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Abstract. This paper presents some design guidelines for a new This paper covers hardware optimization methods and
voltage fed step-up DC/DC isolated converter. The most  practical design guidelines in order to increaseveder
significant advantage of proposed converter is voltage buck-boost efficiency, because the proposed converter is @-ugte

operation on single stage. The most promising application for L . .
proposed converter isin the field of distributed power generation conyerter, ie. it has m_|n|mal voltage and.maxmalrent on
eg. fud cellsor photovoltaic. the input side, but maximal voltage and minimakent on the

The most sensitive issues - such as power losses caused by high ~ output. Therefore, to achieve better performancecisp
currents in the input side of converter and high transent attention should be paid to the design of the cdeve
overvoltages across the inverter bridge caused by stray The converter was studied at the minimal allowabpsut
inductances were discussed and solved. The proposals and \gtage when maximal voltage boost is demandedndans
recommendations to over come theseissues ar e given in the paper. . - g . .

that this is the heaviest working point for tratwis because

The Selection and design guideines of converter elements are . . . .
proposed and explained. of the highest currents in the converter input sidenents and

The prototype of proposed converter was built and the inverter bridge.
experimentally tested. Some results ar e presented and evaluated. To improve converter efficiency the following comerations

o should be taken into account:
Keywords: DC/DC power conversion, impedance converters e loss minimization on the input side of the conver&ince
stepping-up of low voltage is always connected whitjh
currents on the converter input side (QZS-netwgriksive
The paper presents a brand new step up DC/DC denver elements (capacitors  and coupled inductors),

. INTRODUCTION

topology for distributed power generation (Fig. Detailed semiconductors and wiring techniques should bectsle

design guidelines and analysis of proposed volfadejuasi- properly in order to reduce active power losses and

Z-source inverter based isolated DC/DC step-up edavwas increase converter efficiency and reliability. Maver,

presented by authors in [1]. improved converter efficiency enables dimensionsbéo
The main distinction and major advantage of theppsed reduced, which would raise power density;

converter is voltage buck-boost operation in alsistage that e loss minimization in converter semiconductor eletsen
results in lower costs and decreased losses. Tiferetice Losses in semiconductor bridge transistors mostiyedd
between the proposed converter and the conventimitge on the operation current. To minimize losses itésessary
stepping-up converter is in the use of the uniquenection of to select transistors with better characteristivtd ehoose a
coupled inductorl(l andL?2), two capacitorsGl andC2) and control algorithm;

the diode P1), called quasi-Z-source (gZS) network [2], [3].e special attention should be paid to operating geitaof the
The gZS-network allows utilizing an extra switchiatate of  gqZS-network diode and the inverter bridge. The Hjgegnd
converter called — shoot-through state. The shoough state  problematic issue of a converter is voltage ovesshon the
is simultaneous conduction of both switches inghme phase 0ZS-network diode and the inverter bridge causedstbay
leg of inverter. The shoot-through state is foreiddn the  inductance. These phenomena can destroy semicamduct
traditional VSI, because it will cause a short wircof the ~ switches or cause the undesired power dissipationEMI.
voltage source and damage the devices. One mdiectisn ~ TO cope with those problems snubber circuits shdagd
of the proposed converter is that it always hasticoous  Studied.

input current during the shoot-through operatingleno
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Fig. 1. Simplified power circuit diagram of the pased converter.
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Operating parameters of the investigated conveater
presented in Table I.

TABLE |
GENERAL PARAMETERS OF THEPROPOSEDSYSTEM

Parameter Value
Input voltageUy 40V
Desired DC-link voltagé&Jpc 80V
DC- loadR 400Q
Isolating transformer ratin 1:3.75
gZS-network operation frequentys 10000 Hz
Transformer operation frequenfzy 5000 Hz
Inductor current ripplec 25%
Shoot-through duty cyclBs 0.25

Il. LOSSMINIMIZATION ON THE INPUT SIDE OF THECONVERTER

Since the qZS inverter (qZSl) based boost conveder
intended for low voltage (40 V) stepping up (600, Wjgh
current values in the gZS-network at high poweinge of the
system are unavoidable. High currents occur eslhediaring
shoot-through states. Since losse$’R)( are directly
proportional to the current, serious attention $thdne paid to
conductor design and selection.

