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ABSTRACT

A new three-phase single-stage rectifier is propasethis paper. The features of the proposedfrectire that
produce input currents that does not have dead teg®mns and an output current that can be contisushen the
converter is operating from maximum load to atféwsf of the load. In this paper, the operatiortte new converter is
explained, its features and design are discussegbiits, and its operation is confirmed with ekpental results obtained

from a prototype.

KEYWORDS: AC-DC Power Conversion, Single-Stage Powerfactorré@tion (SSPFC), Three-Level Converters,

Three-Phase
I. INTRODUCTION

This approach, however, is expensive and compticaseit needs ten active switches along with aasedigate
drive and control circuitry. Moreover, the conventsust be operated with sophisticated control naghbat require the
converters. Proposed alternatives have includedisit)g three separate ac-dc boost converter modi2jgeR) using a
reduced switch ac-dc converter [3]; and 3) usisingle-switch boost converter [4]. Two separateédwmode converters

are still needed, however, to perform three-phasdcgpower conversion with transformer isolation.

Researchers have tried to further reduce the codt @mplexity associated with single-phase [5]-[12]
and three-phase [13]-[24] ac-dc power conversiotn BRC by proposing single-stage converters thatgmte the
functions of PFC and isolated dc-dc conversion gingle power converter. Several examples of tptesese single-stage
converters are shown in Figure 1. Previously preddbtree-phase single-stage ac-dc con- verterssyewhave at least
one of the following drawbacks that have limitedittwidespread use.
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Figure 1: Three-Phase Single-Stage Ac-Dc Converter&) Three-Phase Reduced
Switch ac-dc Converter [16]. (b) [17]. (c) [18]

* Input currents are distorted and contain a sigaificamount of low-frequency harmonics because the

converter has difficulty performing PFC and dc-dowersion simultaneously [16].

Figure 2: Proposed Converter

» Converter must be controlled using very sophistidaiechniques and/or nonstandard techniques [9]-[11
This is particularly of resonant type convertertthaed variable switching frequency control methtals
operate. 5) Output inductor must be very low, whitdikes the output current to be discontinuous. pafer
presents a new three-phase, single-stage redti@rdoes not have any of these drawbacks. Inpder,
the operation of the new converter is explainesl,féatures and design are discussed in resultsjtand

operation is confirmed with experimental resultsagted from a prototype.
II. CONVERTER OPERATION

The converter transformer to cancel the dc busdparoltage so that the voltage that appearssactive diode
bridge output is zero. This voltage cancellationurs whenever there is voltage across the maisfoemer winding and
current in the input inductors rises when it dd&#$ien there is no voltage across the main transfoprimary winding,
the total voltage across the dc bus capacitorsaapad the output of the diode bridge; since thitage is greater than the
input voltage, the input currents falls. If the upcurrents are discontinuous, they will be naturakarly sinusoidal
(when filtered) and in phase with the input voltag&o simplify the analysis, the following assurops are made: 1)
The input voltage value can be considered as cangtighin a switching period as the period of theee-phase voltage
supply is much longer than the switching periodAR)devices are ideal; 3) The currents in industoa = Lb = Lc = Lin

areiLa, iLb, iLcand have the same amplitude; 4) The dc bus voltageno ripple.

Index Copernicus Value: 3.0 - Articles can be sernb editor@impactjournals.us




A New Three Phase Single Stage Rectifier HS

| | |
Vﬁm [ | ] |
— | | L
Il
[ | | -
Vous
— | |
Vigss | BB
| — '
iL.r\ : \ .
Voni & o
'l | |
[

ty 1.'_ tz 13'.E-: ll:1 ’—E tyts
Figure 3: Typical Waveforms Describing the Modes oOperation

The equivalent circuit in each stage is shown iguFé 4. The converter goes through the followingdesof

operation in a half switching cycle.

Due to magnetic coupling, a voltage appears aavossof the auxiliary windings and cancels the toalbus
capacitor voltage; the voltage at the diode bridggut is zero, and the input currents rise. Du¢hto high switching
frequency, the supply voltage is assumed consté&htrma switching cycle. In this mode, the threexpd input current

equations are as follows:

diL,
Va = La dt
diy,
— b
vy, =Ly "
dip,.

