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qZS-BASED SOFT-SWITCHING DC/DC CONVERTER
WITH A SERIES RESONANT LC CIRCUIT

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.
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3anpononosana moougixayis cxemu keasi-imnedancnoco DC/DC  nepemeoprosaua  uiisixom
nocnioo6H020 6KII0OUeHHs. pe3onanchol LC-nanku ma nepeunHol 0OMOmKu 30110104020 MPAHCHoOpMamopa.
Lle 0o36015€ Oocsemu KoMymayii mpan3ucmopie npu HyIbO8OMY CMPYMI ma HY1wosit Hanpysi. /lo
dooamxosux nepesae sanpononosanoi cxemu DC/DC nepemsopiosaua modcna iowecmu 30amuicmb
NOHUDICY8AMU  HANPY2Y WLIAXOM 3MIHU uacmomu Komymayii mpauzucmopis. Posensmymuil npunyun
KepYBaHHsi NepemeoplosauemM ma 1020 OCHOSHI pedcumu pobomu. 3anpononosani 2cinomesu 0yau
eKCnepuMenmanbHo NiOmMeepONHCceHi 3a 00NOMO2010 eKCNEPUMEHMATbHO20 MAKem).

Knrouesvie cnosa: «rsasi-imneoancnuti DC/DC  nepemeopiosau, DC/DC  nepemeopiosau 3
ROCTIO0BHOIO PE3OHANHCHOIO JIAHKOIO, M SIKA KOMYMAayist

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. la). 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 active
state duty cycle is greater than 0.5, overlapping occurs and the shoot-through states will be created. During
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 (Usz,)
drops to zero. The operating period of the isolation transformer in this control method consists of a shoot-
through state zyand an active state #,:

t t
?A+?S=DA+DS=1, (1)
T=t,+t,. (2)

where D, and Dy are the duty cycles of an active and a shoot-through state, correspondingly. As Eq.
(1) and Fig. 15 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
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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 1 0 0 1
Shoot-through state 1 1 1 1
Active state 0 1 1 0
Shoot-through state 1 1 1 1

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 (Un=Upc). The switching
frequency of the inverter switches is equal to the resonant frequency (fsp=f,) and can be defined as

1 1
Jow =1 =57+

2x\ L,C, ’ 3)
where L, and C, are the inductance and capacitance values of the resonant inductor and the capacitor,
respectively. Fig. 2 shows the theoretical operating waveforms of the qZS-based resonant DC/DC converter
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, 74 and 72, T3) are conducting half the period. At

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

UrzUIN_UOUT'kTr’ 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
i )

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

UOUT =

2.

I r,m
r —
T (6)
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} 413, k3 R
Tr,m U — Tr,m R = Tr,m "“Tr 1

T IN 2 r 7[2 . (7)

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

4 R/ U]N
7R, +8k7.R, ®)

ITr,m -

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 L/ and L2 without short circuiting the DC capacitors CI
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 (/7,) can be also assumed as a
sine wave and the relation between the amplitude value of this current and the output voltage can be

described using (5). Power losses in the resonant circuit can be calculated as 0.5- I3

Trm

additional power losses caused by the shoot-through states of the gZS-inverter will appear in the boost mode.

R, . However, some

These losses can be simply described as I}, ‘R, 75 , where Iy is the input current of the converter and R,z is

the equivalent resistance of the qZS-network during shoot-through states.
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For the boost mode, the input current of the converter can be expressed as
2-1p
/ N = P e,

Neglecting losses in the transformer and the rectifier, the power balance of the converter can be
written as
Py =AF ;5 + APy, + Foyr (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-Upyr(1-2Dg)
8R,zs + 8k2.R,(1-2Dg)? + >R, (1-2Ds)? '

ITR,m =

(11)

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;,ma«)- 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
voltage 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.
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Fig. 5
Table 2
Component Type Value
Cl.C2 Chip Monolithic Ceramic 13uF
’ Capacitor SMD1210 X7R 2.2uF 100V GRM32ER72A225K | (matrix configuration)
Metallized Polypropylene Film Capacitors
3 EPCOSB32776G4406 A0 uF
L1,L2 Low Profile, High Current SMD Inductors IHLP-6767GZ-A1 . S6uH .
(matrix configuration)
Tr Payton Planar n=1/1
Dl 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 U (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 fsy=f,= 23 kHz. Inverter switches

operated at their maximum possible active state duty cycle (D4 =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 Uy. Fig. 6b shows that transistor switches
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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 (Un=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 fgy corresponds to the resonant frequency f, of the
resonant circuit (fsp=f,=23 kHz). Fig. 9a shows the input voltage and input current when the inverter
switches (T'/...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. 9b shows that during the
first shoot-through state (s/) and active state (a) 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
voltages (Uc; and Uc;) and the intermediate DC-link voltage of the qZS-inverter. As predicted theoretically,
Upc 1s a sum of capacitor voltages of the qZS network.
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To verify the converter in the buck mode the input voltage Uy 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 circulating current
in this mode does not contribute to the power transfer of the converter (Figs. 1256 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 traditional qZS-
based DC/DC converter. It can operate in the buck and boost operation mode in contrast to a traditional
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 results
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 advantages of the
series resonant DC/DC converter with those of the qZS-based DC/DC converter:
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e voltage buck mode could be realized by increasing the switching frequency from the resonance
frequency point;

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

e continuous input current,

o shoot-through immunity,

e low inrush current during start-up.
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IIpeonooicena mooughuxayus cxemvr keasu-umnedanchoeo DC/DC  npeobpasosamens nymem
noC1e008amenbHo20  BKIOUeHUss  pe3onancHozo LC-36eHa U nepsuuHol.  0OMOMKU — U30IUPYIOUE20
mparncghopmamopa. Imo no3eonsiem 00Cmutb KOMMYMAyuy MmpaH3ucmopos npu HyieeoM moke U Hy1eeom
Hanpscenuy. K oononnumenvhoilm npeumywecmeam npeonodxcennoti cxemvt DC/DC npeobpazosamens
MOXNCHO OMHeCmU CNOCOOHOCMb NOHUNCAMb HANPANCEHUe NYymeM U3MEHeHUs Yacmomvl KOMMYymayuu
mpan3ucmopos. Paccmompen npunyun ynpasnenus npeobpazosamenem u e2o 0CHOBHbE PEHCUMbL PAOOMbL.
[Ipeonodicennvie  cunomesvl ObLIU IKCNEPUMEHMANLHO NOOMBEPHCOEHbl C NOMOWDBIO 1ADOPAMOPHOO
Makema.

Knwuesvie cnosa: rsazu-umneoancuwiii. DC/DC npeobpazosamens, DC/DC npeobpazosamens ¢
noc1e008amenbHbIM Pe3OHAHCHBIM KOHMYPOM, MASKAS KOMMYMAYUsl
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