A. LossMinimization in Conductors

If the power rating of our converter is, for exampl000 W
and the input voltage is 40 V, then the currerthatconverter
input is 25 A. Power losses in the conductors are

P

cond.losses

=1°R , (1)

02/02/2010
where (b)

Fig. 2. Conductors of the qZS network (a) and tleemmage (b) gZS-network.

R=p= . )

I

S ambient £C), A is cross-sectional areat)), n is conversion

) o ) coefficient from square meter to square mits1(550003100),
wherep is the resistivity of the conductdris the length of -0 024 is used for inner layers akeD.048 is used for outer

the conductor an8 is the cross-sectional area of current flow(top or bottom) layers [6], [7].

It is obvious from (2) that active resistance of thire can be Laminated copper busbars can be implemented ngttonl

reduced using wires with a large cross-sectiona&aar gepress conduction losses but also to build cagamt which
Additional resistance of a conductor can causeecaldleves, ,.id work as an additional input filter.

screws and their connection points. The connedtiayge and
thermo image of the qZS-network is shown in Figad . B.  LossMinimization in Semiconductors

The thermo image (Fig. b} shows an approximate Since the power semiconductors are situated oprih@ary
temperature of gZS-network connecting wires (citcdeound side of the converter, high currents pass throbhghdiodeD1
with oval lines), i.eT = 42°C. and inverter switchesr1-T4 can cause significant power

To minimize the undesired power dissipation it dam losses. It means that very serious attention shbealgaid to
recommended that in the place of wire and cablevsie loss estimation and selection of power semiconascto
printed circuit boards (PCB) (for low power convery or

. . . 1. Loss minimization in transistors
laminated copper busbars (for high power convejsine

highly recommended to be implemented [4], [5]. Tioaninal In the PWM .inverter, each_ switching device has ® b
current for PCBs trace can be found as selected according to the maximum voltage applieel,peak
and average current going through it and operdtaguency.
| = k-AT %4.n. A%, ©) The hyper-fast IGBT transistor with low voltage gdro

(IXGH 32N60BU1) was selected in converter prototyphe
wherel is maximum current), AT is temperature rise above Oscillograms with voltage and current waveformstiw# top
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For active state average collector current caretmulated as

and bottom transistor of one inverter leg are showhig. 3
and 3, respectively.

Because of the successful control algorithm, the to | __P
transistors T1 and T3) are soft switched (Fig.&3, but the clanA 2:Up’
bottom transistorsi andT4) are hard switched (FigbR

(6)

whereUpc is DC-link voltage.

In the case of bottom transistors, dynamic loskesild also
be considered. The bottom transistor dynamic lossasist of
two shoot-through state on/off switching lossesvacstate
on/off switching losses.

For estimation of dynamic losses (switching onloffses),
it is necessary to know other datasheet parametigns: on
energy dissipatiolk,,, determined by graphs,, =f(I¢); turn-
off energy dissipatioit« determined by the graphBq=f(lc).
Dynamic losses can be calculated as

I Pos: 325,005

N, @

Tek
+ 3
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Soft switching
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¥ through
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wheref is switching frequency.

Data sheet values of transistors dependentl®nare
presented in Table II.

TABLE II
TRANSISTORPROPERTIES ATCOLLECTOR CURRENT

le, A Uceay, V Eon, mJ

12.5 1.4 0.37 0.38

shoot-through state 12.5 1.4 0.37 0.38

Taking into consideration those values, the resylpower
losses of transistors are presented in Table Itdmparison
with experimentally measured values.

TABLE Il
COMPARISON OFCALCULATED AND MESUREDTRANSISTORLOSSES

Tek S Trig'd b Pos: 367.0,05
+

Bottom transistor

State Eofr, mJ

active state

Ue

shoot
through
state2

shoot
through

: it Loss Top Top Bottom Bottom
= (calculated) | (measured)| (calculated) | (measured)
CH2 1004 M 2500 -
8-pr—10 16:35 Static 175w 185W 175w 18.7W
Dynamic ow 09w 112w 154 W
(b) Total 175w 19.4 W 28.7W 34.1W

Fig. 3. Voltage and current waveforms of transistor one inverter leg:

transiStorTL - (a) and transistai2 - (b). Because of soft switching of transistdis andT3 it can be

concluded that dynamic losses are 0. The differdreteeen
the measured and calculated values could be becdube
Gdisplacement of data sheet values and real values.
Since the conduction losses comprise the biggest gfa
Ct)sses, the switches with smaller forward voltaggpdshould
e recommended.

