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Abdract. In this paper the delta connection of three single- o

phase boost unity power factor rectifier unifsréctifier) is s

>
; Dy, & Dy,
analyzed based on an equivalent star connection. As the —@H—T—L Uy, 1L s c= |1y,
calculation of the input voltage space vectors which are i=R Dy A& D,
associated with the combinations of the power transistor
switching states of the line-to-line units shows Meectifier L

and a direct three-phase unity power factor (VIENNA) rectifier 7'y }N, % s r
N T

Ll

N~

are characterized by equal modulation limits. Furthermore, the 1j—~)———mm=—
A-rectifier shows like the VIENNA Rectifier a redundancy of s A
switching states concerning input voltage formation. This
redundancy has to be employed for a control and/or

suppression of a low frequency zero sequence current 'y ;
J

v

component circulating inside theconnection of the line-to- Loy
line units. According to a digital simulation the switching T V'Y

frequency ripple of the sinusoidal mains current of Ahe X
rectifier shows only a slightly higher normalized RMS value as 37U
resulting for the VIENNA rectifier. Therefore, in the course of
further research, i.e. Part Il of this paper, the stresses on the Dm]
power components of thA-rectifier will be calculated in d
analytical form in order to provide a basis for a comprehensive
comparative evaluation and for the dimensioning and practical
realization of the system.
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1 Introduction

The input stage of telecommunications power supply i
modules with low effects on the mains currently is b
frequently redized as star connection of single-phase

boogt unity power factor rectifier systems [1-4] (cf.
Figl(@)). As a man advantage as compared to
connecting the single-phase systems in deltaand/or from |
line-to-line (cf. Fig.1(c)) this concept shows a lower
voltage gtress on the power semiconductors. However,

for feeding the system from a three-wire mains, i.e. for
missing connection of the star point N to the mains
neutral pointN (cf. Fig.1(a)), a control of the partition of

the mains line-to-line voltages between the inputs of the
phase units and/or of the potential Nf has to be
provided [2]. This is due to the negative incremental ¥
input impedance and/or constant input power
characteristic of the individual units [1]. Alternatively,
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N" could be connected to an artificial mains star point TR R

formed by a low-frequency three-phase coupled inductor i 3 o
arrangement with low zero-sequence impedance as - 3 — | uE
proposed in [3]. However, both concepts show x4

drawbacks concerning control complexity and/or power ©
density and realization costs. Fig.l: Redization of a three-phase boost unity power factor

- . . rectifier with low effects on the mains by combination of

Aiming for a highly reliable and compact three- gnqie phase unitsin star connection (cf. ()) or deltaconnection

phase rectifier topology, the structure of the powefcs. (c), A-rectifier) or in direct three-phase form (VIENNA
circuit of each phase unit could be extended by insertingRectifier, cf. (b)).



of an additional output diode Dg- in the connection to
the negative output voltage terminal. The star point N
then can be connected to the center point M of a series
connection of two output capacitors C, and C_ which
are shared by al phase units (cf. Fig.1(b)). The
resulting direct three-phase unity power factor
rectifier topology is known as VIENNA Rectifier [5]
and obviously shows an equal input current shape iy;
and equal stresses on the power components as the
system depicted in Fig.1(a) (for equal operating and
circuit parameters, i.e. equal switching frequency fp,
equal control of the power transistors S, equa
inductance of the input inductors L, and equal output
Voltag% Uc+= Uc—= /2Uo).

There, ingead of the symmetrization of the input
phase voltages as required for the star connection of the
snglephase units (cf. Fig.1l(a) a control of the
symmetry of the partial output voltages has to be
controlled which, however, is dynamicaly less critical
and can be performed with considerably lower circuit
effort by only a minor modification of the mains current
control circuit [5]. Furthermore, for the direct three-
phase system for conversion and isolation of the output
voltage Uy only a single DC-to-DC converter stage has
to be provided. Alternatively, also two interleaved
DC/DC converter systems which are connected to the
partial output voltages and which share a common
output inductor and a common control circuit [6] could
be employed.

