitor in parallel with a diode to decrease voltage rise/fall slope
that leads to ZVS.

ZVS turn-ON ZCS turn-ON
V(i ,7 V G ,7
V t g |4 t g
! !
g r
ZVS turn-OFF ZCS turn-OFF
Ve —| Vs —|
v t v t
I ‘ _1\
t t
(a) (b)

Figure 2.3 Definitions of zero voltage (a) and zero current (b) of a switch.

Only some types out of a large variety of soft-switching techniques could be
utilized in galvanically isolated full-bridge DC-DC converters. Applicability of
soft-switching techniques is restricted mostly due to series connection of the
switches that requires transitions between active, zero, and free-wheeling states.
In the active state, one pair of diagonal switches is conducting and thus transfers
energy to the output. In the zero state, either both top or bottom switches are
conducting. In practice, only one switch turned-ON could be enough to achieve
the zero state due to the conduction of the diode in another switch, caused by
the leakage inductance. In a free-wheeling state, all the switches are turned
OFF. However, an equivalent of the active state could appear within a free-
wheeling time interval caused by diodes conducting leakage inductance current
to the input side.
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2.2.2  Special Control Methods for Soft-Switching without Topology Changes

Voltage-source converters

A variety of possible switching conditions together with typical features of
galvanically isolated full-bridge DC-DC converters leads to inherent soft-
switching possibilities. In this thesis, the MOSFET-based converters are
discussed. Any MOSFET has output capacitance and a body diode. They can
interact with leakage inductance to achieve soft-switching conditions. In this
case, no additional components are required, while the control of switches is
crucial for the soft-switching. There are nine modulation strategies for voltage-
source galvanically isolated full-bridge converters [25]. Among them, three
strategies feature simultaneous turn-OFF of the diagonal switches, while six
others do not. It was proven that soft-switching is achievable only for those six
modulation strategies with staggered turn-OFF time of diagonal switches [26].
This allows appropriate utilization of zero states. Depending on the modulation
strategy, zero state can provide nearly constant current of the leakage
inductance or reset to zero of this current.

The basic voltage-source galvanically isolated full-bridge DC-DC converter
is shown in Figure 2.4. Capacitors in parallel with switches could be substituted
fully or partially by the output capacitance of a switch. Here transistors in the
first leg (S; and S:) turn-OFF before the corresponding diagonal transistors in
the second leg (S; and ). Thus, the first leg is called leading, while the second
is lagging. Since leakage inductance current is high when the first leg performs
switching, it is easy to perform ZVS and practically impossible to achieve ZCS

in the leading leg.
C
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Figure 2.4 Voltage-source galvanically isolated full-bridge DC-DC converter [25].

Implementation of ZVS in the leading leg is shown in Figure 2.5. At the
beginning, the FB switching stage is in the active state (Figure 2.54). Then
switch S; is turning OFF that leads to charging C; and discharging of C:
(Figure 2.5b). When the voltage of capacitor C; reaches Vi, the body diode D;
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will start conducting and the converter will be in the zero state. S; could be
turned ON then with ZVS. The principle of ZVS in a lagging leg is quite the
same (Figure 2.6). It begins from the zero state that is shown in Figure 2.6a
when D, and Sy are conducting. After that switch S, turns OFF. Diode D; will
start conducting when Cy is charged up to V. It will happen only if leakage
inductance has enough energy.
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Figure 2.5 ZVS implementation in the leading leg: active state before switching (a) and
soft-switching during deadtime (b) [25].
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Figure 2.6 ZVS implementation in the lagging leg: zero state before switching (a) and
soft-switching during deadtime (b) [25].

Inherent soft-switching possibilities provide an opportunity to implement a
soft-switching converter without additional components, utilizing only parasitic
elements and an appropriate control algorithm. A phase-shifted full-bridge
converter performs ZVS in both legs, as shown in Figure 2.7. It is one of the
most commonly used converters in industry. However, utilization of solely
parasitic elements leads to a narrow soft-switching range. In this case, ZVS
conditions for the lagging leg can be achieved only around full load, while the
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leading leg can perform ZVS up to a light load. Also, ZVS operation leads to
higher current stress of switches due to circulating energy [27].

One of the possibilities to improve ZVS range is to increase the leakage
inductance value, but this will lead to an increased duty cycle loss that occurs at
intervals [22;¢5] and [#s;t;,], highlighted with grey color. Merely control system
modification is not enough to achieve a wide ZVS range. Numerous auxiliary
circuits that operate as current sources assisting capacitors charge/discharge in
ZVS have been proposed [28]-[37].
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Figure 2.7 Operating waveforms of phase-shifted full-bridge DC-DC converter [25].

Another possibility of inherent soft-switching is to perform ZCS in the
lagging leg, thus achieving zero voltage zero current switching (ZVZCS). ZCS
is a preferable solution for IGBTs and thus ZVZCS converters have been
proposed for high power applications. The conditions for this mode could be
lost at high load operation. Meanwhile, current of the leakage inductance has to
drop to zero before the change of the switching state in the lagging leg and has
to be prevented from changing polarity. The simplest solution would be to
connect diodes in series with lagging leg transistors [38]. Capacitance of these
switches has to be minimized. Also, a capacitor is required in series with
transformer winding to limit the current slope. Range of ZVZCS operation can
be improved with the application of a saturable inductor [39], active clamping
circuit at the secondary side [40], auxiliary winding at the output side [41], and
current-reset circuit at the secondary side [42], [43].

Voltage-fed converters have another inherent possibility of soft-switching
reported in [44]. Usually, voltage-source converters contain LC-filter for
smoothing the output voltage. However, the unconventional topology with a
capacitive output filter is shown in Figure 2.8. It reveals a new inherent feature
of the voltage-source full-bridge converters: resonance between leakage
inductance and capacitors of a voltage-doubler rectifier. This allows achieving
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ZVS at the input side and ZCS at the output side in a wide range of loads
without any additional components. The converter uses the same control
principle as the conventional phase-shifted full-bridge converter, while
circulating energy is minimized and thus high efficiency is obtained at light
loads. Different results have been obtained in [45] for similar topologies with a
modified control algorithm. DCM and boundary conduction mode (BCM) have
been utilized to achieve ZCS of both inverter switches and rectifier diodes.
However, this approach features higher circulating energy than the previous one.
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Figure 2.8 Phase-shifted full-bridge DC-DC converter with a voltage-doubler
rectifier [44].

Current-source converters

Studies of current-source DC-DC converters have been less intensive than
those of voltage-source. However, there are some similarities with voltage-
source converters.

The first and the most obvious method to achieve soft-switching is to utilize
the shoot-through states. It was first proposed in [46] to enhance the switching
frequency of IGBT-based converters. Authors have proposed to handle a small
part of shoot-through only by MOSFETs that have relatively high conduction
losses and good dynamic performance to achieve ZVS of IGBTs, which are
handling main current in the active state. It is dual to ZVS while the body diode
of the MOSFET is conducting in the voltage-source converter.

Another inherent type of soft-switching could be achieved in a high power
high voltage current-source converter, where the winding capacitance is
sufficient to perform ZCS. The topology shown in Figure 2.9 has been derived
from the voltage-source ZVS phase-shifted full-bridge converter described
above using a duality principle [47]. Soft-switching is achieved due to local
resonance between leakage inductance and windings capacitance during
switching transients. This solution also suffers from the circulating power as its
voltage-source counterpart.
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Figure 2.9 Current-source phase-shifted full-bridge DC-DC converter.
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Control Algorithm
All the soft-switching methods described before can be achieved without

additional components through utilization of converter parasitic elements. Their

2.2.3 Hardware Methods for Soft-Switching without Change of the Basic
@)

part of the converter usually is not changed and controlled with some of

range of soft-switching could be improved further with auxiliary circuits.
conventional PWM control algorithms.

Method described in this subsection require auxiliary circuits, while the power
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Figure 2.10 Active-clamped ZV'S current-source full-bridge DC-DC converter [51].
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This approach is commonly used for current-source converters. There is
passive [48] and active clamping [49]-[51]. Active clamping has become
popular since the end of the 1990s. First of all, active clamping has been used as
a protection circuit from the voltage overshoot. It usually appears when the
converter switches from the shoot-through to the active state due to mismatch in
the currents of input and leakage inductors. The current-source converter
(Figure 2.10a) operates with the conventional PWM control with symmetric
overlap of active states (Figure 2.105). The control system of an auxiliary
switch is synchronized with this PWM control. Additional benefit of the active
clamping circuit is the ZVS of inverter switches. A recent detailed analysis
revealed additional support of the ZVS mode by the magnetizing current of the
isolation transformer, which was described earlier [51]. However, ZVS
conditions are dependent on the load level and the input voltage that is not
useful for emerging applications. To improve ZVS operation range, several
improved auxiliary circuits based on the active clamping principle have been
proposed: with an auxiliary transformer connected to the output side [52], or to
the input side [53].

This group of soft-switching methods is out of scope of recent research,
since better results could be obtained with hybrid soft-switching methods,
which are a modification of both hardware and control algorithm.

2.2.4 Hybrid methods for Soft-Switching with Modifications of the Control
Algorithm and Topology

The most commonly used method in this group has been known for decades.
It is resonant switching that implies insertion of a resonant tank into the
converter and frequency control of the output voltage. There are three main
types of resonant converters: series resonant (Figure2.11a), parallel
(Figure 2.115) and series-parallel (LLC in Figure2.11¢ and LCC in
Figure 2.11d). However, resonant converters could be controlled also with
conventional phase-shift modulation (PSM) [54]-[56]. Moreover, a combination
of frequency control and PSM is used to improve efficiency at light loads [57].

Recently, LLC converters have attracted attention in the consumer
electronics market as power supplies, while it requires additional efforts to
calculate and design a control system with a wide range of switching
frequencies. Despite complexity, it features a wide soft-switching range. It can
be improved for wide output voltage and load regulation if an additional LC
circuit is added to build an LLC-LC converter [58]. Parallel resonant converters
suffer from high circulating energy even at light load and thus have low
efficiency. They have not attracted much attention. Series resonant converters
have been extensively studied and are commonly used. It is the simplest type of
resonant converters and can be used to describe general principles of soft-
switching possibilities in resonant converters.
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Figure 2.11 Resonant tank types: series resonant (a), parallel (b), and series-parallel
LLC (¢) and LCC (d).

Series resonant converters (SRC) are usually controlled with switching
frequency either above or below the resonant one. Figure 2.12 represents the
DC voltage gain characteristic of a SRC. Controllability of the SRC depends on
the ratio between the resonant tank impedance and the load resistance. It is
shown that the converter is virtually uncontrolled under light loads. That should
be taken into account during the design of such converters. A normal mode
when the converter has a switching frequency equal to the resonant one is the
optimal operating point. In this case, the inverter feeds the resonant tank and the
transformer with rectangular voltage pulses and sinusoidal current in phase with
the rectangular voltage. In this case, inverter switches perform ZCS [20].
Operation below the resonant frequency leads to the hard turn-ON of diagonal
switches and ZCS turn-OFF, as shown in Figure 2.13. Above the resonant
frequency, the series resonant converter is expected to operate with hard turn-
OFF, as shown in Figure 2.14. However, the inherent feature of the FB
converter allows ZVS turn-OFF. It could be achieved when the dead-time
between top and bottom transistor control is implemented, which leads to
recharging of their output capacitances with the current of the resonant tank.

Vin-min

Operation
Region

VIN-max

0.0

0.4 0.6 0.8 1.0 1.2 1.4 1.6

Figure 2.12 DC voltage gain characteristic of a SRC.
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Figure 2.14 Operation of switches in a SRC above resonant frequency [20].
Since the resonant switching could be applied to both current-source and

voltage-source converters, it seems to be applicable for impedance-source
converters as well. All the other methods described require additional analysis.
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ZVT and ZCT techniques are commonly used in modern high performance
converters. They require additional active auxiliary circuits with an internal
switch to utilize local resonant provided by additional components. However, it
is not the case for current-source converters. The converter shown in
Figure 2.15 has been proposed in [59]. The basic topology is modified by
addition of an active snubber in series with the transformer primary winding.
Basically, an active snubber is a four-quadrant switch with a bypass capacitor.
The capacitor is bypassed by the four-quadrant switch or conducting leakage
inductance current depending on the operation mode, while it is adapted to the
load level. Such solution is complicated because of the number of
semiconductor components. However, it allows snubber capacitor energy
recuperation to the load. Main switches achieve ZCS, while snubber switches
operate under ZVS with minimal additional current stress. It may be
advantageous for applications with high output voltage.
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Figure 2.15 ZCS current-source full-bridge DC-DC converter with an active
snubber [59].

Another possibility that could be used in both types of converters and
expectedly in impedance-source converters is the implementation of active
switches, instead of diodes, in the secondary side [60]. Several systems with
active secondary switches and additional snubbers have been proposed recently.
They feature inherent soft-switching possibilities by utilizing leakage
inductances [61]. For example, a converter proposed in [62] features ZVS of the
output side switches and ZCS of the input side switches. The topology of the
converter is shown in Figure 2.16a. Series diodes are needed at the input side to
assist ZCS caused by leakage inductance, while snubber capacitors at the output
are used to slow down voltage rise/fall slope and thus achieve ZVS. However, a
special control algorithm shown in Figure 2.16b is required to achieve soft-
switching. It features special switching states, when three transistors are
conducting, which is essential for soft-switching transitions between the shoot-
through and the active state.

Soft-switching methods with fully controlled switches and a specific control
algorithm are today’s growing trends. They can easily achieve soft-switching in
a wide range of a load and input voltage [62]. Moreover, modified topology
with fully controlled switches has low conduction losses since an active
rectification principle could be utilized.
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The newest current-source topology proposed in [63] combines an
interleaved boost, i.e. current-source, non-isolated converter and voltage-source
LLC resonant converter, as shown in Figure 2.17. A two-phase interleaved
boost integrated LLC resonant converter can achieve the ZVS of input switches,
the ZCS of output diodes, low input current ripple and high conversion
efficiency and switching frequency. Another benefit is the constant-frequency
PWM control based on the asymmetrical PWM. However, it requires four
magnetic elements: two input inductors, a resonant inductor, and an isolation
transformer. Their design is complicated and mostly connected with ZVS
operation at heavy loads that can be hardly achieved if high power density, i.e.
small size of inductors, is required.
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Figure 2.16 Full soft-switching high step-up current-source full-bridge DC-DC
converter [62].
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Figure 2.17 A two-phase interleaved boost integrated LLC resonant converter [63].

In this subsection, three types of soft-switching techniques were described.
Their application possibilities for the galvanically isolated full-bridge DC-DC
converters are analyzed. The series resonant principle seems to be the easiest to
apply in the qZSC, since it is simple and influences only the current waveform
of the isolation transformer in the active mode. Also, implementations with
active output side switches could provide a wide range of soft-switching thanks
to absence of forbidden states in the qZS inverter bridge and thus a wide variety
of possible switching conditions can be utilized to achieve local resonance and
soft-switching.

2.3 Conduction Loss Reduction Techniques

Conduction losses are caused by the saturation voltage or resistance of the
switch, forward voltage drop of the diode, equivalent series resistance (ESR) of
the passive elements, etc. Conduction losses are hard to avoid. Their
minimization is usually done through an appropriate selection of the
components taking into account price constraints. For example, in low-voltage
high-frequency converters, Schottky diodes are usually employed owing to
absence of reverse recovery losses and low forward voltage drop. Silicon
Carbide (SiC) high-voltage Schottky diodes improve the efficiency of a high-
voltage high-frequency converter due to negligible reverse recovery losses [64].
A SiC Schottky diode combined with an “industry accepted” super-junction
MOSFET provides a cheap and efficient solution for high-voltage converters
with a switching frequency up to 100 kHz [65], [66] . Further reduction of
conduction losses can be achieved by two typical methods: parallel connection
of semiconductor components and synchronous rectification.

2.3.1 Parallel Connection of Semiconductor Components

Voltage drop or resistance of a semiconductor component can be decreased
if it employs several devices in parallel that are controlled simultaneously. The
performance and requirements for paralleling of semiconductor devices strictly
depend on their type. This approach is well known and has been first applied to
IGBT based converters. IGBTs usually operate at switching frequencies up to
20 kHz and thus have low requirements for PCB design. IGBTs show
satisfactory current balancing in non-demanding applications if a PCB is
designed properly and devices are selected with derating [67], [68]. However,
active gate control is required to achieve junction temperature control, even
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distribution of currents, dv/dt, and di/dt control in applications where IGBTs
suffer from cyclic thermal loading, or high switching frequency [69], [70]. Also,
IGBTs can be used in parallel with MOSFETs to reduce conduction losses.
Such connection is called a hybrid switch and has been first proposed for
inverter applications [71]-[73].

Diodes can also be connected in parallel to reduce resulting forward voltage
drop [74], [75]. Current balancing of diodes connected in parallel is more
challenging than that for switches. It depends strictly on the PCB design [76],
since current sharing can be unbalanced even if all diodes are identical. Even
current sharing depends more on the physical connection structure of these
diodes on the PCB [77]. In high power applications, connections require a
busbar of special design [78].

Si MOSFETs are widely used for low and medium power applications with
the DC-link voltages up to 400 V. Operating frequency of a MOSFET can
exceed 100 kHz. This imposes additional requirements on their paralleling,
since parasitic inductance shown in Figure 2.18 has considerable influence on
current sharing at high switching frequencies [79]. Super-junction MOSFETs,
which are popular for high-voltage applications, require no additional matching
of ON-resistances, while even current sharing can be achieved through
adjustment of gate resistors to equalize switching speeds of all transistors [80].
However, such matching is not practical in many cases. Then a variation of
MOSFET parameters can lead to a worst case scenario with overheating or
damage of one MOSFET among those connected in parallel. This situation
requires additional analysis, as shown in [81].

So S1 Si S(N—l)lD

G| - IS

Figure 2.18 Parallel connection of MOSFETs [79].

Introduction of wide bandgap (WBG) materials for power electronics
components has lifted operation voltages available for MOSFETs. For example,
Silicon Carbide (SiC) MOSFETSs rated for 1.7 kV are widely available now.
The main difference of SiC MOSFETs from Si counterparts is significantly
lower trans-conductance, faster switching, and lower conduction losses.
However, higher trans-conductance and threshold voltage variations have
limited its influence on current sharing of SiC MOSFETs connected in parallel
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in the static mode. The sharing is nearly even if MOSFETs have similar
characteristics. The value of ON-state resistance is the most influential. It has
positive thermal dependence and thus provides better current sharing at high
load or high temperature [82], [83]. In applications where dynamic performance
of SiC MOSFETs connected in parallel is essential, the threshold voltage
variations have to be compensated. Even current and losses sharing can be
achieved if active control of gates is employed, when current distribution is
balanced through adjustment of turn-ON delays between control channels [84].
Other available SiC devices on the market are JFETs, which are not easily
paralleled. They have considerable variations of parameters and thus require
independent driving circuits for each transistor to achieve reliable operation
with effective paralleling [85]. Another WBG device, like GaN, could also be
paralleled. However, this option is inadequately studied. Recommendations of
their manufacturers are mostly related to minimization of the interconnection
inductances [86].

Previously, all paralleled devices were considered to be controlled
simultaneously. However, there is one more possibility available, i.e.
interleaved control. It has been employed in a multidevice interleaved boost
converter shown in Figure 2.19¢ [87]. The main idea is to switch only a single
transistor simultaneously among those that are connected in parallel. This
allows use of switches with better parameters that cannot handle the whole
power of the converter. They suffer from high peak current stress, while average
or rms current is within an acceptable region.
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Figure 2.19 Multidevice interleaved boost converter: topology (a) and control
principle (b) [87].

45



All techniques for reducing conduction losses with parallel connection of the
semiconductor devices are associated with a higher component count. It leads to
more complicated failure mechanisms [88], at the same time, to decreased
reliability that has to be carefully analyzed for each converter with parallel
connection of semiconductor devices [89]. This approach could be
recommended in case a single-device implementation of a switch cannot handle
converter power, or efficiency is of a higher concern than reliability.

2.3.2 Synchronous Rectification

Synchronous rectification is a well-known principle that employs MOSFETs
with bidirectional current conduction possibilities, instead of diodes [20]. The
main principle can be explained using a synchronous buck converter shown in
Figure 2.20. Switch S: is inserted instead of a diode. Switches S; and S, are
controlled complementary with dead time. The dead time is needed to avoid
input supply short-circuit that could appear due to non-idealities of switches.
Dead time allows separation of in time switching transients of both transistors.
The body diode of the switch S, carries load current before the turn-ON of the
switch S; or S.. For better performance, the synchronous switch S> has to be
properly selected [90].

Synchronous rectification is frequently used in step-down galvanically
isolated converters with low-voltage high-current output, where conduction
losses in the rectifier contribute most to efficiency drop [91]. Low voltage
output allows use of the secondary winding voltage of the isolation transformer
[92] - [94] or auxiliary winding [95] as the driving voltage of a synchronous
switch. Such solutions are called self-driven and have been used in numerous
conventional and resonant galvanically isolated step-down converters. Further
improvement of synchronous rectification performance can be achieved with an
employment of resonance [96].
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Figure 2.20 Synchronous buck converter (a) and its operation principle (b).

Proper selection of the dead time has crucial influence on the efficiency of a
synchronous converter and thus has to be predefined after a comprehensive
analysis [97]. Active control of the dead time can be beneficial in demanding
applications with wide regulation and dynamic ranges. It can be achieved
simply by the implementation of control circuit with sensors [98], [99] or
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without them through utilization of a complicated control system [100]. Proper
selection of dead time is especially important for converters that employ WBG
semiconductor devices. For example, GaN transistors have considerable losses
in a reverse conduction mode during dead time [101]. Optimal dead time
depends on the type of the GaN transistor and load current, while it can be
predicted with the model proposed in [102].

In summary, it has been shown by the author that conduction losses
constitute a major part in the power losses in the galvanically isolated qZS full-
bridge DC-DC converter [PAPER-VIII]. Implementation of synchronous
rectification on the input side is highly advantageous. Utilization of active VDR
could have minor influence on the improvement of efficiency if additional
losses on its control and driving are taken into account. However, an active
VDR can provide additional possibilities of soft-switching [62], [103], [104]
and bidirectional power flow control.
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3 SEMICONDUCTOR POWER LOSS REDUCTION
AND EFFICIENCY IMPROVEMENT
POSSIBILITIES IN GALVANICALLY ISOLATED
qZS DC-DC CONVERTERS

This section is dedicated to development of new methods, topologies,
control algorithms, and design guidelines aimed at the reduction of
semiconductor power losses and, consequently, efficiency improvement of the
galvanically isolated qZS DC-DC converters. All the proposed approaches were
experimentally validated by help of laboratory testbench described in
subsection 1.4.

3.1 Reduction of Switching Losses

3.1.1 Optimization of Control Strategies

This subsection discusses the influence of the shoot-through generation
methods on the total efficiency of the qZSC. There are nine known shoot-
through generation methods that are classified in Figure 1.12. Five out of the
methods were proposed by the author. Four shoot-through generation methods
proposed before are: PSM control principle with the shoot-through generation
during zero states, PWM shoot-through control by the overlap of active states,
PWM control with shoot-through generation during zero states and PWM
control with shifted shoot-through generation during zero states. The operation
principle of the first three of them was described in section 1 of the given thesis.

The methods known before and those proposed in this thesis are compared in
this subsection by means of experimental measurement of efficiency for the
MOSFET-based qZSC for low voltage applications. The IGBT-based converter
may have a different curve of efficiency because of much higher switching
losses in this type of switches, i.e. they have different loss breakdown
[PAPER-VI], [PAPER-VII]. The main focus of this thesis is on the MOSFET-
based converter. The four control methods were proposed at different times and
different types of software have been used for our comparisons. The gZSC can
perform active, open, and shoot-through state of the inverter. Each of the
control strategies has its own sequence of these states during the switching
period. Each isolated DC-DC converter has inherent soft-switching possibilities
that depend on the switching sequence, leakage inductance of the transformer,
output charge of a switch (Qoss), etc. Thus, each method will have its own
efficiency curve over the input voltage regulation range.

This subsection summarizes new methods proposed in [PAPER-VI] and
[PAPER-VII] and compares them with existing control methods by means of
efficiency measured using the same experimental prototype with specifications
described in Table 1.2. Efficiency measurements were performed over the entire
input voltage regulation range of the converter, from 15 V to 30 V, at maximum
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input current 8 A and with a partial load at the input current 4 A. All the new
methods proposed in this thesis are within the PWM group.

Traditional shoot-through generation methods

Experimental waveforms for the PSM control principle with the shoot-
through generation during zero states (Figure 1.3¢) are shown in Figure 3.1.
Zero state created by the phase shift between control signals has a fixed
duration, and the shoot-through is implemented within this interval. Its duration
is usually selected equal to the maximum shoot-through state duration given.
Inverter switches feature a single ZCS turn-ON during the switching period.
Leakage inductance of the isolation transformer assists the ZCS operation of the
VDR diodes. The switching frequency of all transistors is two times higher than
the operating frequency of the converter [2].

Experimental results for the PWM shoot-through control by the overlap of
active states (Figure 1.3a) are shown in Figure 3.2. In this method the inverter
bridge operates only in active and shoot-through states, while the zero state is
totally eliminated. The inverter switches operate in the hard-switching
conditions. The VDR diodes feature hard turn-ON and ZCS turn-OFF assisted
by the leakage inductance of the isolation transformer. The switching frequency
is the same as the converter operating frequency [2].

The same set of measurements was performed for the PWM control with
shoot-through generation during zero states (Figure 1.3b), which is shown in
Figure 3.3. The zero state duration is fixed and adopts shoot-through state when
the voltage step-up is necessary. Here the top switches of the inverter operate
with full soft-switching, while bottom switches feature only a single ZCS turn-
ON assisted with the leakage inductance. Moreover, switching frequency of the
hard-switched bottom transistors is three times higher. The VDR diodes operate
with ZCS assisted with the leakage inductance.

The PWM control with shifted shoot-through generation during zero states
(Figure 3.4) was proposed in [118] and experimental results for it are presented
in Figure 3.5. The zero state is generated by either top or bottom transistors. In
this case, bottom transistors generate the zero state. This control method is
derived from the previous one by shifting one of the shoot-through states
towards the active state. However, the number of switching transients during the
switching period is lower than that in the previous case. All switches operate
with a single ZCS during the switching stage: turn-ON for the top switches and
turn-OFF for the bottom switches. The VDR diodes feature full ZCS operation.

The efficiency of the experimental prototype was measured over the entire
input voltage regulation range at two values of the input current for these four
control methods. The measurement results for four conventional control
methods are presented in Figure 3.6. All of them have similar input current
ripple since shoot-through occurs twice per switching period. The results
obtained show that the PSM and the PWM control principle with the shoot-
through generation during zero states have virtually equal efficiency curve, as
shown in Figure 3.6a and c.
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Figure 3.1 Experimental waveforms of the qZSC in the boost mode with the PSM
control principle with shoot-through generation during zero states (Dsy = 0.25,
Vin=15V, Iy = 8 A): voltage, current and gate signal of the MOSFET S, (a), voltage,
current and gate signal of the MOSFET S, (b), voltage and current of VDR diode
D, (c), and gating signals of the inverter MOSFETS (d).
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Figure 3.2 Experimental waveforms of the qZSC in the boost mode with the PWM
shoot-through control by the overlap of active states (Dsr = 0.25, Viy=15V, In =8 A):
voltage, current and gate signal of the MOSFET S; (a), voltage, current and gate signal
of the MOSFET S> (b), voltage and current of the VDR diode D,; (c), and gating signals
of the inverter MOSFETs (d).
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Figure 3.3 Experimental waveforms of the qZSC in the boost mode with the PWM
control with shoot-through generation during zero states (Dsr = 0.25, Vi = 15V,
Iiv= 8 A): voltage, current and gate signal of the MOSFET S, (a), voltage, current and
gate signal of the MOSFET S, (b), voltage and current of the VDR diode D, (c), and
gating signals of the inverter MOSFETs (d).

The reason is that despite different switching frequency of the switches, each
leg has the same number of switching transients and nearly the same number of
soft-switching conditions. The PWM control with shifted shoot-through
generation during zero states shows slightly better efficiency at partial load
(Figure 3.6d) due to the lower switching frequency of the inverter switches. The
PWM shoot-through control by the overlap of active states has efficiency curves
different from other conventional methods, as shown in Figure 3.6b. It operates
with hard-switching on the input and output sides, which is not common for
other methods. It is partially associated with the absence of zero states in the
switching sequence. It leads to nearly equal total converter efficiency at the full
and partial load. The control methods with zero states in the switching sequence
are necessary when the converter is implemented with a higher order output side
filter, like an LC-filter. The PWM control with shifted shoot-through generation
during zero states is the most advantageous in terms of voltage step-up and
efficiency. The PWM shoot-through control by the overlap of active states is
advantageous for converters with a VDR. It suits for applications with wide
load variations due to low efficiency variations with a load. Thus, these two
methods were selected for further modification, which is mostly connected to
shoot-through generation by a single leg.
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Figure 3.5 Experimental waveforms of the qZSC in the boost mode with the PWM

control with shifted shoot-through generation during zero states (Dsr

0.25,

Vin=15V, Iy = 8 A): voltage, current and gate signal of the MOSFET S, (a), voltage,
current and gate signal of the MOSFET S: (b), voltage and current of the VDR diode
D, (c), and gating signals of the inverter MOSFETS (d).
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Figure 3.6 Measured efficiency of the qZSC that operates with: the PSM control with
the shoot-through generation during zero states (a), the PWM shoot-through control by
the overlap of active states (b), the PWM control with the shoot-through generation
during zero states (c), the PWM control with shifted shoot-through generation during
zero states (d).
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Symmetrical and shifted overlap shoot-through generation methods

The PWM shoot-through control by the overlap of active states (Figure 3.7a)
was further modified in [PAPER-VI]. The overlap can be performed only by a
single inverter leg, as shown in Figure 3.7h. This modified method is called the
PWM shoot-through control by the shifted overlap of active states. The
experimental results obtained with this control method are shown in Figure 3.8.
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Figure 3.7 Sketch of the PWM shoot-through control methods: by the overlap of active
states (a), and by the shifted overlap of active states (b).
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Figure 3.8 Experimental waveforms of the qZSC in the boost mode with the PWM
shoot-through control by the shifted overlap of active states (Dsr = 0.25, Viy =15V,
Iiv= 8 A): voltage, current and gate signal of the MOSFET S; (a), voltage, current and
gate signal of the MOSFET S, (b), voltage and current of the VDR diode D, (c), and
gating signals of the inverter MOSFETs (d).
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In PWM shoot-through control by the shifted overlap of active states the
switching frequency of the switches still equals the converter operating
frequency. The switching sequence contains only the shoot-through and active
states. The shoot-through state occurs twice per switching period and is
performed by a single leg. Also, turn-ON duty cycle of the inverter switches is
fixed and is equal to 0.5. The shoot-through state is created by the phase shift
between the control signals of the top and bottom transistors.

The experimental results show that inverter switches feature ZCS-ZVS turn-
ON of the top switches and ZVS turn-OFF of the bottom switches. The VDR
diodes operate under full soft-switching, where ZCS is assisted by the leakage
inductance of the isolation transformer. Measured efficiency curves shown in
Figure 3.9 differ from those of the reference converter (Figure 3.60). With this
control principle, losses in the inverter switches have different distribution. The
conduction losses are higher, since the inverter bridge has higher resistance in
the shoot-through mode. However, switching losses have to be lower due to the
optimized switching sequence. The PWM shoot-through control by the shifted
overlap of active states has slightly better efficiency at maximum input current
than in reference control, while it is lower at partial power.
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Figure 3.9 Measured efficiency of the gZSC that operates with the PWM shoot-through
control by the shifted overlap of active states.

PWM Control with Shifted Shoot-Through

As it was shown before, the PWM control with shifted shoot-through
generation during zero states (Figure 3.4) shows the highest efficiency among
the PWM control methods with shoot-through generation during zero states.
This section describes four novel control methods derived from it, which are
presented in [PAPER-VII]. All of them feature the shoot-through generation
only by a single inverter leg. This leads to a switching frequency lower than in
the reference PWM control principle.

The PWM control with shifted shoot-through generation during zero states
in one leg (Figure 3.10a) was derived from the reference PWM method by
elimination of the short pulses in the control of the bottom transistors generating
shoot-through. The experimental voltage and current measurements for this
control method are shown in Figure 3.11. The top inverter switches feature ZCS
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turn-OFF, while ZCS turn-ON assisted by the leakage inductance is evident in
the bottom switches. The VDR diodes are switched with ZCS.

The asymmetric PWM control with shifted shoot-through generation during
zero states in one leg (Figure 3.10b) was derived from the previous control
method by moving active states towards each other and thus merging zero states
into one. Zero state is placed between the shoot-through and active state. The
experimental results (Figure 3.12) show that as compared to the previous
method, a different arrangement of the switching sequence does not influence
soft-switching conditions in the inverter bridge. Moved active states result in
non-centered, i.e. asymmetric, form of the isolation transformer voltage.
Different time intervals between the shoot-through states lead to additional
harmonic components in the input current at the operating frequency of the
converter. This control method also provides the ZCS of the VDR diodes.
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Figure 3.10 PWM control principles with shifted shoot-through: PWM control with
shifted shoot-through generation during zero states in one leg (a), asymmetric PWM
control with shifted shoot-through generation during zero states in one leg (b), PWM
control with shifted double shoot-through generation during zero states in one leg (c),
asymmetric PWM control with shifted double shoot-through generation during zero
states in one leg (d).

VTX. pr

PWM control with shifted shoot-through generation during zero states in one
leg can be modified further if the shoot-through states are placed on both sides
of the active state. The modified method is called the PWM control with shifted
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double shoot-through generation during zero states in one leg (Figure 3.10c¢). In
this way the shoot-through occurs four times per switching period and thus the
gZSN has four times higher operating frequency. However, experiments
(Figure 3.13) show that inverter switches operate at hard-switching conditions.
The VDR also has hard turn-ON, while the turn-OFF remains in conditions of
ZCS. However, each inverter switch operates at the converter switching
frequency, and thus provides moderate switching losses.
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Figure 3.11 Experimental waveforms of the qZSC in the boost mode with the PWM
control with shifted shoot-through generation during zero states in one leg (Dsr = 0.25,
Vin=15V, Iy = 8 A): voltage, current and gate signal of the MOSFET S; (a), voltage,
current and gate signal of the MOSFET S: (b), voltage and current of the VDR diode
D, (¢), and gating signals of the inverter MOSFETS (d).