For estimation of static power losses, it is ne@gst0
know saturation voltag€ce from device datasheet determine
by the functionUce=1(l¢).

As Fig. 3 shows, the current shape during both tsho
through states and the active state. Since themushape is

the same, the static losses are equal and cartivaies! as
Since the Shottky diode is used, reverse-recovesels can

4 S

@) be neglected because the reverse-recovery timerysshort.
is collector current, which for the shoot-throughconsequently* the static losses of the diode asenéial and
can be calculated as

2. Loss minimization in the diode

P

at = | u

C(av) "~ CE(sat) 1

where Iy
state can be calculated as

P-Dg Poa =1¢ -Ug, (8)

' ®)

Clav),s — )
U

m where Ig is the average diode currerd- is diode forward

voltage drop durindg, In proposed converter high voltage

whereP is system power ratind,y is input voltage an®s is
power Schottky rectifier (STPS160H100TV) was usEdr

shoot-through duty cycle.
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the implemented diode §t=25 A theUg=0.275 V and static
losses Pg.) are 6.87 W.

Ill. DESIGNGUDELINES FOR THE @ZS-NETWORK

A. Coupled Inductor Design

In discussed qZS-network the shoot-through modesed
to boost the magnetic energy stored in the DC &idactors
without short-circuiting DC capacitors. This incsea in
inductive energy in turn provides the boost of &gé seen on
the transformer primary winding during the traditid
operating states of the inverter. Respectivelyptadiinductor
provides necessary voltage boost in converter.

There are two possibilities for connecting inductdndings
(L1 andL2) — the common mode and the differential mode.
To minimize current ripple on the inductor, the diimgs
should be connected in the differential mode [8], put to
minimize inductor size and weight, the windings ddobe

connected in the common mode. Size and weight

minimization can be explained as in [10], [11], J[1Eor a
single coil (Fig. 4) on one core, the flux througk core is

p=E-N-1, (©)

where E is a constant related to the core material and

dimensionsN is the number of turns of the coil ahdis the
average current through the coil.

, Magnetic core

1 ¢
—>—
Uul ME N
q
I
> q b
Uin w2 N

@) (b)

Fig. 4. Coupled inductor: principle (a) and 1.5 kwample (b).

The inductance of the coil is
L= e, (10)
L

In the voltage-fed qZSI the currents through indust1 and
L2 are always exactly the samé . €l,,=1,) in terms of
waveform and magnitude. For two coils on one coith w
exactly the same currert, the flux through the core is

$=2-E-N-1 . (11)

The resulting inductance of each winding when syippl
exactly the same current to the two windings is

L:¥:2~E-N2_ (12)

L
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It is seen from (12) that the inductance of eachdimg is
doubled. Therefore, for the same operating constioe need
to build two windings with twice-smaller inductandgan in
the case of separate inductors.

The inductor in the gqZS-network will limit the cemt
ripple through the switches during the shoot-thtowstates.
Operating voltagéJ, and operating curremt of one inductor
winding L1 are presented in Fig. 5 The inductor during the
shoot-through statg; storesthe energy but during the active
statet, charges-up the capacitGf with stored energy.
Inductancd. of inductorL1 can be expressed with (13)

U, te
Ai,

L= (13)

whereU, is the inductor voltagdg is the shoot-through time
andAi, is current changes in the inductor durigg

Tek L M Pos: 0,000s
+
T >
I
tS tA
| - | S—
[Coarsel
.U |
LE v i 1 [l,_a_!. L |
| | (g
CH2 250¢ M 250us
3-Apr=10 1551

Fig. 5. Current and voltage waveforms in one wigdin

A distinction of this scheme is that the inductmitage
during the shoot-through state is equal to capa€ilovoltage
Uct [1]

(14)

Taking into account the above and choosing an aabkp
peak to peak current ripple,, the inductance (13) can be
transformed as

Lt
Ui Tts 1
L:UL'ts:Um'ts: 1_2.? (15)
Al Io-Te i fe ,
Uiy

whereP is the power rating of the convertéhy is the input
voltage,r¢ is the desired peak to peak current ripple through
the inductorL1 (I,pf1a).

