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This paper discusses further modifications of #eent popular qZS-based DC/DC converter desigrhby t
introduction of the resonant LC circuit in serigsthe primary winding of the isolation transformdhe
primary aim is to achieve the zero voltage and zenwent switching of transistors. As an additiobanefit
of the resonant LC circuit, the converter is aldgperform the voltage buck function simply by chiagdghe
switching frequency of the transistors. The congnihciple of the converter and its main operatimgpdes
are explained. The theoretical assumptions are xgatally verified by help of the small-scale bestch
of the converter.
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Introduction. The quasi-Z-source (qZS) based DC/DC convertea inovel approach to the
galvanically isolated step-up DC/DC converters 2], Thanks to the gZS-network at the input side, th
converter features such important benefits as igoatis input current, shoot-through immunity, lowush
current during start-up, and wide regulation freadaf the inverter (integrated buck-boost functidtyal
Due to its properties, the converter is especiallitable as a power conditioner for renewable gnerg
sources.

Further modification of the qZS-based DC/DC coraeit analyzed here. The new topology was
derived simply by adding the resonant LC circuitsieries with the primary winding of the isolation
transformer (Fig. 4). As in a baseline topology, the output voltageasitrolled by the variation of the
shoot-through duty cycle, which could be realizediifferent ways [3]. In our case the shoot-throstdtes
are created by the overlap of active states, awrshio Fig. b. It is remarkable that the inverter operates
without dead time and the duty cycle of activeedtaif transistors is greater than or equal tol0the ac-
tive state duty cycle is greater than 0.5, oveiilagppccurs and the shoot-through states will bateck Dur-
ing this operating mode the current through thesiiter switches reaches its maximum, the voltagesacr
the inverter bridgeUpc) and, consequently, the voltage of the primarydivig of the isolation transformer
(Ut) drops to zero. The operating period of the isotatransformer in this control method consistsaof

shoot-through stateand an active statg:
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T =ty +tg.

(1)

(2)

whereD, andDs are the duty cycles of an active and a shoot-tiraiate, correspondingly. As Eq. (1) and
Fig. 1b show, the duty cycle of the active state will vaiiyh the variation of the shoot-through duty cydte

approaches its maximum in the non-shoot-throughenadhen the input voltage is high enough and the

shoot-through states are eliminated, and vice yensthe conditions of minimal input voltage whehe

shoot-through duty cycle is maximal, the duty cyafeactive states will have a minimum value. It sl

also be noted that for the proposed voltage-fed mp8Slogy with the positive input voltage, the nranm

shoot-through duty cycle should never exceed Othesystem could get instable.
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Based on this methodology, the switching statesiesgece is presented in Table 1. The states are

shown for one switching period of the isolatiomBfrmer. As it can be seen, the transistors wottk the

same switching frequencies, thus have equal swiiclosses.

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: rlofmnanon-shoot-through), boost (or shoot-throughil
buck (or series resonant) mode. The first two madessimilar to those of the traditional qZS-baB&iDC
converter, however the buck mode provides an amiditiadvantage gained by the implementation of the
resonant network.

In the normal mode the input voltage is equal ®BC-link voltage Un=Upc). The switching fre-

quency of the inverter switches is equal to themast frequencyfé,~f,) and can be defined as

1 1
fo,=f =— |1
sSw r 27T LrCr ’ (3)

wherelL, andC, are the inductance and capacitance values ofgwnant inductor and the capaci-
tor, respectively. Fig. 2 shows the theoreticalrapeg waveforms of the qZS-based resonant DC/DE& co
verter topology in the normal mode. Switches hee loe turned on and off at perfect zero voltagezaznd
current condition. Therefore, in this mode, maximefficiency can be achieved. In this operation mibee
current in the resonant circuit can be assumedsaseavave but the total voltage across both ofdlaetive
elements is zero. It is assumed that diagonal be&@ 1, T4 andT2, T3) are conducting half the period. At

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

U, =U\y =Ugyr Kky, (4)
whereUgyr is the output voltage of the converter dqaetN /N, is the transformer turns ratio.
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The same voltage is also applied to the resist&n¢leat is actually the impedance of the resonant

circuit. Output voltagd®oyr of the converter can be expressed as

2l k
UOUT — Tr,mﬂTr DRI , (5)

whereR is the resistance of a load. Average current pHrdycle of the resonant circuit is