The last method in this group is called the asymmetric PWM control with
shifted double shoot-through generation during zero states in one leg
(Figure 3.10d). It was derived from the previous control method through
moving the active states towards each other, while zero states are merged into a
single interval.

Measurement results obtained from the experimental prototype are presented
in Figure 3.14. Two shoot-through intervals are also merged, thus only three
shoot-through intervals of different duration occur during the switching period.
As a result, input current ripple is higher. This switching sequence leads to a
negative current flowing through the top switches during the shoot-through state
in the other inverter leg. The top switches are hard-switched, while the bottom
switches perform ZVS turn-OFF. Additional switching losses occur in the VDR
diodes due to hard turn-ON, while turn-OFF remains ZCS.

The measured efficiency curves for these four novel shoot-through
generation methods are shown in Figure 3.15. The first two control methods
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with shoot-through generation by one leg show efficiency curves (Figure 3.154
and b) slightly lower than those for the reference PWM control method
(Figure 3.6d). Apparently, switching losses lower than those of the reference
method are compensated by the conduction losses rise caused by higher
equivalent resistance of the inverter bridge during the shoot-through state.
However, they could have better efficiency at higher switching frequencies.
Another two control methods with the doubled shoot-through have even lower
efficiency. Among them the PWM control with shifted double shoot-through
generation during zero states in one leg has better efficiency than its asymmetric
derivative. Due to four times higher operating frequency of the qZSN, it can be
recommended for applications where power density is more important than
efficiency. Low efficiency of its asymmetric derivative can be explained with
additional conduction losses during reverse current flow in the top switches.
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Figure 3.12 Experimental waveforms of the qZSC in the boost mode with asymmetric
PWM control with shifted shoot-through generation during zero states in one leg
(Dsr=0.25, Vi = 15V, Iy = 8 A): voltage, current and gate signal of the MOSFET
S (a), voltage, current and gate signal of the MOSFET S, (b), voltage and current of
the VDR diode D, (c), and gating signals of the inverter MOSFETS (d).
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Figure 3.13 Experimental waveforms of the qZSC in the boost mode with the PWM
control with shifted double shoot-through generation during zero states in one leg
(Dsr=10.25, Viy = 15 V, Iy = 8 A): voltage, current and gate signal of the MOSFET
S (@), voltage, current and gate signal of the MOSFET S (b), voltage and current of
the VDR diode D, (c), and gating signals of the inverter MOSFETs (d).
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Figure 3.14 Experimental waveforms of the qZSC in the boost mode with asymmetric

PWM control with shifted double shoot-through generation during zero states in one leg
(Dsr = 0.25, Viy = 15 V, Iy = 8 A): voltage, current and gate signal of the MOSFET

S (a), voltage, current and gate signal of the MOSFET S, (b), voltage and current of
the VDR diode D, (c), and gating signals of the inverter MOSFETs (d).
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Figure 3.15 Measured efficiency of the qZSC that operates with: PWM control with
shifted shoot-through generation during zero states in one leg (a), asymmetric PWM
control with shifted shoot-through generation during zero states in one leg (b), PWM
control with shifted double shoot-through generation during zero states in one leg (c),
asymmetric PWM control with shifted double shoot-through generation during zero
states in one leg (d).
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3.1.2 Resonant Power Conversion

The simplest way of achieving soft-switching in the galvanically isolated
gZS DC-DC converters without any changes of the control algorithm is to
utilize the resonant tank. For the galvanically isolated DC-DC converters, the
second or the third order resonant tank circuit is typically used, which consists
of two or three energy storage elements, correspondingly [105]. In traditional
resonant DC-DC converters, where the variable frequency control is used for
the output voltage regulation, the optimization of the resonant tank could
become an issue. In the qZSC, the resonant tank will always work at the
resonance frequency since the input voltage and load regulation are performed
by the variation of the shoot-through duty cycle. Therefore, a simple series
resonant circuit could be implemented to achieve soft-switching in the qZSC.

Since the addition of extra discrete elements directly increases the cost and
complexity of the converter, the resonant power conversion with maximum
possible utilization of parasitic elements of the circuit was a very popular trend
in the past years [106]-[108]. In high-frequency applications, the leakage or
magnetizing inductances of the isolation transformer and parasitic capacitances
of the semiconductors could be used as resonant inductors or resonant
capacitors, correspondingly [109].

The series resonant qZSC (qZSSRC) is presented in Figure 3.16. It consists
of an ordinary qZSN, a full-bridge switching stage, a series resonant tank
formed by the capacitor C, and the leakage inductance of the isolation
transformer’s primary winding, and a voltage-doubler rectifier.
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Figure 3.16 Generalized topology of the series resonant gZSC (qZSSRC).
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Similarly to the baseline topology, the qZSSRC has two main operating
modes: normal (or non-shoot-through) and boost (or shoot-through) mode.
Further, the buck mode is now also available and provides an additional
advantage gained by the implementation of the resonant network. The resulting
advantages of the ZSSRC over the traditional qZSC could be listed as follows:

e full ZCS operation of the inverter and VDR in the normal mode,

e reduced switching losses of the inverter and full ZCS operation of
the VDR in the boost (shoot-through) mode,

e cxtended input voltage regulation range due to the realization
possibility of the buck mode,

e series capacitor C. blocks the DC voltage, thus avoiding the
transformer saturation.
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The operation principle and experimental results of the IGBT-based
qZSSRC were reported in [PAPER-I], [PAPER-II]. The results and findings of
the MOSFET-based experimental prototype of the qZSSRC with specifications
presented in Table 1.2 and 1.3 will be presented in the following sections.

Generalized operation principle of the ¢ZSSRC

In the normal mode, the qZSSRC operates as a pure series resonant
converter with the duty cycle of inverter switches close or equal to 0.5. The
switching frequency of the inverter is equal to the resonant frequency (fsp=f)

and can be defined as:
1 1
= f =— /_, 3.1
Ssw =1, 27\ LC, (3.1)

where L; is the leakage inductance of the isolation transformer’s primary
winding and C, is the capacitance of the resonant capacitor. At the magnetic
integration of the resonant inductor, it should be remembered that the second
resonance frequency also exists:

1 1
S —wam ) 3.2)

where L, is the magnetizing inductance of the isolation transformer.
Typically, the leakage inductance of the transformer is below two percent of the
value of magnetizing inductance [106] and the resonance frequencies f; and f;»
differ by a factor of 10.

The steady-state waveforms of the normal mode are presented in
Figure 3.17a. It is seen that the inverter switches and the rectifying diodes here
can be turned ON and OFF at perfect zero current, therefore in this operating
point, the gZSSRC features its maximum possible efficiency.

Neglecting losses in the components, the resulting output voltage gain in the
normal mode could be expressed as:

v
G __Oour _ 2.
normal V[N
where Vv and Vour are the input and output voltages of the converter and
n is the transformer’s turns ratio.
In the normal mode, the current in the series resonant circuit can be assumed
as a pure sinewave and the voltage drop across the resonant tank is zero. The
output voltage of the converter can be expressed as:

n, (3.3)

1 ‘R
TX,pr(m) Id , (3 .4)
n-mw
where Irxpm is the amplitude value of the current through the resonant tank
and Ry, is the resistance of a load.

Vour =
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Figure 3.17 Steady-state waveforms of the qZSSRC in the normal (a) and boost (b)
operation mode.

Average current of the resonant tank per half cycle is

2. ITX,pr(m)

(3.5)

ITX,pr(av) = T

The output power of the converter is

Pour =Py =P, =1y - Viy _I%X,pr(rms) ‘R, (3-6)
where Py is the input power, P, is the power dissipated in the resonant tank
and g - L% is the impedance of the resonant tank. Equation (3.6) could be

rewritten as

2 2
_ 2ITX,pr(m) N7 ITX,pr(m) ‘R = ITX,pr(m) 'Rld

our IN r
T 2 n? .zl

(3.7)

Using Eq. (3.7), the amplitude value of the resonant current can be found by

4-7-Viy
Irx pr(m) ST .l (3-8)
71.2 e Id
C. n?

14

In a general case, Eq. (3.8) could be used for the estimation of current stress
of the inverter switches and elements of the resonant tank. Figure 3.18 presents
the experimental voltage and current waveforms of the inverter switches and
VDR diodes in the normal mode. For this experiment, the leakage inductance of
the isolation transformer (L;=0.5 pH) was utilized as a resonant inductor. To
provide resonance at the switching frequency (100 kHz), a 5 uF foil capacitor
was connected in series with the primary winding of the isolation transformer. It
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it seen from Figure 3.18 that due to pure sinusoidal current, inverter switches
and VDR diodes are operating with ZCS. Thanks to that, the switching losses
are fully eliminated in contrast to the baseline topology, where inverter
transistors were hard-switched (Figure 1.5). According to the analysis of
converter power loss presented in Figure 1.8, the switching losses of inverter
transistors comprise near 0.5 W from the total power dissipation at the
maximum operation power, which corresponds to the normal mode of the
gZSC. In the ideal case, the resonant switching will eliminate these losses,
which could theoretically result in the efficiency rise up to 0.2%.

e T — Var (80 V/div) |
T]s (5 A/div) _47___ —— |
| LID,V (0.8 A/div)
llnv (4 A/div) iR
@ »)

Figure 3.18 Experimental waveforms of the qZSSRC in the normal operation mode:
voltage and current of MOSFET and input current of the converter (a), voltage and
current of the VDR diode and output current of the converter (b).

In the boost mode, the gZSSRC is controlled by the overlap of active states
exactly in the same manner as in the baseline topology. As in the normal mode,
the switching frequency of the inverter switches fs» in the boost mode remains
fixed to the resonant frequency f.. Figure3.17b shows the steady-state
waveforms of the converter operating in the boost mode. Neglecting losses in
the components, the resulting output voltage gain of the qZSSRC in the boost
mode could be expressed as:

Gboost = VOUT = 20 ’ (39)
Vv (1=2Dgr)

where Dsris the shoot-through duty cycle.

In the boost mode, the shape of the resonant circuit current (/rx,:) can be
also assumed as a sinewave and the relation between the amplitude value of this
current and the output voltage can be described using Eq. (3.4). The input
current of the converter can be expressed as:

_ 2 ot (3.10)
7(1-2Dg;) '

Similarly to Eq. (3.8), the amplitude current of the resonant tank during the
boost mode can be expressed as:

IIN
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(3.11)
. 2Ry
C n>

I3

I _ 4-7-Viy
X ,pr(m) — .
> | L
o = -(1-2Dgy)

As it is seen from the experimental waveforms in the boost mode (Viv=15V,
Dsr=0.25) presented in Figure 3.19, the semiconductors of the inverter bridge of
the qZSSRC feature partial soft-switching — ZCS turn-ON only, while the VDR
diodes operate with ZCS.
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Figure 3.19 Experimental waveforms of the qZSSRC in the boost mode at Dsr=0.25:
voltage and current of MOSFET and input current of the converter (a), voltage and
current of the VDR diode and output current of the converter (b).

According to the analysis of the power loss of the converter presented in
Figure 3.20, the switching losses of the inverter bridge during the operation at
the maximum shoot-through duty cycle and power of 120 W are near 0.35 W.
Therefore, the resonant switching with shoot-through will reduce these losses
by 75%, which in an ideal case could result in the efficiency rise up to 0.2%.
However, in a real converter, this minor efficiency improvement will be
cancelled by the losses in resonant elements as well as by slightly increased
conduction losses caused by the sine-shape resonant current. It is seen from
Figure 3.21a that for the same reason, the case study qZSC features 0.4% higher
efficiency than its resonant counterpart.

However, the resonant switching could become more attractive with an
increase in the switching frequency, when the switching losses of
semiconductors increase linearly. Figure 3.20 shows the estimation of dynamic
losses of the case-study converter operating at 400 kHz. It is seen that in the
maximum power point, the switching losses of MOSFETs comprise 2.4 W from
the total processed power. In that case, the implementation of resonant
switching could result in up to 1% of the efficiency rise. The experimental
results in Figure 3.215 show that the case study qZSSRC operating with the
maximum power (normal mode) is characterized by 0.9% better efficiency than
the traditional qZSC.
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Figure 3.20 Estimated efficiency and switching losses vs. output power of the qZSC
operating at 100 kHz and 400 kHz.
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Figure 3.21 Comparison of measured efficiencies of the ¢ZSC and qZSSRC operating at
100 kHz (a) and 400 kHz (b).

Buck mode realization in the ¢ZSSRC

In the qZSSRC, the realization possibility of the buck mode is an extra
benefit over a baseline solution, which could significantly extend the input
voltage regulation range of the qZSC. Similarly to traditional series resonant
converters [110]-[114], the output voltage in the gZSSRC could be controlled
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by increasing the switching frequency of the inverter from the resonant
frequency f. to some certain value (fsy;) to obtain the desired voltage gain
(Variable Frequency Control, VFC). The theoretical operational waveforms in
this mode are depicted in Figure 3.22. In this configuration, the resonant tank
and the load act as a voltage divider. By changing the switching frequency, the
impedance of the resonant circuit will also change. Since it is a voltage divider,
the DC gain of the qZSSRC in this operating mode will be always lower than 1.
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Figure 3.22 Steady-state waveforms of the qZSSRC in the buck operation mode
with VFC.

The steady-state analysis of the buck mode realization in the qZSSRC by
help of the variable frequency control is presented in [PAPER-IX]. The
resulting voltage gain directly depends on the quality factor of the resonance
network and load conditions and could be generally described as:

.
n’ wgyy

4RYwg +n*RAn* (w5 1)
where the relative switching frequency, resonant impedance and resonant
frequency can be expressed by Egs. (3.13), (3.14) and (3.15), correspondingly:

Vour = 4RV iy \/ (3 1 2)

gy =2, (3.13)
,
L
R = |/, 3.14
= (3.14)

I

1
= . 3.15
o=lre (3.15)

For the experimental validation of the buck mode realization with the VFC,
the external series resonant tank was assembled by help of 2.2 pH inductor and
1.1 uF ceramic capacitor. The converter was tested in three operating points
(V=35 'V, Vin=40 V and Vy=45 V) with the fixed input current /n=4 A. To
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regulate the output voltage, the switching frequency was changed from the
resonance point f,=100kHz at V=30V to 350kHz at Viy=45V (see
Figure 3.23).
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Figure 3.23 VFC buck mode. experimental efficiency and switching frequency of the
case-study qZSSRC in the selected test points with the input current Iiyv=4 A.

Figure 3.24 shows the voltage and current waveforms of the inverter
MOSFETs and the VDR diodes measured at the operating point with Viyv=45V
and feow; =350 kHz. It is seen that except some power dissipation during the
turn-ON of the inverter’s MOSFETs, the semiconductors of the qZSSRC
remain soft-switched during the buck mode. The experimental efficiency curve
of the case study qZSSRC operating in the VFC buck mode is presented in
Figure 3.23. Due to power dissipation in the resonant tank elements, the
converter’s efficiency decreases from 94.5% in the normal mode to 90% in the
maximum buck mode.
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Figure 3.24 Experimental waveforms of the gZSSRC in the VFC buck mode at 350 kHz:
voltage and current of MOSFET (a), voltage and current of VDR diode (b).

Phase-shift modulation for control of the gZSSRC in the buck mode

An alternative control possibility of a series resonant converter in the buck
mode is a phase-shift modulation (PSM), when the output voltage is controlled
by the phase shift angle ¢ between two inverter legs at the resonant frequency
(fsw = fr) [54]. Figure 3.25 shows the steady-state waveforms of the converter in
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the buck mode. Neglecting losses in the components, the resulting output

voltage gain of the qZSSRC in the buck mode could be expressed as:

=«/E-n-1/1+cos¢ .

Gbuck =

VOUT

VIN

The amplitude value of the resonant current can be found by

\/Eﬂ'V n’
Iy prom) :T:[V1+COS(0 .

The input current of the converter can be expressed as:
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Figure 3.25 General operation waveforms of the ¢ZSSRC in the PSM buck mode.
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For the experimental validation of the buck mode realization with the PSM,
the external series resonant tank was assembled by help of 2.2 uH inductor and
1.1 pF ceramic capacitor. The converter was tested in three operating points
(Vin=35V, Viw=40V and Viv=45 V) with the fixed input current [;y=4 A.
To regulate the output voltage, the phase angle ¢ was changed from 0° at
Vin=30V to 109° at V;y =45V (see Figure 3.26).
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Figure 3.26 PSM buck mode: experimental efficiency and phase shift angle of the case-
study qZSSRC in the selected test points at the input current =4 A.

Figure 3.27 shows the voltage and current waveforms of the inverter
MOSFETs and VDR diodes measured at the operating point at V;y =45V and
@ =109°. It is seen that the semiconductors of the gZSSRC feature ZCS in the
buck mode with PSM.

Vor (50 V/div)

Is (5 A/div) In (1 A/div) =

Vs (20 V/div)

@ (b)

Figure 3.27 Experimental waveforms of the qZSSRC in the PSM buck mode at
@ = 109°: voltage and current of MOSFET (a), voltage and current of VDR diode (b).

The experimental efficiency curve of the case study qZSSRC operating in
the PSM buck mode is presented in Figure 3.26. Comparison with the VFC in
Figure 3.23 shows that the efficiency in the PSM buck mode was reduced by
more than 1% within the entire regulation range. It is mostly caused by the
increased amplitude current values and therefore higher conduction losses of the
inverter MOSFETs and VDR diodes than in the case of the VFC. The reason
lies in the discontinuous current through the resonant inductor (Figure 3.27a)
resulting from the parameters of the resonant tank. The condition for continuous
current operation could be defined by [54]:

7 -P-n* L,
- >1.

3.19
8.V(gUT Cr ( )
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In the given case study, the resonant tank with a series combination of
2.2 uH inductor and 1.1 pF capacitor features discontinuous current operation
within the entire range of the buck mode. For better performance, it is
recommended to select the highest possible value of the resonant inductor to
operate close to the boundary described by (Eq. 3.19).

Hybrid qZS series resonant converter for wide input voltage and load
variation

By combining the boost properties of the qZSC, soft-switching performance
of the SRC and the buck mode realization by help of the PSM, a novel soft-
switching galvanically isolated DC-DC converter for wide input voltage and
load variation was derived: Hybrid qZS Series Resonant Converter (HqZSSRC).
In contrast to the Z-source resonant DC-DC converter with a wide regulation
range discussed in [110], the main advantages of the proposed HqZSSRC are
the hybridization of the operating modes, constant frequency control over the
entire range of the input voltage and load variation and better soft-switching
performance.
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Figure 3.28 Generalized topology of the HgZSSRC.

The HqZSSRC in Figure 3.28 combines the shoot-through PWM and
ordinary PSM for the realization of the boost and buck operating modes,
respectively. An example of the control variables of the HqQZSSRC operating
within the input voltage range from 15 V to 45 V is presented in Figure 3.29.
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PWM controlled
boost mode
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@ increases from 0° | Dy increases from 0

Figure 3.29 Idealized control variables of the HqZSSRC operating within the input
voltage range from 15 Vito 45 V.
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In contrast to the traditional qZSC with twofold variation of the input
voltage, the proposed HqZSSRC could widen the input voltage regulation range
up to two times without any serious efficiency penalties. This converter could
be a good candidate for the PV module integrated converters, where the wide
input voltage and load regulation range, power conversion efficiency and power
density are the main criteria of success.

Another distinguishing advantage of the proposed HqZSSRC is the
integration of passive components for better power density. In the primary side,
two separate inductors of the qZSN were replaced by the coupled inductor.
Since the currents through qZS inductors are the same in terms of waveform
and magnitude due to the flux doubling effect, we need to build two-winding
coupled inductor for the same operating conditions with an magnetizing
inductance twice smaller than in the case of separate inductors [115]. Finally,
for the same operating parameters, the volume of a coupled inductor could be
decreased by up to 40% compared to the summarized volume of two separate
ones in the traditional approach.

As can be seen from Figure 3.28, no additional components were used for
the resonant tank, which is now placed in the secondary side of the converter:
leakage inductance of the secondary winding of the isolation transformer forms
the series resonant network with the capacitors of the voltage doubler rectifier in
Figure 3.28. Realization of a magnetically integrated resonant tank in the high-
voltage side of the converter is more convenient for the step-up DC-DC
converters since the secondary winding due to a larger number of turns has
higher value of leakage inductance, which, in turn, is essential for obtaining
higher quality factor values of the resonant network. The design guidelines for
proper realization of the secondary resonance with integrated passive elements
discussed in [116] could be summarized as follows:

2
P VOUT

C >, L < 5 .
VOUT‘fr 8- Pfr

”

(3.20)

”

3.1.3  Full Soft-Switching Operation

In general, numerous techniques exist that allow achieving soft-switching in
the inverter bridge of the isolated full-bridge DC-DC converter. Many of them
have been reviewed in section 2 of this thesis. This subsection describes a novel
full soft-switching qZSC (FSSqZSC). The idea is based on the modification of
both the converter topology and the switching control principle. In the converter
in Figure 3.30, the second qZSN inductor L,7; is selected to operate in a
boundary or discontinuous conduction mode, while the input inductor is
dimensioned to operate in the CCM. Utilization of snubber capacitors across the
bottom inverter switches and output VDR diodes along with the new shoot-
through control method provide a soft-switching operation. The control
algorithm shown in Figure 3.31 features two types of shoot-through states: with
two conducting transistors and with three conducting transistors. This method
was derived from the PWM shoot-through control by the shifted overlap of
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active states. It was done through an increasing duration of the turn-ON time of
each inverter switch by a small value over 0.5. This additional time interval is
responsible for soft-switching since the shoot-through state with three
transistors conducting is generated during it.

Lyzi Coz Lyz2
YN B
D, Sﬂ. SsJ. iy L
q 4 < X D,; »—TCD1 Cy
C Z] * *
VIN C-) ! T VDC VTX, pr‘t 3‘ % tVTX sec —‘7 V()UT
—o0
oL Sulr2 tn o p,FICm]
Cs 1 Css S

Figure 3.30 Generalized topology of the FSSqZSC.
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Figure 3.31 Modified control algorithm for the FSSqZSC.

The shoot-through states with three conducting transistors are short in
duration and intended to perform ZCS turn-ON of a top transistor at the
beginning of this interval, and ZVS turn-OFF of the other top transistor at the
end of this interval. The operating principle of the FSSqZSC is shown in
Figure 3.32. It is evident that ZCS turn-ON of the top transistors is assisted with
the second qZSN inductor that features discontinuous current. ZVS of the
bottom transistors is assisted with the small snubber capacitors that interact with
leakage inductance of the isolation transformer.
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Figure 3.32 Idealized operating waveforms of the FSSqZSC.

Description of the operating intervals

At the beginning of the interval #,-¢;, the transistor S, performs ZVS turn-
OFF assisted with the snubber capacitor. This switching transient finishes the
shoot-through operation and the converter turns to the active state. The leakage
inductance limits the rate of the current rise in the transformer and inverter
switches. At the same time the circuit configuration of the qZSN changes.
Figure 3.33a¢ demonstrates an equivalent circuit, where recharging of snubber
capacitors on both sides of the transformer is shown.

At the beginning of the interval #;-f;, the converter reaches active state
operation, when the transistors S; and S, supply the transformer. The VDR
diode D,; is conducting. The equivalent circuit that corresponds to this time
interval is shown in Figure 3.3354.

The interval #,-¢; starts with the turn-ON transient of the switch S3, as shown
in Figure 3.33c. The new shoot-through state is starting. Zero current in the
second qZSN inductor at the moment ¢, assists the ZCS operation of S3. This
interval can be separated into two sub-intervals, as shown in Figure 3.32. Partial
discharge of the snubber capacitor Cs, occurs through the leakage inductance
and the top transistor S; at the beginning of this interval. Regardless of short
duration of this process, the leakage inductance could delay the change of the
secondary winding voltage of the isolation transformer. After that, the ZVS
transient is started in the VDR, assisted with the output side snubber capacitors,
as shown in Figure 3.33d. This transient process finishes with the ZVS turn-
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OFF of the switch S;. Quality of this switching transient depends on the values
of the snubber capacitors and the leakage inductance of the isolation
transformer.

During the interval #;-1,, the shoot-through is performed with switches S3 and
S4. Figure 3.33¢ shows an equivalent circuit of the converter operating in this
mode.

At the interval #,-t5, the shoot-through is performed with three switches,
since S is turned ON under ZVS conditions, as shown in Figure 3.33f.

(e) ()
Figure 3.33 Equivalent circuits of the operation of the FSSqZSC.
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The interval #s5-#5 is started with the ZVS turn-OFF of the switch Sy, assisted
with the corresponding snubber capacitor. Figure 3.33g provides an equivalent
circuit for this time interval. The charging of the snubber capacitor Css occurs
through the qZSN and switch S3. This process lasts till the instant #; when the
converter switches to the active state, when the switches S> and S3 supply the
isolation transformer. The equivalent circuit for this time interval is shown in
Figure 3.33A.

Switching processes over the time interval #,-fs are similar to those of the
interval #>-#3. The process starts with ZCS turn-ON of §;, assisted with the
second qZSN inductor that supplies zero current at instant #;. The equivalent
circuits in Figure 3.337 and Figure 3.33; describe the operation of the converter
within the time interval #,-#s.

It is evident from the operating principle described above that the proposed
converter combines hardware and control modifications. It always operates in
the boost mode, since short shoot-through states with three switches conducting
are necessary on both sides of the active state to maintain the soft-switching
operation. The cumulative duration of all shoot-through states defines the
voltage step-up at the input side of the converter.

The modifications in the converter do not influence the general principles of
the operation of the qZSN. Thus, the resulting input voltage gain of the
topology proposed can be expressed as in [1]:

Gpogey =22 = 22 (3.21)
Vi 1-2Dgr

where Dsris a cumulative shoot-through duty cycle.

The voltage stress of the qZSN capacitors is the same as in the baseline
topology. The second qZSN inductor has to be properly dimensioned to achieve
a BCM or DCM within the operating range. Taking into account the basic
operating principle of the qZSN and the constant output voltage, the value of the
inductor L,z can be calculated as a function of the input power P, input voltage
Vin, and the current ripple factor r.:

> T-Viy '(VgUT -4-n* 'VI?V) )
8-r.-P-Vour

The BCM operation corresponds to the current ripple factor . = 2. High
current ripple results in higher conduction losses in the inductor and inverter
MOSFETs. It was shown in [117] that conduction losses can rise by up to 35 %
in the BCM as compared to the case of ripple free input current. However, the
soft-switching operation results in significantly lower switching losses. Proper
dimensioning of the snubber capacitors is important for the soft-switching
operation.

The proposed converter was first verified with a simulation. The basic
parameters and operation conditions used were the same as for the baseline
topology. However, the inductors in the qZSN have different values of
inductance: 4 uH for L,z; and 1.2 pH for L,z>. The capacitance of the input side
snubber capacitors Csz, Css equals 22 nF, while 120 pF capacitance was taken

I (3.22)
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for the output snubber capacitors. The switching frequency was selected equal
to 200 kHz. The simulation was performed in PSIM simulation software by help
of Thermal module. The simulation results are presented in Figure 3.34. It is
evident that the second qZSN inductor operates near the boundary conduction
mode, while the input inductor has considerably lower current ripple. The
simulation results are shown for the Ds7y = 0.25. As it was mentioned before, Dsr
is a cumulative shoot-through duty cycle and thus it cannot be lower than a
certain minimum value needed to maintain a soft-switching operation.
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Figure 3.34 Simulation results of the FSSqZSC: the input voltage Viy and currents of
the qZSN inductors (a), current and voltage of the qZS diode Dgy; (b), current and
voltage of the primary side winding of the isolation transformer (c), current and voltage
of the switch S; (d), current and voltage of the switch S, (e), voltage of a secondary
winding of the isolation transformer and the output voltage (f).

The semiconductor losses have been estimated in the simulation for baseline
qZSC with equal inductors (Lyz; = Lyz2 =4 pH) operating at maximum boost,
i.e. Dsr=0.25, and proposed FSSqZSC at maximum and minimum boost. The
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semiconductor loss breakdown obtained in the simulation is shown in
Figure 3.35. The simulation shows that modified and baseline topologies are
characterized by nearly the same losses. However, in the FSSqZSC, the
switching losses are absent, while they contribute to semiconductor power
losses in the baseline topology. It means that the FSSqZSC has to maintain
nearly the same efficiency at higher switching frequency if the qZSN inductors
are properly re-designed to achieve BCM or DCM at that frequency. At the
same time, the efficiency of the baseline qZSC will drop due to an increase in
the switching losses. The conduction losses of the FSSqZSC are lower at
minimum boost due to low current ripple. At the same time, higher operating
power contributes to higher power losses in the VDR diode. That is the reason
why semiconductor power losses remain nearly the same in different operating
modes.

The experimental results were obtained using the same converter prototype
as before with small modifications, like replaced qZSN inductors and additional
snubber capacitors at the input and output sides.

Figure 3.36 shows experimental waveforms obtained with the MOSFET-
based experimental prototype described before, where necessary modifications
were made. It shows slight differences in the waveform of the primary side
inductor current in the return and direct way. It is caused by the slight difference
of parasitic elements in the first inverter leg (S;, S2) from that in the second
inverter leg (S3, Ss) of the converter. In general, the experimental results
obtained are in good accordance with the simulation and theoretical results
described before.

Maximum Boost Maximum Boost Minimum Boost
qZSC FSSqZSC FSSqZSC

VDR diode conduction losses B FB transistors switching losses

B FB transistors conduction losses B qZS diode conduction losses

Figure 3.35 Breakdown of semiconductor losses of qZSC and FSSqZSC in different
operating modes.
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Figure 3.36 Experimental results: the input voltage Viv and currents of the qZSN
inductors (a), current and voltage of the primary side winding of the isolation
transformer (b), voltage of a secondary winding of the isolation transformer and the
output voltage (c).

A detailed study of the soft-switching transients in the inverter switch from
the first leg is presented in Figure 3.37 and Figure 3.38. The first one shows
experimental current and voltage waveforms of the transistor S; measured for a
single switching period (Figure 3.37a), while the ZCS turn-ON is shown in
zoomed time scale in Figure 3.37b. These experimental results are in good
agreement with the simulation results in Figure 3.34d. Current and voltage of
the switch S; have nearly zero overlap during the turn-ON, i.e. ZCS assisted
with the second qZSN inductor occurs. The negative current spike highlighted
is caused by the discharge of the snubber capacitor Cs; through this switch. It
can be concluded that the soft-switching operation of the top switch is proved in
the experiment where voltage drops almost to zero before the current rising
started. Quite similar waveforms are shown in Figure 3.38 for the transistor S>.
They show that switch S; is turned OFF with ZVS. It is evident from the more
detailed waveforms in Figure 3.38b that it shows no overlap between turn-OFF
voltage and current. Apparently, switches S; and S, operate under similar soft-
switching conditions. Thus, switching losses in the inverter switches of the
proposed full soft-switching converter are negligible. The measured values of
the overall converter efficiency are within the range from 92 % measured at
minimum input voltage and, consequently, maximum shoot-through duty cycle,
of up to 95 %, measured at maximum input voltage and therefore at minimum
shoot-through duty cycle.
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(b)
Figure 3.37 Experimental current and voltage waveforms of the switch S;: during the
switching period (a) and zoomed ZCS turn-ON (b).
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Figure 3.38 Experimental current and voltage waveforms of the switch S»: during the
switching period (a) and zoomed ZVS turn-OFF (b).

Further development of this concept was reported by the author in [117]. An
additional improvement obtained is the shoot-through generation by both
inverter legs. It leads to lower conduction losses during the zero states. By
performance and efficiency, this modified converter with a new switching
control strategy is quite close to that of the gZSSRC. However, the HQZSSRC
has high enough efficiency, while it performs input voltage regulation in buck
and boost modes. All these solutions are competitors with close performance.

3.2 Reduction of Conduction Losses

3.2.1 Synchronous Quasi-Z-Source Network

Since the qZSC is the step-up converter topology meant for low-voltage
applications, the Schottky diodes are typically used in the qZSNs. Therefore,
the conduction losses are the main contributor of power dissipation:

PDqZSicon = VFﬁDqZS ’ IIN H (323)
where Vr pyzsis the forward voltage drop of the diode in the gZSN.
Conduction losses of the qZS diode depend on the input current of the
converter. However, due to the relatively high operating current, the qZS diode
generates more than 50% of the total losses within the entire operation range of
the converter (Figure 1.8). Thus, it could be concluded that a gZS diode can be
referred to as the efficiency limiting factor in the impedance-source converters.

The simplest way to reduce the conduction losses of the diode is to increase
the number of paralleled devices. As the analysis in Figure 3.39 shows, the
parallel connection of two and three diodes could result in the conduction loss
reduction by 16% and 22% within the entire operation range of the case study
converter. However, the disadvantages of the parallel connection of diodes are
the current sharing between the devices, parasitic resonance due to stray
inductance and capacitance, and the requirement for the extra installation space.
The most problematic issue is the current sharing caused by the mismatch of
forward characteristics of the paralleled diodes. Since the forward voltage of Si-
diodes has negative temperature dependence, the current sharing problem could
get even worse and result in the destruction of the diode.
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Figure 3.39 Comparison of semiconductor conduction losses of the qZSN in the case of single
and paralleled diodes as well as in the case of the MOSFET-based qZSN.

An alternative approach to the paralleling of diodes is a synchronous
rectification (SR), where the diode is replaced by the MOSFET. The general
idea of SR is discussed in subsection 2.3.2. Typically, the MOSFET used in
place of a diode can have a significantly smaller voltage drop at a given current
than the diode [119]. Moreover, since the MOSFET has the positive
temperature coefficient, the devices can be easier paralleled due to the more
even current sharing and, therefore, optimal thermal balance between them.

To reduce the conduction power losses over a diode in the qZS-based
converters, the concept of synchronous qZSN was first proposed by the author
of this thesis in 2014 [PAPER-III], [PAPER-IV]. As shown in Figure 3.40, the
idea behind that is to implement the low Rpson N-channel MOSFET instead of
the Schottky diode. According to the analysis presented in Figure 3.39,
semiconductor conduction losses of the synchronous qZSN will be reduced by
roughly 80% for the case study converter as compared to its traditional (diode-
based) counterpart.
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Figure 3.40 qZSC with a synchronous qZSN.