This section describes design guidelines of thepleal
inductor. The basic calculation method can be used
suggested in [13]. Parameters for the calculatiais
presented in Table IV.
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TABLE IV AP, =17-Ry. (21)
ASSUMPTIONS FORNDUCTOR CALCULATION
Parameter Value Specific surface losses can be obtained
Current density in wirg 2.106 A/nt
Saturation inductionBy, 03T = Apl (22)
Window utilization factork, 0.35 Scool ,
Demanded inductande 0.8 mH

Also, an assumed optimal geometry of the inducter
presented there (Fig.6).

2a

4a

2a

@

<)

(b)

Fig. 6. Assumed inductor geometry: isometric viey (ateral section (b).

Thenumber of turnsN) can be calculated as

L
.S’

I

B

m

N =

(16)

where the cross-sectional ar8af the inductor core can be
calculated as

S

core = 2a2 N (17)

The number of turns in coupled inductor (in botiig)acan be
calculated as

_8alk, ]

I

N (18)

Inserting (17) and (18) in (16) we obtain the widftthe core
sheet

L-12
=4 (29)
16-N-k,-j-B,
The active resistance of one winding is
Iy N-j
Ro=p, o=t (20)
21,

where p,=0,02.10° (Q'm) is the approximate resistivity of

where S is the cooling area of the winding. Regarding to
accepted geometry of inductBg,,=56a%, where the rectangle
Iedge of the winding with high a4 and perimeter 1a is
assumed as the cooling surface.
Heat can be evaluated from (22). Specific surfassdsq
should be 1108 g < 1200 (W/m).
If g is smaller than the given margins, then the ctirdensity
j in the conductor can be increased. Diameter ottmeluctor
is
d I,
:T . (23)

cond

Based on the equations previously described, thelteeare
summarized in Table V.

TABLE V

SPECIFICATIONS OF THEDEVELOPEDINDUCTOR
Parameter Value
Number of turns in one winding 43 turns
Core cross-sectional ar&ge 7.710-4 nf
Active resistance of one windiriRy 0.014Q
Power losses in one windintPy 85W
Specific surface losses 392 Wint
Conductor diameteizoy 1.210-5 nf

B. Power lossesin theinductor

Power losses in the inductor come from core losses
copper losses. Core losses include hysteresisandseddy
current loss in the magnetic cores. Copper lossedwe to the
skin effect and proximity effect, which will increa the
equivalent ac resistancB,c, of magnetic wires OFR loss,
whereR=Rxc+Rpc [14], [15].

To reduce any temperature rise, either core lodewgring
the flux density and/or switching frequency carréduced, as
shown in the following equation [16]:

P

Hysteresis — k-f« '(BAC)ﬂ ) (24)
where Puyseess 1S the hysteresis loss of ferrite materials
(W/m®), k, core constany is frequency constant arfis flux
density constant, is the switching frequency of the inductor
andB,c is AC flux density. Fig.7 shows our selected cedpl
inductor’'s (“Epcos” core material N27) relative eolosses
versus frequency &.,,=0.3 T andT=25°C.

Soft ferrites have the highest resistivity amondieot

copper wire}y is the average length of one turn in the windingnaterials and the eddy current loss is thus usualfya serious

(IN=10a).
Power losses in one winding can be found as

issue [16]. This makes it prominent in high switahi
frequency applications.

111



Scientific Journal of Riga Technical University

Power and Electr

ical Engineering
2010

Volume 27

1000

o S ST S LS RS
800 |-
700 1-
600
500
400

Power losses, Pl [k¥Wm3]

300

200

100

0

15 20 25 30 35 40 45 50 55
Operation frequency, f [kHz]

5 10

Fig. 7. Inductor relative core (material type N2@pses versus operation
frequency.

Use of stranded wires, foil or Litz wires is a preal
solution to minimize copper losses, and decreading
switching frequency can also relieve the skin dfféc the
proposed inductor the foil conductor is used begaitisis
possible to wound the winding more compressed haddil
is much cheaper than Litz wire.

