This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2016.2591726, IEEE

Transactions on Power Electronics

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 1

High-Performance Quasi-Z-Source Series
Resonant DC-DC Converter for Photovoltaic
Module Level Power Electronics Applications

Dmitri Vinnikov, Senior Member, IEEE, Andrii Chub, Student Member, IEEE,
Elizaveta Liivik, Member, IEEE, Indrek Roasto, Member, IEEE

Abstract— This paper presents the high-performance quasi-Z-
source series resonant DC-DC converter as a candidate topology
for the PV module level power electronics applications. The
converter features a wide input voltage and load regulation range
thanks to the multi-mode operation, i.e. when the shoot-through
pulse-width modulation and phase-shift modulation are
combined in a single switching stage to realize the boost and buck
operating modes, respectively. Our experiments confirmed that
the proposed converter is capable of ensuring ripple free 400 V
output voltage within the six-fold variation of the input voltage
(from 10 to 60 V). The converter prototype assembled achieved a
maximum efficiency of 97.4%, which includes the auxiliary
power and control system losses.

Index Terms— resonant converter; DC-DC converter; quasi-
Z-source converter; renewable energy; solar photovoltaic;
module level power electronics; module integrated converter
(MIC)

I. INTRODUCTION

ODULE Level Power Electronics (MLPE) is a topic of

growing interest in the solar photovoltaic (PV)
applications. The idea of MLPE is to allow operation of each
PV module in the Maximum Power Point (MPP) and
therefore, to ensure the best possible energy harvest.
Generally, the MLPE concepts could be classified as the full-
power and partial-power processing converters [1]. The full-
power MLPE concepts could be categorized as those
connecting PV panels in series and in parallel. The first group
is mostly represented by the PV power optimizers, which are
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Fig. 1. Full-power converters for the parallel connection of PV modules:
microconverters («CON) with common DC bus (a) and microinverters («INV)
with grid side connection (b).

typically realized with the non-isolated boost [2] and buck-
boost converters [1]. The main focus of this paper is on the
full-power converters for the parallel connection of PV
modules. In this approach, each PV panel is equipped with a
microconverter («CON) with outputs connected in parallel to
the central DC bus of the PV power system (Fig. 1a). uCON is
a self-powered high efficiency step-up DC-DC converter with
galvanic isolation that operates with autonomous control and
is integrated to the PV panel for tracking the MPP locally. The
galvanic isolation is essential to reduce ground leakage
currents and grid current total harmonic distortion [3]. As seen
from Fig. 1a, the central inverter feeds PV power to the grid.

The microinverter (wINV) concept presented in Fig. 1b
allows parallel connection of PV modules at the grid side [4].
In that case, each PV module features direct AC connectivity
since #INV integrates both the galvanically isolated step-up
DC-DC converter and the grid-tied inverter. This concept is
common now in residential and small commercial PV power
systems mostly because of its expandability as well as
simplicity of installation and maintenance.

Both of the approaches discussed (Fig. 1) usually require
the DC-DC converter, which must ensure high step-up ratio of
the input voltage, maximum power point tracking, at the same
time, providing high conversion efficiency. To analyze the
technology trends in this field, the state-of-the-art galvanically
isolated step-up DC-DC converter topologies for MLPE
applications are discussed in Section II. Section III proposes
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Fig. 9. Generalized equivalent circuits of the ZSSRC operating in the buck mode: #) <t <t (a), t; <t <t;(b), <t <t;(c), t; <t <t,(d) and t, < r <15(e).
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C. Boost Mode v
TX,sec(max)
If the input voltage drops below the predefined nominal Vixe
level, the converter starts to operate in the boost mode similar ) f
to the traditional qZS converter [20]. The output voltage is
controlled by the PWM when the shoot-through states are -V sec(max)
generated by the symmetrical overlap of active states. Shoot- I /\ .
through states are generated by increasing the duty cycle of 0= — L
the switches over 0.5, which causes the active states of the top
(S1, S3) and the bottom (S>, S4) switches to overlap each other Ve Vo =2Vrxsec(man
[22]. The switching frequency of the qZSSRC in the boost Vea(an=Vrxsec(ma)
mode remains fixed to the resonant frequency. In this case, the
duration of the shoot-through state #s7, i.e. when all the 0 -
switches of the inverter bridge are simultaneously turned on, Ver [ ] [
defines the DC voltage gain of the converter. The inverter IS}]
switches are controlled without dead-time and the steady-state v t
waveforms are shown in Fig. 11. oy \—‘/ )—l
[to < t <1, Fig. 12a]: at 1y, all four switches of the inverter ot X t

bridge are turned on and the converter enters the shoot-
through state. The switch S,zs is turned off before the instant 7

Fig. 11. Steady-state waveforms of the gZSSRC operating in the boost mode.
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Fig. 12. Generalized equivalent circuits of the ZSSRC operating in the boost mode: 7, <t <t, (a), t; <t < t,(b) and during the dead-time of the S,z (c).
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During the shoot-through state, the currents of the qZS
inductor will linearly increase to their maximum value:

Vey Dsr . 1-Dgr
4qusf5W 1-2Dgr

where Ipy is the average input current of the converter and Lyzs
is the magnetizing inductance value of the qZS inductor.