A generalized operation principle of the synchronous qZSN in the shoot-
through mode is presented in Figure 3.41a. S,z is synchronized with the inverter
switches and it conducts only during the active state and blocks the current
during the shoot-through. To prevent damage of the circuit, the dead time is
added before the turn-ON and turn-OFF transients of the S,z, as shown in
Figure 3.41. During the dead time, the body diode of the MOSFET is
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conducting, therefore to achieve maximum possible efficiency rise, it is
recommended to set the dead time as short as possible. Figure 3.42 shows the
experimental waveforms of the S,. in the case study converter operating in the
maximum boost mode (Vin=15V, Iw=8 A, Dsr=0.25). In the given case
study, the Vishay Si4190ADY N-channel MOSFET with Rpson = 8.8 mQ was
used as a replacement for the Schottky diode Vishay V60D100C. As a result,
with the dead time of 70 ns, the efficiency rise was 1.7 % as compared to the
traditional converter with the diode-based qZSN (Figure 3.43).
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Figure 3.41 Generalized operation principle of the qZSC with a synchronous qZSN (a)
and synchronous VDR (b).
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Figure 3.42 Operation of a synchronous qZSN in the test point with maximum shoot-
through duty cycle: gating voltage, drain current and drain-source voltage of the
MOSFET switch Syz.

In the normal mode, when the duty cycle of the active state is approaching
its maximum, S,z starts operating in the static mode. The experimental study
showed that the efficiency rise in this operating point is 1.2%, as compared to
the qZSC with a diode-based qZSN (Figure 3.43). Therefore, considering the
gate drive power of S,z the resulting efficiency rise caused by the
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implementation of the synchronous qZSN is close to 1% for the entire operation
range of the case-study converter.
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Figure 3.43 Comparison of measured efficiencies of the case-study qZSC with the
traditional (diode-based) and proposed (MOSFET-based) qZSN.

3.2.2 Synchronous (Active) Voltage Doubler Rectifier

Similarly to the qZSN, the conduction losses can be reduced also in the
diodes D,; and D, of the voltage doubler rectifier. As the case study shows
(Figure 3.44), the conduction losses of the synchronous VDR will be reduced
by more than 15 times for the case-study converter as compared to its traditional

(diode-based) counterpart.
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Figure 3.44 Comparison of semiconductor power losses in the case of diode- and
MOSFET-based VDR.

Figure 3.415 shows the control principle of the synchronous VDR based on
the N-channel MOSFETs S5 and Ss. As seen from the diagram, the dead-time is
also necessary before the turn-ON and turn-OFF transients of S5 and Ss.

In our case study, the SiC Schottky rectifiers CREE C3D02060E were
compared to the synchronized VDR based on the SiC MOSFETs ROHM
SCT2120AF. The generalized specifications of semiconductors are presented in
Table 1.2. The main reason to select the SiC MOSFET was the fast reverse
recovery time of the body diode (33 ns), which in more than 20 times better
than that of the Si-based superjunction MOSFETs (800 ns in the case of 650 V
CoolMOS IPP65R065C7 MOSFET).

The experimental voltage and current waveforms of the VDR MOSFET S;
are presented in Figure 3.45, where the VDR is hard-switched during the turn-
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ON, therefore the resulting benefit of reduced conduction losses will be
somehow affected by the switching losses of the MOSFET. The analysis of
experimental efficiency shows that in the case-study converter, the
implementation of synchronous (active) VDR leads to efficiency rise from
0.1 % at the maximum boost point to 0.5% in the normal mode.

Vss (80 V/div)

Iss (2.5 A/div)

Ves(ss) (20V/div)

1

Figure 3.45 Operation of synchronous VDR in the normal mode of the case-study
converter: gating voltage, drain current and drain-source voltage of the VDR
MOSFET Ss.
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Figure 3.46 Comparison of measured efficiencies of the case-study qZSC with the
traditional (diode-based) and synchronous (MOSFET-based) VDRs.

3.2.3 Full-Synchronous Quasi-Z-Source DC-DC Converter
By merging the overall idea of the qZSC with the concepts of synchronous
gZSN and synchronous VDR discussed in sections 3.2.1 and 3.2.2 respectively,
a novel topology of the high-performance DC-DC converter could be derived.
As compared with the baseline qZSC in Figure 1.1, the novel Full-Synchronous
qZSC (FSqZSC) (Figure 3.47) has the following advantages:
e improved efficiency over the entire range of the input voltage and
load variations thanks to synchronous rectification,
e Dbidirectional operation capability without any modifications in the
hardware,
e climination of the discontinuous conduction mode (DCM) thanks to
the synchronous qZSN.
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It is shown in Figure 3.48 that due to decreased conduction losses, the
replacement of diodes by the N-channel MOSFETs in the qZSN and the voltage
doubler rectifier has resulted in the efficiency by 1.8% and 1.9% for the
maximum boost and normal operating modes, correspondingly. In order to
further maximize the efficiency, special attention should be paid to the proper
selection of the dead time before the turn-ON and turn-OFF transients of the
synchronous switches to limit the conduction time of the body diodes.
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Figure 3.48 Comparison of measured efficiencies of the gZSC and FSqZSC.

Since the FSqZSC is realized on the controlled switches, it features the
bidirectional operation capability without any hardware modifications. The
concept of the bidirectional qZSC was first proposed in [120] as an interface
converter for the ultracapacitor powered applications. The discussed topology
was based on the combination of a full-bridge qZS inverter and half-bridge VSI
on the low-voltage and high-voltage sides, correspondingly. During the
operation the power flow is controlled only by the front-end inverter, while the
integrated (freewheeling) diodes of the second inverter bridge are used as a
passive rectifier. Moreover, to ensure the bidirectional power flow, the diode of
the qZSN should be bypassed by the external switch or a contactor. Finally, it
was suggested that the discussed topology suffers from the lack of efficiency
and overall performance since the dynamic and static properties of the
antiparallel diodes are significantly worse than those of their discrete
counterparts.
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The advantage of the proposed FSqZSC is that it could operate in the
configuration “inverter-synchronous rectifier” in both directions. The control of
the output voltage in the forward mode (low-to-high voltage conversion) is
similar to that of the traditional qZSC. During the operation in reversed mode
(high-to-low voltage conversion) the MOSFET of synchronous qZSN is turned
ON and the power flow is controlled from the high-voltage side by the duty
cycle variation of the half-bridge inverter. As it is seen from experimental
results (Figure 3.49 and 3.50), the FSqZSC features soft-switching in both
directions: ZCS turn-OFF in the forward mode only, and full ZCS in the reverse
mode. Experimental study shows an efficiency rise from 93.3% to 95.9% in the
forward mode and from 91.1% to 95.3% in the reversed mode after activation of
synchronous rectification at the operating power of 240 W.
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Figure 3.49 Experimental waveforms of FSqZSC in the forward mode (low-to-high
voltage conversion): drain current and drain-source voltage of the full-bridge
MOSFET S5 (a) and drain current and drain-source voltage of the half-bridge
MOSFET S5 (b).
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Figure 3.50 Experimental waveforms of FSqZSC in the reverse mode (high-to-low
voltage conversion): drain current and drain-source voltage of the half-bridge
MOSFET Ss (a) and drain current and drain-source voltage of the full-bridge
MOSFET S3 (b).

In the synchronous qZSN, the MOSFET operates in the third quadrant and
its current flows from the source to drain. This eliminates fully the
discontinuous conduction mode (DCM) operation [8], [115], which could occur
in the DC-DC converter with a diode assisted qZSN at light load, relatively low
switching frequency and low inductance values of qZS inductors [10].

In a traditional approach during the DCM, the qZS diode stops to conduct
and the current of the qZS inductor falls to zero. Finally, it causes the overboost
effect of the intermediate DC-link voltage Vpc and excess rise of the output
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voltage [115]. Moreover, the voltage stresses on the components during the
DCM operation are significantly increased, which could finally result in the
destruction of the converter. In the FSqZSC, the synchronous switch S,. always
operates in continuous conduction, thus eliminating the DCM. Figure 3.51
presents the simulation results of the case-study converter with the significantly
reduced inductance value of the qZS inductors (1 pH against 22 pH for the
baseline converter). It is seen that in the maximum boost point, the converter
operates in the DCM, which results in more than 40% increase of the amplitude
voltage value of the intermediate DC-link and, consequently, more than 100 V
higher output voltage for the same operating conditions as in the case of the
converter operating in the CCM. The implementation of the synchronous qZSN
helps to keep the intermediate DC-link voltage on the desired level and,
therefore, normally control the output voltage of the gZSC within a wide range
of load variations.
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Figure 3.51 Generalized waveforms of the traditional qZSC operating at DCM (a) and
resulting effect caused by the implementation of the synchronous qZSN (b).
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4 CONCLUSIONS AND FUTURE WORK

Focus in this PhD research was on the development and experimental
validation of new methods, topologies and control algorithms aimed at the
reduction of semiconductor power losses and, consequently, efficiency
improvement of the galvanically isolated qZS DC-DC converters (qZSCs).
First, power losses in semiconductors of the MOSFET-based qZSC were
analyzed in detail to define the research directions. It was found that the diodes
are the main limiters to efficiency and performance of the case-study qZSC.
Next, the state-of-the-art techniques of the semiconductor power loss reduction
in the traditional voltage- and current-source galvanically isolated DC/DC
converters were systematized and analyzed, which allowed selecting the most
suitable approaches to be applied in the qZSC. This was followed by the
comprehensive research and development work, which has resulted in a variety
of novel efficiency and performance improvement techniques proposed for the
family of impedance-source galvanically isolated DC-DC converters, and for
the qZSCs, in particular. It was found that the soft-switching performance of the
gqZSC could be enhanced by the modification of the control algorithm (five
novel shoot-through generation methods were proposed), by the modification of
the topology (new Hybrid quasi-Z-source series resonant DC-DC converter)
and by modifying both, the control algorithm and the topology (new Full-soft
switching quasi-Z-source DC-DC converter). To reduce the conduction power
losses over a diode in the quasi-Z-source network, the concept of synchronous
qZSN was first proposed in this thesis. Moreover, it was experimentally
validated that due to reduced conduction losses, the combination of
synchronous qZSN and synchronous VDR could feature the efficiency rise of
the gZSC up to 1.9% as compared to the traditional diode-based counterpart.

It is important to note here that all the proposed efficiency improvement
techniques were initially meant for the qZSC with the full-bridge switching
stage, i.e. where the inverter is composed from four switches and supplies the
isolation transformer with symmetrical voltage pulses of equal magnitude.
Typically, this approach requires four independent gate driving circuits to
realize the shoot-through control strategies properly. In several price-sensitive
applications, such as microconverters for PV systems, this requirement could
create some feasibility concerns.

To overcome this disadvantage, several qZS-derived DC-DC converters with
a reduced number of switches were recently developed: the qZS push-pull
converter [121] and the symmetrical qZS half-bridge DC-DC converter [124].
Both topologies have two transistors in their switching stage, which reduces
complexity of the switching stage and simplifies its control.

In contrast to the push-pull counterpart, the symmetrical qZS half-bridge
DC-DC converter is characterized by twice reduced voltage stress of the
transistors and a two-winding isolation transformer. In addition, the converter
could be supplied either from one or two input voltage sources. However, to
ensure the symmetrical structure of the impedance-source network, mirror
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connection of two identical qZS networks is required. That seems to be the
main drawback of the symmetrical qZS half-bridge DC-DC converter since it
uses twice more passive components and is more costly and less efficient than
the traditional full-bridge qZSC.

For furtherance of the research and development activity described in the
thesis, the author proposes a novel asymmetrical qZS half-bridge DC-DC
converter to be evaluated as an alternative approach to qZS-derived DC-DC
converters with reduced count of switches. This topology shown in Figure 4.1
was derived by the combination of the single-switch qZSC [122] and the half-
bridge galvanically isolated DC-DC converter [123]. The proposed topology is
simpler than the symmetrical qZS half-bridge DC-DC converter discussed in
[124] since it is based on a single qZSN.
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Figure 4.1 New asymmetrical qZS half-bridge DC-DC converter.

The preliminary study results of the proposed topology presented in
Figure 4.1 were already discussed in [PAPER-XI]. The converter is composed
from the gZSN, an isolation transformer and a VDR with the parameters similar
to those presented in Table 1.2. Two 100 uF electrolytic capacitors were used to
create the half-bridge configuration of the inverter. Since the transformer is
supplied by the asymmetrical pulses, the 5.5uF DC blocking capacitor C; is
added in series with the primary winding of the isolation transformer to prevent
the transformer’s saturation. The topology was studied with the input voltage
Vin=25V, shoot-through duty cycle Dsr= 0.3, switching frequency 100 kHz
and operating power 200 W. Figure 4.2 shows that the proposed converter
ensures the demanded gain of the input voltage (Vour= 240 V) and continuous
input current with peak-to-peak ripple of 6 A. The simulation results also show
the sine wave current of the primary winding of the isolation transformer. This
effect is caused by the series resonant circuit formed by the DC blocking
capacitor C, and the primary winding leakage inductance of the isolation
transformer. By proper utilization of those elements, soft-switching could be
achieved for the half-bridge inverter switches.

The proposed asymmetrical half-bridge topology could be simplified further
by the reconfiguration of the switching stage. In that case, the upper capacitor
C; of the half-bridge switching stage should be short-circuited, as shown in
Figure 4.3. The general operating principle of the modified topology remains
the same. Minimization of components count will lead to higher voltage stress
of the primary side capacitors. Capacitor C; should be dimensioned for the
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operating voltage equal to the amplitude value of the intermediate DC-link
voltage Vpc. The blocking capacitor Cp, needs to withstand higher DC voltage
because the half-bridge switching stage supplies the transformer with unipolar
voltage pulses in contrast to bipolar in the previous topology.

The next challenge for the author will be to analyze the resonant switching
processes and the resulting soft-switching performance as well as the
experimental study of power losses and efficiency enhancement methods of the
proposed converters.
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Figure 4.2 Simulation study of the proposed topology: gating signals of switches (a),
input voltage and current (b), voltages of half-bridge capacitors and intermediate DC-
link voltage (c), voltage and current of the primary winding (d) and secondary winding
voltage, voltages of VDR capacitors and output voltage of the converter (e).
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Figure 4.3 Asymmetrical qZS half-bridge DC-DC converter with a single capacitor in
the half-bridge switching stage.
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Abstract

Semiconductor Power Loss Reduction and Efficiency Improvement
Techniques for the Galvanically Isolated Quasi-Z-Source DC-DC
Converters

Galvanically isolated impedance-source (IS) DC-DC converter technology
is an emerging trend of electric energy conversion alternative to voltage-source
and current-source technologies. A quasi-Z-source DC-DC converter (qZSC) is
the most advantageous representative of the family of galvanically isolated IS
DC-DC converters. The qZSC features continuous input current, immunity to
shoot-through and open states of the inverter bridge, low inrush current, high
control flexibility, wide input voltage regulation, galvanic isolation of the input
and output sides, etc. Therefore, the qZSC can be highly beneficial as a power
electronics building block for dispersed generation systems.

However, despite all its benefits, the gZSC topology is still not “industrially
recognized” mostly due to its efficiency limitations. Since the qZSC is a step-up
converter, its operation is always connected to the low voltage and high current
values at the input side, which lead to high power losses in the front-end quasi-
Z-source (qZS) inverter. According to the analysis of losses, the diode in the
gqZS-network is the main contributor to total power dissipation of the qZSC. It is
responsible for more than 50% of power losses generated by the semiconductors
over the entire operating range of the converter. By considering also the power
dissipation in the inverter switches and diodes of the voltage doubler rectifier it
could be stated that the power losses in semiconductors solely limit the peak
efficiency of qZSC at the moderate level of 95.9%.

The main aim of this PhD research was to develop and experimentally
validate new methods, topologies, control algorithms, and design guidelines
aimed at the reduction of semiconductor power losses and, consequently,
efficiency improvement of the qZSC. As a result of a comprehensive research
and development work, a variety of hardware and software improvement
possibilities of the qZSC were proposed and experimentally validated. For
example, it was found that the synchronous qZS-network could feature an
efficiency rise close to 1% for the entire operation range of the qZSC. Moreover,
such novel topological variations of the qZSC as Hybrid quasi-Z-source series
resonant DC-DC converter and Full-soft switching quasi-Z-source DC-DC
converter proposed by the author of the thesis are not only aimed at the
reduction of switching losses of semiconductors but will also help to improve
the power density and widen the input voltage and load regulation range of the
qZSC.

Since all the efficiency improvement methods proposed in this thesis are
applicable to all existing types of the impedance-source networks it is expected
that outcomes of this research will substantially contribute to the further
development of the emerging field of the galvanically isolated impedance source
DC-DC converters.
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Kokkuvote

Galvaaniliselt isoleeritud kvaasiimpedantsallikaga alalispingemuunduri
pooljuhtide voimsuskao vihendamine ja kasuteguri suurendamine

Seniste pinge- ja/vdi voolutoiteliste energiamuundamistehnoloogiate kdrval
on uueks alternatiivseks arengusuunaks galvaaniliselt isoleeritud kvaasiimpe-
dantsallikaga alalispingemuundur. Kvaasiimpedantsallikaga (qZS) alalispinge-
muundur on galvaaniliselt isoleeritud alalispingemuundurite klassi kdige
tulemuslikum. Selle muunduri iseloomulikeks omadusteks on katkematu
(vorgusodbralik) sisendvool, immuunsus muundursilla lithis- ja avatud olekute
suhtes, védike kéivitusvool, juhtimise paindlikkus, sisendpinge laiaulatuslik
reguleeritavus, sisend- ja véljundpoole galvaaniline eraldatus jne. Nende
omaduste tottu voib qZS-muundur osutuda viga kasulikuks jouelektroonika
elemendiks elektritootmise hajasiisteemide loomisel.

Koigile headele omadustele vaatamata ei ole qZS-muundur siiski leidnud
"toostuslikku tunnustust” peamiselt oma madala kasuteguri tottu. Kuna
gZS-muundur on pinget tdstev muundur, siis on ta sisendis alati madal pinge ja
suur vool, mis pohjustab seal suuri voimsuskadusid. Kadude analiiiis néitab, et
muunduri vdimsuskao peamiseks pohjustajaks on kvaasiimpedantsahelas olev
diood. Diood pohjustab iile 50% muunduri koigi pooljuhtide poolt kogu
tootsiikli jooksul tekitatud kadudest. Vottes arvesse ka kaovdimsuse muunduri
lilitites ja pingekordistusalaldi dioodides, v3ib véita, et ainuiiksi juba pool-
juhtide voimsuskadude tottu ei saa qZS-muunduri kasutegur tousta iile 95,9%.

Antud doktorit6d eesmérk oli arendada ja eksperimentaalselt kinnitada uusi
meetodeid, topoloogiaid ja juhtimisalgoritme ning kujundada suunised isolee-
ritud kvaasiimpedantsallikaga alalispingemuunduri pooljuhtide vdimsuskadude
viahendamiseks, et parendada muunduri kasutegurit.

Pdhjaliku uurimis- ja arendust6d tulemusena on antud t66s pakutud
erinevaid qZS-muunduri riist- ja tarkvara tdiustamise vOimalusi, mis on eks-
perimentaalselt kontrollitud. Naiiteks leiti, et siinkroonse qZS-ahelaga vdib
saavutada kasuteguri tdusu kuni 1% vorra muunduri kogu td6piirkonnas.

Veel enam, sellised doktoritdd autori poolt pakutud qZS-muunduri uuen-
duslikud topoloogilised variatsioonid nagu hiibriid kvaasiimpedantsallikaga
jarjestikresonants-alalispingemuundur ja pehme kommutatsiooniga qZS-
muundur ei ole moeldud iiksnes pooljuhtide lillituskadude vihendamiseks, vaid
aitavad parandada ka voimsustihedust ja laiendada muunduri sisendpinge ja
koormuse reguleerimise ulatust.

Kuna koik kéesolevas teadustods pakutud meetodid on rakendatavad
koikidele olemasolevatele kvaasimepedantsallikatega ahelatele, loob selle t66
tulemuste kasutamise eeldused kaasa edasisele galvaaniliselt isoleeritud
kvaasiimpedantsallikaga alalispingemuundurite arengule.
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qZS-BASED SOFT-SWITCHING DC/DC CONVERTER
WITH A SERIES RESONANT LC CIRCUIT
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This paper discusses further modifications of the recent popular qZS-based DC/DC converter design by the
introduction of the resonant LC circuit in series to the primary winding of the isolation transformer. The
primary aim is to achieve the zero voltage and zero current switching of transistors. As an additional benefit
of the resonant LC circuit, the converter is able to perform the voltage buck function simply by changing the
switching frequency of the transistors. The control principle of the converter and its main operating modes
are explained. The theoretical assumptions are experimentally verified by help of the small-scale testbench
of the converter.

Keywords: qZS-based DC/DC converter, series resonant DC/DC converter, soft switching.

Introduction. The quasi-Z-source (qZS) based DC/DC converter is a novel approach to the
galvanically isolated step-up DC/DC converters [1, 2]. Thanks to the qZS-network at the input side, the
converter features such important benefits as continuous input current, shoot-through immunity, low inrush
current during start-up, and wide regulation freedom of the inverter (integrated buck-boost functionality).
Due to its properties, the converter is especially suitable as a power conditioner for renewable energy
sources.

Further modification of the qZS-based DC/DC converter is analyzed here. The new topology was
derived simply by adding the resonant LC circuit in series with the primary winding of the isolation
transformer (Fig. 1a). As in a baseline topology, the output voltage is controlled by the variation of the
shoot-through duty cycle, which could be realized in different ways [3]. In our case the shoot-through states
are created by the overlap of active states, as shown in Fig. 1b. It is remarkable that the inverter operates
without dead time and the duty cycle of active states of transistors is greater than or equal to 0.5. If the ac-
tive state duty cycle is greater than 0.5, overlapping occurs and the shoot-through states will be created. Dur-
ing this operating mode the current through the inverter switches reaches its maximum, the voltage across
the inverter bridge (Upc) and, consequently, the voltage of the primary winding of the isolation transformer
(Uz,) drops to zero. The operating period of the isolation transformer in this control method consists of a

shoot-through state zgand an active state 7
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where D4 and Ds are the duty cycles of an active and a shoot-through state, correspondingly. As Eq. (1) and
Fig. 1b show, the duty cycle of the active state will vary with the variation of the shoot-through duty cycle. It
approaches its maximum in the non-shoot-through mode, when the input voltage is high enough and the
shoot-through states are eliminated, and vice versa, in the conditions of minimal input voltage where the
shoot-through duty cycle is maximal, the duty cycle of active states will have a minimum value. It should
also be noted that for the proposed voltage-fed qZS topology with the positive input voltage, the maximum

shoot-through duty cycle should never exceed 0.5 or the system could get instable.
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Based on this methodology, the switching states sequence is presented in Table 1. The states are
shown for one switching period of the isolation transformer. As it can be seen, the transistors work with the

same switching frequencies, thus have equal switching losses.

Table 1

States T1 T2 T3 T4
Active state
Shoot-through state
Active state
Shoot-through state
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Operation Modes of the Proposed Converter. The proposed qZS-based resonant DC/DC
converter could operate in three basic modes: normal (or non-shoot-through), boost (or shoot-through) and
buck (or series resonant) mode. The first two modes are similar to those of the traditional qZS-based DC/DC
converter, however the buck mode provides an additional advantage gained by the implementation of the
resonant network.

In the normal mode the input voltage is equal to the DC-link voltage (Ujy=Upc). The switching fre-

quency of the inverter switches is equal to the resonant frequency (fs5=f,) and can be defined as

1 1
fsw—fr—g1 7.C 3)

where L, and C, are the inductance and capacitance values of the resonant inductor and the capaci-
tor, respectively. Fig. 2 shows the theoretical operating waveforms of the qZS-based resonant DC/DC con-
verter topology in the normal mode. Switches here can be turned on and off at perfect zero voltage and zero
current condition. Therefore, in this mode, maximum efficiency can be achieved. In this operation mode the
current in the resonant circuit can be assumed as a sine wave but the total voltage across both of the reactive
elements is zero. It is assumed that diagonal switches (77, T4 and 72, T3) are conducting half the period. At

the current 7,>0, the voltage applied to the resonant circuit is

U, =Upn=Upyr- kTr s 4
where Ugyr is the output voltage of the converter and k7, =N,/N; is the transformer turns ratio.
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The same voltage is also applied to the resistance R, that is actually the impedance of the resonant

circuit. Output voltage Upyr of the converter can be expressed as

2[Tr,m 'kTr 'Rl

Uour =—— ®)
V2

where R, is the resistance of a load. Average current per half cycle of the resonant circuit is

2‘1"/71
1, =21 ©)
T



Taking into account that the input power of the converter is P,y=U,y Iy, the power balance between

the resonant circuit and load can be expressed as

21 I 417, ki R
Tr,m ‘UIN _ T;m ‘Rr - Tr.m 2Tr 1 . (7)

T

The amplitude value of the resonant circuit current can be found as

47Uy
7*R +8kER,

Tr.m —
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If the input voltage of the converter drops below the nominal value, the converter starts operation in
the boost mode. In order to boost the input voltage during this mode, a special switching state — the shoot-
through state — is implemented in the inverter control. During the shoot-through states, the primary winding
of the isolation transformer is shorted through all switches of both phase legs. This shoot-through state (or
vector) is forbidden in the traditional voltage source inverters because it would cause a short circuit of DC
capacitors and destruction of power switches. The qZS-network makes the shoot-through states possible,
effectively protecting the circuit from damage. Moreover, the shoot-through states are used to boost the
magnetic energy stored in the DC-side inductors L7 and L2 without short circuiting the DC capacitors C/
and C2. This increase in the magnetic energy, in turn, provides the boost of the voltage seen on the inverter
output during the active states. In this operation mode the switching frequency of inverter switches fgy is
fixed to the resonant frequency f,. Fig. 3 shows general operation waveforms in the boost mode where
switches can be turned on and off at almost perfect zero voltage and zero current condition.

In the boost operating mode the shape of the resonant circuit current (/) can be also assumed as a

sine wave and the relation between the amplitude value of this current and the output voltage can be de-

2
Trm

scribed using (5). Power losses in the resonant circuit can be calculated as 0.5- 7, - R.. However, some ad-
ditional power losses caused by the shoot-through states of the qZS-inverter will appear in the boost mode.
These losses can be simply described as /7 - R, zs » where Iy is the input current of the converter and R,z is

the equivalent resistance of the gZS-network during shoot-through states.

71, T4
t
72, T3 I
t
Urr
t
/N N\
" \\ // \\ ;
N "
. N L—N
lsw il
Shoot-through t

states

Fig. 3



For the boost mode, the input current of the converter can be expressed as

2 [Tr,m

T Z(-2Dg) ©)

1 IN

Neglecting losses in the transformer and the rectifier, the power balance of the converter can be
written as

PIZ\/:APqZS-'—APRr—'—POUT- (10)

Inserting the corresponding expressions in the power balance equation (10), the amplitude current of

the resonant circuit during the boost mode can be expressed as

4-Upr(1-2Dyg)
2 2, 2 2" (11)
8R, 75 +8k7. R, (1-2Dg)" + "R, (1-2Ds)

ITR,m =

In the proposed topology the buck mode is an extra benefit over a baseline solution. In the buck
mode the qZS-based resonant DC/DC converter operates as a conventional series resonant converter [4-8]
and controls the output voltage by increasing the switching frequency of the qZS-inverter from the resonant
frequency f; to its maximum switching frequency (f;,...). The theoretical operational waveforms in this
mode are depicted in Fig. 4. In this configuration, the resonant tank and the load act as a voltage divider. By
changing the switching frequency, the impedance of the resonant circuit will also change. Since it is a volt-
age divider, the DC gain of the qZS-based resonant DC/DC in this operating mode will be always lower
than 1.
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Experimental Verification. To verify the theoretical assumptions an experimental prototype
(Fig. 5) was assembled in accordance with the schematics shown in Fig. 1a. Its main component types and
values are specified in Table 2. The switching frequency of the qZS-inverter was set to 23 kHz. The series
resonant tank was also designed for 23 kHz resonance frequency and consists of a 48 uH inductor and 1 uF

capacitor. During the experiments the converter was studied in three operating points according to Table 3.



Fig. 5

Table 2
Component Type Value
cl.c2 Chip Monolithic Ceramic 13uF
’ Capacitor SMD1210 X7R 2.2uF 100V GRM32ER72A225K (matrix configuration)
C3 Metallized Polypropylene Film Capacitors EPCOSB32776G4406 40 uF
L1,L2 Low Profile, High Current SMD Inductors IHLP-6767GZ-A1 . S6uH .
(matrix configuration)
Tr Payton Planar n=1/1
D1 SiC diode CREE C3D20060D 20A/600 V
T1-T4 N-Channel Si MOSFET FCH47N60N 47A/600 V
Driver core ACPL-H342-000E 2.5A/15-30V
Table 3
Operating point Un (V) Dy Dy fow (kHz) Uour(V) Power (W)
1 (normal mode) 100 0 1 23 95 500
2 (boost mode) 50 0.25 0.75 23 95 500
3 (buck mode) 150 0 1 45 95 500

First experiments (Figs. 6-8) were made at the nominal input voltage when the qZS-inverter operates
as a traditional voltage source inverter. The switching frequency was fs;=f,= 23 kHz. Inverter switches oper-

ated at their maximum possible active state duty cycle (D, =1) without any deadtime.
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Fig. 6a shows that the input voltage and current have linear shapes without any intolerable ripple.
The intermediate DC-link voltage Upc equals the input voltage Uyy. Fig. 65 shows that transistor switches
turned on and off at zero voltage and zero current. As shown in Fig. 7b, the current shape of the transformer
current is close to a sine wave. Moreover, there is no circulating component in the transformer current.
Thus, it could be expected that the maximal efficiency of the converter can be achieved in this operation

mode.
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In the second operating point the converter was tested at the minimum input voltage (U=50 V)
when the maximal shoot-through duty cycle (Ds) was applied in order to obtain the rated output voltage
(Uour=95 V). Operation frequency of transistor switches fsy- corresponds to the resonant frequency f, of the
resonant circuit (fsy=f,=23 kHz). Fig. 9a shows the input voltage and input current when the inverter
switches (7'1...T4) are operated at the maximal shoot-through duty cycle (Ds=0.25). The input current shape
shows that the converter operates in the continuous conduction mode (CCM). Fig. 95 shows that during the
first shoot-through state (s/) and active state (@) intervals, the transistors are fully soft switched. The second
shoot-through state (s2) starts in the zero voltage conditions but its turn-off is hard switched. The current
shape of the transformer current is still close to a sine wave (Fig. 10b). Fig. 11 presents both capacitor volt-
ages (Uc; and Uc;) and the intermediate DC-link voltage of the qZS-inverter. As predicted theoretically, Upc

is a sum of capacitor voltages of the qZS network.
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To verify the converter in the buck mode the input voltage U,y was set to its maximum value
(150 V) and Upyr was regulated to 95 V level. The procedure was similar to that of the traditional series
resonant DC/DC converter - by increasing the switching frequency of transistors up to 45 kHz. The circulat-
ing current in this mode does not contribute to the power transfer of the converter (Figs. 12b and 13b). The
input voltage and current waveforms (Fig. 12a) are similar to those of the normal operating mode (Fig. 6a).

Another distinction of the buck operation mode is that the transformer voltage and current are phase-shifted.
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Conclusions. The proposed qZS-based resonant DC/DC converter is a modified version of the tradi-
tional qZS-based DC/DC converter. It can operate in the buck and boost operation mode in contrast to a tra-
ditional series resonant converter that performs only the voltage buck function. Thus it is a very desirable
circuit topology when the input voltage and the load range of the converter are very wide. Experimental re-
sults showed that thanks to the implemented series resonant LC circuit, the qZS-based DC/DC converter

could be soft-switched in all operating points except minor power dissipation at the turn-off transient of the



second shoot-through state in the shoot-through mode. Moreover, the new topology combines the advan-
tages of the series resonant DC/DC converter with those of the qZS-based DC/DC converter:

e voltage buck mode could be realized by increasing the switching frequency from the resonance

frequency point;

e series capacitor C, blocks the DC voltage, thus avoiding the transformer saturation,

e continuous input current,

e shoot-through immunity,

e low inrush current during start-up.
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Ilpeonoscena moougurayus cxemv keasu-umnedancnozo DC/DC npeobpazosamens nymem nocieoosa-
MENbHO20 BKIUEHUs: pe30HancHo20 LC-36eHa u nepeuuHoti 06MOMKU U30IUpYIowe20 mpancgopmamopa.
Omo nossonaem 0ocmutb KOMMYMAYUU MPAH3UCHIOPO8 NPU HYIE80M MOKe U Hy1eeom Hanpaxcernuu. K 0o-
NOJHUMENbHbIM npeumyujecmeam npeonodxcennoi cxemwvr DC/DC npeobpaszosamens MOXCHO OmHecmu CHO-
COOHOCHb NOHUNCANL HANPANHCEHUE NYMEM USMEHEHUs YACTNONbl KOMMYmayuu mpaunsucmopos. Paccmom-
PeH npuHyun ynpasienus npeobpazoeamenem u e2o 0CHOGHble pedicumbl pabomul. IIpednodicennvle cunome-
36l ObLIU IKCNEPUMEHMATLHO HOOMBEPHCOEHBL C NOMOUBIO TADOPAMOPHO20 MAKEMA.
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3anpononosana moougixayis cxemu keazi-imnedarcrnoeo DC/DC nepemsopiosaua wasxom nociio08Ho20
srnioyenns pezonanchoi LC-nanku ma nepsunnoi 06momxu iz3on10104020 mpancgopmamopa. Lle doszeonse
docazmu KOMymayii mpaH3ucmopis npu Hy1b080My cmpymi ma Hyavosii Hanpysi. /[o 0odamkoeux nepesaz
sanpononosarnoi cxemu DC/DC nepemeoproeaua modicHa 6i0Hecmu 30amHiCIb NOHUICYS8AMU HANPYEY

WIAXOM 3MIHU Yacmomu KoMymayii mpanzucmopie. Pozenanymuii npunyun Kepyeanns nepemeopiosaiem



ma tlo2o OCHOBHI pedcumu pobomu. 3anponoHosati zinomesu Oyau eKCnepuUMeHmMalbHO NiOMEEPOHCeHi 3a

00nomo2oro EKCnepumMeHmaibHoco Maxkemy.
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Abstract — This paper presents an isolated quasi-Z-source
inverter-based (qZSI) resonant DC/DC converter. The
explanation of selection of the proposed topology is justified.
Both the normal and the boost modes are discussed. Theoretical
operation waveforms as well as basic expressions for the
calculation of currents and voltages are proposed. A 1500 W
laboratory prototype was built and experimentally verified at two
operation points: that of light-load (300 W) and full-load (1500
W). All the experiments were also carried with resonant circuit
and without it. The experimental results as well as performance
of proposed qZSI based resonant DC/DC converter laboratory
setup are presented and analyzed. Experimental and calculated
characteristics showing the dependence of the load voltage and
supply current on the load resistance in both modes were
presented. The dynamic losses in the transistors were evaluated
for the cases with the resonant circuit and without it. The main
conclusions based on this study are summarized and the future
tasks for development of proposed converter were defined.