For the star connection of single-phase units as well
as for the VIENNA rectifier in the case of afailure of a
mains phase a continuation of the operation with reduced
output power P = 1/V3Pg = 0.58 Py, is possible. The fulll
rated power Po is available for two-phase operation
without overdimensioning of the power semiconductors
only for a delta connection of the single-phase units (for
short denoted as A-rectifier in the following, cf. Fig.1(c))
and for redization of the input stages of the individual
line-to-line units as controlled three-phase rectifier
bridges [7] (and DC dde arrangement of the input
inductors, not shown in Fig.l(c) for the sake of
clearness). Then, in case one phase of the mains is
missing, al single-phase systems can be switched over
to the two remaining phases. Under consideration of the
requirement of a high reliability as given, eg. for
tedlecommunications power supply systems  this
represents a major advantage and motivates a more
detailed anaysis of the A-rectifier despite the relatively
high voltage stress on the power semiconductors (as
compared to a star connection of the individual units
and/or to the VIENNA Rectifier).

In this paper in afirst step a concept for coordinated
control of the line-to-line units which does provide a
minimum RMS value of the mains phase current ripple
is derived. There, the considerations are related to a star
equivalent circuit which fecilitates a direct comparison
of the results with the characteristic values of aVIENNA
Rectifier. For regular and/or three-phase operation,
however, the placing of the inductor on the rectifier DC-
or AC-side does not take influence on the formation of
the ripple of the mains phase currents and/or on the
stresses of the power semiconductor devices.

In section 2 the formation of the input voltages uy
of the rectifier bridges of the lineto-line units is
andyzed in dependency on the switching states of the
power transistors §; (ij = RS,ST,TiRand on the signs of
the line-to-line currents iy;. Based on this the input
voltage space vectors being available for a sinusoidal
and/or mains voltage proportiona guidance of the mains
phase currentsiy; (i=R,S,T) and the modulation range of
the system are determined. Furthermore, a switching
state sequence is defined which does suppress a low
frequency component of the zero sequence current
circulating inside the delta connection of the line-to-line
units. Section 3 details a redlization of the derived
control concept by individua average current mode
controllers for the line-to-line units including a mains
voltage feed-forward. Furthermore, the influence of a
phase displacement of the triangular carrier signals being
employed by the individua lineto-line current
controllers on the resulting mains phase current ripple is
discussed and the possibility of extending the sinusoidal
line-to-line current reference vaues by a third harmonic
(low frequency zero sequence component) for lowering
the peak current stress on the power semiconductors [8]
is analyzed. In section 4 the theoretica considerations
are verified by digitd simulations and the dependency of
the RMS value of the mains phase current ripple on the
modulation index is calculated and compared to the
known characteristic values of a VIENNA Rectifier.
Finaly, in section 5 a survey of the continuation of the
system analysisin a Part |1 of this paper is given which
will focus on a comparison of the utilization of the
power semiconductors of the A-rectifier in comparison to
a VIENNA Rectifier as well as on the evaluation of the
redlization effort under incluson of the DC/DC
converter systems for the conversion and high-frequency
isolation of the output voltages of the line-to-line units.
Furthermore, there a control concept which features a
proper sharing of the total output power between the
line-to-line units dso for an asymmetry of the mains
phase voltages and which is applicable in a wide input
voltage range will be proposed.

2 Basic Principle of Operation
2.1 Star Connection Equivalent Circuit

An equivdent circuit of the A-rectifier AC sde system
part is shown in Fig.2(8). According to the input side
rectification besides the switching state s; of a power
transistor §; dso the sign sign(in;) of the line-to-line
current iy (j=RS,ST, TR tekes influence on the
formation of the corrsponding input voltage

Uyjj = sign(ing) (1-s5) Uo @
(§=1 denotes the turn-on state of §;, §,=0 denotes the
turn-off ate).