C. Section of Magnetic Core

Many different core sizes and shapes are availebkhe
market for different applications. The most suitabiagnetic
core for the coupled inductor in high power apglmas are
the Ul and E types [16]. They are low cost as caegbavith
other core shapes and because of the simple bahiicture
which has a wide window it is easy to make a wigdin
Furthermore, a variety of sizes are available fwice to suite
almost any application. All of these features makée most
popular core used in power circuits.

D. Sdection of Capacitors

The main purpose of capacitor€1( and C2) in the gZS-
network is to absorb the current ripple and linhi¢ tvoltage
ripple across the inverter bridge [17]. Caused tangient
processes, the high voltage overshoots could oocuthe
gZS-network capacitors (Figag To increase reliability and
operation flexibility the polymer film capacitorsam be
recommended for capacitors of the qZS-netw@k #ndC2).
The performance advantages of polymer film capesiare
electrical stability under AC and DC voltages, #ieal and
physical stability over temperature, resilience emthermal
shock, stability under mechanical stress, ultra-I&8R,
dissipation factor lower than 1% and high voltaggability
up to 500 \bc. As a result of comparison of all these
properties, prices and manufacturer suggestiongppapylene
film capacitors (Epcos B32778, 800 V, fB) were selected
for our converter prototype.

E. Sectionof Diode

Diode D1 is one of the most important elements in qZ$
network. During the active state, it is forward d@d, but

112

during the shoot-through state, it is reverse-llaged does
not allow to shorten the voltage source.

During the diode selection, special attention stidad paid
to the switching properties of it, i.e. the fastoeery diodes
should be preferred to ensure proper recovery tinide
forward voltage drofdJg is another important issue, because
the high values olUr could cause high conduction losses
during active states, which, in turn, could seripwdfect the
efficiency of the converter.

IV. SNUBBERCIRCUIT

Special attention should be paid to operating geltaand
currents of the diodes and transistors. In reattp@ due to
stray inductances and capacitances, very high i@ins
overvoltages and parasitic ringings can occur. Iing could
destroy the diode and transistors or cause thesinedepower
dissipation and EMI. To cope with those problemesghubber
circuits should be implemented.

The basic structure for the snubber circuit wastakom
[10]. Two capacitor£s andC6, and diodeD6, all connected
in series, as shown in Fig. 8, are connected iallghtto the
inverter bridge. The other two diodé€¥ andD5, in series are
connected to the main power circuit from the snulieuit
forming a discharge loop fo€5. CapacitorC7 was put in
parallel with the inverter bridge and along wittpaaitor C5
andC6, and diodeD6 series connection.

Snubber circuit operation can be explained in tteps —
absorbing of overvoltage peaks (charging of snubber
capacitorsC5, C6 andC7) and discharging of snubber circuit
capacitors. As seen from Figa,8when the current to the
inverter|; has step changes, the DC rail snubber provides an
extra absorbing path for the extra current maietiby the
parasitic inductance of the main busbar, helpingetiuce the
overshoot voltage across the deviog7 can be easily
discharged taC1 and C2 through the inductor. Fig.b8shows
the two paths for discharging the other two capasit-C5
and C6 in the snubber circuitlC5 can be discharged through
C2, D4 and D5, but C6 can be discharged throud@i. The
series connection dd4, D5 and D6 is in parallel with the
main diodeD1. The forward voltage drop of the main diode
D1 is relatively higher than that of the low-curreinbdes. The
reason to pub4 andD5 in series is to ensure that most of the
steady state input current goes through the maidedD1
instead oD4, D5 andD6.

A o Ii B
gl i
c54 csdl
- D4 D5 D4 D5 F
NN b o PN Ny e ]
N T D6 "} l/lD6 C7.
|7l
b1 N A4
~
c14= 6 7 66)==
[m, LY T 14 0
c D

@ (b)

Fig. 8. The proposed DC-rail snubber circuit: clireggoop (dashed arrows)
(a), discharging loop (b).
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The capacitorC7 will cause extra loss during the shoot- However, the drawback of capacitor use in the saubb
through, therefore the capacitance of this capatits to be circuit is shown by means of ringings that appeaenvthe

very small.
To provide a clear picture of the effect of snubbiecuit,
the three qZS-network circuits with respective wauas of

snubber circuit is used.
In addition, it can be seen that some transientvoliages
are still present in th&; waveform. This fact leads to the

the DC-link voltage Upc) and voltage of one inverter switch necessity to include an extra element (capadiidy in the