Ve = Lc? ...................... (1)

Vo +v,+v,=0
As it can be seen from (1), the equations that rdesdhe relation between the current and voltafjejput
currentsiLa, iLb, andiLc are the same, but with different notation. Thereforstéad of using terms with subscripts a, b,

and c in this paper, a general notatieris defined so that only one equation is writteriéad of three equations. Equation

(1) can thus be rewritten as,

R 2

The auxiliary inductor current increases during timode, and the following expression can be written

0= 3)

Lin
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Figure 4: Modes of Operation. (a) Mode 1t0 <t < t1). (b) Mode 2 {L <t < 12).
(c) Mode 3 (2<t<13).(d) Mode 4 (3<t<t4)

At the end of Mode I, the current in the auxiliamguctorLin, during the kth interval is

b D e (8

N
lr. .
Linkmax Lin 2fsw

Wherevk is the average value of the supply voltage in tberval k, D is the duty cycle, arislwis the switching
frequency. Since the converter operates with algtetate duty cycle D that is constant throughbatline cycle, the peak

value of an input inductor current at the end @ thode is dependent only on the supply voltage.

The output inductor current can be expressed as

VYbus_

iLo(t)=2NL—OVL.t............... ....(5)

If it is assumed that the output inductor currentontinuous, then the following expression forkpeapeak

ripple can be derived:

. 14 -V D
Aj, =TV D (6)
o LO 2fSW

Mode 2(t1 < t < t2) [Figure. 4(b)]: In this mode,Sl is OFF, andS2 remains ON. The energy stored in the
auxiliary inductor during the previous mode is cdatply transferred into the dclink capacitor. Thaoant of stored
energy in the auxiliary inductor depends upon #ified supply voltage. This mode ends when theliawy inductor
current reaches zero. Also, during this mode, tfael linductor current freewheels in the secondartheftransformer.
The voltage across the auxiliary inductors in Mddés |-—Vk| — Vbus, thus, the auxiliary current expression is as

follows:
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diLin _ |W|_Vbus
dt Lin
> . Vpus—|vk|
Uk (6) = iy, o max = I A @)

This mode ends when the auxiliary inductor curreaiches zero. This mode lasts As;k2fswamount of time;

using (4), the following expression can be found:

O 8)

_Vbus_|vvk)|
WhereAs,kis the normalized period of Mode II. Equation (Bpws that the duration of this mode is time varying

along one ac line period. In order to ensure aodiScuous input current, the normalized peribslk must satisfy the

expressioD+As,k <1 for any interval k and any load conditions. Us{8y this constraint can be written as

[vk|
Vpus > ﬁ ................... (9)

On the other hand, the load inductor current fremaidin the secondary of the transformer, whichndsfa

voltage across the load filter inductor equat¥i_; therefore, the load inductor current is given by

iLO (t) = iLo,max - Z_f;t ......... (10)
, 1-D
Aiy, = Z—L ry e (11)

Consequently, the following expression can be @erifvom (6) and (11)

There is no energy transferred to the dc bus cagaciMode 4(t3 < t < t4) [Figure 4(d)]:. For the remainder of
the switching cycle, the converter goes through &odl to 4, but witts3 andS4 ON instead o051 and2. The rectified

supply voltage of each phase, and the current figuhirough each inductor increases.

Mode 6(t5 < t < t6): In this mode 3 is ON, and34 is OFF. The energy stored in the auxiliary indeetduring

the previous mode is completely transferred inedb-link capacitor.

Mode 7(t6 < t < t7): In this mode 4 is OFF, and the primary current of the main tiamser circulates through

the diodeD2 andS3. The output inductor current also freewheel$indecondary of the transformer during this mode.

Mode 8(t7 < t < t8): In this mode S3 and4 are OFF, and the primary current of the transésroharges the
capacitorCl through the body diodes 8f andS2. SwitchesSl and<2 are switched on at the end of this mode.