Keywords — DC-DC power converters, resonant inverters, zero
current switching, zero voltage switching.

I. INTRODUCTION

In recent years the most challenging tasks for power
electronics engineers are connected with efficiency
enhancement in switch mode converters.

Focus here is on an efficiency enhancement method for the
quasi-impedance-source based (qZS-based) DC/DC converter.
According to earlier papers [1-6], the qZS converter has many
advantages over other DC/DC converters, such as voltage
step-up property in a single stage, continuous input current,

The operation and differences of series resonant converter and
parallel resonant converter were studied a lot [9-12]. Each of
those converters has its pros and cons [13].

The idea of this paper is to combine advantages of qZSI
based DC/DC converter and resonant converter. Series
resonant converter topology is the simplest and widely used
[9, 10, 14] and will be selected for more detailed study.

Fig. 1 presents the proposed converter which consists of
qZS-network (L,, L,, C;, C,, D) coupled with an inverter (77,-
T,), a resonant circuit (L, and C,), a transformer (7R), a
voltage doubler rectifier (D,, D,, C;, C,) and a load (R,). The
operation of the converter depends on the input voltage (U,).
If it is at its rated level and equal to Up, then the converter
works as a conventional voltage source inverter (VSI), but if
U;<Upc, then the shoot-through switching state of the inverter
switches (cross-conduction of both switches of one inverter
leg) is introduced [1-6, 15]. By adjusting a proper shoot-
through duty-cycle of inverter switches (Ds), the DC-link
voltage Upc can be kept on the predefined level.

This paper shows how to improve the efficiency of an
inverter by introducing the resonant elements (L, and C,) [16]
in the transformer circuit.

II. OPERATION MODES OF PROPOSED CONVERTER

A. Normal Mode
In this operation mode the input voltage is equal to the DC-
link voltage (U;=Upc). The switching frequency of inverter
switches is equal to the resonant frequency (fsy=f,) and can be

excellent immunity of cross-conduction of both switches of ~ defined as
one inverter leg, etc. However, very common drawback in all 1 1
switch mode converters that are coupled with inverters are the Ssw =1 =—.]—, (1)
dynamic losses during the commutation process of inverter 27\ L,C,
bridge switches [3,4,7,8]. where L, and C, are resonant inductor and capacitor
For this reason resonant converters are used due to high  respectively.
efficiency, high switching frequency and high power density.
C;
L; D L;
oYY M Bt YN
L Resonant circuit
@ """ i ’r’ ””” E;”% TR Dl Vi CS
e . 3
U; Ci = ,,,,,j,fﬂi,,,,i % —‘7 U Ria

'\Tf
T2 T“JKES N1 Nz

JO2YiN

Fig. 1. General circuit diagram of the proposed converter.
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Fig. 2. Theoretical operation waveforms of the proposed converter in the
normal operation mode.

Fig. 2 shows the theoretical operation waveforms of the
resonant qZSI based converter. Switches here can be turned on
and off at almost perfect zero voltage and zero current
condition. Therefore, in this mode, maximum efficiency can
be achieved.

In such operation mode the current in the resonant circuit
can be assumed as a sine wave but the total voltage across
both reactive elements is zero. It is assumed that diagonal
switches (7}, T, and T,, T;) are conducting half the period. At
the current i7z>0, the voltage applied to the resonant circuit is

U, =U;=05U kg, 2

where U, is the load voltage and kr=N,/N, is the

transformer turns ratio. This voltage is also applied to the

resistance R, that is actually the resistance of the resonant

circuit. The load voltage U, in the circuit diagram in Fig. 1
can be expressed as

1 kg - R
Uy = Ram K1R " La 3)
T
Average current per half cycle of the resonant circuit is
2-1
I = o > “
V4

but the input power is P,=U,I,. Therefore, the power balance
of the resonant circuit-load can be expressed as

21 1} I3 ke R
TR,m 'U1 _ TR.m .Ry _ TR,m ;"R Id . (5)
V4 2 T
The amplitude of the resonant circuit current can be found as
4-7-U,
]TR,m = (6)

7 R, +2R, ki
Using the current of the resonant circuit (/7) allows finding
load voltage, load power, input power, loss power and also the
amplitude value of the capacitor voltage:

L

F: , (7

L
where ny is the resonant impedance.
r

14

UCm =1 Cm "

states
Fig. 3. Theoretical operation waveforms of the proposed converter in the
boost operation mode.
B. Boost mode

If the input voltage of the converter drops below the rated
value, the shoot-through switching state of inverter switches is
introduced to boost the input voltage [1-5, 15].

Also, in this operation mode the switching frequency of
inverter switches fgy is fixed to the resonant frequency f,. Fig.
3 shows general operation waveforms in the boost operation
mode. Here the shape of the resonant circuit current (/7z) can
also be assumed as a sine wave and then the connection
between the amplitude value of this current and the load
voltage can be described using (3).

Power losses in the resonant circuit resistance R, can be
calculated as 0.5- 1 ZZ"R,m - R, . However, extra power losses from
the shoot-through state of the qZSI appear here, which can be
described as 1, ,2 “R,zs , where the supply current /; can be

calculated as
2. ITR m
L =——F"F—r, )
7(1-2-Dy)
where R,z is an equivalent resistance of the qZS-network
during the shoot-through state.
The power balance of the circuit can be categorized as

B =AP ;5 + APy, + Py .

(10)

Inserting corresponding expressions in the power balance
expression (10), the amplitude of the current of the resonant
circuit can be expressed as

B 4.U,z(1-2Dy)
8R,zs +2k7, Ry (1-2-Dg)* + 7°R,(1-2Ds)* *

ITR,m

()

III. EXPERIMENTAL VERIFICATION

To evaluate the operation of the proposed converter (Fig. 1) an
experimental setup was built. General circuit parameters are
summarized in Table I. We made our experiments at two
operation points: at light load (300W) when the input voltage
is equal to the rated voltage and at full load (1500W) when
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TABLE 1
GENERAL OPERATING PARAMETERS, COMPONENT TYPES AND VALUES

Operating parameters Value/type

50V

25V

50V

550 V
23 kHz

Nominal input voltage, U} yom

Minimal input voltage, U; in
DC-link voltage, Upc
Output voltage, Uy,
Switching frequency, fsw
Components

kerr 1:6
L, 14.5 pH
C, 3 pF

o | ren | mt | resiten | T | nep | e | sbmsane | saes | s | sesingr | sontyon | s | mog 4]

o 0

s [20 V/div] t :

Isw/5 Afdiv] i ]

the input voltage is a half of the rated and the maximal shoot-
through duty cycle (Ds) of inverter switches should be
introduced. The shoot-through state is created by overlapping
of active states [15]. The switching conditions of all switches
in this case are equal.

A. Experiments with a load power of 300 W

Here we present general waveforms of the converter in
light-load operation when the input voltage is at its rated value
50V).

| |t [ e | | s | s [t e | e[ e 0 1) e [0 X

Upk [50 V/div]

& 1

ITR[JOA/dIV]
™ -
- | - | H
Pmerrnrap————
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Un[50V/div]

& ! |

Foommnes ke R
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(s iuc SOIMSE  20ncpt
stoppea

(b)

Fig. 4. Transformer voltage and current of the proposed converter in the
normal mode: without the resonant circuit (a) and with the resonant circuit (b).
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Fig. 5. Voltage and current of one transistor in the normal mode: without the
resonant circuit (a) and with the resonant circuit (b).

Fig. 4(a) shows the transformer voltage (Urg) and the
current (/7z) without the resonant circuit, but Fig. 4(b) — with
the resonant circuit.

As it can be seen, the current form of the transformer is
close to a sine wave. In this operation mode the maximal
efficiency can be achieved.

Fig. 5(a) shows the transistor switch voltage (Usy) and the
current (/g;y) without the resonant circuit, but Fig. 5(b) — with
the resonant circuit.

As it can be seen, the resonant circuit can provide turn-on
and -off of the switch at almost perfect zero voltage and zero
current condition.

B. Experiments with a load power of 1500W

Fig. 6(a) shows the transformer voltage (Urz) and the
current (I7z) without the resonant circuit, but Fig. 6(b) — with
the resonant circuit.

As shown, the resonant circuit can reduce transformer
voltage oscillations during the shoot-through state of inverter
switches. However, voltage spikes are greater with the
resonant circuit.
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Fig. 6. Transformer voltage and current of the proposed converter in the boost
mode: without the resonant circuit (a) and with the resonant circuit (b).

Fig. 7(a) shows the transistor switch voltage (Usy) and the
current (/) in the boost operation mode without the resonant
circuit, but Fig. 7(b) — with the resonant circuit.

IV. VERIFICATION OF THEORETICAL EXPRESSIONS

A. Normal Mode

The simplified equations obtained can be verified using the
results of our experimental investigation, which for the
scheme and regime were made at U;=50V, operation
frequency fs»=23 kHz, which corresponds to the applied
parameters of the resonant circuit C;=3 pF, L,=14.5 pH and
different values of the load resistance Rj,. Transformer
windings ratio is k7z=1/6. Power measurements of the circuit
show that an equivalent resistance of the resonant circuit in
this case is R,=0.254 Q. Fig. 8 presents experimental and

Fig. 7. Voltage and current of one transistor in the boost mode: without the
resonant circuit (a) and with the resonant circuit (b).

calculated characteristics (U, =f(R)y) and I,=f(R;)) depending
on the load resistance R;;. As it can be seen, the calculated
characteristics almost correspond to those experimentally
obtained that confirms the applicability of the simplified
expressions obtained. Calculated amplitudes of the current
through resonant circuit change from 61.12 A at R,~=140 Q to
13.38 A at R,~800 Q, creating the amplitude of the resonant
capacitor voltage respectively from 134.4 V to 29.42 V.
Rather high value of the resistance of the resonant circuit
caused by the skin effect at a relatively high switching
frequency indicates a high power loss in the resonant inductor
and causes its heating. To reduce power losses in the resonant
inductor L, it is recommended to pay attention to the cross-
section of the conductor in the winding. Also, Litz wire or foil
would be more preferable due to the skin effect at high
frequencies [15, 16]
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Fig. 8. Experimental and calculated (dashed lines) characteristics showing the
dependence of the load voltage U, and the supply current /; on the load
resistance R;; in the normal mode.
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Fig. 9. Experimental and calculated (dashed lines) characteristics showing the
dependence of the load voltage Ui, and the supply current /; on the load
resistance Ry,. in the boost mode.
TABLE II
DYNAMIC POWER LOSSES AT P=300 W
P=300 W, Un=50V

With resonant circuit Without resonant circuit

Poy, (W) Porr, (W) Poy, (W) Porr, (W)
0.07 2.35 0.37 22

TABLE III
DYNAMIC POWER LOSSES AT P=1500 W
P=1500 W, Up=32V
With resonant circuit Without resonant circuit

Poy, (W) Porr, (W) Poy, (W) Porr, (W)
0.2 26.7 8.8 42.1

B. Boost Mode

The simplified equations obtained can be verified using the
results of our experimental investigation, which for the
scheme and boost mode were conducted at U;=25V,
operation frequency fsp=23 kHz, which complies with the
applied parameters of the resonant circuit C,=3 uF, L,=14.5uH
and different values of the load resistance Rj,. Transformer
windings ratio k7z=1/6. Power measurements of the circuit
show that an equivalent resistance of the qZS-network in this
case is R,z=0.15Q, but the resistance of the resonant circuit is
the same as in the previous case (normal mode), i.e.
R=0.254 Q.

In the experiments, the shoot-through duty cycle accepted
was Dg=0.27. Fig.9 presents the experimental and the
calculated U;;=f(R.y), I,=f(R)y) characteristics.

Fig. 9 shows that the calculated and the experimentally
obtained characteristics agree sufficiently well for the
accepted application. It means that the obtained expressions
can be used for rough engineering calculations. Similarly to
the normal operation mode, load voltage is increasing with the
rise of load resistance but the input current is decreasing. Also,
relations of load voltage and supply voltage in the boost mode
and input currents at the respective values of load resistance
increase.

V. EVALUATION OF POWER LOSSES IN TRANSISTORS

This section describes the impact of the resonant circuit on
dynamic power losses in transistors switches of the inverter
bridge (7;-T,). Since the commutation processes of all
transistors of the inverter bridge are equal, Tables II and
Table IIl show the dynamic power losses only in one
transistor. The experimental measurements of power losses in
the transistor during turn-on and -off were made with Tektonix
DPO 7254 oscilloscope and afterward processed in MS Exel.

It is obvious that the implementation of the resonant circuit
reduces dynamic power losses in inverter switches. Tables 11
and III show that the resonant circuit implemented almost
eliminates the switching-on losses of the transistor in both
operation modes.

VI. CONCLUSIONS AND FUTURE WORK

This paper has proposed a qZSI based step up resonant
DC/DC converter that is very promising in a very wide input
voltage or load range. In spite of the additional resonant
elements introduced in the transformer circuit the proposed
converter performs the voltage step-up and step-down
features.

The expressions used allow us to obtain a rough calculation
of the converter parameters. Also, theoretical waveforms are
in good agreement with those experimentally obtained.

Experimental waveforms show that the introduction of
resonant elements in the transformer circuit excludes voltage
oscillations in the transformer voltage during the shoot-
through state.
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The resonant circuit implemented enables us to achieve
transistor commutation at almost perfect zero voltage and zero
current conditions in the normal mode and reduced dynamic
losses in the boost mode. According to Table II and III, the
dynamic power losses during the turn-on of the transistor are
almost eliminated but during the turn-off of the transistor the
losses are reduced up to 40 %. Due to the reduction of
dynamic losses it is possible to increase the switching
frequency and increase the power density of the converter in
the future.

The future work will focus on the reduction of power losses
in magnetic components, especially in the resonant circuit of
the proposed converter topology.
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Abstract— This paper addresses an approach to improve the
efficiency of the quasi-Z-source (qZS) converters. By replacing
the qZS diode by the n-channel MOSFET, the power loss over a
diode can be reduced in a qZS network. The paper presents
operation basics of the approach, analysis and comparison of the
power losses of the traditional and proposed designs and
experimental validation of the theoretical assumptions.

Keywords—quasi-Z-source network, optimization, efficiency,
synchronous rectification, DC-DC converters, DC-AC converters

I INTRODUCTION

The history of the quasi-Z-source converter (qZSC) family
started in 2005, when the quasi-Z-source inverter (qZSI,
Fig. 1a) was introduced [1]. qZSIs are particularly suitable for
applications which require a large range of gain, such as in
motor controllers or renewable energy. The distinctive feature
of the qZSI is that it can boost the input voltage by utilizing an
extra switching state - the shoot-through state. The shoot-
though state is the simultaneous conduction of both switches of
the same phase leg of the inverter. This operation state is
forbidden for the traditional voltage source inverter (VSI)
because it causes the short circuit of the dc-link capacitors. In
the qZSI, the shoot-through state is used to boost the magnetic
energy stored in the dc-side inductors (L; and L, in Fig. la)
without short-circuiting the dc capacitors C; and C,. This
increase in inductive energy, in turn, provides the boost of the
output voltage Voyr during the traditional operating states
(active states) of the inverter.

Another representative of the qZSC family is the quasi-Z-
source (qZS) based isolated DC-DC converter (Fig. 15), which
was first introduced in 2009 as a power conditioning system for
the renewable energy applications [2]. In general, this new
topology was derived from a classical voltage source full-
bridge isolated DC-DC converter by adding a qZS network to
its input terminals. Thus, the varying output voltage of the
renewable energy source is first preregulated by adjusting the
shoot- through duty cycle; afterwards, the isolation transformer
is being supplied with a voltage of constant amplitude value.

The qZSC family has a common property - the input
inductor L, that buffers the source current. It means that during
the continuous conduction mode (CCM) the input current never

This research work was co-financed by Estonian Ministry of Education
and Research (project SF0140016s11), Estonian Research Council (Grant
G8538) and European Social Fund. Latvian partner research work has been
supported by Latvian Council of Science (Grant 416/2012)
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drops to zero, thus featuring the reduced stress of the input
voltage source. Thanks to that the qZSC is reported as the most
promising single-stage boost-buck power conversion approach
for different renewable power applications [1]. However, the
voltage gain of the qZSC is limited and comparable with the
conventional system of a voltage source inverter with the
auxiliary step-up DC-DC converter in the input stage [3]. The
concept of extending the qZSC gain by the implementation of
the cascaded qZS-network and without increasing the number
of active switches was studied in [4, 5]. These new converter
topologies are known as extended boost (or cascaded) qZSC.

(b)

Fig. 1. Main representatives of the qZSC family: qZSI (a) and qZS-based
isolated DC-DC converter (b).

Another issue of the qZSC family is the power conversion
efficiency at the high input voltage gain due to the power losses
in the semiconductors. It was found in [6] that 50% reduction
of the forward voltage drop of the qZS diode D will follow to
the efficiency rise of at least 3% at the twofold input voltage
gain.

Focus here is on the possibility of efficiency improvement
of the qZSC. The idea is to replace the qZS diode D by the n-
channel MOSFET to reduce the power loss over a diode in a
qZS network.
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II.  OPERATION BASICS OF THE QZSC

Generally, the qZSC is a combination of a passive qZS-
network and an inverter bridge. The qZS-network (Fig. 2a)
consists of one diode D, two identical inductors (L; and L) and
capacitors (C; and C,). To simplify the analysis, the inverter
bridge is replaced by the single MOSFET switch S. When S is
turned on, the shoot-through state occurs and the magnetic
energy is stored in the dc side inductors L, and L, without
short-circuiting the dc capacitors C; and C,. During this time
interval, the inductor current ramps up (Fig. 2¢) and Voyr is
disconnected from V. When S is turned off, the active (non-
shoot-through) state emerges and previously stored magnetic
energy in turn provides the boost of voltage seen on the load
terminals.
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Fig. 2. Traditional (a), synchronous (b) qZS-networks and their idealized
voltage and current waveforms (c).
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For a synchronous qZS-network (Fig. 2b), the MOSFET S~
is used for the rectifying switch instead of Schottky diode D in
the traditional (nonsynchronous) topology.

The peak output voltage of both topologies is

1

Voc< peak) — m Vi
S

where Dy is the shoot-through duty cycle:

where 7,y is the ON-state time of the MOSFET switch S and
T is the switching period.
The operating dc voltages of the capacitors C; and C, could
be estimated as
1-D;

DS

1-2D;

VCl 1_2Ds 'VIN’

Ver = Vi

Assuming that the capacitances are equal, the capacitance
needed to limit the peak to peak DC-link voltage ripple by 7y pc
could be calculated as

2-P-D

Vin 'VDC(peak)'f e

where C is the capacitance of each capacitor in the qZS-
network, P is the power rating of the converter, f is the
switching frequency and rypc is the desired peak to peak
voltage ripple at the output of the converter.

The main task of the inductors in the qZS-network is to
limit the current ripple through the switch during the shoot-
through states. Choosing an acceptable peak to peak current
ripple r¢ the required inductance can be estimated by

— Ver - Ds Vi ,
P-f-r.

where L is the inductance of each inductor in the qZS-network,
V¢; is the operating dc voltage of the capacitor C; and rc is the
desired peak to peak current ripple through the inductor.

L

III.  COMPARATIVE ANALYSIS OF POWER LOSSES

AND EFFICIENCY

To compare the efficiencies of two different approaches,
the power dissipation was analyzed by the help of Thermal
Module, which is an add-on module to the PSIM software [7].
In this software the switching and conduction losses of the
semiconductor are calculated based on the device datasheet
values. In the case of the traditional qZS network, the dual
trench MOS barrier Shottky rectifier V60D100C was selected
and two diodes were paralleled externally, thus ensuring the
smallest possible forward voltage drop. In the synchronous
topology the n-channel MOSFET Si4190ADY was
implemented to ensure the optimal switching and static
properties. The generalized specifications of semiconductors
are presented in Table I and the simulation parameters of the
circuit were set according to the data presented in Table II. It
was assumed that the qZSC is supplied from the photovoltaic
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panel, which provides 8.3 A within the range of 15 to 35 V. In
order to ensure the demanded output voltage gain (peak output
voltage Vpcpeary=40 V) within the wide input voltage range, the
shoot-through duty cycle was set in accordance with Table I11.

The rectifying switch S’ in the synchronous gZSC is
controlled by the inverted control signal of the main switch S.
Moreover, the special delay (dead time) of 120 ns was added
before the turn on of the rectifying switch to avoid both
transistors conducting at the same time. If this occurs, the
output voltage shorts to ground through both switches, causing
high currents that can damage the switches.

TABLE 1. SEMICONDUCTOR COMPONENTS SELECTED FOR POWER LOSS

ANALYSIS

Component Type Specifications

Main switch S Vishay Vps=100 V; Rpson=8.8 mQ
Synchronous switch S’| Si4190ADY | /,=18.4 A, 0,~20.7nC, R,=2.2 Q

. ) Avago 2.5 A output current gate driver

Drivers for Sand §" | 4 opr.312 with optocoupler
. Vishay Vrra=100 V; V=0.66 V
q78 diode D V60D100C | ZIrur=2x30 A (common cathode)

TABLE II. SIMULATION PARAMETERS OF THE QZSC

Parameter Symbol Value
Input voltage range, V Viv 15...35
Input current, A Iy 8.3
Peak output voltage, V Vocpean 40
Switching frequency, kHz Sfow 100
Capacitance of qZS capacitors, uF C;, C; 26.4
Inductance of qZS inductors, pH L, L, 22
Converter power rating, W P 300

Both approaches were studied at the same operating
conditions according to the parameters presented in Table I11.
The maximum input voltage gain of 2.7 was achieved at the
minimum operating voltage (15 V) and power (125 W). At the
maximum power point (which corresponds to the maximum
input voltage), the shoot-through duty cycle has the minimum
value and the resulting voltage gain is near 1.2.

TABLE III. SHOOT-THROUGH DUTY CYCLES FOR ENSURING THE DEMANDED
VOLTAGE GAIN AT THE SELECTED TEST POINTS

Test point 1 2 3 4 5
Viv, V 15 20 25 30 35
Dy 0.313 0.25 0.188 0.125 0.63
P,W 125 166 208 249 291

Fig. 3 shows the semiconductor power losses of both
designs. It is clear that the synchronous rectification could help
to reduce the power losses of the gZS diode by more than 70%
in all operating points. Finally, it could result in more than 2%
efficiency rise at the operation point corresponding to the
smallest power, when the shoot-through duty cycle reaches its
maximum (Fig. 4). At the maximum power point, the resulting
efficiency rise was near 1.2%.

Next, both designs were studied at the boundary operating
points with the maximal and minimal input voltages and in
variable load conditions. In the first case (Fig. 5), the qZSCs
were tested with the smallest shoot-through duty cycle (Test
point 5) and the power was decreased in five steps from 280 to
105 W. The replacement of the qZS diode by the MOSFET in
that case provides near 1% efficiency improvement in the
whole range of power variation. In the case of smaller powers
(up to 120W) and the highest input voltage gain, the
synchronous qZSC features 2 to 2.3% efficiency rise (Fig. 6).
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IV. EXPERIMENTAL VERIFICATION

In order to verify our theoretical assumptions, the
experimental setup with the power ratio of 300 W (Fig. 7) was
assembled in accordance with the schematics shown in Fig. 2
and a series of experiments were carried out. The synchronous
switch was placed in parallel with the qZS-diode and both
designs were tested in similar conditions. The control of
transistors was performed by the arbitrary function generator
Tektronix AFG3022B. Measurements were made by the digital
oscilloscope Tektronix DPO7254, current probes Tektronix
TCP0030, and voltage probes Tektronix P5205A. The results
of efficiency measurements are shown in Figs. 8-10.

Fig. 7. Top and bottom views of the experimental prototype.
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Fig. 8. Measured efficiency of the traditional and synchronous qZSCs at the
selected test points.
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Fig. 9. Comparison of total semiconductor power losses and efficiency of the
traditional and synchronous qZSCs at the high input voltage gain.

As it was theoretically predicted, the synchronous qZSC
provides an efficiency rise of 2% at the test point with the

maximum input voltage gain and the lowest power (Fig. 8). It
was also found that the resulting efficiency of both designs in
this operating point (Fig. 9) was about 1.5% smaller than that
theoretically predicted. The main reason was the unpredicted
AC losses in the coupled inductor caused by the high ripple
current during the operation with high shoot-through duty cycle
values. At the maximum power point and low input voltage
gain, the efficiency rise was near 1.2% and the resulting
efficiency was close to that theoretically predicted (Fig. 10).
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Fig. 10. Measured efficiency of the traditional and synchronous qZSCs at the
low input voltage gain.

V.  CONCLUSIONS

This paper has explored the possibility of replacing the
diode by the n-channel MOSFET in order to reduce the power
loss over a diode and increase the efficiency of a qZSC. It was
found that due to decreased conduction losses the proposed
method could result in the efficiency rise by up to 2%. During
the design of the synchronous qZSC, special attention should
be paid to the selection of proper delay before the turn on of the
rectifying switch to avoid both transistors conducting at the
same time that can easily destroy the converter.
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Abstract — This paper discusses the performance improvement
method of the recently popular galvanically isolated quasi-Z-
source DC-DC converter. In order to decrease the conduction
losses in the quasi-Z-source network and voltage doubler rectifier
the replacement of diodes by the N-channel MOSFETs was
analyzed. The proposed approach was validated by the computer
simulations in PSIM environment with accurate models of the
semiconductors based on the device datasheet values. Finally, the
power losses and resulting efficiency of the proposed quasi-Z-
source DC-DC converter with synchronous rectification were
compared to those of the traditional topology.

Keywords — DC-DC power converters, Energy efficiency, Pulse
width modulation converters.

1. INTRODUCTION

Quasi-Z-Source DC-DC (qZS DC-DC) converter is a new
emerged topology from the step-up DC-DC converter family.
It could be realized either as the transformerless or the
galvanically isolated converter. In the first case the topology is
quite similar to the traditional boost converter and can be used
as the maximum power point tracker (MPPT) for the
photovoltaic  (PV) applications [1]. The converter
demonstrates high efficiency even at the threefold input
voltage gain therefore could be used as the front-end voltage
preregulator in the fuel cell power systems of other similar
applications with the varying input voltage. The galvanically
isolated gZS DC-DC converter has the intermediate AC link
with the high frequency transformer [2], which allows setting
the desired input voltage gain simply by changing the turns
ratio of the transformer. In high gain applications the
transformer also plays the role of a galvanic isolation, required
in several cases. Furthermore, in the PV power systems the
galvanic isolation is essential to reduce ground leakage
currents and grid current total harmonic distortion [3].

In [4] the practical realization challenges of the qZS DC-
DC converter with galvanic isolation are reported. From one
side the topology features such benefits as continuous input
current, low start up inrush current, converterless integration
of short-term energy storages, soft switching of transistors
during active states and the inherent “shoot-circuit immunity”
caused by the properties of the qZS-network. From another
side, the converter suffers from the lack of efficiency at the
high shoot-through duty cycle values, which is mostly caused
by the increased power dissipation in the qZS diode D
(Fig. la) [S]. The implementation of module integrated
freewheeling diodes as rectifiers described in [6] could also
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decrease the efficiency and affect the performance of the qZS
DC-DC converter, especially in the applications with
bidirectional power flow.

This paper discusses the performance improvement method
of the recently popular galvanically isolated qZS DC-DC
converter by the replacement of all the diodes by the
controlled switches (preferably, MOSFETs). The design
issues, control principles and analysis of the resulting
efficiency rise are reported.

Lqz1

E Vour

Vin

Vour

o]

(b)
Fig. 1. ¢ZS DC-DC converters with galvanic isolation: traditional (a) and
proposed approach, where the diodes are replaced by the N-channel

MOSFETs (b).

II. DESIGN AND CONTROL ISSUES

As it was stated before, the diode D is one of the main
sources of power dissipation in the traditional qZS DC-DC
converter (Fig. la). This diode is reverse biased during the
shoot-through states (Fig. 2a) and starts conduction during the
active states of the converter (Figs. 26 and 2c¢). In the
conditions of varying input voltage Vv the output voltage of
the gZS DC-DC converter Vour could be regulated by the
variation of the shoot-through duty cycle Ds:

1
1-2-Dg )’

where n is the turns ratio of the isolation transformer
(n=Vrxsee Vixpr)-

VOUTZZ'VIN'n'[ (1)
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Fig. 2. Main operating states of the front-end inverter: shoot-through (a) and
active states (b and c).

The simplest and most efficient method of the shoot-
through states generation is the overlap of the active states,
shown in Fig.3[7]. The duty cycle of active states of
transistors is greater than or equal to 0.5. If the duty cycle of
active states is greater than 0.5 the cross-conduction of top and
bottom transistors (shoot-through) will occur in both inverter
legs. During this operating mode the current through inverter
switches reaches its maximum, the transformer voltage (Vzx,r)
drops to zero. From the practical point of view due to the
conduction losses in semiconductors it is not advisable to
operate at the shoot-through duty cycles higher than 0.33.
Basically, the diode D of the qZS-network is only needed to
avoid short-circuiting of the capacitors Cy. and Cgyo during
the shoot-through states. At the same time the diode will
noticeably increase conduction losses during the active states.
To minimize those losses, the N-channel MOSFET S, could
be placed instead the diode D, as shown in Fig. 1. The basic
idea and main challenges of such modification were explained
in [8]. In the given application the Sy, is synchronized with the
inverter switches and it only conducts during the active state
and blocks the current during the shoot-through (Table I).

TABLE 1

SWITCHING STATES SEQUENCE PER ONE PERIOD (FRONT-END INVERTER AND
SYNCHRONOUS QZS-NETWORK)

To prevent damage of the circuit, it is advisable to add
small dead-time (100 ns...400ns, depending on the
application) before the turn on and off transients of the Sy, as
shown in Fig.3. From the opposite side, it is not
recommended to have a dead-time longer than 1 us in order to
limit the conduction time of the body diode, and, therefore, to
decrease the power losses.

Similarly to gZS-network the conduction losses can be
reduced also in the diodes D) and D, of the voltage doubler
rectifier (VDR). Fig. 3 shows the control principle of the
synchronized VDR based on the N-channel MOSFETS Ss and
Ss. As it is seen from the diagram the dead-time is also
necessary before the turn on and off transients of the Ss and Ss.

III. COMPARATIVE ANALYSIS OF POWER LOSSES AND
EFFICIENCY

To estimate the efficiency rise available from the proposed
approach, the power loss analysis was performed in the PSIM
simulation environment by using the Thermal Module. In this
software the switching and conduction losses of the
semiconductor are calculated based on the device datasheet
values. For the primary side of the converter the dual trench
MOS barrier Shottky rectifier Vishay V60D100C with
externally paralleled diodes was compared to synchronous
switch realized on an N-channel MOSFET Vishay
Si4190ADY. For the secondary side the SiC Shottky rectifiers
CREE C3D02060E were compared to the synchronized VDR
based on the SiC MOSFETs ROHM SCT2120AF. The
generalized specifications of semiconductors are presented in
Table II and the simulation parameters of the circuit were set
according to the data presented in Table III.

TABLE II
SEMICONDUCTOR COMPONENTS SELECTED FOR THE POWER LOSS ANALYSIS

Top side Bottom side Synchr. switch Component Type Specifications
Si Ss S: S Sqz Vishay Vps=100 V; Rpsion=8.8 mQ
Active state x x x St 81, Sae SHI90ADY |/ _18.4 A, 0,207 nC, R=2.2
Q
Shoot-through X X X X
N Vishay Vira=100 V; V;=0.66 V
Active state X X X D V60D100C
Shoot-through X Tr=2x30 A (common cathode)
= U, X X X
b D CREE Vrr=600 V; V=18 V
i L2 C3D02060E Tr=4 A
S1, 5S4 | _ ‘s ROHM Vps=650 V; Rpsoy=120 mQ
B t o SCT2120AF | 29 A, 0,=61 nC, R=2.5Q
82,83 .
Tt TABLE IIT
Saz . SIMULATION PARAMETERS OF THE HIGH STEP-UP QZS DC-DC CONVERTER
v I t Parameter Symbol Value
TX,pr
r ﬁ» Input voltage range, V Viv 15...30
Maximum input current, A Iy 10
Ss r - Peak DC-link voltage, V Vicipeat 30
S t Output voltage, V Vour 300
6 > - -
"t Switching frequency, kHz fow 100
Shoot-through stat Dead-ti i 5 -
oot-through states I ead-time r(l)é)ggtrlkngkgezquenuy of qZS fozs 200 (2-/in)
Fig. 3. Proposed control principle of the qZS DC-DC converter with >
synchronous rectification. Transformer turns ratio n 5
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Capacitance of qZS capacitors, uF Cat, Cona 26.4
Inductance of qZS inductors, pH Loa, Lo 22
Capacitance of output capacitors, uF | Cy, C; 22
Converter power rating, W P 300

The power losses and efficiency were estimated in four test
points with operating conditions described in Table IV. The
load resistor R was adjusted to achieve the maximum input
current in every operating point.