Theline-to-linerectifier input voltages uyj; in generd
will contain a zero sequence system
Uo= "3 (Uyrs* Uy st + UyTR) @
which results in a zero sequence component iy of the
line-to-line currents
inij = Inij + o o o ©)
The zero sequence current iy circulates inside the delta
connection of the line-to-line units (cf. Figs.2(a) and (c))



and does not take influence on the formation of mains  Accordingly, the analysis of the system behavior could
phase currentsiy; (i=RST) according to be based on an equivalent star connection as shown in
T SO T S R A ) Fig.2(b). There the inductance of the inductors connected
NRTINRSTINTR™ INRS —INTR in series at the AC side has to be reduced by a
(shown for phase=R). factor of 3,

The line-to-line current systemyz' (=RSST,TR)is  L=1Y;L,, @)
defined in connection with the (symmetrical) mains. . . .
voltage by the line-to-line rectifier input voltage system™ (I)rderctjo ?aneve equlal inner impedances of the actual
remaining after subtraction of the zero sequence voltadi!ta and of the equivalent star connection.
component The star equivalent circuit is valid directly also for

U = Ui = U ) the VIENNA Rectifier (cf. Fig.1(b), where the rectifier

Ui Vi 0. phase voltages without zero sequence component are
The line-to-line voltage system defined by (5) can nowdefined byuy; = uy; —1/3(uU,R+ Uys+ Uy7) (the totaluy;
be transformed into an equivalent phase voltage systenphase voltages could be measured with reference to, e.g.,
R = s (Uurs ~Uu 1) the capacitive center poiM of the output voltagélo).

UR — 3} URS “UTR Therefore, referring the analysis of theectifier to a

ﬂu's,f ;3&’]“5 ,__ldU'RS,)) ®) star equivalent circuit does provide a sound basis for a
Ut~ BUUTR ZHUST - comparison of the performance of both systems.
i . .
. S— Remark: It is interesting to note that far= 3L, (cf.

(7)) the input inductors of thA-rectifier and of the
VIENNA Rectifier in a first approximation show equal
volumes (cf.Fig.3) what also does facilitate a direct
comparison.

In case, e.g. a toroidal iron power core is employed
for the realization the inductors, the number of turns of
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III-'»—@—C —> '.__-'___ ‘HT---. L, could be higher by a factor of3 for a given
e

to the amplitude of the line-to-line currents being lower
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I L — Uy by a factor of /3 as compared to the amplitude of the
- @_ 1 mains phase currents (ripple current neglected).
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-I:H- Fig.3: Practica redization of an input inductor L, of a A-

rectifier (a) and of an input inductor of the VIENNA Rectifier
(b) of equa output power using equal magnetic (eg., iron
3L —>u, powder) cores. According to Ny = V3 N, Ly = 3L is vaid

\ (cf. (7))

2.2 Input Voltage Space Vectors

— U, The space vectors of the input phase voltagés
3L p putp g
‘ _— . ) Ui’ =7a(UuR + Uys +Uyr) (8)
1, resulting foriygs > 0, insr, inr < O for the different
- switching state combinatioss=(ss Ssr Sir) are depicted
3L /N 0 in Fig.4(a). There, the respective zero sequence
— Q‘H:I) (o0  componentsy of the line-to-line input voltages;; (cf.

(2)) are shown as indices.
Fig.2: Equivaent circuit (a) of the AC side system part of the For th . fal f
A-rectifier depicted in Fig.1(c) (L=3L) and star connection (b) or the suppression of a low-frequency component
being equivaent to (a) concerning the formation of the mains of the zero sequence current
phase currentsiy;. Furthermore shown: equivaent circuit (c) for in=Y (ings + insr +inTR) )
the calculation of the zero sequence component i of thelineto- "3 VNRS T INST TINT
line currents iy;; resulting due to the zero sequence component  being contained in the line-to-line curreits one has to
of theline-to-line rectifier input voltages uyj. ensure within each pulse half periT» and/or within



eaech switching state sequence (e.g., (100)-(000)-(010)-
(011)) alocal average va ue of ug equal to zero, i.e.,

Wag= TTp JUo dt, =0 (10)

(t, denotesalocal time running within a pulse period Tp)
by proper partition of the total on-time of the voltage
Space VECor Uy (100 = Uy 11y t0 the (redundant) switching
dates (100) and (011) which result in zero-sequence
voltages of different signs and amplitudes (for s,=(100)
we have uy= -%3Uo, s=(011) results in u=+"Uo, cf.
Fig.4; Uo denotes the rectifier DC output voltage, cf.
Fig.1(c)).