Output voltage regulation can be done by standamiral methods that control duty cycle D. Duty &cl
D in (4), is defined as the time wh&h andS2 are both ON during the first half cycle or whehand4 are both ON
during the second half cycle. These two cases sporal to energy transfermodes of operation. Anyrobmethod that
can be used to regulate a two-level full-bridgevester by controlling D can be used to regulategieposed converter;
the only difference is how the gating signals anplemented. For example, the control for the predasonverter can be
implemented with a conventional phase-shift PWMtadler, and some logic can be added to the outptie controller

to generate the appropriate gating signals.
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Various such techniques have been proposed initémture, including techniques that sense the atga
voltages and adjust the duty cycle of the convestatches appropriately. For this work, an auxjliaircuit that consists
of a transformer with a turns ratio baux¥Naux2 = 1 and two diodeaux1 andDaux2 was used, as now shown in
Figure 5(a) [25]. This circuit is very simple, siand handles only a small fraction of the ovepallver that is processed
by the converter so that the low current rated eochn be used{ A) and a small core can be used for the transform
It should be noted that the auxiliary circuit cake care of the voltage balancing, which allowsaadard controller to be

used for the full bridge.

The basic principle behind the auxiliary circuitlt if the voltage across one capacitor begirsetgreater than
the other by more than a diode drop, then one efdibdes begins to conduct as energy is transfeawved/ from the
capacitor with the higher voltage. Since the aaxlicircuit does not allow for large differenceshins capacitor voltage,
the amount of energy that needs to be transfemay at any given time is small. When the auxiliaincuit is added to
the main circuit, it is most likely to come intoaglduring Modes 1 and 5 of operation as this isnthe most current will

flow through one of the bus capacitors. The auxil@rcuit works as follows during these modes.

Mode 1(t0 < t < t1) [Figure 5(b)]: During this mode, switcheSl andS2 are ON, and energy from the dc-link
capacitorC1 flows to the output load. Since the auxiliary &iimg generates a voltage that is equal to the titdink
capacitor voltage (sum @1 andC2), the voltage across the auxiliary inductor is tlctified supply voltage. This allows

energy to flow from the ac mains into the auxiliamgtuctor during this mode, and the auxiliary inducurrent increases.

At the beginning of this interval, if there existsy unbalance between the voltages of the two dcehpacitors,
such thatvC1 > VC2, the auxiliary circuit starts conducting througjbde Daux2 to balance the voltage difference across

theC1 andC2. To balance the voltage difference across thaatgs.
Ill. STEADY-STATE ANALYSIS

In order to develop a procedure that can be usdddimn the proposed converter, the steady-staetipn of the
converter must be analyzed to determine its behdeicany given set of specifications (line-to-limput voltageVvll, rms,
output voltagevo, output currento, and switching frequendgw) and any given set of component values input itahsc
La=Lb=Lc=Lin, duty ratio D, transformer turns rafib= n1/n2, output inductot.o). Important converter characteristics

can be determined after the analysis has beenrp@tband then used to develop the design procedure.

Dauxt
Naux1-Nau2

EIE‘

L
=t

£ Daux
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Figure 5: (a) Proposed Single-Stage Three-Level Cearter with Auxiliary Circuit
(b) Mode 1 with Auxiliary Circuit (c) Mode 5 with auxiliary circuit .

Such as input current can be determined. Unlikeraventional two-stage converter, a single-stage/exer is
not solely regulated by the ac-dc boost PFC stagecannot be purposefully kept constant. This galtean be derived by

noting that energy equilibrium must exist for sggaapacitor when the converter is in steady-stageation.
The energy pumped into the capacitor from the irgadtion must be equal to the energy that providese

output, so that the net dc current flowing in and of must be zero during a half-line cycle. Howewhis cannot be
determined by an equation with a closed-form sotutiue to the various possible combinations oftigmal output modes

of operation, but must instead be determined usiogmputer program.
Magnetizing current, then for an operating pointhwgiven input voltagevin, output voltageVL, switching

frequencyfsw, input inductorLin, output inductotLo, transformer turns ratitl = Npri/Nsec, and output curretd can be

determined as follows:

1) Select the set of specifications and componentsegato be considered. Assume a duty cycle D asidal i

“guess”; (i.e.D = 0.5) to start the process of determining a corresipgndic bus capacitor voltagéus.
Assume that the output current is continuous; thea,(12) to find/bus

2)

2voN
3) With this value oW, verify that the output current is continuous bgisg that the peak output current ripple does

not exceed the average currént

Ybus

1ov D oy
If this relation is satisfied, thevibus is equal to the value determined in (13). i tloen the output current is

2 L
discontinuous an¥f,,s must be determined using (15), which has beeweltfor discontinuous current mode (DCM)
...(15)

16 L
Vo ,voz+ pngfSW
2N———...

Upus = >
4) With Vbus known, find the average current that flows afutapacitors during a half-line cycle using eitli&8)
(16)

for continuous current mode (CCM) or (17) for DCM

ch,out—avg =N

ch,out—avg = *NLyfow \ 2N
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Figure 6: Procedure of Steady-State Analysis for Dermining the Dc Bus Voltage