TABLE IV

SHOOT-THROUGH DUTY CYCLE, RESISTANCE OF THE LOAD AND OPERATING
POWER IN THE SELECTED TEST POINTS

Test point 1 2 3 4
Vin, V 15 20 25 30
Ds 0.25 0.167 0.083 0
R, Q 600 450 360 300
P, W 150 200 250 300

IV. ANALYSIS OF SIMULATION RESULTS

First, the possible benefits of the synchronous rectification
(SR) in the qZS-network were studied. The compared
converters had fully identical inverter stages, isolation
transformers and VDRs, the difference lied only in the
realization of the qZS-networks (diode vs. MOSFET). Fig. 4
shows the comparison of conduction and switching losses of
both designs within the studied operating range of the
converter. The Shottky diode implemented in the traditional
qZS-network features almost zero switching losses, however,
its conduction losses are more than twice higher than those of
MOSFET in the synchronized qZS-network. Finally, it
resulted in more than 1.2% efficiency rise within the whole
operating range of the studied DC-DC converter (Fig. 5). The
efficiency could be further increased by the implementation of
eGaN FETs with ultra-low RDS(ON) (up to 3.2 mQ, [9]).
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Fig. 4. Semiconductor power losses of the traditional and synchronized qZS-
networks in the studied operating range of the converter.
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Fig. 5. Efficiency comparison of the q¢ZS DC-DC converter with traditional
and synchronized qZS-networks.
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In our case study the 200 ns dead-time was implemented
before the turn on and off transients of the synchronous switch
Sqz. Taking into account that the qZS-network operates with
twice switching frequency of the converter the selected dead-
time formed 4% of the operating period of the synchronous
switch. In order to understand the influence of the dead-time
on the efficiency of the DC-DC converter a series of
simulations was performed. The dead-time was changed with
the variable steps from 200 ns to 2 us. It is seen from Fig. 6
that threefold increase of the dead-time will result in almost
1% of the efficiency drop at the minimum input voltage, when
the shoot-through duty cycle reaches its maximum. If the
dead-time will be increased to 2 us the benefits of SR will be
almost cancelled since the resulting efficiency will be quite
close to that of the DC-DC converter with traditional qZS-
network.

Efficiency [%]

——200ns —W-600ns —=—1lus —<2us
91 -
15 20 25
Inputvoltage [V]
Fig. 6. Influence of the dead-time on the efficiency of the qZS DC-DC
converter with synchronized qZS-network.
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Next, the possible benefits of the SR in the VDR were
analyzed. The compared converters had fully identical inverter
stages and diode based qZS-network explained before but this
time the difference lied in the realization of the VDR (diode
vs. MOSFET). Fig. 7 shows the comparison of conduction and
switching losses of both discussed designs within the studied
operating range of the converter. Typically, application of the
VDR in the galvanically isolated DC-DC converters is
associated with the soft switching of semiconductors used in
it, therefore, both approaches demonstrate near zero switching
losses.

IS
)

1

20
Inputvoltage [V]
—~#—Conduction losses - traditional VDR
=~ Conduction losses - synchronized VDR
Switching losses - traditional VDR
~-Switchinglosses - synchronized VDR

25

-
o

Fig. 7. Semiconductor power losses of the traditional and synchronized VDR
in the studied operating range of the converter.

In the studied VDR, conduction losses of the N-channel SiC
MOSFET operated with 200 ns dead-time were more than 5
times smaller than those of SiC diode, which resulted in about
1% higher efficiency of the topology with synchronized VDR.

Finally, it was found that the implementation of SR in the
high step-up qZS DC-DC converter could provide the overall
efficiency improvement of the converter from 2% to 3%,
depending on the operation point (Fig. 9).
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V. CONCLUSIONS

In this paper the benefits of synchronous rectification in the
high step-up qZS DC-DC converter were analyzed. It was
shown that due to decreased conduction losses the
replacement of diodes by the N-channel MOSFETS in the
qZS-network and voltage doubler rectifier could result in the
efficiency rise by more than 2% within the whole operation
range of the converter. In order to maximize the efficiency,
special attention should be paid to the proper selection of the
dead-time before the turn on and off transients of the
synchronous switches to limit the conduction of body diode.

Recent efforts of the research group are directed toward the
development of the experimental setup of the step-up qgZS DC-
DC converter with synchronous rectification. This test bench
will be used for validation of the proposed ideas as well as for
the study of implementation possibilities of GaN MOSFETs
for further efficiency improvement of the converter.
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Abstract — Impedance-source switched mode converters are an
emerging technology in electric energy conversion. They
overcome limitations of conventional solutions by the utilization
of specific impedance-source networks. Previous review papers
cover impedance-source networks. Focus of this paper is on the
topologies of the impedance-source galvanically isolated DC/DC
converter. These converters are particularly appropriate for
distributed generation systems with renewable or alternative
energy sources which require input voltage regulation in a wide
range. This paper presents a concise review of basic existing
topologies for researchers and engineers. All the reviewed
topologies of the impedance-source galvanically isolated DC/DC
converter are classified by the element that transfers energy from
the input to the output: a transformer or a coupled inductor. This
classification undoubtedly reveals wide space for further
research and the most promising research directions in this field.

Keywords — DC/DC power converters, galvanic isolation,
impedance-source converters, renewable energy sources.

I. INTRODUCTION

Power electronics could be considered as a key technology
in the renewable and alternative energy generation, modern
energy storage systems, sustainable transportation, adjustable-
speed drives, etc. Photovoltaic, wind and fuel cell energy
applications have high capacity of power electronics
converters [1]. Generation of the renewable energy has highly
dispersed nature. PV systems are the most challenging
application because only micro-converters can efficiently
utilize generated power from the PV panels [2]. In this case,
isolated DC/DC converters are used to couple PV panels with
the common DC bus of the power harvesting system.

Research in the field of impedance-source (IS) converters
has been initiated by the invention of the Z-source (ZS)
inverter that is based on the ZS network [3]. ZS inverters
(ZSIs) are able to provide buck-boost behavior in the single-
stage and improved reliability due to the inherent shoot-circuit
immunity. These advantages urge active research in the field
of impedance-source inverters (ISIs). Recent ten years have
seen a growing number of studies published in this area. IS
technology was applied to all four basic converter types
(DC/DC, AC/AC, etc.). Application field of IS converters is
very broad. It varies from modern energy generation systems
(renewable and alternative) to DC circuit breakers and
electronic loads [4]. Impedance-source network is a key
element of any converter in this group. It consists of inductors,
capacitors and diodes (or switches). Any basic IS network
could be represented as a two-port network. In general, IS

978-1-4799-7462-7/14/$31.00 ©2014 IEEE

converters are derived from the current-source or the voltage-
source converters. Utilization of IS network (ISN) allows
improved reliability, DC voltage (or current) gain, and
provides immunity to shoot-through and open states. A
number of novel ISN have been proposed to improve
performance, cost and reliability of IS converters [4].

Wide penetration of energy sources with low output
voltage, like PV panels or fuel cells, has stimulated rapid
research into isolated step-up DC/DC converters with wide
input voltage variations. They are intended for the integration
of low voltage energy sources to the common DC link with
much higher operating voltage. In this case a magnetic
element is used not only for galvanic isolation; it also defines
the DC gain range. Input voltage variations can be
compensated at the controlled step-up stage inside the
converter. DC gain of this step-up stage is usually within the
range of 1:3. This approach keeps the efficiency of the
controlled step-up stage in an acceptable range, while a major
voltage step-up occurs at the isolation magnetic element with
high efficiency.

IS galvanically isolated DC/DC converters were reported as
a suitable solution for the interfacing of the low voltage
renewable or alternative energy sources as well as for the
battery storage applications [4],[5]. They have improved
voltage step-up capabilities and reliability. The first IS based
galvanically isolated DC/DC converter was derived from the
three-phase ZSI by adding a three-phase transformer, a
rectifier and a filter, as shown in Fig. 1. The three-phase
intermediate high frequency AC-link is useful for high power
applications, and it facilitates thermal design. This converter
was intended for the grid integration of low-voltage high-
current fuel cells.

Basic ISN structures have been comprehensively reviewed
in [4]. The aim of this paper is to review all known basic IS
galvanically isolated DC/DC converters, as some of them were
not included in the classification proposed in [4]. The
classification proposed has several hierarchical levels and is
intended to show possible research directions. Also, the most
promising future research trends in this field are indicated.

D; L Ly
T; xp, IKDL?KD;WVTI—O
Vv ( FAN| VAN ) Cr Vour
L In ZDrZKDMKD,-(, -[

Fig. 1. ZSI based three-phase isolated DC/DC converter.



State-of-the-art IS galvanically isolated DC/DC converter
topologies could be classified into two main groups by means
of the component which transfers energy from the input to the
output side:

« transformer based

» coupled inductor based

II. TRANSFORMER BASED IS GALVANICALLY
ISOLATED DC/DC CONVERTERS

This class of converters contains topologies that use a
transformer for galvanic isolation and energy transfer. They
can be divided into three groups:

» with three-phase full bridge switching stage

» with single-phase full bridge switching stage

 with push-pull switching stage

The first two categories could be merged into one with the
full bridge switching stage.

A. Converters with Full Bridge Switching Stage

A generalized functional scheme for this group is shown in
Fig. 2a. The input part of the converter between the input
terminals and the transformer is the basic structure of the IS
inverter. It could have either one or three-phases. These
DC/DC converters consist of an IS inverter, a transformer, a
rectifier and a filter. Here the shoot-through states when one or
all legs of the inverter are short-circuited are used for the
voltage step-up. The turns ratio n of the isolation transformer
defines the range of the DC voltage gain. In this case the IS
network serves for adjusting of the voltage across the
transformer windings when the input voltage varies.

Z-source

ZS based converters utilize the ZS network that consists of
two capacitors C;, C,, two inductors L;, L,, and diode D, as
shown in Fig. 1. The converter shown in the same figure is the
historically first in this group. It is based on the ZSI. This
converter has inherited from the ZSI advantages, like buck-
boost regulation and improved reliability, and drawbacks, like
high components stress and discontinuous input current. The
discontinuous input current substantially limits application
possibilities and performance of this converter. For example, it
can be used with renewable energy sources, but it requires an
additional filter at the input, which increases the system cost,

3 Phase Inverter
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Is Hﬁg fransformer [ Rectfier 79,
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Fig. 2. Generalized functional schemes of transformer based isolated IS
DC/DC converters with: a) full bridge and b) push-pull switching stage.
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volume and failure rate. Also, bi-directional operation is
possible if this converter is implemented in a symmetrical
configuration [7]. But it still has all the drawbacks of the ZSI,
and the application range of such solution is uncertain. The
single-phase version of the converter is analyzed in [8], and
with the distributed Z-source network in [9].

The ZS based converter with a single-phase full bridge
switching stage can easily utilize series resonant (SR) circuit
in series with a transformer [10]. Leakage inductance of the
transformer could serve as a part of resonance circuit, thus
improving power density. In this case SR converter has a
narrow regulation range in the frequency domain and
improved buck-boost features.

Quasi-Z-source

The quasi-Z-source (qZS) inverter family was proposed in
[11]. The qZS inverter (qZSI) has inherited all the advantages
of the ZSI, but it has lower component stress and continuous
input current. The single-phase and the three-phase qZSI
based converter have been proposed in [12]. Single-phase
implementation is shown in Fig. 3. The qZS network contains
the coupled inductor 7,7, capacitors C;, C,. Implementation of
the qZS network with the single coupled inductor is advisable
to improve power density. Advantages inherited from the qZSI
make this converter a superior solution for the modern
distributed energy generation systems. Additional benefit is
gained with the use of the voltage doubler rectifier (VDR)
based on diodes D,;, D, and capacitors Cy;, Cp,. The use of the
VDR is advisable for any converter in the transformer based
group. It enables the use of the transformer with reduced turns
ratio n, which leads to lower transformer parasitic elements. It
has proven performance for the fuel cells and permanent
magnet synchronous generator (PMSG) based wind turbines
[13], [14]. Three-phase implementation is recommended for
high power applications.

The qZSI based DC/DC converter has received much
attention of researchers because of numerous advantages of
the qZS network in power conversion. Several topological
variations have been derived in order to further improve this
topology. SR version of this converter is proposed in [10] and
discussed in [15]. It requires additional research on control
issues and detailed design guidelines. Also, the possible range
of soft switching should be analyzed.

Another attempt to improve the gqZSI based topology is
employing the cascaded qZS network. An inverter with the
cascaded qZS network has been proposed in [16] to further
improve the step-up performance. Diode assisted and
capacitor assisted families of cascaded qZSI topologies have
been analyzed. Capacitor assisted topologies have better
voltage step-up performance and less semiconductor elements
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Fig. 3. QZSI based isolated DC/DC converter.
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Fig. 4. Capacitor assisted two-stage qZSI based isolated DC/DC converter.

than those of diode assisted. That is why the capacitor assisted
extended boost (CAEB) topology was applied to the qZSI
based DC/DC converter in [17]. This topology with two qZS
stages is shown in Fig. 4. Cascaded two-stage implementation
of the qZS network contains two times more components and
can provide higher step-up than the qZSI based converter with
the same shoot-through duty cycle. Such solution was
proposed for the sake of better transformer utilization, to
narrow shoot-through duty cycle regulation range. In practice,
additional components bring in losses and additional volume
that cannot be compensated by the improvements of the
transformer operation mode. The cascaded converter cannot
overcome the simple qZSI based converter by total
performance mostly due to the increased losses.

Among these two topologies derived from the basic qZSI
based one, the topology with SR seems more promising.

The review of the ISNs proposed in [4] shows that only
some IS networks can provide continuous input current, which
is needed in most of the modern power electronics
applications for distributed generation. The qZS network has a
superior region of continuous input current. There are several
Z-source based IS networks that have inside coupled inductors
(with non-unity turns ratio) which influence the DC gain
factor by their turns ratio m, for example: I'-Z-source [18],
trans-Z-source [19] and Y-source [20]. They usually have
discontinuous input current. Such converters have better step-
up possibilities than the conventional ZS or qZS. In the case of
the transformer based isolated DC/DC converters, these
networks allow DC voltage gain to be distributed between the
transformer (defined by #) and the coupled inductor (defined
by m). This leads to distributed parasitic elements and better
switching performance.

Trans-Z-source

Trans-Z-source based isolated DC/DC converter family was
proposed in [21]. It consists of the trans-Z-source (TZS)
single-phase inverter based converter and the trans-quasi-Z-
source (TqZS) single-phase inverter based converter. They are
shown in Fig. 5. Three-phase implementation could be easily
derived from a single-phase. In these converters DC voltage
gain of TZS or TqZS networks depends not only on the shoot-
through duty cycle, but also on the turns ration of the coupled
inductor m. The IS network contains less passive elements:
one capacitor C;, coupled inductor T, and diode D,. Both
converters have discontinuous input current. Experimental
verification has shown that the TqZS inverter based converter
has lower start-up current than that of the TZS inverter based.
In the future, it is required to derive the application range and
detailed design guidelines.
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Fig. 5. IS isolated DC/DC converters: a) trans-Z-source inverter based and
b) trans-quasi-Z-source inverter based.

B. Converters with Push-Pull Switching Stage

A generalized functional scheme for this group is shown in
Fig. 2b. In comparison with full bridge based converters, this
group has several advantages: lower number of switches,
simpler control, lower conduction losses in low input voltage
applications. Usually the switches work interleaved to
improve the input current ripple.

Quasi-Z-source

The quasi-Z-source-fed push-pull converter family has been
proposed recently [23]. It is derived from the current-fed push-
pull converter family by replacing the input inductor with the
qZS network. Such family could be derived for almost any
ISN, but almost none of them have continuous input current.
The family proposed in [23] includes the quasi-Z-source-fed
push-pull converter (QZSFPPC) and the interleaved quasi-Z-
source-fed push-pull converter (IQZSFPPC), as shown in
Fig. 6. They have fewer switches than IS inverter based
converters.

The QZSFPPC employs a simple qZS network. It has the
operation principle quite similar to that of the qZSI based
converter. The IqQZSFPPC contains a magnetically coupled
qZS network which could be represented as two qZS networks
with full magnetic coupling in the coupled inductor 7. In this
converter, leakage inductances of the coupled inductor define
the input current ripple, while magnetizing inductance defines
the current ripple in the windings. This dependence leads to
complicated design of the magnetic component for the
1qZSFPPC. The control principle of these converters is very
similar to the reference current fed push-pull converter family
except the duty cycle regulation range, because of improved
voltage step-up performance.

The leakage inductances are not taken into account in [23].
This means that in practice these converters will utilize active
or passive clamping at the input side. Nevertheless, these
converters are recommended for low input voltage and high
input current applications, because only one power switch is in
the input current loop. This can ensure lower conductance
losses. The interleaved converter from this family has more
passive elements, but they are rated for lower current or
voltage stress. Therefore, the final power density of both
converters could be close.
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Fig. 6. Quasi-Z-source-fed push-pull converter family: a) quasi-Z-source-fed
push-pull converter and b) interleaved quasi-Z-source-fed push-pull converter.

Y-source

Recently several new IS converters have been proposed
with the use of the novel Y-source (YS) network [4]. One of
them that belongs to the group of transformer based isolated
DC/DC converters with the push-pull switching stage is
shown in Fig. 7. The YS network consists of the capacitor C,,
the coupled inductor Ty, and the diode D,. That network is
regarded under the group of IS networks with coupled
inductors. In this case the coupled inductor 7y has three
windings giving some level of freedom during the design of
this converter, because the characteristic value m depends non-
linearly on the number of turns of each winding. This value
defines the step-up characteristic of the Y'S network. Also, the
proposed inverter utilizes the Greinacher VDR, while the
bridge VDR is the most commonly used and has slightly better
efficiency [5].

According to reports available, the performance of the YS
network converter is close to that of the trans-Z-source
network. However, it suffers from voltage overshoots caused
by the leakage inductances of the coupled inductor due to
discontinuous input current [22], like any other IS network
with a coupled inductor. Moreover, the three-winding coupled
inductor is more complicated to design than the two-winding
inductor used in the TZS or TqZS networks. Comprehensive
studies of the closed loop control of the YS based converters
and their application possibilities are required. The YS and
some other IS networks with coupled inductors (TqZS,
I'-Z-source, etc.) have to be compared through analysis and
experiments to evaluate practical application possibilities and
overall performance of the YS network based converters.

Fig. 7. Y-source push-pull converter.

III. COUPLED INDUCTOR BASED IS GALVANICALLY

ISOLATED DC/DC CONVERTERS

This class of converters contains topologies that use a
coupled inductor as a part of the IS network, as well as for
galvanic isolation and energy transfer from the input side to
the output side. Those converters are not as numerous as the
previous one. The first converter appeared in the literature at
the beginning of 2012 [24]. During the last three years several
new converters have been proposed. They could be divided
into two main groups:

 with push-pull switching stage

 with single switch

A. Converters with Push-Pull Switching Stage

This group consists of two push-pull based converters that
could be organized into one family based on the commonly
used qZS network. A generalized functional scheme for this
group is shown in Fig. 8a.

Quasi-Z-source

The quasi-Z-source derived push-pull DC/DC converter
with two coupled inductors has been proposed in [24] and
analyzed in [25]. It consists of two quasi-Z-source networks
C;, Cy, Ty, Dy and Cs, Cy, T5, D,, as shown in Fig. 9a. Three-
winding coupled inductors 7; and 7, provide galvanic
isolation and store energy in the form of equivalent
magnetizing current (i.e. flux through the core of the coupled
inductors). The turn-on state of the transistors corresponds to
the shoot-through behavior of the IS inverter. This converter
shows good performance in wind power applications due to its
wide feasible input voltage regulation range. It could be
considered as two single-switch converters connected in
parallel at the input and in series at the output, where they are
sharing a common output rectifier and a filter. At low step-up
this converter transfers energy in the narrow pulses with high
current amplitude, which is the main drawback that limits the
practical regulation range. Flat efficiency curve at high

switching frequency could be achieved in all-SiC
implementations [26].
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Fig. 8. Generalized functional schemes of coupled inductor based isolated IS
DC/DC converters with: a) push-pull switching stage and b) single-switch.
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Fig. 9. Quasi-Z-source derived push-pull DC/DC converter with: a) two
coupled inductors, and b) a single coupled inductor.

Further improvement in the group of push-pull based
converters is possible through magnetic coupling of qZS
networks [24]. Coupling between 7, and T should not be full,
because it leads to self-compensation of windings, and such
converter is not feasible. Partial coupling is a good option that
leads to single coupled inductor implementation of the push-
pull based topology. The quasi-Z-source derived push-pull
DC/DC converter with a single coupled inductor is shown in
Fig. 9b. This topology proposed in [24] looks promising, but
there is no research on the design of the coupled inductor 7X
along with full design guidelines.

Both converters use a bridge diode rectifier with a
conventional LC filter at the output. These topologies require
careful design to avoid high voltage oscillation over the
rectifier diodes and tertiary windings of coupled inductors
during the freewheeling state, when voltages across Ls, Lg
compensate each other.

B. Converters with Single Switch

This group contains three recently proposed converters
based on typical qZS and ZS networks. A generalized
functional scheme for this group is shown in Fig. 8b.

Quasi-Z-source

Quasi-Z-source based single-switch converter with two
inductors has been proposed in [27]. In the qZS network the
second inductor is replaced with the coupled inductor 7, as
shown in Fig. 10a. Magnetizing inductance reflected to the
primary winding serves as part of the qZS network along with
Ly to store energy. Inductor 7, also provides galvanic
isolation and energy transfer to the output. The output part
contains the switched capacitor cell Dgc;, Dscs, Cscy, Csco for
additional voltage step-up and the rectifier D, with the filter
capacitor Cy. The output side utilizes leakage inductance of the
coupled inductor as a part of the rectifier that limits the current
ripple. The main advantage is that the output current ripple is
reflected to the qZS network, but does not influence the input
current with low ripple. On the other hand, such
implementations require two magnetic components.
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Fig. 10. Single-switch isolated qZS DC/DC converters with: a) two inductors
and b) one inductor.

Another single-switch qZS based DC/DC converter shown
in Fig. 10b has been derived from the quasi-Z-source push-
pull DC/DC converter (Fig. 9a) [5], [29]. It contains only one
magnetic component. In contrast to the previous qZS
converter, this converter has continuous input current with
higher ripple, because the reflected output current ripple is
shared between the primary windings. It also utilizes the
bridge VDR, which provides continuous output capacitor
current (only one of them charges simultaneously) and low
component count. Here the slight drawback with higher input
current ripple can be neglected when the converter operates at
a high step-up and couples low and high voltage sides. This
converter shows good performance in the wide input voltage
range [29].

Z-source

Finally, another converter in this group is derived in the
same manner as the qZS based single-switch converter with a
single coupled inductor [28]. Both inductors of the single-
switch ZS isolated DC/DC converter are coupled to maintain
symmetrical structure of this network, as shown in Fig. 11. In
contrast to the conventional ZS network, this current in ZS
inductors has higher ripples due to the reflection of the output
current to the input side. Leakage inductance of secondary
windings serves as a filter in the output side. Input current is
discontinuous. As compared to single-switch qZS converters,
this converter has higher stress of elements. This topology can
be improved by magnetic coupling of coupled inductors 7,
and 7. Full coupling seems to be the best choice. In this case
the ZS network would be based on the three-winding coupled
inductor that carries two times higher flux. Feasibility of such
system needs to be investigated with the VDR, which also
seems to be a superior solution for the IS isolated DC/DC
converters.

Vin Vour

Fig. 11. Single-switch isolated ZS DC/DC converter.



Coupled inductor based converters are more complicated to
design as compared to transformer based converters. They
have shown good performance in wind energy applications
where the input voltage varies most of all. This class of
converters contains several topologies. Many novel topologies
could be derived with other IS networks that have not been
applied yet.

IV. CLASSIFICATION OF IS GALVANICALLY
ISOLATED DC/DC CONVERTERS

All the reviewed topologies could be considered as basic.
Many other converters could be derived from them by parallel
connection of basic topologies without magnetic coupling
[30], or with magnetic coupling between IS networks [30],
[31]. These basic topologies could be used in different
parallel-series energy conversion systems [29], [32].
Implementation of the secondary side with active switches
allows bi-directional operation of basic topologies [7], [33].

To clarify the converter derivation process and show the
potential white spots in this field, a classification was made.
The first level in the classification is based on the energy
transfer principle: energy could be transferred from the input
to the output side through either a transformer or a coupled
inductor. The next level of classification is based on the
implementation of the switching stage. The third level of
classification shows which IS networks have been applied to
the basic structures shown in Figs. 2 and 8. The fourth level is
used to indicate topological variations of the basic principle
defined by the first three levels.

The proposed classification is shown in Fig. 12. The first
two levels define only five basic principles. Only one or two
IS networks have been applied to four of them. This offers
further research space for applications of other IS networks.

Converters based on the single-phase qZSI have been
studied most extensively. This group has the widest
topological variations. The single-phase IS inverter based
group contains more topologies than other groups. It is
because this derivation principle is natural and the simplest,
therefore numerous IS inverters have been comprehensively

investigated. Many results could be reused in the DC/DC
converters design.

The proposed classification shows wide possibilities of
research on new IS isolated DC/DC converter topologies on
the third and fourth level of the classification. The studies will
focus on the utilization of IS networks and their topological
variations.

Moreover, an extension of the classification at the first and
second levels is possible. Recently numerous topologies with
combined energy transfer using transformers and coupled
inductors have been proposed. Novel class of IS isolated
DC/DC converters with combined energy transfer would also
utilize this principle. Second classification level also shows
possibilities for extension. The most obvious is application of
the half-bridge switching stage in the transformer based
topologies.

Therefore it could be concluded that the proposed
classification is versatile and could be used as a basis for
future derivation and systematization of novel galvanically
isolated IS DC/DC converters.

V.FUTURE RESEARCH CHALLENGES

Modern renewable energy market requires versatile power
electronics solutions. The review of the converters above
reveals that the ZSI based isolated DC/DC converter could be
chosen for further development as the basic power electronics
building module for dispersed generation systems. Coupled
inductor based topologies are more complicated to design and
control and less effective, but they show better performance
where wide regulation is needed. They are required only in
some applications with wide input voltage variations, for
instance, in PMSG based wind turbines.

Several steps have already been made towards improvement
of this converter. A shift to resonant bridge with series
resonant circuit which utilizes leakage inductance of the
transformer was proposed. This allows considerable reduction
of the losses and switching frequency rise, leading to volume
reduction. Additional research is needed towards new control
strategies and design guidelines derivation.

Impedance-Source
Galvanically Isolated
DC/DC Converters

Transformer
based

Element that
transfers energy

Coupled
inductors based

I
Single-phase
full bridge

[
Three-phase
full bridge

1
| Push—pullJ

Switching stage

[Singlef SWitChJ implementations

| Push—pullJ

1 [ 1
qZSs 7S TqZsS YS qZﬂ ZS qZﬂ Basic impedance
source network
[ | 1 [ 1 [ 1 1 .
SR qZsI CAEB qZSI qZSI | [SRZSI 7Sl Interleaved qZS With 2 With 1 With 2 With 1 Topological
based based based | |based| |based qZS Fed Fed inductors| |inductor| |inductors| [inductor variations

Fig. 12. Classification of the impedance-source galvanically isolated DC/DC converters.
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Another possibility is synchronous rectification in the IS
network. Preliminary results reported in [34] show reduction
in the losses in the qZS network with the implementation of
the MOSFET instead of the qZS diode. It allows an efficiency
rise by 2 % within the qZS network. Active rectification is
also possible at the VDR side. If all semiconductor
components within the converter are active (e.g., MOSFETS),
not only rise of the efficiency in the VDR and IS stages, but
also controllable bi-directional operation can be achieved [33].

Utilization of new materials is the most popular recent trend
in the modern power electronics industry. New magnetic
materials can reduce the size of the implemented ISN. Also,
the utilization of the new wide-bandgap semiconductors, like
SiC and GaN, allows further loss reduction along with the
switching frequency rise. GaN MOSFETs have shown good
performance at the low voltage side in the PV micro-
converters. Modern SiC MOSFETS could be used in the
active VDR on the high voltage side. Appropriate selection of
new wide-bandgap transistors and analysis of achieved
benefits along with economic concerns require additional
research and development of new design guidelines.

Utilization of all major trends towards improvement of the
qZSI based DC/DC converter leads to the topology shown in
Fig. 13. This topology could show superior results in modern
power electronics applications, like renewable and alternative
energy, battery storages, etc. Currently available transistors
are recommended for the all-GaN implementation of the
primary low voltage side: switches S, S;...S,. High voltage
SiC MOSFETs are recommended to be used at the output side:
transistors Ss, Ss. In future they could be replaced with high
voltage GaN transistors. Technology of the GaN high voltage
transistors is immature still, only one supplier has started
selling (Transphorm), and another is starting in October 2014
(GaN Systems). Active secondary side provides bi-directional
energy transfer possibilities. It will require a complicated
control system.

The proposed qZSI based fully active DC/DC topology
raises numerous scientific and practical challenges. Further
research in this direction is advisable. Eventually it should
lead to highly efficient, versatile universal DC/DC converter
with bi-directional power transfer possibility. It would be
totally based on the GaN technology when we have
appropriate components off the shelf.

VL

Existing isolated impedance-source DC/DC converters were
reviewed. Derived classification shows numerous white spots
in this field. Converters from the transformer based class are
simpler to design, more flexible, and have a wider application
range. Coupled inductor based converters perform well in
certain applications with wide input voltage variations.
Numerous topics for further research have been indicated in
this article. Four generalized functional proposed schemes
could be used to understand the derivation process of the IS
isolated DC/DC converter topologies. Practicing engineers
may find this article a concise review of the field with a short
reference list, sufficient to be introduced into this technology.

CONCLUSIONS
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Fig. 13. QZSI based SR DC/DC converter with active secondary half-bridge.
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The quasi-Z-source inverter based converter is the most
advantageous among other topologies. Further directions to
improvements of that converter were discussed. Main
directions from future research are series resonant
implementations, active rectification in the input and the
output sides, bi-directional operation, and implementation of
new materials and semiconductors.
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Abstract—previous  studies have clearly shown that
shoot-through generation by the overlap of active states has
better operating parameters than other shoot-through generation
methods. However, due to some disadvantages, this method has
never been studied in detail. This paper is filling the gap by
examining the shoot-through generation method by the overlap
of active states. The disadvantages are expl d and soluti
are proposed. Moreover, a novel shifted overlap shoot-through
modulation method is proposed and compared with the known
symmetrical overlap method. Theoretical analysis is verified by
the experiments on a real test prototype.

Keywords— qZS inverter; shoot-through; dc-dc converter;
overlap; modulation methods;

1. Introduction

Typically, quasi-Z-source (gZS) inverter has been used as
a sine wave inverter for AC loads [1]-[3]. The dc-link voltage
is controlled by the special shoot-through state, which can be
generated by three different ways in one phase system:
shoot-through via any one bridge leg, and via both two bridge
legs [4]. The Shoot-through is usually generated within a zero
vector. This method allows achieving soft switching without
additional components, which increases efficiency of the
converter. Several new PWM control methods such as shifted
shoot-through control and swapped PWM control have been
proposed recently, which allow to improve the performance
even more [5].

However, previous studies have clearly shown that
shoot-through generation by the overlap of active states has
better operating parameters than other shoot-through
generation methods. The switching frequencies of transistors
are the smallest and are equally distributed between all
switches. The overvoltages have moderate values compared to
the other methods [6]. However, the method utilizes active
states overlapping to generate the shoot-through states, which
inherently connects shoot-through (Ds) and active state (D)
duty cycles such that they cannot be changed separately and
D, directly depends on Ds. It could be a drawback in some
applications e.g. in isolated dc-dc converters, where the
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transformer has been optimized to work in one operating point
i.e. with fixed active state duty cycle. This is only true in the
case of relative small switching frequencies, where the
transformer losses are dominating. Also this method cannot be
used in the qZS inverters where the active state duty cycle is
modulated to form sinusoidal output voltage. As mentioned
above, qZS based sine wave inverter has been the major
application and thus, the shoot-through generation by the
overlap of active states has not really been in research focus.

Today the trend is to increase switching frequency as much
as possible that results in reduced magnetic component size
and increased energy density. In the high frequency (>50 kHz)
isolated gZS dc-dc converters the transformer losses are
negligible compared to switching losses. Thus, in such
applications the total efficiency of the converter is more
depending on the chosen modulation algorithm than optimal
utilization of magnetic components. Therefore, the
shoot-through generation by the overlap of active states is an
attractive control method that needs to be studied more
detailed.

In this paper a novel overlap method (shifted overlap) is
proposed and investigated. The new method is compared with
the classical overlap method, which is called as symmetrical
overlap method. The common feature of these methods is the
shoot-through state generated by the overlap of active states
i.e. without zero states. Due to this feature soft switching
without additional components can be achieved. Only two
switching states (active and shoot-through) also make the
generation of control signals easier, which means that less
expensive control units can be used. Considering conduction
losses, all shoot-through modulation methods are similar. The
biggest difference comes from switching losses. Thus, the
main focus of this paper was also laid on switching losses.

The control methods where investigated both theoretically
and experimentally. The experiments were conducted on a
2 kW demonstrator based on the qZS dc-dc converter topology
(Fig. 1). It consists of the gZS-network, an inverter, an
isolation transformer, a voltage doubler rectifier (VDR) and a
resistive load. VDR eliminates the dependency between the
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Fig. 1. Isolated qZS dc-dc converter.

output voltage and the active state duty cycle of the
transformer. Thus, the shoot-through method by the overlap of
active states can be used without any disturbing effects on the
output voltage.

. Shoot-through Generation by
the Overlap of Active States

A. Symmetrical overlap method

Typically the shoot-through is achieved by increasing the
duty cycle of active states over 0.5. This causes the active
states of bottom (72, T4) and top (71, T3) side transistors to
overlap with each other symmetrically (Fig. 1). As a result, the
shoot-through state occurs, as shown in Fig. 2.

During shoot-through mode all four transistors of the qZS
inverter are conducting and the current through inverter
switches reaches its maximum, the transformer voltage (Ur,)
drops to zero (Fig. 2).