(Uty) are depicted in Fig. 9.

snubber circuit along with the DC-link, as showrFig. <. It

Fig. 9 presents the gZS-network without the snubbds apparent that an extra capacitor makesUhewaveform
circuit. As shown, the transistor voltage oversBamdan reach transient overvoltage free. However, as it was nleskabove
even 2.5 pu values during inverter operation. lditawh, each (Fig. %), an extra capacitor has also a negative impa¢hen
change that occurs in an inverter switch resulviervoltages DC-link voltage. It causes additional voltage rimgg in the

in the DC-link voltage Upc).

Upc waveform during switching-on and switching-off.

Fig. 9% shows the gZS-network with the main snhubber Selected elements for building snubber circuit ior o

circuit. The effect of this snubber can be seebljn andU;
waveforms. As shown, the dc-link voltage now isrvedtage
free and high voltage stresses on transistdr during
switching are also reduced.

A B
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Fig. 9. gZS-network without shubber circuit (a),Stdetwork with snubber
circuit (b) and gZS-network with the snubber citcand with an extra
capacitor along the DC-link (c).

converter prototype are given in Table VI.

TABLE VI
SELECTEDELEMENTS FORSNUBBER CIRCUIT
Device Specification
C5,C6 | (Rifa PHE450MF7100JR06L2), polypropylene 630\(jFL
Cc7 (Wima FKP1T022206B0Q polypropylene 650~V, 0.022F
D4, (International rectifier 30EPHO06), Hyper fast diddV,
D5, D6 | 30A, VF=1.8V, TO247

V.CONCLUSIONS

This paper presents practical design guidelinesaforew
step-up DC/DC converter topology for distributedweo
generation. The converter is intended for applocesi with
widely changing input voltage, e.g. fuel cells twopvoltaic.

The converter consists of a voltage-fed quasi-Z<®mu
inverter with continuous input current, a high-fuegcy step-
up isolation transformer and a voltage doublerifiect

Major considerations for practical design of thegwosed
converter can be listed as follows:

e the converter performs the voltage step-up functiod

in some applications the input voltage could bengai
more than ten times. It means that very high casren
could circulate in the gZS-network and the PWM
inverter. To minimize the undesired power dissipati
special attention should be paid to component
interconnections, especially to sizing of the wiress-
section. Implementation of laminated copper busksars
highly recommended;

e the diodeD1 should be selected in accordance with the
operating frequency: twice and the same as the
fundamental frequency of the isolation transformer.
The Power Schottky diodes could be recommended for
theD1;

e power switches with high operation frequency and lo
voltage drop should be selected in order to redhee
losses of PWM inverter.

e power losses in gZSI switches largely depend on the
control system and the method. If power switches ar
commutated in soft switching mode, then only
conduction losses are present, but if power switclre
commutated in the hard switching mode, then dynamic
losses can comprise up to 45% of the total losses.
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Power Applications, IEE Proceedings, vol.141, n@R,52-62, Mar.
1994.

[15] Cheng, K.W.E.; Evans, P.D.; "Calculation ofnding losses in high
frequency toroidal inductors using multistrand aaectdrs," Electric
Power Applications, IEE Proceedings, vol.142, n@,313-322, Sep.

across the inverter bridge caused by the stray 1995,

inductance of the inverter supply circuit. To mifm
the overshoots the multilayer copper busbars ayeli
recommended,;

implementation of snubber circuits can significgntl

[16] Chan, H.L.; Cheng, K.W.E.; Cheung, T.K.; ChguC.K.; "Study on
Magnetic Materials Used in Power Transformer andluétor," Power
Electronics Systems and Applications, 2006CPESA '06. 2nd
International Conference, pp.165-169, 12-14 No®&20

[17] Vinnikov, D.; Roasto, I.; Jalakas, T., "NeweftUp DC/DC Converter

eliminate h|gh Vo|tage stresses on semiconductor with High-Frequency lIsolation”, in Proc. of IEEE tB5 Annual

switches, but it causes high frequency ringingeraft
switching (on/off) that will increase conductionsges

in semiconductors and cause EMI. Further detailec

research in this area is required;

to increase power density of the converter, the

operation frequency should be increased.
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