5) Determine the average current that is fed fromiripat to capacitors during a half-line cycle using a7)
t ink—Ybus * *
Iepin-avg = 3 * (Zfin ol [% (t—t*) + Iy ] dt) ..................................... (18)

Where I*in,kis the peak input current value during a switchiggle k. If (18) is equal to (14) or (15), then the
converter is confirmed to be operating under stesidie conditions, and the value \us that has been calculated is
valid. If not, then the operating point for whichto be determined is not a valid operating p@nt the procedure must
be repeated for a different value of D. The flowthia Figure 6 shows the procedure for the steadiesanalysis, which

can be implemented in a computer program.
IV. CONVERTER CHARACTERISTICS

The procedure discussed in Section Ill can be tepget determind/bus (or any other parameter) for other
operating points, in order for curves to be gemslator analysis and design purposes. The converperating
characteristics for any given input and output agét are dependent on three key parameters: tramesfdurns ratio N,
input inductancd.aux, and outputo. In this section, the effect of each of these patars is examined with graphs of

characteristic curves that have been generatedanitimputer program based on the procedure dedatimve.
A. Effect of Output Inductor Value Lo on DC Bus Voltage Vbus

It can be seen from Figure 7(a) that varyirgg(but keeping all the other parameters fixed) halgt effect on
Vbus for higher output loads when the output is afieg in CCM, but does so at lower output loads mtiee output is in
DCM. This is because more energy can be transfdrozd the dc bus capacitor to the output when thigput inductor

current is discontinuous rather than continuousttfe same amount of average output current.

Index Copernicus Value: 3.0 - Articles can be sernb editor@impactjournals.us




| A New Three Phase Single Stage Rectifier a9

B. Effect of Input Inductor Value Lin on DC Bus Voltage Vbus

Similar to what was stated above for the outputiatdr, less energy is transferred from the inputhto dc bus
when the inductor is larger and the current is ntikedy to approach the boundary of CCM and DCM.

C. Effect of Transformer Turns Ratio N on DC Bus Vdtage

Pump out so much energy that the energy equilibatimapacitor will result in a very low dc bus \age that will
in turn force the converter to operate with an augwltage that will always be lower than the regdivalue, particularly
under heavy load conditions. LikewiseNfis very high, ther€1 andC2 may pump out so little energy that that the eyperg
equilibrium C1 andC2 will result in a very high dc bus voltage thatlvim turn force the converter to operate with an

output voltage that will always be higher than tbguired value, particularly under light load cdiutis.
D. Effect of Input Voltage Vin on DC Bus Voltage Vius

Figure 7(d) shows the effect of input voltage onhdrs voltage. As can be seen, increasing the inpitdage
increases the dc bus voltage. This is because emanigy is pumped into the capacitors when the implidge is at high
line
V. CONVERTER DESIGN

A procedure for the design of the converter is @nésd in this section and is demonstrated with xamgple.
The following criteria should be considered wheyinig to design the converter: 1) The energy-stoicamacitor voltage

Vbus should not be excessive. 1) The valugtafs should be kept to below. 800 V if possibletst the use of bulkier,

more expensive capacitors can be avoided.

.'
|
il

11

Figure7: Steady State Characteristic Curves\(in = 208Vrms, Vo = 48 V,Fsw= 50 Khz). (A) Effect of Output
Inductor Value Lo On Dc Bus Voltage. (B) Effect of Input Inductor Valie Lin on Dc Bus Voltage. (C) Effect of
Transformer Ratio Value N on Dc Bus Voltage. (D) Bect of Input Voltage Vin on Dc Bus Voltage
1) Excessive peak output and input currents shoulavbaled if possible.
2) The input line current must satisfy the necessaguliatory agency requirements of harmonic contenoh s
IEC1000-3-2 Class A. can be designed. The convéstes be designed with the following parametenstfe
example:
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Input voltage Vin = 208+ 10%VI-I,rms
Output voltage Vrmo= 48 V

Maximum output power Po= 1500 W
Switching frequency fsw= 1/Tsw= 50 kHz

Maximum capacitor voltage : (for each cajpay?50 V Input current harmonics (EN61000- 3 — 2for

Class A electrical equipment

Dischargethe bus capacitors. N is high, the primary current may be tbigh and thus more conduction losses.
N should be high enoudio reduce the circulating primary current, then phienary current that is available to discharge
the dc-link capacitors maye low and thu¥bus may become excessive under cedaigrating conditions (i.e., high line).
Equation (10) shows the relation betwadrus, D,Vo and N. The minimum value & can be found by considering the
case when the converter magterate with minimum input line and, thus, minimpnmary sidedc bus voltagd/busmin

and maximum duty cyclBmax.