The operating period of the isolation transformer in this
control method consists of a shoot-through state 5 and an

pZNE S e
T2IT3 | . | ||

. Shoot-through states
Active states

Fig. 2. Symmetrical overlap method where shoot-through is created by
the active state duty cycle greater than 0.5.

active state 7,:

T=t,+1. (1)
The (2) could also be represented as
t,
FA+?5=DA+DS=1, 2)

where D, and Ds are the duty cycles of active and
shoot-through states, correspondingly. From Eq. (2) results
that the duty cycle of the active state is directly connected to
the duration of the shoot-through state. Thus, it approaches its
maximum (0.5) in the non-shoot-through mode. And vice
versa, when the shoot-through duty cycle is maximal, the duty
cycle of active states will have a minimum value. The
theoretical limit for shoot-through duty cycle is 0.5. From
practical point of view due to the losses shoot-through duty
cycles longer than 0.3 are not advisable.

The number of switching states per period of top and
bottom transistors is equal (Table 1) i.e. the transistors operate
with the same frequency. The states are shown for one period
of the isolation transformer. The conducting switches are
indicated by ‘x’. Equal frequency results in equalized
switching losses in all transistors. Moreover, compared to the
other shoot-through modulation methods, the switching
frequency of transistors is lower, which results in better
efficiency.

TABLE | SWITCHING STATES SEQUENCE PER ONE PERIOD. SHOOT-THROUGH
GENERATION BY THE OVERLAP OF ACTIVE STATES

Top side Bottom side
T1 T3 T2 T4
Active state X X
Shoot-through X X X X
Active state X X
Shoot-through X X X X

B. Shifted overlap method

In this paper a novel shoot-through generation method is
proposed. According to the symmetrical overlap principle, the
shoot-through states are generated by increasing the duty cycle
of active states. The idea of the proposed new method is to
create shoot-through by shifting the active states towards each
other while keeping the duty cycle constant 0.5. The new
method will be named as shifted overlap.

In Fig. 3 the shoot-through generation principle by the
shifted overlap is shown. Two complementary signal pairs
TI1/T3 and T2/T4 are generated. The shoot-through duration
can be changed by changing the phase shift (41®) between
complementary transistor pairs, as shown in Fig. 4.

15 kHz@

Fig. 3. Shoot-through generation principle in the shifted overlap method.
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In Table 2 the states are shown for one period of the
transformer. The conducting switches are indicated by ‘x’.
Unlike the symmetrical overlap method, where shoot-through
is generated by simultaneously switching on four switches in
the case of shifted overlap method only two switches at the
time are conducting, as shown in Fig. 4. Since, the conducting
transistor pairs are alternating twice in each period, they can
be considered as equally loaded. The switching frequency of
bottom and top transistors is equal, as indicated in Table 2.

TABLE 2. SEQUENCE OF SWITCHING STATES PER ONE PERIOD.
SHOOT-THROUGH GENERATION BY THE SHIFT OF ACTIVE STATES

Top side Bottom side
T1 T3 12 T4
Active state X X
Shoot-through X X
Active state X X
Shoot-through X X

u. Experimental verification

To verify the presented theoretical assumptions an
experimental setup of the gZS inverter-based single-phase
de-dc converter was developed and tested. The operating
parameters are presented in Table 3. For both control
algorithms investigated the input voltage of the converter was
set as Uy = 30 V, the output voltage Ugyr = 600 V and the
input power P;y= 1000 W. The qZS-network boosts the input
voltage to the desired value Upc = 60 V. The isolation
transformer operates with the frequency 15 kHz. Since there
are two shoot-through states per period, the frequency of the
qZS-network is twice higher i.e. 30 kHz.

TABLE 3. DESIRED OPERATING PARAMETERS OF THE CONVERTER.

Parameter Value
Input voltage, Uy, 30V
de-link voltage amplitude, Upc 60V
Desired output voltage of the converter, Upur 600 V
Input power Py 1 kW
Operating frequency of gZS-network, fyzs 30 kHz
Operating frequency of isolation transformer, f7z 15 kHz

T [
T [ ]

- | WL W,
s W [T,

—_

T
. Shoot-through states

Active states
Fig. 4. Shifted overlap method where shoot-through is created via phase
shift 4.

219

v ()
Voltage (40 V/div)
Current (20 A/div)idw,m ' E
| e
o e ]
[ S—
e o

oty 10 Bz00m

Fig. 5. Shoot-through by the symmetrical overlap of active states. Voltage
and current of the transistors 77...T4.

The collector-emitter voltages and collector currents of
transistors T1 and T4 were measured. In the case of the
symmetrical overlap method, all transistors have identical
switching pattern and equal switching frequency, as shown in
Fig. 5. Thus, the switching losses are also equally distributed
between transistors. Each transistor is set into shoot-through
state twice per period.

In Fig. 6 current and voltage of the transistors 77 and 74 in
the case of shifted overlap is shown. The shoot-through is
generated alternately by transistor pairs T1/T2 and T3/T4.
Unlike in symmetrical overlap method, each transistor is set
into shoot-through only once per period. This allows achieving
additional soft switching states, as indicated in Fig. 6. In the
top side transistors (7, T3) zero current switching (ZCS) is
achieved and in the bottom side transistors (72, T4) zero
voltage switching (ZVS) is achieved.

To compare both methods the total switching losses were
calculated based on measured waveforms. In Table 4 the
results are shown. Turn on and turn off losses of a top side and
a bottom side transistor are estimated. Also total losses per
pair (T1/T4) and of all four transistors (77...74) are
calculated. In the case of symmetrical overlap method all
transistors have both: turn on and turn off losses. The total
switching loss is about 37 W. Additional soft switching occurs
in the shifted shoot-through method resulting in zero turn on
losses in bottom side transistors and zero turn off losses in top
side transistors, as indicated in Error! Reference source not
found.. However, since only two transistors are conducting in
the shoot-through state, the current is twice bigger compared

TABLE 4. COMPARISON OF SWITCHING LOSSES OF THE SYMMETRICAL AND
SHIFTED OVERLAP SHOOT-THROUGH GENERATION METHODS

Losses during switching Total Total
transi [W] T1/T4 | T1..T4
Turn on Turn off [W] [W]
T1 T4 T1 T4
Symmetrical 3.1 3.1 6.1 6.1 18.4 36.8
overlap
Shifted overlap 114 0 0 16.4 27.8 55.6
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Fig. 6. Collector-emitter voltage and collector current of the top side transistor 7/ (a) and bottom side transistor 74 (b).

to the symmetrical overlap method. This leads to higher turn
on and turn off losses. The total switching loss is about 56 W,
which is 1.5 times more than in the case of symmetrical
overlap method. In terms of operating power (I kW) the
switching losses constitute 3.7 % and 5.6 % accordingly.

In conclusion, the symmetrical overlap method has lower
switching losses and about 3 % higher efficiency. However,
experiments showed more voltage and -current spikes than in
the case of shifted overlap method. This is probably related to
the fact that in the shifted overlap method the shoot-through is
generated only by two transistors and there is no current
imbalance between phase-legs. Thus, this method could be
implementable in the EMI sensitive equipment.

v. Conclusions

This paper proposed a novel shifted overlap shoot-through
generation method and compared it with the known
symmetrical overlap method. The common feature of these
methods is the shoot-through generated by the overlap of
active states i.e. without zero states. Due to this feature soft
switching without additional components can be achieved. In
general, the shoot-through generation by the overlap of active
states has proven to be the most efficient shoot-through
control method.

The main difference between both methods is that in the
case of shifted overlap, the shoot-through is generated only by
two transistors. Due to that additional soft switching states can
be achieved. It was experimentally proven that the additional
soft switching states did not reduce total switching losses as
expected. On the contrary, due to the higher shoot-through
current in the shifted overlap method the switching losses
were increase 1.5 times. Thus, the symmetrical overlap

method has lower switching losses and about 3 % higher
efficiency. However, the shifted overlap method did show
more stable behavior with respect to voltage and current
spikes. Thus, the shifted shoot-through method might have
some advantages in the EMI susceptible devices. This is still
to be studied in the future.

Acknowledgment

This research was supported by Estonian Ministry of
Education and Research (Project SF0140016s11) and Estonian
Science Foundation (Grant ETF8687). Latvian partner
research work has been supported by Latvian Council of
Science (Grant 416/2012).

References

[1] Minh-Khai Nguyen, Young-Gook Jung, Young-Cheol Lim, “Single-
Phase AC-AC Converter Based on Quasi-Z-Source Topology,” Power
Electronics, IEEE Transactions on, vol. 25, no. 8, pp. 2200-2210,
August 2010.

[2] M. Nguyen, Y. Lim, G. Cho, “Switched-Inductor Quasi-Z-Source
Inverter,” Power Electronics, IEEE Transactions on, vol. 26, no. 11, pp.
3183-3191, November 2011.

[3] C.J. Gajanayake, Fang Lin Luo, Hoay Beng Gooi, Ping Lam So, Lip
Kian Siow, “Extended-Boost Z-Source Inverters,” Power Electronics,
IEEE Transactions on, vol.25, no.10, pp.2642-2652, October 2010.

[4] F. Z. Peng, “Z-source inverter,” IEEE Trans. Ind. Appl., vol. 39, no. 2,
pp. 504-510, March 2003.

[5] I Roasto, D. Vinnikov, J. Zakis, and O. Husev, “New Shoot-Through
Control Methods for qZSI-Based DC/DC Converters,” IEEE Trans. Ind.
Informatics, vol. 9, no. 2, pp. 640-647, May 2013.

[6] I Roasto, D. Vinnikov, T. Jalakas, J. Zakis, and S. Ott, “Experimental
Study of Shoot-Through Control Methods for qZSI-based DC/DC
Converters,” conference proceedings SPEEDAM, 2010, pp. 29-34.

220



[PAPER-VII] Vinnikov, D.; Roasto, I.; Liivik, L.; Blinov, A. Four Novel
PWM Shoot-Through Control Methods for Impedance Source
DC-DC Converters. Journal of Power Electronics, 2015, 15(2),
299 - 308.

157






Journal of Power Electronics, Vol. 15, No. 2, pp. 299-308, March 2015 299

JPE 15-2-1

http://dx.doi.org/10.6113/JPE.2015.15.2.299
ISSN(Print): 1598-2092 / ISSN(Online): 2093-4718

Four Novel PWM Shoot-Through Control Methods
for Impedance Source DC-DC Converters

Dmitri Vinnikov', Indrek Roasto”, Liisa Liivik", and Andrei Blinov"

"Institute of Industrial Electronics and Electrical Engineering, Riga Technical University, Riga, Latvia
*Department of Electrical Engineering, Tallinn University of Technology, Tallinn, Estonia

Abstract

This study proposes four novel pulse width modulation (PWM) shoot-through control methods for impedance source (IS)
galvanically isolated DC-DC converters. These methods are derived from a PWM control method with shifted shoot-through
introduced by the authors in 2012. In contrast to the baseline solution, where the shoot-through states are generated by the
simultaneous conduction of all transistors in the inverter bridge, our new approach is based on the shoot-through generation by one
inverter leg. The idea is to increase the number of soft-switched transients and, therefore, decrease the dynamic losses of the
front-end inverter. All the proposed approaches are experimentally verified through an insulated-gate bipolar transistor-based IS
DC-DC converter. Conclusions are drawn in accordance with the results of the switching loss analysis.

Key words: DC-DC power converters, Pulse width modulation converters, Pulse width modulation, Quasi-Z-source inverter,
Shoot-through control methods, Switching losses, Zero current switching, Zero voltage switching

1. INTRODUCTION

Impedance source (IS) DC-DC converter (IS DC-DC) is a
new type of step-up galvanically isolated DC-DC converter
first introduced in [1] as a power conditioning system for
renewable energy applications. The new topology is generally
derived from a classical voltage source full-bridge isolated
DC-DC converter [2] by adding a passive impedance network
to its input terminals (Fig. 1). The impedance network is a
two-port passive circuit that consists of capacitors, inductors,
and diodes in a special configuration. The specific feature of
the impedance network is that it can be short-circuited, which,
in turn, will increase the voltage across the input terminals of
the main converter (V¢ in Fig. 1) [3].

Given that IS DC-DC is a step-up converter, its operation
is always connected to a low voltage and high current values
at the input side, which can lead to high losses at the
front-end inverter. The shoot-through switching states used
for the stepping up of the input voltage are also associated
with certain power dissipation. Therefore, special attention

Manuscript received Jun. 12, 2014; accepted Oct. 4, 2014
Recommended for publication by Associate Editor Honnyong Cha.
TCorresponding Author: dmitri.vinnikov@ieee.org
Tel: +371 67089919, Riga Technical University
*Dept. of Electrical Eng., Tallinn University of Technology, Estonia

must be paid to the reduction in losses both in wiring and in
the semiconductors of the primary (low-voltage) part of the
converter. One of the benefits offered by IS DC-DC is the
inherent soft-switching achieved by proper control methods
[4]. The number of soft-switching transients depends on the
selected modulation method. Both zero current switching
(ZCS) and zero voltage switching (ZVS) can be achieved
within a wide operation range [4].

This paper describes the results of the comparative study
on the novel pulse width modulation (PWM) shoot-through
control methods proposed by the authors for the family of IS
DC-DC converters. The purpose is to minimize the switching
losses of the front-end inverter.

II. IS DC-DC CONVERTERS: OPERATING PRINCIPLE,
REALIZATION POSSIBILITIES, AND BASIC CONTROL
METHODS

A. Operating Principle

In the family of IS galvanically isolated DC-DC converters,
quasi-Z-source converter (qZSC) is the most advantageous
[Fig. 2(a)]. The impedance network of qZSC consists of two
capacitors, two inductors, and one diode, all of which are
connected in a specific configuration [outlined by the gray
color in Fig. 2(a)]. The quasi-Z-source network was derived

© 2015 KIPE
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Fig. 1. Generalized block diagram of the IS galvanically isolated
DC-DC converter.

from the baseline Z-source network [3] simply by changing
the position of the input voltage source. Thanks to the
presence of the input inductor Ly, the qZSC features
continuous input current, which is especially important in
renewable energy applications. Owing to the absence of a
current path at start-up, qZSC has the feature of
inrush-current limitation in contrast to Z-source-derived
topologies. Other advantages of qZSC include the possibility
of converterless integration of short-term energy storages
(batteries) [S], bidirectional operation capability [6], and
inherent short-circuit protection.

Regarding its operation principle, qZSC is similar to the
galvanically isolated current-fed full-bridge boost converter
[CFFBBC, Fig. 2(b)], shoot-through
switching states for the stepping up of the input voltage [7].
In contrast to qZSC, CFFBBC has the disadvantage of
inductive overvoltage across the inverter bridge, which leads
to additional clamping circuits to be applied [8], [9]. Another
issue of CFFBBC, the inrush current during start-up at a low
output voltage, requires auxiliary start-up circuits to be
implemented [10]. As a result, the introduction of these
necessary sub-circuits increases the complexity of CFFBBC
and can seriously affect its efficiency.

In both topologies, the peak voltage across the inverter
bridge (Vpc) depends on the shoot-through duty cycle Dgr,
that is,

which also uses

t
Dy =t M)

where fgr is the cross conduction time of the switches in the
inverter bridge, and T is the switching period. The idealized
voltage boost across the inverter bridge in qZSC is

Voc(peat 1
B e = e . @
Vm 1-2. DST
In the case of CFFBBC, the idealized voltage boost is
Ve pea) 1
BCFFBBC = 3
VIN 1- DST

A comparison of idealized voltage boost properties shows
that qZSC features a higher voltage step-up capability for the
same shoot-through duty cycle Dy than CFFBBC (Fig. 3).
The twofold input voltage gain, typical for the power
conditioners for renewable energy sources, can be obtained

by Dgrof 0.25 and 0.5 for gZSC and CFFBBC respectively.
Given that the duty cycles of the shoot-through and active

states are interdependent in both topologies (D, =1 — Dgy),
this will result in a higher root mean square current through the
primary switches of CFFBBC for the same operating
conditions.

qZSC is theoretically possible to operate with shoot-through
duty cycles up to 0.5. A high Dgrwill lead to instabilities in the
system. In practical applications at high step-up ratios,
shoot-through duty cycles higher than 0.33 are not commonly
recommended because they will lead to high conduction losses
and a dramatic decrease in efficiency.

B. Realization Possibilities

IS converters have been actively studied during the last
decade, and a number of new configurations of impedance
networks have been proposed [3], [11]-[17]. All of them can
be used to construct IS DC-DC converters. In several cases,
the cascaded configurations of impedance networks and
switched inductor or switched capacitor concepts can be used
to increase converter performance [18]-[21]. An up-to-date
comparative analysis of recently proposed impedance
networks can be found in [22].

In galvanically isolated step-up DC-DC converters, a
voltage-doubler rectifier (VDR) is the most efficient and
simplest approach to obtain the highest possible voltage gain.
The bridge VDR shown in Fig. 2 consists of two diodes
(DI and D2) and two output capacitors (C/ and C2). With the
output capacitors connected in series, the output voltage Voyr
at every time instant will be the sum of the two capacitor
voltages or twice the peak voltage (Vry,.) of the secondary
winding of the isolation transformer. VDR can also be
realized according to Greinacher topology, in which only one
capacitor directly supplies the output load, and the second
one serves as an intermediate energy storage element [23].

Recent research in the field of IS DC-DC converters
focuses on the improvement of power conversion efficiency.
In this context, methods such as resonant power conversion
and synchronous rectification can significantly enhance the
performance of IS DC-DC converters. The first series
resonant IS DC-DC converter was proposed in [24]. Owing to
the implemented series resonant LC circuit, a qZS-based
DC-DC converter can be soft-switched in all operating points,
except for minor power dissipation at the turn-off transients
of the shoot-through states [25].

Another issue of IS DC-DC converters is the power
conversion efficiency at high shoot-through duty cycle values
because of the conduction losses in the diode D, of IS
network. The diode D, is basically only needed to avoid
short-circuiting the capacitors C;,; and C,, during the
shoot-through states. At the same time, the diode will
noticeably increase conduction losses during the active states.
To minimize such losses, N-channel
metal-oxide-semiconductor field-effect transistor (MOSFET)
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Fig. 2. Generalized topologies of the step-up galvanically isolated DC-DC converters. (a) gZSC, (b) CFFBBC. (c) High-performance qZSC

with resonant power conversion and synchronous rectification.
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Fig. 3. Idealized voltage boost factor B as a function of the
shoot-through duty cycle Dgr for ZSC and CFFBBC.

can be replaced by D, [26]. T,, is synchronized with the
inverter switches, and it only conducts during the active state
and blocks the current during shoot-through.

Similar to the IS network, conduction losses can also be
reduced in the diodes DI and D2 of VDR. The
implementation of transistors instead of diodes in VDR will
result in the bidirectional operation capability of IS DC-DC
converter. In consideration of all the mentioned modification
possibilities, an example of a high-performance qZSC is
presented in Fig. 2(c).

C. Basic Control Principles

In [27] and [28], two basic shoot-through control
methods for IS DC-DC converters were proposed, namely,
PWM and phase shift modulation (PSM). Shoot-through
states [Fig. 4(a)] are typically generated within zero states
[Figs. 4(d) and (e)], wherein the zero and shoot-through states
are equally distributed over the switching period, so that the
number of high harmonics in the transformer primary can be
reduced. To minimize switch losses, the number of

shoot-through states per period is limited to two.

T1| T3 T} T3 T1 /T3

Irxpr Irxpr
\ >

Vb Vixpr=0  Vpc

Vixp=Voc  Vpc

TZ( T4 72 T4(

(a) (b) ©

T1) 13 T1 /T3
Irxpr Irxpr

Vixpr=-Vpc

T2y T4

Vpe Vixp=0  Vpe Vrgpr=0

12{ T4(

(d) (©
Fig. 4. Main operating states of the front-end inverter in qZSC:
(a) Shoot-through state. (b), (c) Active states. (d), (¢) Zero states.

T2 T4

Shoot-through current is also evenly distributed between both
inverter legs by switching on all four transistors.

In consideration of conduction losses, both shoot-through
control methods (PWM and PSM) are fairly identical because
the number of conduction states and their duration will not be
changed [29]. In case of the PSM shoot-through control
method, the switching losses are increased by more than 20%
because of an increased number of hard-switched
commutations. PSM results in higher overvoltages in the
system in comparison with the PWM shoot-through control
method [28]. Hence, PWM shoot-through control seems to be
a better method for IS DC-DC converters than PSM.

1II. NEw PWM SHOOT-THROUGH CONTROL
METHODS

All the proposed control methods were specially developed
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TABLE 1 TABLE IIT
METHOD A: SWITCHING-STATE SEQUENCE PER PERIOD METHOD C: SWITCHING-STATE SEQUENCE PER PERIOD
Top transistors Bottom transistors Top transistors Bottom transistors
T T3 T2 T4 T1 T3 T2 T4
active state X X active state X X
shoot-through X X X X shoot-through X X
zero state X X zero state X X
active state X X active state X X
shoot-through X X X X shoot-through X
zero state X X
TABLE IV
TABLE 11 METHOD D: SWITCHING-STATE SEQUENCE PER PERIOD
METHOD B: SWITCHING-STATE SEQUENCE PER PERIOD Top transistors Bottom transistors
Top transistors Bottom transistors T1 T3 T2 T4
A T1 T3 T2 T4 active state X X
active state X X shoot-through X
shoot-through X X zero state X X
zerf) state X X shoot-through X X
active state X X active state X X
shoot-through X X shoot-through X X
zero state X zero state X X
shoot-through X X

for the family of IS galvanically isolated DC-DC converters.
IS DC-DC converter was based on the full-bridge
single-phase inverter, where the top and bottom groups of
transistors are denoted as 77, 73 and 72, T4, respectively.

A. PWM Control with Shifted Shoot-Through (Method A4)

This method was first introduced in [30] as an improved
alternative to the conventional PWM shoot-through control.
Two shoot-through states occur per period. To minimize the
switching losses of transistors, one shoot-through state is
shifted toward an active state until they merge, as shown in
Fig. 5(a). This shift results in a reduced number of
hard-switching transients for the bottom transistors (72, 74),
as shown in TABLE I. The states are shown for one period of
the isolation transformer. The conducting switches are
indicated by “x.” ZVS is achieved for the bottom transistors
(T2, T4) because of the merged shoot-through state. The
shoot-through states are generated inside zero states to reduce
the number of high harmonics in the transformer voltage. The
experimental results prove that Method A enables the
efficiency of a 1 kW full-bridge front-end inverter to be
increased by 4% in comparison with the traditional PWM
method [30].

B. PWM Control with Shifted Shoot-Through in One Leg
(Method B)

This method is a new modulation technique derived from
Method A. Instead of generating shoot-through with all four
switches, only two switches of one leg are used at a time
[Fig. 5(b)]. This technique eliminates two hard-switching
transients of the bottom transistors.

The switching frequency of these transistors is reduced in
comparison with Method A. As a result, in Method B, the
switching frequencies of the top and bottom transistors are
equal, as indicated in TABLE II.

However, the amplitude value of the shoot-through current
is increased, which leads to high power losses during the
shoot-through state.

C. Asymmetric PWM Control with Shifted Shoot-Through
in One Leg (Method C)

In Method B, a zero state is always placed between two
subsequent active states (TABLE II). The idea of Method C is
to shift active states toward each other, so that one of the two
zero states can be eliminated [Fig. 5(c)]. An additional
soft-switching state for transistor 74 can then be introduced.
The switching frequencies of the top and bottom transistors
are equal, as indicated in TABLE III.

However, the frequency of shoot-through states in
Method C is variable, which affects the input current ripple.
The voltage of the isolation transformer is also asymmetrical,
which will affect the output voltage ripple.

D. PWM Control with Shifted Double Shoot-Through in
One Leg (Method D)

This modulation technique is a derivation from Method B.
The shoot-through states are split into two and positioned on
both sides of the active states [Fig. 5(d)]. As a result, the
appearance of shoot-through states will be changed into an
irregular one, which will reduce the input current ripple.

TABLE IV shows the switching sequences of the top
and bottom transistors. The switching frequencies of the top
and bottom transistors are equal, as shown in Fig. 5(d).
However, no additional soft-switching states are introduced,
and an increased shoot-through current is being switched
during commutations.

E. Asymmetric PWM Control with Shifted Double Shoot-
Through in One Leg (Method E)
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TABLE V
METHOD E: SWITCHING-STATE SEQUENCE PER PERIOD

Top transistors Bottom transistors
Tl T3 2 T4

active state X X

shoot-through X X

shoot-through X X
active state X X
shoot-through X X
zero state X X

shoot-through X X

i 74HCO2 !

ok 74HC04

Microcontroller

Fig. 6. Shoot-through ~ generation principle by using a
microcontroller combined with an external logic circuitry.

The asymmetric PWM control with shifted double
shoot-through in one leg was derived from Methods C and D.
The basic idea behind Method E is to shift active states
toward each other, so that the shoot-through states around the
active states can be merged [Fig. S5(e)]. An additional
soft-switching state can then be introduced. Method E will
also reduce the input current ripple in comparison with
Method A. The switching sequences of each transistor are

shown in TABLE V. The switching frequencies of the top
and bottom transistors are equal, as indicated in Fig. 5(e).

IV. PRACTICAL GUIDELINES FOR BUILDING THE
CONTROL SYSTEM

Microcontrollers generate PWM using timers and compare
values. As a rule, conventional microcontrollers have only
one or two compare values per timer, which are sufficient in
most cases. Currently, the situation is complicated because of
shoot-through states.

Up to five compare values are needed to generate PWM
with shoot-through states. Consequently, PWM with
shoot-through is impossible to implement on most
microcontrollers. The following three methods can be
considered as a solution to the problem:

1. Using a field-programmable gate array (FPGA).

2. Using a microcontroller combined with an FPGA.

3. Using a microcontroller combined with an external
logic circuitry.

In the current project, price and development time were
prioritized over flexibility. Thus, the third option was selected.
The main idea was to generate the shoot-through state
separately from PWM and mix signals through an external
logic, as indicated in Fig. 6. We needed only one “NOR”
logic block, such as 74HCO02, to link PWM and shoot-through
Dgr signals in the microcontroller output. “NOR” logic
inverted the input signal. Additional hex inverters 74HC04
were used to obtain a signal in phase with the microcontroller
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Fig. 7. Simulation results of Methods (a) 4, (b) B, (¢) C, (d) D, and (e) E.
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Fig. 8. Experimental waveforms of Methods (a) 4, (b) B, (c) C, (d) D, and (e) E.

TABLE VI
OPERATING PARAMETERS OF THE CASE STUDY CONVERTER

Parameter Value
input voltage, Vv 30V
desired DC-link voltage, V; 60 V
output voltage, Vour 600 V
switching frequency, 15 kHz
shoot-through duty cycle, Dgr 0.25
duty cycle of active state, D, 0.25
duty cycle of active state, D 0.5
load resistance, R, 300 Q
operating power, P 1 kW

output. This option is the cheapest and simplest of the three
options.

V. SIMULATION STUDY

Lossless models were developed in the PSIM simulation
software to evaluate and compare the proposed control

methods. The following component values were assumed for
the converter during simulations: C,.; = C,.; =700 uF,
Ly =L ;=50 puH, and CI =C2=25 pF. The turn ratio of
the isolation transformer was 1:5. qZSC was studied at the
operation point with the parameters presented in TABLE VI
to demonstrate the basic operating waveforms with the
different control methods.

The simulation results are shown in Fig. 7. Figs. 7(b)—(e)
show that the proposed shoot-through generation by one
inverter leg resulted in the twice-increased amplitude of the
shoot-through current in comparison with the baseline
approach, in which the shoot-through current was distributed
between all of the transistors in the inverter bridge [Fig. 7(a)].
The double shoot-through approach introduced in Method D
[Fig. 7(d)] decreased the peak-to-peak input current ripple by
more than 6% in comparison with Methods A and B (12% for
Method D vs. 19% for Methods A and B). The variable
frequency of the shoot-through states in the asymmetric
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TABLE VII
COMPARISON OF SWITCHING LOSSES GENERATED BY DIFFERENT PWM SHOOT-THROUGH CONTROL METHODS
Losses during switching tr ts, W
ST (ON) ST (OFF) A (ON) A (OFF) Losses ?e‘fv T‘"alv'\?sses’
TOP BOT TOP BOT TOP BOT TOP BOT s
Method A 3.0 3.7 0 27.9 0 0 0 0 34.6 69.2
Method B 0 8.8 18.3 0 0 0 0 11.1 38.2 76.4
Method C 17.2 0 0 17.3 0 0 0 0 34.5 69.0
Method D 14.9 9.5 9.7 18.8 0 0 0 0 52.9 105.8
Method E 11.9 0 9.3 19.6 0 0 0 0 40.8 81.6

PWM control (Methods C and E) seriously affected the input
current ripple by increasing it by more than 6% in
comparison with the alternative approach with the symmetric
PWM control (Methods B and D). Therefore, the maximum
peak-to-peak input current ripple of 25% was measured with
the asymmetric PWM control with shifted shoot-through
(Method C), which was more than double the case of the
symmetric PWM control with the shifted double
shoot-through (Method D).

In the diodes of VDR, Methods A and C featured the ZVS
of rectifying diodes [Figs. 7(a) and (c)]; however, in Methods
B, D, and E, the diodes were hard-switched.

VL

To experimentally verify the proposed control methods, a
1 kW test setup of IS DC-DC converter was assembled. The
front-end inverter was realized on the dual insulated-gate
bipolar transistor (IGBT) modules Semikron SEMiX
202GB066HDs. Generalized parameters of the test setup are
shown in TABLE VI. The control system was based on the
microcontroller dsPIC 33FJ64GS606.

During the experiment, the collector—emitter voltage Vg
and the collector current /- were simultaneously measured on
the top (77) and bottom (74) transistors of one diagonal of
the inverter bridge. Measured waveforms are presented in
Fig. 8. The switching losses of IGBTs were calculated in
accordance with the methodology presented in [29]. Losses
were calculated for all the switching transients of the
corresponding transistor (TOP or BOT) over one operating
period, that is, turn-on (ON) and turn-off (OFF) of the
shoot-through (ST) and active (A) states. The results are
shown in TABLE VII. All the proposed PWM shoot-through
control methods featured similar conduction losses and
differed only by the number of soft-switching transients
(TABLE VII). When considering inverter switching losses,
Methods A and C had total switching losses of approximately
70 W, which was 34% less than that in the case of Method D.
Methods B and E had intermediate switching losses of 76 and
82 W respectively.

In Methods A-C, two shoot-through states per period were
generated; in Methods D and E, four were generated.
Methods D and E clearly showed that considerable

ANALYSIS OF EXPERIMENTAL RESULTS

shoot-through states cause an increase in switching losses.
However, the increased number of shoot-through states over
an operating period also resulted in decreased input current
ripple for the same inductance of the inductors in IS network.

Although Method C showed good results with respect to
switching losses, it unsymmetrical
transformer voltage. In some cases, this result can have some
drawbacks, for example, DC-biased primary winding and
additional magnetic losses.

also introduced

VIL

This study analyzed four novel PWM shoot-through
control methods for IS DC-DC converters. The common
feature of the new methods is the shoot-through generated by
a single inverter leg. An overview of IS DC-DC converter
was given, and the operating principle of each control method
explained through the switching-state sequence.
Simulation results were verified by experiments. The
proposed methods enable no considerable power loss
reduction in the IGBT-based front-end inverter. However,
they double the number of shoot-through states over one
operating period without a significant increase in switching
losses. A large number of shoot-through states will increase
the effective frequency of the input current ripple, which in
turn will result in a decreased value of the inductors and a
compact design of the IS network. This issue will be
addressed by the authors in detail in future publications.

CONCLUSIONS AND FUTURE WORK
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Abstract — This paper compares semiconductor losses of the
galvanically isolated quasi-Z-source converter and full-bridge
boost DC-DC converter with active clamping circuit. Operation
principle of both converters is described. Short design guidelines
are provided as well. Results of steady state analysis are used to
calculate semiconductor power losses for both converters.
Analytical expressions are derived for all types of semiconductor
power losses present in these converters. The theoretical results
were verified by means of numerical simulation performed in the
PSIM simulation software. Its add-on module “Thermal module”
was used to estimate semiconductor power losses using the
datasheet parameters of the selected semiconductor devices.
Results of calculations and simulation study were obtained for
four operating points with different input voltage and constant
input current to compare performance of the converters in
renewable applications, like photovoltaic, where input voltage
and power can vary significantly. Power loss breakdown is
detailed and its dependence on the converter output power is
analyzed. Recommendations are given for the use of the
converter topologies in applications with low input voltage and
relatively high input current.

Keywords — DC-DC power converters, energy efficiency, pulse
width modulated converters, current-fed converters, impedance-
source converters, semiconductor device modeling.

I. INTRODUCTION

Isolated full-bridge boost (IFBB) DC-DC converters are a
well known and proven topology [1]-[5]. Up to recently, its
spread is limited due to the inherent drawbacks of the current-
fed technology, such as high inrush current during start-up and
high voltage stress of the transistors. Nevertheless, the IFBB
converters can perform voltage step-up and maintain
continuous input current in a wide operation range. At the
same time, a new quasi-Z-Source (qZS) DC-DC converter
topology has emerged that has all the benefits of the IFBB
topology and does not suffer from the high inrush current, has
even higher step-up factor and therefore potentially wider
operation range [6]-[8], [22], [23]. Therefore, the topologies
with an input stage that can work as a current-source could be
preferable in such low-voltage applications as power
conditioners for photovoltaic panels and fuel-cells.

Focus in this paper is on the comparison of these two
topologies in terms of energy efficiency in low voltage
applications. The generalized power circuit layouts of the qZS
and IFBB DC-DC converters are presented in Figs. 1 and 2.

Vour

Fig. 1. Galvanically isolated qZS full-bridge DC-DC converter.

Both converters use the voltage doubler rectifier (VDR) to
provide a higher voltage step-up factor and reduce the
transformer turns ratio. The IFBB converter accommodates an
active clamping circuit, which consists of a switch S¢; and a
capacitor C¢; (Fig. 2). It is used to recycle the inductive
energy when switching from the shoot-through to the active
state, thus minimizing the turn-off losses and reducing the
voltage stress of the switches.

II. OPERATION PRINCIPLE OF THE CONVERTERS

Fig. 3 shows the basic waveforms of the galvanically
isolated qZS full-bridge DC-DC converter. The symmetric
overlap of active states is used to control the converter in the
continuous conduction mode (CCM). It requires generation of
two control signals for the diagonal switches (one for S,,5, and
the other for S,,55). These signals are of equal duration and
phase-shifted by 180 degrees. The switching period consists of
four time intervals:

- a) and c) are the shoot-through state intervals. All four
inverter switches are conducting, qZS network
inductors are accumulating energy;

- b) is an active state interval when diagonal switches S;
and S, are conducting and energy is transferred to the
output filter capacitor C;

- d) is another active state when diagonal switches S, and
S are turned on and energy is transferred to the output
filter capacitor C;.