As a more detailed andlysis shows with this the
modulation index

U

1
2 Uo

(11)

(Oy” denotes the amplitude of the fundamental of the

equivalent phase voltagag’, cf. Fig.2(b)) islimited by

Mrax=2/4/3 (10)

Thisidentical to the properties of aVIENNA Rectifier of
equal output voltage Ug as can be verified in Fig.4(b).

jlm

(111,

(101)

Fig.4: Space vectors of the equivaent input phase voltages uy;’
of the A-rectifier for iygs > O, ingr inr < O (cf. (@)).
Denomination of the space vectors is by the corresponding
combination of switching functions s, = (Ss Sr Sir) of the
power transistors Sz Ss, Sre There, the zero sequence
component Uy of the lineto-line input voltages (cf. (2))
occurring for a combination s, is given as index. Furthermore
shown: Space vector hexagon of the VIENNA Rectifier for iyg
>0,ins<0, iyT<0and equa output voltage Uo (cf. (b)).

3Input Current Control

In andlogy to single-phase power factor correction for
snusoida and/or mains proportional guidance of the
input currents of the line-to-line units average current
mode control is employed. This does implicitly make
sure that for the formation of the line-to-line input
voltages uyj the redundant switching states are

incorporated in the switching state sequence in a way
that no low frequency component of the zero sequence
voltage uy does occur. A low frequency component of Uy
would result in a corresponding low-frequency distortion
of the line-to-line currents iy;. This is prevented by the
line-to-line current controllers.

As shown in Fig.5 the control of each line-to-line unit
does refer to the absolute value of the corresponding
line-to-line current which could be gained directly by
measurement on the input rectifier DC side . The
amplitude of the reference values iy;* is determined by
the output voltage controller of each unit and in
dependency on the mains voltage symmetry propertiesin
order to ensure a fundamental mains behavior of the
system being equivalent to a star connection of equal
resstors. By mains voltage feed-forward m the current
control error islimited to low values also for employing
asimple P-type current controller G(S).

Unij

/ iN’fii

Fig.5: Impression of sinusoidd input currents of the line-to-line
units in phase with the corresponding mains lineto-line
voltages, i.e. in;* ~ Unjj , by average current mode control; my;
denotes the mains voltage feed-forward. Signal paths being
equd for al phases are combined in double lines.

The switching of the line-to-line units is coordinated
by the switching frequency carrier signals ipj of the
current controllers. Aiming for a minimum ripple of the
mains phase currents, always voltage space vectors lying
in the immediate vicinity of the mains voltage space
vector uy should be employed for the formation of the
voltages uy; (for neglection of the fundamental voltage
drop across the input inductors L, Uyjag = Uy is vdid,
where Uy; g denotes the space vector to be formed in
the average over a pulse period). As a more detailed
analysis shows, this can be achieved by inverson of the
triangular carrier signa ip for each line-to-line current
controller in dependency of the sign of the corresponding
mainsline-to-line voltage uy;; (cf. Fig.5)

ip,j = Sign(Wj) I - (13)
and/or in dependency on the sign of the corresponding

line-to-line input current reference value iy;* (showing
equa phase.