If the converter can produce the required outplteige and can operate with discontinuous input@ndinuous

output currents in this case, then it can do saliczases

szﬁfgéﬂ.pmax .................. (19)

Finding the proper value dfl can be done with a computer program. As describe&ection lll, Vbus is
determined by the converter parameters for van@ilises ofLin and with fixed values of N. it should be the gt value
for which valid operating points exist for the twwst extreme line and load conditions: high limghtl load and low line,

full load. N has been chosen to be 3 for given example.

With a value ofN = 3, Vo = 48, andDmax = Q75 the actual value dfbus can now be determined by using

computer program which givébusmin = 384 V.

Step 2—Determine Value for Input Inductor ih: The value forLin should be low enough to ensure that the
input current is fully discontinuous under all ogimg conditions, but not so low as to result icessively high peak
currents. This can be done using the computer prgrith the following equations, which are basedh@descriptions

given in Section 111

For the case wheien is such that the input current remains discamtirs for all operating conditions, then the

average input power can be expressed as

o

in = % * (7:—uf0T5u|US’k| iS,dekt)

Yo Mg liseee (20)

1
' fsn

NERN

Wherefsuis the input ac frequency afgh= 2fsw/fsuand

. (DHA)
lsk = 2 lLin,max
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G .(21)
4 Linfsw 1_|”s,k|
VYbus

By substituting the value @$,k(21), Pin can be expressed as

3 1 -1 .
Pin = E Zisgo |vs,k|ls,k

NE

2
3.D2 1 fon—1 |Vskl 22
s e k=0 —|v | .
ZLinfsw  fon 1 Psk
VYbus

By assuming th&in = Po, Lin can be achieved

1 -1 .
Lin = - S vs ks e
sn

47Po fow  fsn k=0 1— |"s.k|
VYbus

— D3 1 fsn—1 |v5.k|2 (23)

The worst case to be considered is the case whercdhverter operates with minimum input voltage and
maximum load since if the input current is discontus under these conditions, it will be discontims for all other
operating conditions, and thus an excellent poveetof will be achieved. In this case€in = 188 Vphasegms and
Vbus = 384 V as calculated in Step 1 are used term&ie Lin at the boundary condition for the input section,
andD = Dmax = Q75; assuming the converter to be loss|Pgs~=Po = 1500Wis used. The value bih = 68xH is found

from the computer program. For this design, Lin5qu6l is used.
Step 3: Determine Value for Output Inductor Lo

The output inductor can be designed in such a vy the output current to be in DCM or CCM or

semicontinuous mode (SCCM). Therefore, there aeetbptions to design output inductor.

1) The maximum value ofo should be the value dfo with which the converter’s output current will ba the
boundary between being continuous and discontinwalusn the converter is operating with minimum input
voltage, maximum duty cycleDfmax), and full load Bo, max). If this condition is met, then the output reut
will be dis continuous for all other converter'sepating conditions. The maximum valuelaf can therefore be

determined to be

Lo,max -

v92  (1-Dmax) Tsw (24)

Pomax 2 2

This results in a very high output ripple so thetandary diodes with high peak current ratings langk output

capacitors to filter the ripple are needed.