The operation principle of the qZS DC-DC converter is

detailed in [8],[9].

The waveforms of the IFBB DC-DC converter are
generalized in Fig. 4. The converter has an additional switch
(Scr), but in general the operation principle in the continuous
conduction mode is similar to that of the qZS converter.
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Fig. 2. Galvanically isolated full-bridge boost DC-DC converter.
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Fig. 3. Generalized waveforms of the gZS full-bridge DC-DC converter.

- a) and c) are the shoot-through intervals. All four inverter
stage switches are conducting, the boost inductor Ly is
accumulating energy, the clamping switch S¢; is turned
off;

- b) diagonal switches S; and S, are conducting, energy is
transferred to the output filter capacitor C,, the
clamping switch S¢;, is turned on to protect inverter
switches from the voltage overshoot during the
transition from the shoot-through to the active state and
back;

- d) diagonal switches S, and S; are conducting, energy is
transferred to the output filter capacitor C;, the
clamping switch S¢; is turned on to protect inverter
switches from the voltage stress during the transition
from the shoot-through to the active state and back.
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Fig. 4. Generalized waveforms of the IFBB DC-DC converter.

The operation principle of the IFBB DC-DC converter is
detailed in [10], [11].

Comparison carried out in this paper is limited to the
semiconductor losses because of their strong influence on the
performance of both of the converters. To ensure reliable
results, the converters were analyzed in the same conditions.
Passive elements parameters were calculated to ensure the
same input current ripple for both topologies. Ly, L,.; and
L,.;were selected to achieve peak-to-peak input current ripple
at the level of 10% of the nominal current.

As seen from Figs. 3 and 4, the current through the primary
transformer winding (/7y,) is nearly the same for both
topologies. Thus, the losses in the magnetic elements have to
be nearly equal for both converter topologies. They were
excluded from our analysis, since the main difference in the
power losses is within semiconductor losses.

III. DESIGN CONSIDERATION

Both of the compared topologies are boost-enabled, and
their switching period T consists of the shoot-through and the
active state. The duty cycles of the shoot-through and the
active state are interdependent, as shown in (1):

t t
A4S =D, +Dg =1, Q)]
T T :
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where t, and g are the duration of the active and the shoot-
through state, correspondingly, D, and Ds are the duty cycles
of the active and the shoot-through state, correspondingly.

The output voltage of the qZS full-bridge converter can be
expressed as

1
1-2Dg
where 7 is the transformer turns ratio, Vy is the input voltage
of the converter, and Vyyr is the output voltage of the

converter. For the [FBB converter, the output voltage can be
calculated as

Vour =2n Vin s 2)

1
1- Dy

Vour =2n- Vin. 3)

The main advantage of the discussed converters is the
ability to operate with continuous input current. To maintain
the CCM, the energy accumulating inductors must be selected
based on the converter operation parameters.

For the IFBB converter, minimal inductance of the boost
inductor required to limit the input current ripple on the level
of Al can be calculated as [12]

2
L, = M -100, @)
Ssw - P-Aly,
where fg is the switching frequency, Aly, is the selected peak-
to-peak input current ripple, Dgy, is the maximum shoot-
through duty cycle, P is the rated power of the converter, and
Vinmin 1S the minimum input voltage of the converter.

The inductance of the qZS network inductors required to
limit the input current ripple on the level of A/, from the
nominal is expressed by [9]

— l_DSmax .VI?\/min'DSmax 100 . (5)
1_2DSmax fSW.P'A]%

The capacitance of the capacitors in the qZS network
required to limit the ripple of the DC-link voltage can be
calculated as [13]:

Lq:l = quZ

qul :CqZZ = e p DSmax -100, (6)
VOUT : AV% : VINmin : fSW
where AV, is the peak-to-peak voltage ripple of the
capacitors.

To limit the output voltage ripple on the level of AVy,, the
capacitance of VDR capacitors should be at least [8]:

= L‘MXZ <100, )

AV, - fsw Vour
where Voyris the nominal output voltage of the converter.

The capacitance of the clamping capacitor (Cc;) is based on
the LC circuit resonant frequency. The clamping capacitor
(Ccy) can resonate with either the boost inductor (L;,) or with
the transformer leakage inductor (Lzy em). This resonant
frequency should be lower than the doubled switching
frequency fs. Since the IFBB converter circuit has two

C =C,

inductors, the clamping capacitance is calculated as the
maximum of two values, which is usually determined by
L jear [14]:
1
= . 8
16‘LTX_1eak'fSZW'”2 ®

CCL

IV. COMPARATIVE ANALYSIS OF POWER LOSSES AND
EFFICIENCY

The semiconductor losses of the converter can be
categorized to a few major types. Analytical expressions of
semiconductor losses in both topologies are well described in
[91, [11], [15]-[17]. Here some of the resulting expressions
adapted for the discussed converters and applications are
presented.

A. Inverter Losses

The primary low-voltage MOSFET semiconductor losses
are calculated based on the MOSFET on-state resistance, the
average input current, and transformer primary winding
current averaged over on the half of the period. The use of
average input current value instead of RMS value simplifies
the analytical expressions for conduction losses during shoot-
through state without significant impact on precision. For
example, for the input current with ripple of 50% the
difference between average and RMS values is around 1%
only [17]. Conduction losses are different for the active and
the shoot-through state as the different number of MOSFETs
are conducting (Fig. 5). So the resulting equation consists of
these two components. Total conduction losses in inverter
MOSFETs of IFBB DC-DC converter are expressed by:

2
P
PMviam = RDS(on) [ J 'DS +
Vin

2
4-n-P
+2- RDS(()n) {]
ﬁ ’ VOUT
where Rpspn) 1s the on-state resistance of the MOSFET.

Total conduction losses in inverter MOSFETs of qZS
DC-DC converter are expressed by:

(€]

2
2.P
Pyts_con = Rpson) [} Dg +
Viv

2>
2Ry, (41’}
3 Vour

As seen from (9) and (10) component of the inverter
MOSFETSs conduction losses that corresponds to the active
state is the same for both topologies as the difference in RMS
values of the transformer primary winding current is
compensated by difference in duty cycles of the active state.
At constant input current (P/Vy), the MOSFET current during
the shoot-through state interval is two times higher in qZS
converter than in IFBB converter. However, the shoot-through
duty cycle (Ds) for qZS converter is two times lower than for
IFBB converter. Therefore component of the inverter

(10)
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Fig. 5. Equivalent scheme of the inverter during the shoot-through (a) and the
active (b) state.
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MOSFETs conduction losses that corresponds to the shoot-
through state is only two times higher than in IFBB converter.
Impact of this component decreases as the shoot-through duty
cycle decreases and thus inverter MOSFETSs conduction losses
are equal for both converters at unity step-up factor.

Switching losses consist of turn-on and turn-off losses:

PMfsw:4'(PM70n+PMiaf/)’ (11)
where Py ,, and Py ,; are the MOSFET turn-on and turn-off
losses accordingly [19]:

1

v
Py ==, —1,-Al,/200) —*x
- 2 ) : 2n

, (12

(o

X [W "Ry + Rye) | fsw
drive

where I;y is the converter input current, Qgy is the MOSFET

switching charge, V.. is the MOSFET driver logical “high”

voltage (15 V), R, is the MOSFET internal gate resistance,

Ryive 1s the MOSFET driver current limiting resistor (2 Q);

Vs

PM_O/f :l‘a'([m' +[1N AI%/ZOO)
2 n

, (13

X(QW.(R +R,, )].f
g drive sw

Vdrive

In both equations (12)-(13) the coefficient o is used to take
into account difference between MOSFET current in shoot-
through state in the qZS and IFBB converters. In the worth
case, when all switching transients are hard, the inverter
MOSFET switching losses differs by two times, since o= 0.5
for IFBB converter and a =1 for gZS converter. At constant
input current, the switching losses of the inverter MOSFETs
do not depend on the duty cycle and are fully determined by
the parameters of the MOSFETSs and the isolation transformer.

B. VDR Losses

The conduction losses of VDR diodes could be estimated

P J
v s

where Viy e is the forward voltage drop of the VDR diode.
As seen from (14), conduction losses are growing with the
output power.

Frpr _con = 2- [VFV _Vrect * (14)

C. Power losses in the qZS diode

Since the diode is used in the qZS network, the conduction
losses depend only on its average current [18], [19]:

Iy DgZS _con

15)
where Vi pgzs is the forward voltage drop of the gZS diode.

Conduction losses of the qZS diode depend on the shoot-
through duty cycle. Taking into account the change of Dg in
the range of 0...0.25 (for the converter operating with the
twofold input voltage range), the conduction losses will
change roughly only by 6%.

D. Losses in Clamping MOSFET

Total power losses on the clamping switch consist of three
components:

= VFVﬁDqZS Ay,

+ P,

Py =P . on T Fcr

_of > (16)
where P¢;_c,, is the clamping switch conduction losses, Pcy, o,
and P 5 are the clamping MOSFET turn-on and turn-off
losses [11], [16]:
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19)
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Equations (17)-(19) indicate that only conduction losses
depend on the shoot-through duty cycle. So, at constant input
current, the total losses of the clamping switch will be
growing, moving toward the unity step-up factor (Dg=0).

V. SIMULATION RESULTS

The 300 W solar module-integrated converter (MIC) was
selected as the case study for the modeling. Typically MICs
working with a single PV-panel have the nominal output
power in the range 240-275 W and maximum power point
voltage near 30 V at standard test conditions. The converter
parameters must be within that range. The simulation
parameters of the converters are listed in Table 1.

The power losses and efficiency of both converters were
analyzed in four operating points, which cover the whole input
voltage range (Table II). The operation parameters of each
point were selected to achieve the maximum input current. As
seen from Table II and (2), (3), the shoot-through duty cycle
Dy needed to achieve the desired voltage boost factor is two
times smaller for the qZS converter as compared to the IFBB
converter counterpart. This has considerable influence on the
distribution of the losses in the converters.

The power loss was analyzed by means of the PSIM
simulation software with Thermal Module. It enables the
calculation of the power loss in the semiconductor elements
based on their datasheet parameters. The semiconductor
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elements selected for the simulation and their main parameters TABLEV
are presented in Table III. CALCULATED POWER LOSSES OF THE IFBB CONVERTER
To compare simulation and theoretical results, the losses Output power, W
calculated using (9)-(19) are shown in Tables IV and V for 150 200 250 300
gZS and IFBB converters, respectively. The IFBB converter Clamping MOSFET, W 050 057 0.64 072
shows up to 4.?% higher calculated efﬁm.ency in boost mode. MOSFETs (cond.), W 03 34 P 73
The simulation results are presented in Tables VI and VII -
for qZS and IFBB converters, respectively. Fig. 6 shows the MOSFETs (switch)., W 055 0.55 0.55 055
graphical representation of the semiconductor losses for both | Rectifier diodes (cond), W |  1.80 240 3.00 3.60
topologies. The dependence of semiconductor losses on the Total losses, W 3.87 4.86 5.97 721
TABLET Efficiency, % 97.4 97.6 97.6 97.6
PARAMETERS OF THE COMPARED DC-DC CONVERTERS
Parameter Symbol Value output power for the qZS and IFBB converters are shown in
Input voltage range, V Vi 15..30 Figs. 7 and 8, respectively. In both converters the contribution
Maximum input current, A In 10 of switching losses of the MOSFETs to the total losses
Output voltage, V Vour 300 remains nearly the same for the whole operation range. The
Switching frequency, kHz fow 100 IFBB converter has lower switching losses due to the
Transformer turns ratio n 5 clamping network that brings inverter stage MOSFET
Capacitance of output capacitors, uF Ci, G 22 operation mode to partial soft-switching at higher loads.
Converters power rating, W P 300 It is observed that in the qZS converters the main
Peak-to-peak input current ripple, % Al 10 contributor of losses is the qZS diode. It generates more than
Peak-to-peak voltages ripple, % AV ! 50% of the total losses in the entire operation range. As the
Transformer magnetizing inductance, ul Lry 60 power increases, the conduction losses on the qZS diode are
Transformer primary leakage ind., uH Lt tat 0.38 decreasing due to the minimization of the input current ripple
- . qZS converter in the operating point with the unity step-up factor.
;ai,acct:z::?f)i,;zssnf;f:g::rif f“z: f“z; ;2 The second main source of losses in Fhe qZS and the main
}FBB p—— e one in the IFBB converter is the condgctlon losseg of the VDR
Tnductance of boost inductor, pHl Lm m dlf)des. In both cases they are increasing almost llnc.:arly along
Capacitance of clamping capacitor, uF Cor 7 with the output power increase. This is due to the increase of
the output current while the rectifier diodes forward voltage
TABLEII drop remains nearly constant. In the point with the unity step-
INPUT VOLTAGE AND POWER IN THE SELECTED OPERATING POINTS up factor, the VDR conduction losses are equal for both
Operating point 1 2 3 4 topologies as they are working with the same output current
Vive V 15 20 25 30 TABLE VI
AW 150 200 250 300 SIMULATED POWER LOSSES OF THE QZS CONVERTER
Dy yzs 0.25 0.167 0.083 0
Ds irpss 0.5 0.333 0.167 0 Output power, W
TABLE Il 150 200 250 300
SEMICONDUCTOR COMPONENTS SELECTED FOR THE SIMULATION 978 diode (cond.), W 6.45 6.31 6.28 6.24
Component Type Specifications MOSFETs (cond.), W 1.98 2.07 2.37 2.50
) ) Vps=100 V; Rps(or=8.8 mQ MOSFETs (switch)., W 0.39 0.39 0.37 0.49
S)...848¢c Vishay Si4190ADY [7,=18.4 A, Coss=695 pF, R=1.1 Q,
Q=67 nC Rectifier diodes (cond.), W 1.39 1.99 2.60 3.30
D Vishay V60D100C VRR»vFl;ﬁ 2‘;;3’3:066 v Total losses, W 10.21 1076 | 11.62 12.53
Dy, D, CREE C3D02060E | Viu=600V; V=18 V, =4 A Efficiency, % 932 94.6 954 958
TABLE IV TABLE VII

CALCULATED POWER LOSSES OF THE QZS CONVERTER

Output power, W

150 200 250 300
qZS diode (cond.), W 6.60 6.60 6.60 6.60
MOSFETs (cond.), W 1.47 1.63 1.92 2.35
MOSFETs (switch)., W 1.10 1.10 1.10 1.10
Rectifier diodes (cond.), W 1.80 2.40 3.00 3.60
Total losses, W 10.97 11.73 12.62 13.65
Efficiency, % 92.7 94.1 95.0 95.5

SIMULATED POWER LOSSES OF THE IFBB CONVERTER

Output power, W

150 200 250 300
Clamping MOSFET, W 0.41 0.44 0.48 0.52
MOSFETs (cond.), W 1.70 1.94 222 2.49
MOSFETs (switch)., W 0.29 0.25 0.21 0.20
Rectifier diodes (cond.), W 1.69 2.24 2.78 3.34
Total losses, W 4.09 4.87 5.69 6.55
Efficiency, % 97.3 97.6 97.7 97.8




The header is left blank

14.00
12.00
10.00
2 800
’
2
Z 6.00
-
4.00
2.00
0.00
4ZS FBBC 4ZS FBBC 4qZS FBBC 4ZS FBBC
150 W 200 W 250 W 300 W

W qZS diode / Clamping MOSFET BMOSFETs (cond.)
BMOSFETs (switch.) B Rectifier diodes (cond.)

Fig. 6. Semiconductor power losses breakdown of the qZS and IFBB
converters.

and duty cycle. At the same time, in other operating modes the
VDR losses in the gZS topology are lower than in the IFBB
topology. The reason is that to provide the same average
output current with a lower active state duty cycle, the VDR
diode peak current in the IFBB converter must be higher.

In the IFBB converter, the D, increases with the output
power growing. Therefore, the losses in the clamping
MOSFET are rising, since it is conducting only during the
active state. In general, the direct impact of the clamping
MOSFET losses on the converter efficiency is insignificant.

7.00
=, = —
e ——__ 22
100
0.00
150 200 250 300

Output power, W

== qZS diode (cond.)
MOSFETs (switch.)

~&—MOSFETs (cond.)
Rectifier diodes (cond.)

Fig. 7. Semiconductor power losses versus output power in the gZS converter.
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Fig. 8. Semiconductor power losses versus output power in the IFBB
converter.
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Fig. 9. Efficiency of ZS and IFBB converters versus output power.

Nevertheless, the clamping network has substantial impact on
the inverter MOSFET switching losses [10], [15].

The switching losses of the inverter MOSFETs in gZS
converter are higher than that in the IFBB converter. It is a
result of the higher switching current in boost mode for qZS,
as predicted by (12)-(13), and soft-switching possibilities of
the IFBB converter with active clamping [24]. This soft-
switching performs better at higher load and leads to lower
switching losses of the inverter MOSFETs.

The last component in the power losses is the MOSFET
conduction losses. They are increasing with the output power
increase due to the higher power losses during active state,
which depend on the load. In the active state, two MOSFETs
are connected in series with the transformer primary winding
and conducting output current reflected to the primary
winding of the isolation transformer. With given test
conditions for both converter topologies the RMS current of
the inverter MOSFETs during active state interval differs in
boost mode. However they feature equal conduction losses in
active state, since different in RMS currents is compensated
by the difference of active state duty cycles. The difference in
total conduction losses of the inverter MOSFETs for these two
converters is determined by the losses during shoot-through
state. As shown in Fig. 5, in the shoot-through state the input
current is flowing through the parallel connection of two
branches with two conducting MOSFETSs connected in series
[7]. For the IFBB converter in the shoot-through state, the
RMS current through each inverter MOSFET is equal to half
of the average input current. In the qZS converter the RMS
MOSFET current equals to the average input current.
Consequently, the conduction losses during shoot-through
state in the inverter MOSFETs of the qZS converter are two
times higher than that of the IFBB converter, taking into
account two times higher duty cycle required for IFBB
converter to achieve the same voltage step-up as in the qZS
converter. In both converters the conduction losses during the
shoot-through state are proportional to its duty cycle.
Therefore their impact growing as the step-up factor increases,
i.e. the converter input voltage decreases). Since the difference
in the conduction losses between two converters is determined
only by the component caused from the shoot-through state,
the inverter MOSFETs conduction losses are equal for both
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topologies in the operating point with the unity step-up factor,
which was confirmed by the simulation.

The dependences of the efficiency on the output power for
both converters are summarized in Fig. 9. As can be seen, the
efficiency curve of the IFBB converter is flat over the whole
operation range, while the qZS converter efficiency drops
significantly with the decrease of the output power. This
efficiency drop is caused mainly by the nearly constant qZS
diode conduction losses. They have a crucial impact on the
efficiency at light loads.

In general, the distribution of the losses and their
dependence on the output power corresponds to the analytical
expressions in section IIT of this paper.

VI. CONCLUSIONS

In this paper the semiconductor losses in the isolated qZS
and IFBB converters were analyzed and compared.

The comparison shows that the IFBB DC-DC converter
topology could be more preferable in low-voltage applications
than the conventional qZS full-bridge converter topology with
a diode in the qZS network. At the same time, the IFBB
converter topology has a number of drawbacks that limit its
use. Major drawbacks are the high inrush current and higher
voltage stresses under hard-switching as compared to the qZS
and conventional voltage fed topologies. Additional active
clamping circuit is commonly used in the IFBB converters to
improve their switching performance.

Nevertheless, both topologies can be significantly improved
in terms of efficiency. For example, by accommodating
synchronous qZS-network and synchronous rectification it is
possible to increase the maximum efficiency of the qZS
converter by up to 3% [7]. This eliminates the main drawback
of the qZS converter in low voltage applications. By
accommodating separated commutation and four quadrant
active switches to the IFBB converter, it is possible to limit
voltage stress by achieving full soft-switching and to minimize
rectifier stage conduction losses by the use of synchronous
rectification [4],[20].

Efficiency is not a single factor in topology selection for
low voltage applications. The following additional points for
consideration have resulted from our comparison of the
discussed topologies in terms of practical applications:

1) gZS converters need fewer MOSFETs, which provides
cost savings on MOSFETs themselves, driver circuits,
and control system.

2) IFBB converters have only one energy-accumulating
inductor as compared to two inductors in the qZS
topology. At the same time, the inductance of the IFBB
converter inductor is higher than the inductance of the
qZS inductors. Moreover, the qZS network inductors can
be magnetically coupled, which allows the required
inductance value to be reduced two times in the same
operating conditions [13],[21]. It means that the gZS can
be implemented with a single magnetic component like
the IFBB converter.

3) qZS DC-DC converters can work in both the shoot-
through and the open state of the inverter, while the

IFBB converter needs special circuits and more complex
control algorithms to protect the inverter from the
voltage overshoot caused by the boost inductor if the
open state occurs in the inverter bridge.

4) qZS DC-DC converters have comparatively low
efficiency in low voltage applications but can
additionally operate in the buck mode (without any
additional switches), providing a wider operation range
without any need for clamping circuits to protect
switches from the voltage stress.

5) qZS DC-DC converters have higher step-up factor (up to
3 with an acceptable level of MOSFET conduction
losses), which extends the operating range as compared
to that of the IFBB converter [7].

By adopting modern control algorithms and semiconductor
devices, current fed topologies have all chances to become
widespread in low voltage applications, especially those
requiring continuous input current. The choice of a particular
topology is determined by the specific application and the
additional requirements to the converter.
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Analysis of Buck Mode Realization Possibilities in
Quasi-Z-Source DC-DC Converters with
Voltage Doubler Rectifier
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Abstract—A series resonant tank in the quasi-Z-source (qZS)
DC-DC converter with a voltage doubler rectifier could
significantly increase the input voltage regulation range by
adding the buck mode realization possibility. This paper
discusses two different control approaches of the qZS series
resonant DC-DC converter in the buck mode: variable frequency
control and phase shift modulation. Both methods are explained
by means of steady-state analysis. To verify the theoretical
background, a 200 W experimental prototype was built.
Experimental results are compared with theoretical predictions.

Keywords—DC-DC power converter; pulse width modulation
converter; resonant inverter.

L INTRODUCTION

Functionality and flexibility as well as reliability of switch
mode converters are the key parameters in the competition
between industrial companies. For that reason, converters are
designed to have as many functions as possible to achieve
universal product requirements without reducing basic
advantages and complicating their basic circuit diagram.

Numerous studies have described the advantages of
impedance source inverters, highlighting their reliability and
simplicity, as step-up converters are mainly intended for
renewable energy sources [1], [2]. Fig. 1 presents the quasi-Z-
source (qZS) based step-up DC-DC converter first proposed in
[3]. It consists of the qZS network, an inverter, an isolation
transformer and a voltage doubler rectifier (VDR). If the input
voltage is equal to the rated DC-link voltage (U;=Upc), then
the inverter (S)...S;) works as a conventional voltage fed full-
bridge DC-DC converter. If the input voltage drops below the
rated DC-link voltage (U,<Upc), the converter works in the
boost mode by implementing the shoot-through switching
states in the control of the inverter bridge to increase the input
voltage amplitude up to the rated DC-link level.

In some cases, the output voltage provided by the
distributed energy source (PV panels, wind generators or fuel
cells) can be higher than required (U,>Upc) but still the load
voltage of the converter should remain at the rated level. The
disadvantage of such topology (Fig. 1) is an inability to
operate in the step-down (buck) mode because the VDR tends
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to keep the output voltage on the level of the twofold
transformer voltage amplitude. Buck mode could be possible
if a full-bridge rectifier and LC-filter are combined on the
secondary side of the converter [8], [9].

The aim of this paper is to study the buck function
realization possibilities in the q¢ZS DC-DC converter with a
VDR in order to extend its input voltage regulation range.

II. TOPOLOGY AND OPERATION

Fig. 2 shows a general circuit diagram of the proposed
quasi-Z-source based series resonant DC-DC converter with a
VDR. It consists of the qZS network (L,, L,, C;, C,, D) where
both inductors are built on the same core performing magnetic
coupling [4], inverter (S;....S;) and series resonant circuit (L,
and C,) in the primary side of the isolation transformer 7R and
VDR (D, D,, C;, C,) with a load (R);) on the secondary side.
Implementation of series resonant elements in the transformer
primary circuit was proposed in [5].

This topology enables three operation modes - normal,
boost and buck. In the normal operation mode when the input
voltage U, is nominal and equal to the required DC-link
voltage Upc, the commutation frequency of inverter switches
is set the same as the resonance frequency (f;,,=f,), thus the
full zero current switching (ZCS) operation of inverter
switches can be achieved. In the boost operation mode when
U;<Upc, the inverter is controlled by the shoot-through pulse
width modulation by an overlap of active states to boost the
input voltage U, level up to the nominal DC-link voltage level.
Normal and boost operation modes were studied in detail
in [6], [7].
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Fig. 1. Generalized topology of the qZS-based step-up DC-DC converter [3].
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Fig. 2. General circuit diagram of the discussed qZS series resonant DC-DC
converter.

If the input voltage is higher than the DC link voltage
(U>Upc), then the proposed converter should perform a buck
function. The realization possibilities of the buck function are
further discussed in the next sections.

III.  BUCK MODE REALIZATION POSSIBILITIES

Generally, two main control methods exist for the control
of a series resonant DC-DC converter: variable frequency
control (VFC) [10] and phase-shift modulation (PSM) [11].
Next, these two approaches will be evaluated as the buck
mode control methods for the qZS based series resonant
DC-DC converters.

A. Variable Frequency Control

Fig. 3 presents the generalized operation waveforms of the
qZS based series resonant DC-DC converter controlled by the
VFC. This control method can be performed by changing
switching frequency up or down from the resonant frequency.
However, the control with higher switching frequency has
advantages over its counterpart with lower frequency. It
allows soft-switching in the buck mode through utilization of
the resonant inductor current for charging the output
capacitance of the switches during the deadtime to achieve the
zero voltage switching. When the switching frequency is
higher than the resonant frequency, the current of one half-
cycle that is conducted by one diagonal switch pair is
interrupted before the end of the normal sinus wave of the
transformer current izz. Diodes of the second switch pair of the
inverter bridge start to conduct the current in the direction
reverse to the qZS-network, thus creating a circulating current.

In the interval when diagonal transistors are turned off, the
current of the circuit circulates through the DC source (qZS
network), diodes of the inverter and primary winding of the
transformer. As can be seen, the current through the resonant
circuit is not interrupted and is symmetrical to the time axis.
With a certain approximation, it can be accepted that the
current irz in that case is close to a sine wave shape, i.e. the
current keeps quasi-sinusoidal properties. This mode is called
the continuous conduction mode (CCM) of the series resonant
converter, usually achieved through proper dimensioning of
the resonant tank inductor [12].

Since the switching frequency of the inverter is higher than
the resonant frequency, the rms voltage of the resonant
capacitor C, is lower than the rms voltage of the inductor L,,
i.e. there occurs a certain rms voltage across the resonant tank
U, eqe- Assuming that the current in the resonant circuit is
sinusoidal, the basic processes can be represented with a
vector diagram (Fig. 4) in which the transformer is accepted as
a linear element.
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Fig. 3. Generalized operation waveforms of the VFC-controlled qZS based
series resonant DC-DC converter.

The balance of resonant circuit voltages can be described
from the vector diagram as

2 2 2
Utray = Useae Uiy » (D
U, .
where Upgy =—=is the rms value of the fundamental
a2
component of the bridge output voltage, while

4N-U, 2N-U,

277«5 T

fundamental component of the primary winding voltage of the
isolation transformer.

is the rms value of the

u wi(l) =

The voltage across the reactive elements can be expressed
as

1 1
Upse = ﬁ[(oSWLr _ﬁ)' ®)
SWr

The amplitude of the current in the resonant circuit is

*2
[0}
I, =4nU _—SW . , 3
" 1J4R1%1N4w5%¥/ +Pr2”4(ws%4/ -1’

while the load voltage is

2
Ui = 4NRldU1\/ Dsiv 4

24 %2 2 4, % 2
ARjg N  wgy + pr 7" (0gy —1)

where the normalized switching frequency can be expressed as
@y =g, o, , the impedance of the resonant network

P, =4/L,/C,. and the resonant frequency @, = 1/ AL, -Cr.

It is evident from (4) that the output voltage can be stepped
down in the buck mode simply by adjusting the switching
frequency. Moreover, sensitivity of the converter to the
switching frequency variations depends on the quality factor
of the resonant tank, which is a ratio between the impedance
of the resonant tank and the load resistance reflected to the
input side.
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Fig. 4. Vector diagram of currents and voltages in a resonant circuit at the
increased switching frequency.

B.  Phase Shift Modulation

In the PSM method, the buck function is realized by
overlapping the gating signals of the inverter top switches S;
and S; or bottom switches S, and S,. In this case, circulating
currents pass through the circuits inside the inverter. Fig. 5
presents theoretical waveforms of the PSM method.

The switching frequency of the transistors is the same as
the resonant frequency (fzsy,=f,). In the overlapping intervals
with the shift phase ¢, an input voltage of the resonant circuit
is urz=0 but the variation of the current depends on the
counter-operation of the voltage across the primary winding of
the transformer u,,. Obviously, in the course of the shift,
interval current of the resonant circuit changes to a form
different from the sine wave. Fundamentals of the resonant
circuit current depend on both fundamentals — the input
voltage ury and the primary voltage of the transformer u,,,.

If the amplitude of the input voltage is U, but its pulse
length is shortened from 7-¢, the rms of the input voltage can
be presented as

UTR(rmx) =

2—;]11/1+cosgo , (6)
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Fig. 5. Generalized operation waveforms of the PSM-controlled qZS series
resonant DC-DC converter.

but the rms value of the primary winding of the transformer at
its rectangular shape with an amplitude 0.5U,,N is

2U,N
le(r‘rm'): 7[: > 7

where N is the transformer turns ratio.

Since both voltages are equal, the load voltage can be
presented as

Uy = ﬁUl J1+coso . )

N

It should be noted that (8) is valid only in the case when
the current in the resonant circuit is sinusoidal, i.e. the
resonant converter operates in the CCM.

The amplitude of the current in a resonant circuit can be
expressed as

1, \EHUZI J1+cosg, 9)

RN
but the current of a DC source as

_2U,(1+cosp)

10)
Ry N*

d

It is shown that the PSM control allows a series resonant
converter to operate with a constant switching frequency.
Theoretically, the change in the load voltage depends
nonlinearly on the phase shift angle ¢ between the control
signals of the inverter legs. Further, if the phase shift angle is
0°, then the output voltage is maximal, since this corresponds
to the normal operation mode of the converter. Meanwhile, the
output voltage decreases with the increasing phase shift angle,
and reaches zero output voltage when the phase shift angle
equals 180°.

IV. CONCEPT VERIFICATION AND DISCUSSION

A. Case Study Converter

For the experimental verification of the theoretical
background, the 200 W prototype of the qZS series resonant
DC-DC converter was designed and assembled. General
operating parameters and the components used are listed in
Table I. Load resistance values presented in the table were
measured from the experiment. This converter operates in the
normal mode at 35V at the input, when it provides 400 V at
the output. The components of the resonant tank have been
tuned to achieve 100 kHz resonant frequency and CCM in the
experimental prototype.

All calculations and measurements were performed for
three operating points in the buck mode and for the normal
mode, all at the constant input current. Similar operating
conditions are common for renewable applications. For
example, photovoltaic module integrated converter can
operate in the buck mode at start-up when the panel open
circuit is applied to its input. The operating points used in this
study are described in Table II. Theoretical and experimental



results for the four operating points are described, discussed
and compared below to show differences between the two
buck control methods.

B. Theoretical Calculations

Theoretical calculations were performed to show the
differences between the two buck control methods under
study. In each operating point, the power is different and thus
the load resistance and the quality factor are different.

Dependence of the output voltage on the normalized
switching frequency obtained from (4) for the case study
converter controlled with the VFC is shown in Fig. 6 for
operating points A...C. It is evident that the switching
frequency will be changing in a narrow range to stabilize the
output voltage at the same level. This is due to different
quality factors and output voltage values at the resonant
frequency for each point. Here losses could be accounted as an
additional resistance in the circuit, and thus the quality factor
lower than that calculated theoretically will define the
behavior of the converter. Therefore, the frequency measured

experimentally has to be higher than that predicted
theoretically.
TABLE L GENERAL OPERATING PARAMETERS

Operating parameters Value/type
Rated power, P 200 W
Input voltage, U, 35..50V
Output voltage, Ui 400 V
Resonant frequency, fow 100 kHz

Components
Switch, S;...Ss Si4190ADY
Diode, D V60D100C
Inductors L,=L, 22 uH
Capacitors C,=C, 26.4 pF
Capacitors C3=Cy 22 uF
Resonant inductor L, 23.3 pH
Resonant capacitor C, 93 uF
Transformer turns ratio, N 1:6.5
TABLE IL OPERATING POINTS USED IN THE STUDY
Operating Input Load Input
point voltage, U, resistance, Ry, current, I;

Point 4 40 V 1210 Q 4A
Point B 45V 1100 Q 4A
Point C 50V 1012 Q 4A
Point D 35V 1370 Q 4A

Output voltage Uia (V)

1.00 1.05 110 115 1.20

Normalized switching frequency w’sw

Fig. 6. Regulation characteristics of the case study converter with the VFC.

A set of regulation characteristics were obtained using (8)
for the case of the PSM control (Fig. 7) for operating points in
the buck mode. They have a similar dependence on the phase
shift angle, while the output voltage at the zero angle is
different. At the same time, theoretical voltage in the normal
mode for point D equals 455 V and thus control angles at each
curve have to be taken at this level. Further, they will be
compared with those obtained from the experiment. This
control method does not suffer from sensitivity to the load
resistance. However, the losses will lead to a lower output
voltage. Thus, experimental values of the phase shift angle
have to be lower than those calculated theoretically.

C. Experimental Verification

The experimental prototype was tested to verify theoretical
predictions. The test bench includes the digital phosphor
oscilloscope Tektronix DPO7254 equipped with high-voltage
differential voltage probes Tektronix P5205A and the
Rogowski coil current probe PEM CWTUM/015/R for capture
of operating waveforms.