[t; <t <t, Fig. 12b]: at #;, the switches S> and S5 are turned
off, the synchronous switch Syzs is turned on after dead-time
and the active state begins. Diagonal switches S; and S are
conducting and the stepped-up voltage from the qZS network
is applied to the primary winding of the isolation transformer:

(14)

11 gzsmaxy =Lpy +

VP vV

. 15
1-2Dg; (1)

Vix prmax) =Vegzst +Vegzsa =

Similar to the normal mode, the current of the Ly and the
voltage of parallel combination of C; and C, start resonating.
The qZS inductor current is linearly decreasing to minimum:

_ Vey Dsr . 1-Dgr
4LqZSfSW 1-2Dgr

(16)

I LgZS(min) — Ipy

At the instant 7, the switches S> and S3 are turned on, while
the switch Syzs turns off before that instant. The resonance
ends early and the converter enters the second shoot-though
state similar to [#9 < ¢ < #;]. It is seen from Fig. 11 that in the
boost mode, the inverter switches are always hard switched,
while the VDR diodes feature the near-ZCS operation.

In order to prevent the damage of the circuit, which could
be caused by the simultaneous conduction of the inverter
transistors and synchronous switch S,zs during the shoot-
through states, a dead-time is introduced before the turn on
and off transients of the S,zs, as shown in Fig. 11. During the

dead-time, the body diode of the S,zs is conducting and the
equivalent circuit of the converter during that time period is
shown in Fig. 12c. This state enables safe transition from the
shoot-trough to the active state and should be longer than the
control signal propagation delay of the inverter switches.

The normalized voltage gain of the qZSSRC in the boost
mode depends directly on the shoot-through duty cycle Dsr:

Gy = 2E_— L
boot 2nVpy (1-2Dgy)

amn

It is seen from Fig. 13 that for the threefold input voltage
regulation range, the shoot-through duty cycle should vary in
the range from 0 to 0.33. However, in real systems, the
practical voltage gain in the boost mode could be seriously
affected by the losses in the primary side of the converter
where the major part is formed by the conduction losses of
semiconductors [25].

V. CONVERTER DESIGN AND CONTROL CONSIDERATIONS

A. Magnetically Integrated Quasi-Z-Source Network

To improve the power density, the proposed qZSSRC
features the magnetically integrated qZS network, which is
based on the coupled inductor with unity turns ratio. The
highest current ripple through the coupled inductor occurs in
the boost mode at the minimum input voltage, when the shoot-
through duty cycle reaches its maximum value. Fig. 14 shows
the equivalent circuit of the synchronous magnetically
integrated quasi-Z-source network.

Usually, the qZS network is considered symmetrical and
therefore, the leakage inductances are omitted from the design
guidelines [26]. In real systems, the parasitic inductance of
interconnection wires between the PV module and the
converter (L,) contributes to the input winding leakage
inductance Lj;, which results in different current ripples of the
winding currents /; (i.e. Ipy) and I

VPV(min)lel*DST(max) (1 - DST(max))

= , (18)
Ssw (le1*le2 + Ly (Lygys + Ly ))' (1=2Dgr(max))

Al
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Fig. 19. Block diagram of the control system developed for the proposed converter.

Software control algorithm is executed only when the
protection algorithm reports that the measured values are
within the safety range. Maximum power point tracking
algorithm calculates the reference input voltage Vpygey. Error
between the reference and measured values of the input
voltage is applied to the input of the PI controller. Saturation
block with a mode selector allows smooth transition between
the operating modes of the converter. Positive values of the PI
controller output define the shoot-through duty cycle, while
negative values determine the phase shift angle. Shoot-through
duty cycle and phase shift angle define the compare values of
the high-resolution timer (HRTIM), which is employed in the
microcontroller. Equations for the calculation of the compare
values are shown in Table II. The HRTIM generates control
signals for the converter transistors. The physical output
signals of the HRTIM are forwarded to the gate drivers of the
corresponding transistors.

The proposed control system is quite simple since it does
not control the DC-link voltage. In many distributed
generation applications, the DC-link voltage is balanced by the
power consumption of the load, i.e. inverter, energy storage,
etc. Hence, the experimental study was performed by using the
electronic DC load in the constant voltage mode. If the DC-
link voltage exceeds the limits defined for the normal
operation, the protection algorithm will disable the converter
operation.

B.  Experimental Results

Steady-state operating waveforms of the experimental
multi-mode qZSSRC are presented in Figs. 20-22. To acquire
the operating waveforms, the digital phosphor oscilloscope
Tektronix DPO7254 equipped with the Rogowski coil current
probe PEM CWTUM/015/R, current probe Tektronix
TCPO030A and high-voltage differential voltage probes
Tektronix P5205A were used. The converter was supplied by

the PV panel simulator Keysight E4360 and loaded by the
programmable DC electronic load Chroma 63204.