The operation of the units showing podtive input
currents and of the units showing negative input currents
then is in opposite phase; accordingly for eg. iygs> O,
inst InTR< O the switching state s,= (100) will appear at
the beginning and at the end of a pulse period and
switching state s,= (011) will be employed in the



vicinity of the center of a pulse period (e.g. a switching
date sequence within a pulse period there could be
(100)-(000)-(001)-(011)-(011)-(001)-(000)-(100), cf.
Fig.4). According to (2) and Fig.4 this does result in the
formation of a pronounced zero sequence voltage up with
swnchmg frequency (for ings> O, |Nsr, inTR< O we have
U= — /3Uo for s,= (100) and u= +/5Uo for s,=(011))
and/or in ardatively high zero sequence component of
the ripple Aiy; of the input currentsiy;; of the line-to-line
units.

The envelope of the ripple of the line-to-line rectifier
input currents is independent of the coordination of the
action of the line-to-line current controllers and can be
formulated by a smple andytical caculation in
normalized form as
Al =0, ZMsnatd- LM snal)  (149)
(ayy denotes the mains angular frequency) where
Jin= UoTa/8L . (15)

(For the derivation of (15) uy;= Uy Sin(cat) has been
assumed and the fundamental voltage drop across L, has
been neglected, i.e. Uyj = U'yjjag has been assumed,
U'ujj.ag denotes the (Iocd) average value of u'y;; related
to a pulse period). Therefore, the coordination of the .
individua units according to (13) does make sure that a i Big
mximum share of the Jiy; (diy; shows an envelope M
which is independent of the coordination concept Bl
employed, cf. (14)) does form a zero sequence g (b)
component circulating indde the delta connection. For
the formation of a ripple of the mains phase currents
therefore there remains only a smal share of iy, ‘

accordingly the phase currents will show a low ripple Alygs

and/or alargely sinusoidal shape.

The theoretical considerations have been verified by

digital smulations (cf. Fig.6(c)). There the following B AiC

system operating parameters have been assumed: i NRS
Mainsline-to-linevoltage Uy = 480Vims m
Output voltage U = 800V
Mains current amplitude I = 10A ] A
Mains sideinductance La = 21mH
Switching frequency fp = 25kHz m
P-Type current control G(s) = 5
Carrier signal amplitude T, =~ = 10A ] ©

Time constant of the controller first order filtering

of theinput current T = 100ps Fig.6: Time behavior of the ripple Aiygs of a lineto-line
(:5_71,5\)'_1 y (15) a6, according to (16) (cf.(@), (17) (cf. (b)) and (13) (cf.(c)).
Furthermore shown: zero sequence component Aip of Aiygs
The advantage of a coordination of the line-to-linecirculating indde the deta connection (cf. Fig2(g)) and
units according to (11) is shown clearly by a comparisoromponent Aigs =Ainrs —Alo Which in connection with Aiy 1w
to alternative concepts in Fig.6(a). The time behavior omd Ainsr determines the ripple of the mains phase curigats
the line-to-line input current ripple components is showr@ndins
for using identical carriers for all individual line-to-line
current controllers In both cases a sgnificantly lower zero sequence
component Aig of the ripple currents Aiy;; is formed,

Ipjj = Ip (16) accordingly there results a higher amplitude of the ripple
and in Fig.6(b) for a symmetric phase displacement afomponent Aiy;;” contributing to the ripplediy; of the
the triangular carrier signals of mains phase curreritg .

ibrs = ip{t} The difference in the performance of the control
ipsr = ip{t+ /3Tp} (17)  methods according to (13), (16) and (17) is confirmed

iptr = ip{t—sTg}. for the whole modulation range also by the calculation of



the RM S value of the ripple components (cf. Fig.7). For
the normalized (index n) RM S value of iy ;; we have for
any coordination ((13), (16), or (17)) o% the carrier
S.gndSiDij

Al =iM (gMZ—J@”M
(valid for M=0...1, cf. (f) inFig.7).