2) Output Inductor for Full Output CCM: For having CCM at output, the minimum valuelofshould be the value
of Lo with which the converter's output current will bentinuous on the when the converter is operatiit w
maximum input voltage, minimum duty cyclBrfin), and minimum load (10% d&fomax). If this condition is
met, then the output current will be continuousdirother converter’s operating conditions. Theimium value

of Lo can therefore be determined to be
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2
1 (1-Dmin) T
o”  U-Dmin) Tow .(25)
0.1.Pomax 2 2

Lo,min 2

This results in a low ripple at output and low peakrent rating for secondary diodes, and consetuwer
output capacitor needs to filter the ripple. Howevtehas a major drawback. Bus voltagaus is dependent on the current
that is flowing in and out of the bus capacitor,iahhis, in turn, dependent on the output inductarrents. When the
output current is CCM, then the dc bus voltageeisethdent on the load, and it is not constant. fidsslts in a high dc bus
voltage at light load condition which needs to higgh voltage dc bus capacitor and switches witlhéigating. There are

two solutions for this problem.
a) DC Bus Voltage Control by Changing Auxiliary Wind@Turns Ratio

The auxiliary winding turns ratio can be designe@iway that does not completely cancel out thtagel across
the dc bus capacitor. This reduces the amount kdig® placed across the input inductor and thusaesithe amount of
energy pumped into the input inductor. Consequentig reduced energy in the input inductor affetis energy

equilibrium of the dc bus capacitor and thus redube dc bus voltage.

Reducing the number of auxiliary winding turns duluces dead band regions in the zero-crossingpssatif the
input current waveform. This is because the diodege diodes are reverse biased when the inpuagelis low, and
current is not allowed to flow in the input inductms the dc bus voltage is not fully cancelledlmuthe auxiliary winding

[26]. Therefore, there is a trade off between tiput pf and the dc bus voltage

reduction [27]. The auxiliary winding turns ratibauld be selected to satisfy both the IEC1000-8&8dards and
reduce the dc bus voltage. For example, if chddamex = 17 instead of 2, the bus voltage decreases 50 Vir&ig§ shows

the variation of power factor versus variation ofidiary winding turns ratio.
b) Output Inductor for Semi-CCM

This method is a compromising solution to have @tiooous current at output for almost loads in baed and
preventing high dc bus voltage on the other harig dutput inductor should be designed so that thipub current is
made to be continuous under most operating comditibhe minimum value dfo should be the value dfo with which
the converter’'s output current will be continuous tbe when the converter is operating with maximaput voltage,
minimum duty cycle Dmin), and at least 50% of maximum load. The mininuaiue ofLo can therefore be determined to
be

8- Vin=230Vrms,

T T
1 i 1
0.98 H € Vin=90Vrms S — S L p
: : l |
Dgﬁ —————— deccaaa bececaa e e = R |
3 ; : 1
L 7 o~ Sl i
- 1 1 ]
gu‘sz ------- gres-e- Pooso e nenn feeeee-
1 | 1
]
09f----- Ty (LPRE - qmmn--
1 i ]
e - SN N —
1 1 i 1
1 1 i 1
UEG 1 1 1 1

0.5 06 07 08 08 1

Figure 8: Variation of Pf for Different Values of Auxiliary Winding Turns Ratio [26]
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2 —
Yoo  U-Dm) Tow ...(26)

Lymin = ———.
0N = 0.5 Py max 2 2

In this paper, SCCM mode for the output currenassumed. SubstitutinBomax = 1500 W,Vo = 48 V,
Tsw= 20us, andDm = 0.5 givesLo,min = 7uH and the value dfo should be larger to provide some margin. The vafue
Lo should be larger to provide some margin. On theroklland, according to Figure 7(a), the valué@tannot be too

high as the dc bus voltage of the converter wildmee excessive; a value of
Lo=11uH is chosen
VI. EXPERIMENTAL RESULTS

An experimental prototype of the proposed convewas built to confirm its feasibility. The protogypwas

designed according to the following specifications:
Input voltageVin = 208+ 10% Vrms (line-line)
Output voltage/o= 48 V
Output powePo= 1.5 KW
Switching frequencysw= 50 kHz

The main switches are FDL100N50F, and diodes arE006DICT. The input inductors atabc= Lin = 60uH,
the dc link capacitors ar@l, C2 = 2200uF, and the output inductor i = 11 H. The auxiliary transformer ratio is 1: 2,
and the main transformer ratio is 3 : 1. Typicaherter waveforms are shown in Figure 9-11 foredéht loads. It can be
seen that the proposed converter can operate wittead band regions, that it is a multilevel fuildige converter, that the
switch stress is half the dc bus voltage, and thaan operate with a continuous output currentjkenmost other
converters of the same type. The lack of dead begidns in the input current waveforms is due ® gheater flexibility
that is allowed by the proposed converter's mulglestructure—there is less need to distort thasirqurrent to try to
prevent the dc bus voltage from becoming excessiv&ould be noted that, like other previouslypomsed converters
with discontinuous input currents, the high inputtrent ripple is a source of EMI. Suggestions fealthg with EMI issues
in these converters can be found in [28]. FigW®estiows the efficiency of the converter at diffeéremlues of the output
power. Figures 13 and 14 show the input currennbaics aPo= 1500 W and?o= 750 W wherPo = 1500 W wherVin
= 220VI-Irms. It can be seen that the converter's harmaiesdelow the harmonic levels that are specifiedhieylEC
1000-3-2 standard.