First, the converter was tested in the normal mode at
Ver=34 V and P =250 W (point 4 in Fig. 17). The switching
frequency was equal to the resonant frequency and the current
through the isolation transformer has pure sinusoidal
waveform (Fig.20c). As a result, the inverter switches
(Fig. 20d) and VDR diodes (Fig. 20e) are all operating under
ZCS. Moreover, the inverter switches feature ZVS in addition
to the near-ZCS due to magnetizing current recharging
parasitic output capacitances. As can be seen from Fig. 20c,
the synchronous switch S,zs is constantly conducting, the
voltage of capacitor Cyzs» is zero and the voltage of the
capacitor C,zs; equals the input voltage.

Steady-state waveforms of the proposed converter in the
buck mode with 45 V input and an operating power of 135 W
are shown in Fig. 21 (point C in Fig. 17). To step-down the
input voltage, the phase shift angle between the two inverter
legs was set to 130°. The operating waveforms (Fig.21c)
reveal that the current through the isolation transformer is
discontinuous. Hence, the VDR diodes are all operating under
the full-ZCS (Fig. 21f). Inverter switches in the leading leg (S;
and §,) feature ZCS turn-on and near-ZCS combined with
ZVS turn-off, which is supported by the magnetizing current
of the isolation transformer. Switches in the lagging leg of the
inverter are characterized by full-ZVS operation, which is
ensured by the proper selection of the dead-time duration.

Finally, the converter was tested in the boost mode with
25V input and an operating power of 250 W (point B in
Fig. 17. To step-up the input voltage, the shoot-through duty
cycle was set to 0.18. The experimental waveforms show that
in the boost mode (Fig. 22) the inverter MOSFETSs are hard
switched, however, the VDR diodes feature ZCS. Fig. 23
shows the experimentally obtained control variables of the
proposed converter. It was confirmed that the converter is
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Fig. 22. Experimental waveforms of the ¢ZSSRC in the boost mode at Vpy =25 V, P=250 W and Ds=0.18: input voltage, input current, and intermediate DC-
link voltage (a), voltages of qZS capacitors and voltage of the switch S,zs (b), intermediate DC-link voltage and isolation transformer primary winding voltage
and current (c), voltage and current of switch S; (d), voltage and current of diode D, (e), voltages of VDR capacitors and output voltage of the converter (f).

the boost mode when the converter operates at 100 W in the
conditions of minimal input voltage and rated current
(Vey=10V, Ipy=10 A). According to Fig.23, the shoot-
through duty cycle in this operating point has the maximum
value of 0.41 and the converter demonstrates the maximum
DC voltage gain of 40 (G = Vpc / Vpy according to Fig. 1).

As it is seen from Fig. 17, the converter features maximum
power in the voltage range from 25 to 34 V. Fig. 25 shows the
efficiency curves as functions of the operating power acquired
in the selected operating points within the maximum power
range. The converter was also tested with the peak power of
300 W, which imposed no serious efficiency penalties. The
peak efficiency obtained is within the target power range from
200 to 250 W.

As mentioned above, the proposed converter was specially
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Fig. 23. Experimental control variables of the proposed converter.

34 V and under light-load conditions if the converter remains
operating in the normal mode.
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impedance source electric energy conversion technology,
implementation of the new wide bandgap semiconductors in
power electronic converters, and control of the renewable
energy conversion systems.

Elizaveta Liivik received Dipl.-Eng,
M.Sc. and Ph.D. degrees in Electrical
Engineering from the Department of
Electrical Drives and Power Electronics,
Tallinn University of Technology, Tallinn,
Estonia, in 1998, 2000, and 2015,
respectively.

#.1 She is currently a Researcher at the

g A
Department of Electrical Engineering, Tallinn University of
Technology. From 2002 to 2007, she was a lecturer in the
Department of Electrical Drives and Power Electronics,
Tallinn University of Technology. Her main research interests

include impedance-source power electronic converters,
renewable energy and distributed generation, as well as
control and reliability issues of power electronic converters in
active distribution networks. She has authored or co-authored
more than 25 research papers and 1 book.

Indrek Roasto received the B.Sc and
M.Sc degrees in electrical engineering
from Tallinn University of Technology,
Tallinn, Estonia, in 2003 and 2005,
respectively. At the end of 2009 he
defended the PhD Thesis devoted to the
research and development of smart control
and protection systems for the high
voltage high power galvanically isolated DC-DC converters.
After PhD studies he has spent 9 month in Poland in Gdynia
Maritime Academy as postdoctoral researcher.

He is currently a Researcher with the Department of
Electrical Engineering, Tallinn University of Technology. He
has over 95 publications and owns five Utility Models and one
Patent in the field of power electronics. According to Google
Scholar the total number of citations is over 700 with the h-
index of 13. His research interests are in digital control of
switching power converters, including modelling, design, and
implementation.

0885-8993 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