20
ITrz%' (6)



Taking into account that the input power of thevamter isPin=U y'I\n, the power balance between

the resonant circuit and load can be expressed as

2|Trm I%rm 4I-|2—I'm|:k'|gl’E|R|
MY =0 . 7
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The amplitude value of the resonant circuit cureamt be found as
o AU, @®
Trm~™ o> o5 .
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If the input voltage of the converter drops beltv hominal value, the converter starts operation in
the boost mode. In order to boost the input voltgeéng this mode, a special switching state —stheot-
through state — is implemented in the inverter cadnDuring the shoot-through states, the primaiyding
of the isolation transformer is shorted throughsalitches of both phase legs. This shoot-througte gor
vector) is forbidden in the traditional voltage smiinverters because it would cause a short ¢ticfubC
capacitors and destruction of power switches. Th8-getwork makes the shoot-through states possible,
effectively protecting the circuit from damage. Mover, the shoot-through states are used to bbest t
magnetic energy stored in the DC-side inductdrsandL2 without short circuiting the DC capacitogil
andC2. This increase in the magnetic energy, in turoyigies the boost of the voltage seen on the inverte
output during the active states. In this operatimyde the switching frequency of inverter switchggis
fixed to the resonant frequendy Fig. 3 shows general operation waveforms in thesb mode where
switches can be turned on and off at almost perea voltage and zero current condition.

In the boost operating mode the shape of the resamauit current ;) can be also assumed as a

sine wave and the relation between the amplitudieevaf this current and the output voltage can ée d

2
Trm

scribed using (5). Power losses in the resonaatitican be calculated &350, [R . However, some ad-
ditional power losses caused by the shoot-throtates of the gZS-inverter will appear in the baosde.
These losses can be simply describeu%,aﬂ?qzs, wherely is the input current of the converter aRgsis

the equivalent resistance of the qZS-network dusimapt-through states.
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For the boost mode, the input current of the carveran be expressed as

20 Tr,m

IIN :7'1'(1——2DS). (9)

Neglecting losses in the transformer and the iiectithe power balance of the converter can be
written as
Py = Aqus +AR; + Royr. (20)

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

the resonant circuit during the boost mode canxpeessed as

AU\ 71(1- 2Dg)
8Ryzs + 8% R (L-2Dg)? + 7°R, (L-2Dg)*

| tRm = (11)

In the proposed topology the buck mode is an dxtm@efit over a baseline solution. In the buck
mode the qZS-based resonant DC/DC converter opeasteé conventional series resonant converter [4-8]
and controls the output voltadg increasing the switching frequency of the qz&imer from the resonant
frequencyf, to its maximum switching frequencys{may. The theoretical operational waveforms in this
mode are depicted in Fig. 4. In this configuratithre resonant tank and the load act as a voltageedi By
changing the switching frequency, the impedancih@fresonant circuit will also change. Since i igolt-
age divider, the DC gain of the qZS-based resob&IDC in this operating mode will be always lower
thanl.
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Experimental Verification. To verify the theoretical assumptions an experialeprototype
(Fig. 5) was assembled in accordance with the sahesnshown in Fig.d Its main component types and
values are specified in Table 2. The switching dexepy of the qZS-inverter was set to 23 kHz. Theese
resonant tank was also designed for 23 kHz resentaquency and consists of a 48 uH inductor ang 1

capacitor. During the experiments the converter stadied in three operating points according tol& &b



Fig. 5

Table 2
Component Type Value
c1 C2 Chip Monolithic Ceramic 13uF
' Capacitor SMD1210 X7R 2.2uF 100V GRM32ER72A225K (matrix configuration)
C3 Metallized Polypropylene Film Capacitors EPCO3B&G4406 40 uF
L1, L2 Low Profile, High Current SMD Inductors IH-6767GZ-Al . 56”'._| .
(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) D¢ Da fou (KHZ) Uout (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 nahinput voltage when the gZS-inverter operates
as a traditional voltage source inverter. The vitg frequency wak~f,= 23 kHz. Inverter switches oper-

ated at their maximum possible active state dutyecfD, =1) without any deadtime.
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Fig. 6a shows that the input voltage and current haveatirshapes without any intolerable ripple.
The intermediate DC-link voltagépc equals the input voltagd,y. Fig. @ shows that transistor switches
turned on and off at zero voltage and zero curegsitshown in Fig. B, the current shape of the transformer
current is close to a sine wave. Moreover, theraoscirculating component in the transformer curren
Thus, it could be expected that the maximal efficieof the converter can be achieved in this opmrat

mode.
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In the second operating point the converter watedeat the minimum input voltag® (=50 V)