The efficiency measured from the converter at lightd was about 93% and for full load was 91% asvshin
Figure 10. In multilevel converters such as theppe®d converter, the voltage stresses of their pswéches are only
half of the input voltage and not the full inputteme as is the case for two-level converters. Tiieans that less energy is
required to discharge the output capacitances a€lsWIOSFET devices, and thus they can operate feitfer switching
losses and a wider load range for zero-voltagechwig (ZVS) than two level converters. Compareattoer multilevel
converters such as the ones proposed in [17] a2} {2 proposed converter is simpler (in termgapfology and in
capacitor voltage balancing), has better lightadlefficiency (since its switches are exposed $s imltage and thus it is
easier to discharge switch capacitances duringchwitrn-on with less primary current), and can apemwith less output

inductor current ripple, even continuous outputuictdr current at heavier loads. In terms of totatntonic distortion
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(THD), the proposed converter has low THD, less th#, which is similar to the converters in [17Hd&2].

VIl. CONCLUSIONS
The proposed converter has the following features.

» Proposed converter has an auxiliary circuit that cancel the capacitor voltage in which way theutripductor
acts as a boost inductor to have a single-stage PFC

* Proposed converter can operate with lower pealagelstresses across the switches and the dc basitoap as
it is a three-level converter. This allows for dgezaflexibility in the design of the converter amdtimately

improved performance.
» Proposed converter can operate with an input cufmarmonic content that meets the EN61000-3-2 Chass

standard.
e Output inductor of the proposed converter can tegaed to work in CCM mode over a wide range ofdloa
variation and input voltage. This results in a lowatput inductor current ripple than that foundther two-level

single stage converter, which ultimately resultiiner peak current stresses for the secondary coengs.

Y B O |

Figure 9: Experimental Results (A) Input Current and Voltage (For Two Phases) (V: 100 V/Div, I: 15 A/).
(B) Output Inductor Current (I: 15 A/Div., T :5 Ms/Div.). (C) Primary Voltage of the Main Transformer
(V: 150 V/Div., T: 5 Ms/Div). (D) Bottom Switch Voltagesvds4 andVvds3 (V: 150 V/Div,T: 5 Ms/Div)
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Figure 10: Experimental Results For 50% of Full Loal. (A) Input Current and Voltage (For Two Phases) {: 100
V/Div, I: 10 A/Div). (B) Output Inductor Current (I :15 A/Div., T : 5 Ms/Div.). (C) Primary Voltage of the Main
Transformer (V: 200 V/Div., T : 5 Ms/Div.). (D) Bottom Switch Voltages/ds4 AndVds3
(V: 200 V/Div., T : 5 Ms/Div.)
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Figure 11: Experimental Results For 25% of Full Loal. (A) Input Current and Voltage (For Two Phases) {: 100
V/Div, I: 10 A/Div). (B) Output Inductor Current (I : 10 A/Div., T: 5us/Div.). (C) Primary Voltage Of The Main
Transformer (V: 200 V/Div., T : 5 Ms/Div.). (D) Bottom Switch Voltages/ds4 andVvds3 (V: 200 V/Div.,T: 5 Ms/Div)
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Figure 12: Converter Efficiency with Input Voltage VLL-rms = 220 V
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Figure 13: Input Current Harmonic at Vin = 220Vrms(l - 1), Po= 1.5 KW Compared to
IEC1000-3-2 Class A Standard Figure
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RIEC 1000-3-2 Limits  OMeasured Value

Current (A)
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Figurel14: Input current harmonic at Vin = 220Vrms(I - 1), Po= 0.75 KW compared to
IEC1000-3-2 Class A standard

Converter is simple and can be implemented wittmple passive auxiliary circuit to balance the dis lbapacitor

voltages.
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