As is immediately clear by considering the different
spectral composition of the ripple current components
AiN,ij” and Ai0 we have for the RMS values of the ripple
components

Al? =AI? +AI 2

N,ij,rms

B (18)

N,ij,rms,n

N.ij,rms 0,rms (19)

where AIN,ij,rms under consideration of the symmetry
of the feeding mains and of the symmetry of the rectifier

0.175 ‘
T 0150 /,k\(f)
s \(C)
’
Bl g ,,’ (a) \
o,rmsn / /—\(b). R
’ -~
1 | A7 S
0.100 7 <
y (b).
0.075 Ry o A8
% — a
// v ~_ 0o
0080 1 _
-
-~
_ -
0.025 —F
0.000
0.0 0.2 04 0.6 08 10 12

M —>
Fig.7: Dependency of the RMS vaue of the ripple components
on the modulation index for control of the line-to-line currents
according to (16) (cf.(a)), (17) (cf (b)) or (13) (cf. (c)). RMS
values of the zero sequence ripple components are shown by
broken lines, (f): RMS value of the total ripple of aline-to-line
current.

20 ‘

1.0 = 7 -

0.0

-1.0

-2.0

Fig.8: Reduction of the amplitude of the line-to-line rectifier
input currents iy;; and/or of the maximum current stress on the
power transstors S§; by a factor of v3/2=0.87 by a third
harmonic i lo@) of amplltude |0(3) = /6 lNlJ @ (lN” ) denotes the
amplitude of the lineto-line current fundamental which is
shown by adotted line); iy does not take influence on the shape
of the mains phase current iy;, shown for i=R; line-to-line
current iy srnot shown.

@

(b)

©

(d)

Fig.9: Time behavior of the mains phase voltage uyg, of the
equivaent input phase voltage uyr™ (cf. Fig.2(b)) and of the
ripple diy of the mains phase currégk of theA-rectifier (cf.

(@), (b), and(c), corresponding to system control according to
(16), (17) and (13)); furthermore shown: time behavior of the
characteristic quantities for the VIENNA Rectifier (¢d))
within a mains period; scales: 200V/div, 2A/div.




topology directly definesthe RM S value of the ripple of 1E-1

the mains phase current 1E-2

1E-3

Al ij,(n),n
AIN,i,rms = \/§AI;\l,ij,ms . (20) Mo iE_g
A reduction of Al'y;ms by a high zero sequence 1E-6 — w w w w

component Algms therefore directly trandates into a 0 500 1000 1500 2000

higher quality of the mains phase currents (cf. (a),(b) and 1E1

(©)inFigs.7 and 9). =

A zero sequence component of the lineto-line o i:

currents does not take influence on the formation of the T lEs

mains phase currents and therefore congtitutes a degree 1E5
of freedom of the lineto-line current control. As (‘) 5(‘]0 10‘00 ' 15"00' 20‘00

proposed in [7] one therefore could extend the purely

snusoidal shape of the lineto-line current reference | iE2
values by adding a third harmonic io . For arelation of -~ 1E4
the amplitude of the third harmonic and of the current NN TETE B |

fundamental amplitude of 0 500
To = s i (21)

this does result in a reduction line-to-line current peak | &3
value by a factor of V3/2=0.87 as compared to the Al 1E-4 M
fundamental and in a corresponding reduction of the ~ “vion 1ED

peak current stress of the power transistors and on the ‘ ‘ e ‘ N
input inductors L, (for a given number of turns and a
maximum admissible magnetic flux density the inductor
peak current is determining the magnetic core volume
and/or inductor size). Advantageoudy, the RM S value of
the lineto-line currents thereby is only increased
marginaly, i.e. by a factor of 1.014M2 Ijjyms &S
compared to the purely sinusoidal case (denoted by the
index (1)). As more detailed analysis shows this is true

0 500 1500

(N ——=

Fig.11: Normdized amplitude spectrum of the ripple
components ripple components of the A-rectifier (control
according to (13)) and of the phase current ripple of aVIENNA
Rectifier of equa output power; (n) denotes the ordinal number
of the harmonics; the normalization is with reference to the
amplitude of the mains current fundamenta 1y, Smulation
parameters as given in section 3.