Experimental waveforms were obtained at the
experimental prototype for operation point C, i.e. at maximum
input voltage, for both control methods. Our experiment
shows that the switching frequency equal to 114 kHz is
required in the case of the VFC to obtain 400 V at the output
of the converter, when 50 V voltage is applied to its input. The
phase shift angle equal to 84.6° was needed to perform the
same voltage step-down in the case of the PSM.

Fig. 8 presents the current and voltage of one inverter
switch (S3) for both control methods — the VFC (Fig. 8a) and
the PSM (Fig. 8b). In the first case, the switch handles
negative current and thus can be turned on with zero voltage
switching (ZVS) if proper deadtime is used to achieve body
diode conductivity in the beginning. Since the transformer
current is high before the turn-off transient, the ZVS turn-off
assisted with leakage inductance is possible if deadtime is
used and selected properly to ensure switch output capacitance
recharge. In the second case, the ZVS can be achieved with
proper deadtimes with the difference that the leakage
inductance assists ZVS turn-on, while ZVS turn-off is ensured
with a body diode.

Fig. 9 presents the voltage and current of the input side
winding of the isolation transformer for both control methods.
In the case of the VFC (Fig. 9a), the transformer voltage is
rectangular without zero level intervals, while in the case of
the PSM (Fig. 9b), it features zero level intervals at the input
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Fig. 7. Regulation characteristics of the case study converter with PSM.



side winding. However, the output side winding voltage is
rectangular without zero level intervals and synchronized with
zero crossing instants of the transformer current. Duration of
the zero level intervals at the input side winding is directly
proportional to the phase shift angle ¢.

Fig. 10 presents the voltage and current of diode D, of the
VDR. The VDR diodes feature ZCS operation assisted with
the leakage inductance of the isolation transformer for both
control methods. It is evident that both control methods
properly exploit soft-switching possibilities of the series
resonant converter.

Uss [20 V/div] Is3 [3 A/div
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| |
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Regulation characteristics of both of the buck mode
realization methods measured are presented and compared
with theoretical predictions in Fig. 11. Fig. 11a illustrates the
frequency to be applied to the converter if the input voltage is
higher than the rated one. Apparently, the switching frequency
measured is higher than that predicted theoretically. It is
mostly due to higher losses that result from a lower quality
factor, which requires higher frequency for the same voltage
step-down. However, the frequency regulation range is still
narrow, as it was predicted theoretically. Similarly, Fig. 115
illustrates the inverter phase shift angle to be used when the
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Fig. 8. Experimental waveforms of the switch S; of the inverter: a) VFC in time scale 1 ps/div; b) PSM in time scale 2 ps/div.
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Fig. 9. Experimental waveforms of the transformer primary voltage and current: a) VFC in time scale 1 ps/div; b) PSM in time scale 2 ps/div.
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Fig. 10. Experimental waveforms of the VDR diode D;: a) VFC in time scale 1 ps/div; b) PSM in time scale 2 ps/div.
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Fig. 11. Regulation characteristics in the buck mode for VFC (a) and PSM (b).

input voltage is higher than 35 V. These results are also in
good agreement with the predictions. The converter requires a
slightly lower phase shift angle than predicted theoretically,
since the power loss in the converter leads to additional
voltage step-down.

V.  CONCLUSIONS

In this paper two different buck mode control methods for
the galvanically isolated qZS based series resonant DC-DC
converter were presented and verified. Both of them allow
realization of the buck mode in the qZS based series resonant
DC-DC converter with the VDR.

In the given case, an input voltage rise by more than 40%
over the nominal value was considered. It means that the
regulation range of the converter can be easily doubled if the
voltage step-up in the boost mode is limited by 1:2. Moreover,
both methods show an ability to step the voltage even further
down. In other words, the combination of buck and boost
operating modes allows the design of the qZS converter with
an ultra-wide input voltage range.

Among the two buck mode realization methods, the PSM
seems to be superior over the VFC. The PSM does not depend
on the load resistance and provides constant switching
frequency. It avoids poor controllability at light loads typical
for the VFC. Moreover, in PSM the converter power loss
results in a smaller phase shift than necessary for the voltage

step-down as compared to the phase shift angle calculated
theoretically. At the same time, the converter power loss leads
to higher switching frequency than that calculated
theoretically in the case of the VFC. This is due to the high
sensitivity of the VFC regulation characteristic to the quality
factor of the converter that depends on the load resistance and
indirectly on the converter power loss. Due to power losses in
the converter, higher frequency is required in the VFC than
that theoretically predicted. At the same time, smaller phase
shift angle will be required to achieve the nominal output
voltage level in the PSM.

Finally, soft-switching operation of the converter can be
maintained for both of the buck mode realization methods.
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Abstract—Quasi-Z-source DC-DC converters have attracted
research interest due to their numerous advantages in emerging
applications. However, they suffer from relatively low efficiency.
This paper presents semiconductor loss breakdown of the quasi-
Z-source DC-DC converter to show that conduction losses in
semiconductors contribute most to overall losses. Synchronous
rectification realized through replac t of diodes with
N-channel MOSFETs was proposed to improve the converter
efficiency in prior works. Our detailed experimental study of
efficiency improvement with synchronous rectification was based
on a 250 W prototype. Results were first obtained for
replacement of diodes in the primary side only, then in the
secondary side only. Finally, a converter that contains only
controlled switches was evaluated. Efficiency curves measured
were compared with those for the baseline diode-based topology.
The experimental study was performed using operating points
typical of photovoltaic module integrated converters.

Keywords—DC-DC converter, synchronous rectification, quasi-
Z-source, power losses, photovoltaic energy converter.

I INTRODUCTION

The technology of galvanically isolated impedance-source
DC-DC converters is an emerging trend in the modern power
electronics [1]. It has gained popularity as a novel type of
electric energy conversion alternative to current- and voltage-
source converters. Among impedance-source converters, the
quasi-Z-source (qZS) full-bridge DC-DC converter (Fig. 1)
proposed in [2] suits best for renewable and alternative energy
applications according to [3]-[5]. It features a wide input
voltage regulation range performed within a single stage,
continuous input current, immunity to shoot-through and open
states of the inverter bridge, low inrush current, high control
flexibility, etc. However, all these advantages are achieved at
the cost of higher number of passive components and
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Fig. 1. Diode based quasi-Z-source full-bridge DC-DC converter.
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relatively low efficiency in emerging applications, which are
usually associated with high input current and low input
voltage values.

Simulation study of the qZS DC-DC converter (qZSC) in
[6] shows that conduction losses in semiconductors are the
major cause of relatively low efficiency. Efficiency
improvement through synchronous rectification was proposed
and verified by help of simulation in [7]. It was suggested to
replace diodes with N-channel MOSFETSs in order to reduce
conduction losses that are smaller in transistors than in diodes.
Such replacement can be extremely advantageous even at
higher cost related to the driver circuit implemented and
additional losses for MOSFET driving. Fig. 2 shows an
example of simplified calculation of conduction power losses
in the Schottky diode with forward voltage drop Vx=0.6 V,
and in the MOSFET with on-state resistance Rpgpn =9 mQ
when they operate at constant current. Moreover, the
MOSFETs feature the positive temperature coefficient of an
on-state resistance and thus can be easily paralleled [8].

The simulation results in [7] show that the efficiency of the
converter under discussion can be increased roughly by 2%.
The aim of this paper is to verify this prediction
experimentally. Section II describes the operating principle of
the baseline converter and the simulation study of its
semiconductor power losses. Then, three different realization
possibilities of synchronous rectification are covered in
Section III. Experimental measurements of efficiency for
three topological variations of the case study converter are
presented and compared with that for baseline diode based
topology in Section IV.
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Fig. 2. Conduction losses in a diode and a MOSFET conducting constant
current as functions of that current value.



II. OPERATING PRINCIPLE AND SEMICONDUCTOR
POWER LOSSES OF THE CASE STUDY CONVERTER

A. Operating Principle of the ¢ZS DC-DC Converter

The qZSC (Fig. 1) contains a qZS network, which
comprises two capacitors C,z;, Cyz, two inductors Lyz;, Lyz,
and a single diode D,;. It couples input terminals and a full-
bridge inverter S;...S, that supply the step-up isolation
transformer 7°X with rectangular bipolar voltage pulses. At the
output side, this voltage is rectified and filtered with a voltage
doubler rectifier (VDR), which contains two diodes D,;, D,,
and two filter capacitors Cy;, Cp; that feed an output load. The
converter performs voltage step-up at the input side through
the PWM inverter control that contains shoot-through states in
a switching sequence. The idea is to stabilize the inverter input
voltage Vpc to maintain constant output voltage. Numerous
shoot-through generation methods are available [9]-[12]. In
the given case, the PWM with symmetrical overlap of active
states seems to be the most appropriate, since its switching
sequence contains no zero states that are virtually useless for
control purposes due to the utilization of a VDR. Idealized
voltage and current wave shapes of the given converter that
features PWM with symmetrical overlap of active states are
shown in Fig. 3.

This paper considers only continuous conduction mode,
which requires proper dimensioning of the qZS network
inductors [13]. Hence, the switching period 7T contains a
combination of shoot-through states, which are used to step up
input voltage and active states when energy is transferred from
the input side to the output side through the isolation
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Fig. 3. Idealized current and voltage wave shapes of the qZSC.

transformer TX. Shoot-through state is created by all four
switches during the intervals (1) and (3) shown in Fig. 3. The
qZS network limits the input current of the inverter /¢ at the
level of cumulative currents of the gZS network, i.e. two times
higher than the input current /;y. The converter increases the
energy stored in the gZS inductors, while the diode D, is
reverse biased. Cumulative duty cycle of the shoot-through
states equals Dg. The other part of the switching period is
dedicated to the active state, when one of the inverter
diagonals supplies the isolation transformer with the voltage
Vpc (intervals (2), (4) in Fig. 3). The qZS network behaves as
a voltage source with the output voltage equal to the sum of
qZS capacitor voltages. Transformer current is rising linearly
with a slope defined by the leakage inductance of the isolation
transformer. It charges the VDR capacitor Cy; or Cp, through
the VDR diode D,; or D,,, respectively. Cumulative duty cycle
of the active states equals D4 = 1-Dj. In case the input voltage
of the converter equals the inverter nominal voltage, the
converter operates without shoot-through states, similar to a
conventional voltage-fed full-bridge converter (normal mode
operation). The voltage across qZS network capacitors and the
voltage gain of the converter B depend on the input voltage
and shoot-through duty cycle [2]:
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where 7 is the turns ratio of the isolation transformer.

B. Description of the Case Study qZS DC-DC Converter

Focus in this paper is on the MOSFET based qZSC
designed as a photovoltaic module integrated converter. The
operation range of the converter is limited by the rated
operating power (P) of 240 W and the maximum continuous
input current of 8 A. These limitations are common for
interface converters for 60-cell solar panels. Usually, the
maximum power point of such panes is within the range from
15V to 30V, depending on the weather conditions. For
further studies, four operating points described in Table I were
selected: three in the boost mode when shoot-through is
utilized to step up the input voltage, which is lower than the
nominal value, and one in the normal mode when the input
voltage equals the nominal value. Evidently, the converter has
to operate with different power and voltage step-up levels,
while the input current remains constant for all operating
points. All numerical simulations in this paper were performed
using PSIM software with “Thermal module” add-on, which
allows assessment of semiconductor power losses using
datasheet parameters. Semiconductor devices described in
Table II were used in the experimental prototype, while the
simulation model implemented was based on their datasheet
parameters. Table III presents the operating range, switching
frequency and values of the passive components.



C. Analysis of Semiconductor Power Losses TABLE L OPERATING POINTS USED IN THE STUDY

First, the simulation study of semiconductor power losses Test point
was performed for the baseline diode-based qZSC for given Parameters 1 2 3 4
operating parameters. Detailed distribution of semiconductor Vi, V 15 20 25 30
power losses for all operating points is presented in Fig. 4. It I, A 3 8 3 3
shows that the majority of losses present in the converter are Voltage step-up (Voc Vi) 2.0 15 12 1
conduction losses. It is evident that a qZS Schottky diode W 120 160 200 240

contributes most to semiconductor power losses relative to
conduction losses, while its switching losses are close to zero.
The conduction losses of the qZS diode (Pp,;) are nearly
constant, since they are defined by the forward Voltage drop of TABLE IL SPECIFICATIONS OF SEMICONDUCTORS USED IN THE STUDY

the diode Vy p,z and the constant input current:

Component Type Specifications
S1..S4 Suz ] Vishay Vps=100 V; Rpson=8.8 mQ
Pqu — VFfqu Ay 3) Si4190ADY Ip=18.4 A, 0;=20.7nC, R=22 Q
Dy Vishay Vrra=100 V; Vi pg=0.66 V
The conduction losses in the VDR diodes (Pp,) change V6op190C [F“V’_ZXEOA(CT)mmOf cathode)
with the operating power linearly, since they depend on the D,y, Diz C3]§0R§)E60E VRRM_6(;O VLZF;\”’_IB v
forward voltage drop of the VDR diodes (V7 p,) and the output i/
current, which depends on the operating power P linearly due S5, S5 ROMM V5630 V; Rogiay=120 mQd
to the constant output voltage Vo SCT2120AF 15=29 A, Q=61nC, k=25 Q
P, =V p L 4) TABLE III.
- Vo ur GENERALIZED OPERATING PARAMETERS OF THE CONVERTERS
Parameter Symbol Value
The conduction power losses in the inverter MOSFETs Tnput voltage range, V Ve 15,30
(Pyeong) contribute the last part to the semiconductor Maximum input current, A I 3
conductlor} power losses . in the converter. They can be Nominal DC-link voltage, V Voo 30
separated into two parts [6]: Output voltage, V Vour 240
Switching frequency, kHz Sow 100
2 2 Operating frequency of the qZS-network, kHz Sazs 200 (2+f.)
Py = RDS(O”) . p?. [4] ‘Dg+2- 8-n G Transfo@er turns ratio n 1:4
W ﬁ Vour Leakage inductance of the transformer, pH L 0.5
Magnetizing inductance of the transformer, pH Ly 30
The first part is caused by the shoot-through state and ICapacnance of 28 capacitors, uF Co Co 264
. . nductance of gZS inductors, pH Lgz1, Lgz2 22
depends on its duty cycle and the operating power. The second : - >
part is defined by the active state and depends only on the Capacitance of output capacitors, p G Cn 22
operating power value. Conduction power losses in the
MOSFETs are rising slowly due to changes of both operating
power and shoot-through duty cycle between the given 12
operating points. It leads to their redistribution, while 10
cumulative value changes slightly. These losses can be
reduced if MOSFETs with lower on-state resistance (Rpsn) 2 8
are used. However, they will require higher driving power and &
will provide slower switching dynamics due to higher parasitic 2 6
capacitances. S 4
Finally, the switching losses in MOSFETs are low due to )
low operating voltage and high dynamic performance of low-
voltage MOSFETs. Their further reductions could require 0
significant efforts without reasonable effect. Obviously, the 120W  160W  200W 240 W
simplest way to improve the efficiency of the converter Operating power, W
considerably is to reduce conduction losses in the diodes. . !
M qZS diode cond. MOSFETSs cond.

Synchronous rectification is commonly used to decrease
semiconductor  conduction  losses.  Three  possible B MOSFETSs switch. B Rectifier diodes cond.
implementations of synchronous rectification in the qZSC are

p . . Fig. 4. Estimated semiconductor power loss breakdown.
described in the next section. & P



III.  REALIZATION OF SYNCHRONOUS RECTIFICATION

A. qZSC with Synchronous qZS Network

The semiconductor power loss breakdown (Fig. 4) shows
that diode D,; in the qZS network contributes from 49% to
64% of the conduction losses, depending on the operating
point. These results were obtained for a Schottky diode, which
is the most advantageous type for step-up converters that
handle low voltage and high current at the input side.
Nevertheless, it features considerable conduction losses, while
its switching losses can be neglected. The qZS network diode
D,; can be replaced with an N-channel MOSFET that is
controlled synchronously with inverter switches in order to
increase the converter efficiency, as shown in Fig. 5.

Control principle for that topological variation is shown in
Fig. 6. Realization of synchronous rectification does not
change the operating principle of the converter, while its
efficiency can be improved. In the boost mode (Fig. 6a), the
gZS MOSFET S,; must be turned off in the shoot-through
state to prevent short-circuiting of the qZS capacitors. Hence,
the dead-time of a proper duration must be utilized to avoid
the failure and consequently, ensure high efficiency. Usually it
is up to 100 ns for low-voltage MOSFETs. In the normal
mode (Fig. 6b), the gZS MOSFET must be turned-on
continuously to achieve the best performance.

A body diode of the qZS MOSFET conducts current
during dead-time periods. Its dynamic performance is worse
than that of the Schottky diode. Thus, effect from the
implementation of the qZS MOSFET will be somewhat
diminished by the switching losses of the body diode, mostly
caused by the reverse recovery processes. Also, forward
voltage drop of the body diode is higher than that of the
Schottky diode, which results in additional conduction losses
during the dead-time. Thus, the dead-time should not be
overdimensioned. These drawbacks can be avoided if a small
Schottky diode is connected in parallel to the gZS MOSFET to
shunt its body diode [8].

=Cy
L—o
V()l, T
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== sz
Fig. 5. Modified qZSC with the synchronous qZS network.
Shoot-through states M Dead-time
S1, S S1, 84 —
t t
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t
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Vrxpr ’_I : Vixpr — —,
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a) b)
Fig. 6. Control principle of the qZSC with the synchronous qZS network in:
a) the boost mode, and b) the normal mode.

B. qZSC with a Synchronous (Active) VDR

The conduction losses in the VDR diodes can be reduced
in the same manner as in the gZS network, as shown in Fig. 7.
In the baseline topology, the SiC Schottky diodes are common
in the VDR due to their negligible switching losses, which is
essential for the output high-voltage side of a high-frequency
converter. To improve the efficiency of the VDR, high-voltage
MOSFETs with low on-state resistance are required. Si
superjunction (SJ) MOSFETs, like CoolMOS from Infineon,
and SiC MOSFETs feature low enough resistance. Overall
performance of the SiC devices is better than that of Si
counterparts [15]. The Si SJ] MOSFETs have high reverse
recovery charge and parasitic capacitances, which leads to
high driving power and switching losses [14]. Moreover,
reverse recovery time of SiC MOSFETs is smaller by a factor
of ten than that of the Si MOSFETs. Thus, they were selected
for our further experimental study. The control principle for
the topological variation with a synchronous VDR is shown in
Fig. 8. It utilizes dead-times to avoid short-circuiting of the
VDR capacitors. Switching losses of high-voltage switches are
higher than those of low-voltage ones. Thus, reduction of
conduction losses in the VDR will be affected by additional
switching losses.

C. Full-Synchronous qZSC

The concept of a full-synchronous qZSC is derived by a
combination of two topological variations described in this
section above. The topology (Fig. 9) contains seven fully
controlled switches. It has to combine benefits of the previous
two topologies. Moreover, it can provide bidirectional power
transfer [16]. All additional MOSFETs are controlled
synchronously with inverter switches and utilize dead-time, as
shown in Fig. 10. The dead-time of the qZS MOSFET S, is
avoided in the normal mode to improve the overall converter
efficiency. At the same time, the VDR MOSFETs Ss, S4
require dead-time for proper operation in both modes.

s, TY S;JEL} =c,
Vrx, ,n: §| ét’"’/:\' sec Vour
SZJ JH s, I'n S(Ja} =Cp

Fig. 7. Modified gZSC with a synchronous VDR.

Shoot-through states B Dead-time
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Fig. 8. Control principle of the qZS DC-DC converter with a synchronous
VDR in: a) the boost mode, and b) the normal mode.
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Fig. 9. Full-synchronous qZSC.
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Fig. 10. Control principle of the full-synchronous qZSC in: a) the boost
mode, and b) the normal mode.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

In this section results of our experimental study of three
topological variations of the baseline qZSC are described.
Specifications of all semiconductor devices used are described
in Table II. First, the gZSC with the synchronous qZS network
was tested. Current and voltage waveforms of the qZS
MOSFET captured in the first operating point with the highest
voltage step-up are shown in Fig. 11. The dead-time of 70 ns
duration is evident there. This value was selected as a result of
our preliminary experimental study. The measured efficiency
curves for the qZSC with traditional and synchronous qZS
networks are compared in Fig. 12. The converter efficiency
rise is within the range from 0.9% to 1.7%, depending on the
operating point.

A set of measurements similar those above was performed
for the second topological variation, which contains the

| Vser (10 V/div) |
Isqz (10 V/div) ]

Viestsqz) (10 V/div)

Dead time (70 ns)

Fig. 11. Voltage and current waveforms of gating voltage, drain current and
drain-source voltage of the MOSFET S,; captured in the test point with
maximum shoot-through duty cycle.
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Fig. 12. Comparison of efficiencies measured in the case study qZSC with the
diode-based and the synchronous qZS networks.

synchronous VDR. Voltage and current waveforms of the
VDR MOSFET S5 are shown in Fig. 13 for the normal mode.
Hard turn-on of the switch, which results in very low
efficiency rise is evident. Fig. 14 shows that the efficiency
measured is up to 0.5% higher than that of the baseline
converter, without consideration of driving losses.

Finally, the efficiency curve of the full-synchronous qZSC
was obtained experimentally and compared with that of the
baseline diode-based topology (Fig. 15). The cumulative
efficiency rise is within the range from 1.1% to 1.9%, which is
close to the efficiency rise by 2% predicted in [7].
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Iss (2.5 A/div)
WY
,‘ ! - TS
[l

Vesiss) (20V/div)

Fig. 13. Voltage and current waveforms of gating voltage, drain current and
drain-source voltage of the MOSFET S; captured in the normal mode.
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Fig. 14. Comparison of measured efficiencies of the case study qZSC with the
diode-based and the synchronous VDRs.
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Fig. 15. Comparison of measured efficiencies of the full-synchronous and the
traditional qZSC.

From the experimental results presented in this section it is
evident that synchronous rectification can improve the
efficiency of the case study qZSC by up to 2%. However,
losses in the control system and driving were not taken into
account in the efficiency measured. It means that 0.5%
efficiency rise, i.e. 1.2 W in the given case obtained with the
synchronous VDR can be easily suppressed by the driving
losses of two high-voltage SiC MOSFETs. From a practical
point of view, only qZSC with the synchronous qZS network
seems to be an attractive solution if the driving losses and the
cost of realization are taken into account, while bidirectional
power transfer is not required.

V.  CONCLUSIONS

Focus in this paper was on the efficiency improvement of
the galvanically isolated quasi-Z-source full-bridge DC-DC
converter through the realization of synchronous rectification.
The study was performed for four operating points typical for
photovoltaic applications. Our simulation study showed that in
the given case, semiconductor power losses contain virtually
only conduction losses. Moreover, conduction losses in the
diodes contribute around 80% of the semiconductor losses in
all operating points, while they can be easily reduced if diodes
are replaced with N-channel MOSFETs. Three possible ways
to realize synchronous rectification were studied: synchronous
qZS network, synchronous VDR, and full-synchronous qZSC.

Efficiency curves were measured experimentally for the
three topological variations proposed and compared with the
baseline topology. It is shown that all topological variations
provide a rise in efficiency. However, the measurements did
not take into account the power required for driving additional
MOSFETs, which can also involve power losses. Thus, the
qZSC with the synchronous qZS network was found to
provide best performance at the lowest cost if the driving
losses are considered. Therefore, it will be advantageous as a
high-performance photovoltaic module integrated converter.
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Abstract— This paper presents a novel quasi-Z-source half-
bridge DC-DC converter family derived by a combination of the
single-switch qZS DC-DC converter and the half-bridge
galvanically isolated DC-DC converter. The novel topologies have
only two active switches and are a cheaper alternative to the
galvanically isolated quasi-Z-source DC-DC converters with a
full-bridge switching stage. Such promising features as circuit
simplicity, low cost, high efficiency, and high reliability are
attributed to the new alternative solution. A 200W prototype was
assembled and tested. Simulation and experimental results are
presented to verify the step-up performance of the topology.

Keywords— impedance-source converters, DC-DC power
converters, galvanic isolation, renewable energy sources

L INTRODUCTION

The quasi-Z-source (qZS) full-bridge DC-DC converter
(Fig. 1) is a new emerged topology of the galvanically isolated
step-up DC-DC converters [1]. Its specific properties, such as
continuous input current, wide input voltage and load
regulation range, increased reliability and inherent soft-
switching properties, have contributed to the popularity of the
topology in the renewable energy applications as power
conditioners for the fuel cells [2], PV panels [3] and
residential wind turbines [4]. Since its appearance in 2009,
increasing research efforts in the field of qZS DC-DC
converters have been made. New approaches, such as
cascaded qZS-network [5], advanced shoot-through control
methods [6], synchronous rectification [7], and resonant power
conversion [8], are targeting improved step-up performance
and efficiency of the baseline topology. Moreover, two new
topologies of the magnetically coupled qZS DC-DC
converters with reduced number of switches were developed:

Lqz1 Lqz2

the qZS push-pull converter [9] and the symmetrical qZS half-
bridge DC-DC converter [3] (see Fig. 1). Both topologies have
two transistors in their switching stage, which leads to reduced
complexity of the switching stage and its simpler control.

In contrast to the push-pull counterpart, the symmetrical
qZS half-bridge DC-DC converter features twice reduced
voltage stress of the transistors and a two-winding isolation
transformer. In addition, the converter could be supplied either
from one or two input voltage sources. However, to ensure the
symmetrical structure of the impedance source network,
mirror connection of two identical qZS networks is required.
That seems to be the main drawback of the symmetrical qZS
half-bridge DC-DC converter since it uses twice more passive
components and is more costly and less efficient than the
traditional full-bridge qZS DC-DC converter.

This paper proposes an asymmetrical qZS half-bridge
DC-DC converter with its experimental validation. The novel
topology was derived by the combination of the single-switch
qZS DC-DC converter and the half-bridge galvanically
isolated DC-DC converter. The structure of this topology is
simpler than that of the symmetrical qZS half-bridge DC-DC
converter since it is based on a single qZS network.

II.  ASYMMETRICAL QUASI-Z-SOURCE HALF-BRIDGE
DC-DC CONVERTER

A. General description

The proposed step-up DC-DC converter has the qZS
network, two switches and two capacitors on the low-voltage
input side, a step-up isolation transformer and a Voltage
Doubler Rectifier (VDR) on the high-voltage output side
(Fig. 2a).
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Fig. 1. State-of-the-art qZS galvanically isolated DC-DC converters with reduced switch count: qZS push-pull DC-DC converter (a) and symmetrical qZS half-
bridge DC-DC converter (b).
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Fig. 2. New asymmetrical qZS half-bridge DC-DC converters: with two (a) and single (b) capacitor in the half-bridge switching stage.

The qZS network is composed from two inductors (L,
and L,), two capacitors (Cg, and Cy,), and a diode (Dg,). To
prevent the saturation of the isolation transformer 7X, DC
blocking capacitor C, is added in series with the primary
winding of the isolation transformer.

B. Generalized Operating Principle

In the proposed topology (Fig. 2a), the high-side (S;) and
the low-side (S,) switches of the half-bridge inverter are
driven complimentary without dead time (Fig. 3).

In the converter, the switch S, performs shoot-through for
DC voltage gain regulation similarly to other qZS derived
topologies [10], therefore the amplitude value of the
intermediate DC-link voltage V¢ could be represented as

VIN

Voe =————=B-V,, 1
DC 1 _ 2 . dz IN ( )
where V) is the input voltage of the converter, d, is the duty
cycle of S, and B is the input voltage boost factor
(B=1/(1-2d,)). The half-bridge capacitors C, and C, are

T
to=d>T ti=d:T
Sz Sz
t
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t
Vrx pripos)=d2Vpc
t
Vrx pr(neg)=-d1Vpc
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| Ves=Vrxsecqpos) _ Vrxsec(pos)=N VX pr(pos) o
t
Vrx sec(neg)=NV1x pr(neg)

Fig. 3. Control principle and idealized operating waveforms of the proposed
converter.

equally charged to half of the V¢ value each. The energy is
transferred through the isolation transformer 7X by the
asymmetrical pulses, which leads to unequal voltages across
the VDR capacitors C; and Cy (Fig. 3). The output voltage of
the proposed topology is directly regulated by the variation of
the duty cycle of S;:

V,.-n
Vour :1_”27, 2)

where 7 is the turns ratio of the isolation transformer.

If inductors Ly, and Lg,, are properly dimensioned [11],
the qZS network will maintain the continuous input current,
thus reducing the stress of the input voltage source. As
compared to the galvanically isolated qZS DC-DC converter
with the full-bridge switching stage [1], the proposed
converter has only one shoot-through state per switching
period. Therefore, the qZS-network operates with the
frequency equal to the switching frequency and its passive
components have double values as compared to those of the
full-bridge counterpart.

C. Topology Modification Possibility

The proposed asymmetrical half-bridge topology could be
simplified further by the reconfiguration of the switching
stage. In that case, the upper capacitor of the half-bridge
switching stage should be short-circuited, as shown in Fig. 25.
The general operating principle of the modified topology
remains the same. Minimization of components count will
lead to higher voltage stress of the primary side capacitors.
Capacitor C; should be dimensioned for the operating voltage
equal to the amplitude value of the intermediate DC-link
voltage Vpc. The blocking capacitor C, needs to withstand
higher DC voltage because the half-bridge switching stage
supplies the transformer with unipolar voltage pulses in
contrast to bipolar in the previous topology.

III.  SIMULATION AND EXPERIMENTAL STUDY

To wverify the step-up performance of the proposed
topology, the numerical simulations were performed in the
PSIM environment. Generalized simulation parameters are
presented in Table 1. Fig. 4 shows that the converter ensures
the demanded gain of the input voltage (V;y=25V and
Vpc=62 V) and continuous input current with peak-to-peak
ripple of 6 A. The amplitude voltage values of the positive and
negative cycles of the isolation transformer’s primary winding
can be calculated as follows:

Vex priposy = @2V pe 19V, V,

TX  pr(neg)

=((1=d,)Vpe) ~ 43V . (3)



TABLE 1
SIMULATION PARAMETERS OF THE QZS HALF-BRIDGE DC-DC CONVERTER

TABLE II
GENERAL SPECIFICATIONS OF SEMICONDUCTORS USED IN THE EXPERIMENT

As it was previously predicted, the VDR capacitors are
charged to different voltages, which could be estimated by

Vs dVpen =16V, Vo= (1=dyWoen =172V . (4)

Finally, the output voltage is the sum of the voltages of C;
and C,, which properly matches the theoretical prediction. The
simulation results show the sine wave current of the primary
winding of the isolation transformer. This effect is caused by
the series resonant circuit formed by the DC blocking
capacitor C, and primary winding leakage inductance of the
isolation transformer. By proper utilization of those elements
the soft switching could be achieved for the half-bridge
inverter switches.

To validate the proposed topology, the 200 W prototype
converter was assembled in accordance with the schematic in
Fig. 2a and technical specifications in Tables I and II.

Par t Symbol Value Component Type Specifications
Input voltage, V Vin 25 5.8 Vishay Vps=100 V; Rpsion=8.8 mQ
Average input current, A Iy 8 102 Si4190ADY 1p=18.4 A, 0,~20.7nC, R,=2.2 Q
Output voltage, V Vour 240 D Vishay Verv=100 V; V=0.66 V
Duty cycle of S, (shoot-through duty cycle) A 0.3 - V60D100C Ir17=2%30 A (common cathode)
Switching frequency, kHz Sfow 100 Dy, Dy CREE V=600 V; Vi=1.8 V
Transformer turns ratio n 4 ! C3D02060E Trur=4 A
Capacitance of qZS capacitors, pF Cyz1, Co2 264
Inductance of qZS inductors, pH Lyt Ly 23 The gZS network was built on low-profile SMD inductors
Capacitance of half-bridge capacitors, pF G, G 100 Vishay IHLP-6767GZ (two 47 uH inductors in parallel for
Capacitance of the DC blocking capacitor, pF G 5.5 each qZS inductor). The isolation transformer was wound on
Capacitance of VDR capacitors, pF G G 22 the ETD34 core made from ferrite N87 and its leakage

inductance referred to the primary was 0.35 pH. Chip
multilayer ceramic capacitors SMD1210 2.2 pF 100 V from
Murata were used to assemble the qZS network and the
voltage doubler rectifier (12 units connected in series for each
qZS capacitor and 9 units connected in 3x3 matrix
configuration for the VDR capacitors).

As seen from Fig. 5, the experimental waveforms are
matching the theoretical predictions and the simulation study.
The topology features the demanded step-up performance,
continuous input current and sine wave current of the primary
winding of the isolation transformer. Due to losses in
components, the converter has slightly lower DC voltage gain
which was also influenced by the leakage inductance of the
isolation transformer. Measured voltage across VDR
capacitors was 70 V and 155 V in contrast to 76 V and 172 V
estimated in (3).
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Fig. 4. Simulation results of the proposed topology: gating signals of switches (a), input voltage and current (b), voltages of half-bridge capacitors and
intermediate DC-link voltage (c), voltage and current of the primary winding (d) and secondary winding voltage, voltages of VDR capacitors and output voltage
of the converter (e).
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Fig. 5. Experimental waveforms of the proposed topology: input voltage, input current and intermediate DC-link voltage (a), operating voltages of switces (b),
summarized voltage of the half-bridge capacitors, voltage and current of the primary winding (c) and secondary winding voltage and output voltage of the
converter (d).

IV. CONCLUSIONS AND FUTURE WORK

This paper proposed a novel galvanically isolated
asymmetrical qZS half-bridge DC-DC converter, a new
member of the galvanically isolated impedance source DC-DC
converter family. It was derived by the combination of the
single-switch qZS DC-DC converter and the half-bridge
galvanically isolated DC-DC converter. The converter features
simple control due to reduced switch count and continuous
input current in the CCM operation. If properly realized, the
series resonant circuit formed by the DC blocking capacitor
and primary winding leakage inductance of the isolation
transformer will result in the soft switching of the half-bridge
inverter switches.

To validate the proposed topology, the experimental
prototype with a rated power of 200 W was assembled and
tested. Experimental results have verified all the theoretical
assumptions and computer simulations. Voltage stresses of the
capacitors and transistors all conformed to the theoretical
predictions.

Further research will be directed towards the analysis of
the resonant switching processes and resulting soft switching
performance of the proposed converter.
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