when the maximal shoot-through duty cycl&s)(was applied in order to obtain the rated outmltage
(Uout=95 V). Operation frequency of transistor switchggcorresponds to the resonant frequehof the
resonant circuit f6w=f,=23 kHz). Fig. @& shows the input voltage and input current when itherter
switches T1...T4) are operated at the maximal shoot-through dutyec§ps=0.25). The input current shape
shows that the converter operates in the continaonduction mode (CCM). Figh%hows that during the
first shoot-through states]) and active states) intervals, the transistors are fully soft switdh&he second
shoot-through states® starts in the zero voltage conditions but its1taff is hard switched. The current
shape of the transformer current is still close &ne wave (Fig. H). Fig. 11 presents both capacitor volt-
ages Uc; andUc,) and the intermediate DC-link voltage of the qA8erter. As predicted theoreticallypc

Is a sum of capacitor voltages of the gZS network.
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To verify the converter in the buck mode the inpattage Uy was set to its maximum value

(150 V) andUqyt was regulated to 95 V level. The procedure waslainid that of the traditional series
resonant DC/DC converter - by increasing the switglfrequency of transistors up to 45 kHz. The st
ing current in this mode does not contribute togbever transfer of the converter (Figsbldhd 1®). The
input voltage and current waveforms (Figalare similar to those of the normal operating m(ielg. &).

Another distinction of the buck operation modehiattthe transformer voltage and current are phiaisied.
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Conclusions.The proposed qZS-based resonant DC/DC converteniedified version of the tradi-
tional qZS-based DC/DC converter. It can operatinénbuck and boost operation mode in contrasttia-a
ditional series resonant converter that performyg tre voltage buck function. Thus it is a very idsisle
circuit topology when the input voltage and thedl@ange of the converter are very wide. Experinemta
sults showed that thanks to the implemented seegsnant LC circuit, the qZS-based DC/DC converter

could be soft-switched in all operating points gxaminor power dissipation at the turn-off transiehthe



second shoot-through state in the shoot-throughembtbreover, the new topology combines the advan-

tages of the series resonant DC/DC converter \hitke of the qZS-based DC/DC converter:

voltage buck mode could be realized by increadegswitching frequency from the resonance
frequency point;

e series capacitdt, blocks the DC voltage, thus avoiding the transfarsaturation,

e continuous input current,

e shoot-through immunity,

e low inrush current during start-up.
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Ipeonoscena mooudurayus cxemul keasu-umnedancrozo DCIDC npeobpazosamens nymem nociedosa-
menbHo2o eKatoYeHUs pezonancho2o LC-36ena u nepsuunoti 0OmMomxu uzonupyroueco mpancoopmamopa.
Omo nozeonsem 00cmutb KOMMYMAYUU MpaH3UCMopo8 Npu HyJ1eeoM mokKe U Hyneeom HanpsaxceHuu. K 0o-
noIHUmMenbHbiM npeumywecmeam npeonodcennou cxemvl DCIDC npeobpasosamens modicno omuecmu cno-
COOHOCMb NOHUNCAMb HANPACEHUE NYMeM USMEHEHUs YaCOmbl KOMMYmMayuyu mpanzucmopos. Paccmom-
DeH NpUHYUn ynpasieHus npeobpasosamenem u e2o 0CHO8Hble pexcumsl pabomul. IIpednodcennvie 2unome-
361 OBLIU IKCNEPUMEHMATLHO NOOMBEPHCOEHBL C NOMOUBIO 1aDOPAMOPHO20 MAKemd.
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3anpononosana moougixayis cxemu keazi-imnedancnozo DC/DC nepemeoprosaua uwinsixom nociiooeHo2o
erntouenns pesonancnoi LCianku ma nepeunnoi oomomxu izonorouoeo mpancgopmamopa. Le dozeonsie
0ocsemu KOMymayii mpan3ucmopie npu HyIb08OMY CIpYMi ma Hyavogiti hanpysi. /o dooamkosux nepesae
sanpononosanoi cxemu DC/DC nepemesopiosaua modicna gionecmu 30amHicmes NOHUNCYEAMU HANPY2Y

WLAXOM 3MIHU 4ACMOMY KOMymayii mpan3ucmopis. Posenanymuii npunyun Kepyeanus nepemeopiosavem



ma 1020 0OCHOBHI pedcumu pobomu. 3anpononosani cinomesu 6yau eKCnepUMeHmMaiIbHO NiOMEepodCceHi 3a

00nOMO2010 EKCnepumerRmalbHoco makenty .
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