aso for the average and RMS values of the currents in

the power semiconductors. 0.30

[P N % e N

C e

4 Compar ative Evaluation

In Fig.10 the time behavior of the equivdent phase
voltage uy;", of the corresponding mains phase voltage
un; and of a rippldiy; of the mains phase curragj is
shown for the different control concepts of fheectifier

and for the VIENNA Rectifier (for details of the input
current control employed for the VIENNA Rectifier see 1
Fig.ll.1 in [8]). The average phase current ripple
amplitude resulting for the optimum, i.e. minimum
mains current ripple control of thierectifiers (cf. (13)) 1
is about comparable to the performance of the VIENNA 005 et
rectifier. This is verified InFig.10 for the whole @
modulation range for equal rated power of the AC side
inductors [,=3L, cf. (7)), equal switching frequency 0.00
f==1/T, and equal output voltagtl, and does give 00 02 04 06 08 10 12
motivation for a further analysis of the system (the
analytical calculation of the stresses on the pow M

components will be published in a Part Il of this paper).eﬁip%llelz A';‘N‘?rr(';fggdof'\fhi Vgolﬁﬁi'%%#’f Atﬂeﬂﬁ/g‘g@m

Concerning @omparison of thé-rectifier and of the  dependency on the modulation index M for identical triangular
VIENNA Rectifier also the amplitude spectrum of thecarier sgnals of the ramp-comparison current controllers of the
input current ripple components is of interest. As showifidividud line-to-line units of the A-rectifier (cf. (a) and (16);
in Fig.11, harmonics with ordinal numbers=500 ): symmetric phase displacement of the carrier signalss of the

FlY.- ; id sysems by Y5To (cf. (17)); (C): as (a) but inversion of a
(switching frequency) are pronounced in the spectrum C@:ie’zgnd Ofya ﬁng(tomﬁe@“ﬁ;t co(r?t)roller for negative

of the VIENNA Rectifier show only minor differences, ggn, i.e. iy; < 0, of the corresponding phase current (cf. (13)).
however, for the VIENNA Rectifier a more even Furthermore shown: Input current ripple characteristic of the

distribution of the main part of the spectral power tovIENNA Rectifier (cf. (d)) and of the three-level A-rectifier
harmonics with single and double switching frequency ishownin Fig. 11 (cf. (€)).

AIN,rrrs,n -

™~

0.20

0.15 //
/L.
L
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Aiyjj which is mainly due to zero sequence ripple  components, the electromagnetic compatibility and the
components (cf. Algn in Fig. 11). The spectra dly; o, iNPUt current control in case of an unbalance of the
of the mains phase current ripples of feectifier and ~ mains phase voltages. A compilation of the results of the
given. As a comparison of the average amplitudsigf ~ analysis to be carried out at the ETH Zurich and a
(cf. Fig.9(d)) and ofiy; (cf. Fig.6(c)) indicates higher Ccomparison  to the characteristics of the VIENNA

core losses of the input inductors will occur for the  Rectifier will be presented in part Il of this paper to be
rectifier. This finally is a consequence of the deltaPublished at the IEEE International Telecommunications

connection of the individual units which does allow theConference 2001.

formation of a zero sequence current ripple in contrast to
a star connection as given for the VIENNA Rectifier. ~ References

5 Conclusons [1] Gauger, D., Froeschle, T., lllingworth, L., and Rhyne,
. . . E.: A Three-Phase Off-Line Snitching Power Supply with

As this paper shows a delta connection of single-phase Unity Power Factor and Low TIF. Proceedings of the |EEE

boost-type unity power factor rectifieis-(ectifier) does International  Telecommunications Energy Conference,

provide a low level of harmonics with switching  Toronto, Oct. 19-22, pp. 115-121 (1986).

frequency of the mains phase currents comparable Eo

direct three-phase concepts (VIENNA Rectifier). 4 ig@pgno%'; DR&]S{;@N% %”O?N;“%'é{c%;]-bﬁr';'ég?o'ﬁeﬁﬁny

A main advantage of theA{ectifier is its high E]Tgﬂimg OTvelere\(/)ioemm mocg?ginnsgsE% g;e g;fagg
modularity, however, one has to accept the disadvantage '€ y
of a high blocking voltage stress on the power Paris, Sept. 27-30, pp. 118-125 (1993).

transistors and free-wheeling diodes which (withou 3] Karlsson, M., Thoren, C. and Wolpert, T.: A Novel
additional means) results in a relatively low systent ™ anyroach to the Design of Three-Phase AC/DC Power
eﬁlClency. This weakness however can be eliminated Converters with Un|ty Power Factor. Proceajings of the
in case three-level boost converters are employed for 21% |EEE Internationd Telecommunications Energy
realizing the line-to-line units. The resulting system  Conference, Copenhagen, June 6-9, paper 5-1 (1999).
structure is depicted iRig.12 and is characterized by . ) )

a very low RMS value of the mains current ripple ‘ad4] Heldwein, M.L., Ferrari de Souza, A., and Barbi, I.: A
has been verified by first digital simulations (cf. (e) in ~ Smple Control Srategy Applied to Three-Phase Rectifier

; ; Units for Telecommunication Application Using Sngle-
Fig.11). Furthermore, for replacement of the input Phase Rectifier Modules. Pr ings of the 30%1 \EEE

single-phase diode bridges of the conventional ics Specidli
approach by three-phase thyristor bridges a change \F;%f_' %'f,ﬁgog’]g%o(lgggfscomwce' Chrlesion (SC)

over of all line-to-line systems to the two phases
remaining in the case of a mains phase loss could g Kolar, JW., and Zach, F.C.: A Novel Three-Phase Utility
performed and/or a high system reliability could be Interface Minimizing Line Current Harmonics of High

achieved. Power  Tedecommunications  Rectifier ~ Modules.
Proceedings of the 16" IEEE  International
i=RS Teecommunications Energy Conference, Vancouver, Oct.
Uy, = 30- Nov. 3, pp. 367-374 (1994).
< iy iy A A A
O Uyy [9] Miniboeck, J., and Kolar, J.W.: Design and Experimental
A A & Analyss of a 10KW 800V/48V Dual Interleaved Two
ST Transstor DC/DC Forward Converter System Supplied by
4 a Vienna Rectifier 1. Proceedings of the 41% International
N 4 %, 4 Power Converson Conference, Nuremberg, Germany,
1) : us June 6-8, pp. 569-579 (2000).
A4 A 4
TR [7] Fuld, B., Kern, S, and Ridley, R.: A Combined Buck and
1 Boost Power-Factor-Controller for Three-Phase Input.
+* 1 3 Proceedings of the 5" European Conference on Power
_@ 1, Electronics and Applications, Brighton, UK, Sept. 13-16,
T x A & K T Vol. 7, pp. 144-148 (1993).
Il

[8] Kocher, MJ., and Steigerwald, R.L.: An AC-to-DC
Converter with High Quality Input Waveforms. |EEE
Transactions on Industry Applications, Val. 1A-19, No. 4,
pp. 586-599 (1983).

Fig.12: Basc structure of the power circuit of a three-level A-
rectifier. In contrast to a system employing input diode bridge
rectifiers the connection of the line-to-line units to the mains
can be sdected by proper firing of the thyristor bridges, i.e. dl
units could be connected to only two mains phasesin case of a

mains phase |oss. [9] Miniboeck, J., Stoegerer, F., and Kolar, JW.: A Nove

Concept for Mains Voltage Proportional Input Current
. . Shaping of a VIENNA Rectifier Eliminating Controller
In the course of the continuation of the research, wyiipliers Proceedings of the IEEE 16" IEEE Applied
therefore, the system shown in Fig.12 should be power Electronics Conference, Anaheim, USA, March 4-8,
analyzed in detail concerning the stress on the power Vol. 1, pp. 587-591 (2001).



