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VIENNA Rectifier II—A Novel Single-Stage
High-Frequency Isolated Three-Phase
PWM Rectifier System
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Abstract—Based on an analysis of basic realization possibil- The following tasks are handled by a dc-to-dc converter
ities, the structure of the power circuit of a new single-stage output stage connected in series:
three-phase boost-type pulsewidth modulated (PWM) rectifier . . . .
system (VIENNA Rectifier 1l) is developed. This system has * high-frequency isolation of the output voltage;
continuous sinusoidal time behavior of the input currents and ~ * matching of the input and output voltage levels (rated
high-frequency isolation of the output voltage, which is controlled voltage of the European low-voltage mains, 400,V
inahighl)i dynamichmanner. Ashcompﬁred toT}ccl)nventionaI Itwo- line-to-line; rated dc output voltage, 48 or 60 V) via
stage realization, this system has substantially lower complexity - . .
and allows the realization of several isolated output circuits with ",‘"”d'”g ratio of th? transformer;
minimum effort. The basic function of the new PWM rectifier « tight, highly dynamic control of the output voltage and/or
system is described based on the conduction states occurring of the power flow on the output side (avoidance of low-
within a pulse period. Furthermore, a straightforward space- frequency harmonics in the output quantities and/or of
vector-oriented method for the system control is proposed which ; ;

. A psophometric noise).

guarantees a symmetric magnetization of the transformer. Also, ) )
it makes possible a sinusoidal control of the mains phase currents ~ The advantages of this concept are the following:

in phase with the associated phase voltages. By digital simulation, separate optimizability of the converter stages concerning

the theoretical considerations are verified and the stresses on . . - -
the power semiconductors of the new converter system are operational mode and dimensioning (e.g., applicability

determined. Finally, results of an experimental analysis of a of already proven control methods,-power supply to the
2.5-kW laboratory prototype of the system are given, and the output stage with constant voltage, independent of mains
direct startup and the short-circuit protection of the converter voltage variations, etc.);

are discussed. Also, the advantages and disadvantages of the new possibility of a separate development of the input and
converter system are compiled in the form of an overview. )
output stages;
Index Terms—High-frequency isolation, single-stage ac-to-dc  « simple buffering of short mains failures due to providing
Ecl)\lvl\ﬂ Confrs'on’ three-phase high-power-factor rectifier, V- a capacitor of appropriate capacity in the voltage dc link
rectiier. (at high voltage level).

However, the following disadvantages have to be men-
|. INTRODUCTION tioned:

HREE-PHASE power supply modules for telecommuni- « relative high complexity of the entire power and control
cation systems are designed in a two-stage concept in circuit (high number of power semiconductors and filter
most cases [1]. This means that the following partial tasks elements, separate controls for each converter stage),
are realized by a three-phase pulsewidth modulated (PWM) meaning a relatively high realization effort;
rectifier input stage: « twofold power conversion and, therefore, possibly reduc-
» power-factor correction (ideal sinusoidal control of the tion of the efficiency of the overall system.

mains phase currents in phase with the associated phasge to the following requirements being characteristic for
voltages, i.e., resistive fundamental behavior and low tot@lecommunications power supplies, it, therefore, seems to be
harmonic distortion (THD) and/or guaranteeing electrqsyiqys to consider possibilities of omitting the filter elements
magnetic compatibility concerning low-frequency maing, he e link of the conventional two-stage solutions and/or
curr_e_nt harmonlcs 21, [3D); of a realization okingle-stagehree-phase ac-to-dc converters
* rectification. with high-frequencyisolation of the output voltage:
« high efficiency of the energy conversion (low energy costs
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Fig. 1. Basic structures of three-phase single-stage high-frequency isolated PWM rectifier systems. (a) and (b) Quasi-single-stage buclgteaned b
single-stage buck-derived matrix PWM rectifier system according to [11]. (c) and (d) Quasi-single-stage boost-derived bridge and singlstsiagedibo
matrix PWM rectifier system according to [12] (naming of the systems according to [10]).

 high reliability; to-single-phase ac-to-ac matrix converter. This converter is

 low production costs. built up with bidirectional and bipolar (four quadrant) turn-

Remark: Basically, the isolation of the output circuit also®ff power switching elements. For the systems according to
could be achieved by a mains-side transformer. As showff- 1(@) and (b) (buck derived), the current switched and
in [4], this would make realizable a single-stage ac-to-dReing _injecte_d i_nto the mains by the swit_ching elements on
converter with a sinusoidal input current shape in an elegdR€ Primary is impressed by the output inductance; for the
way. However, because, in particular, for telecommunicatiof¥Stems according to Fig. 1(c) and (d) (boost derived), the

systems a high power density is desired, in the case vgltage being required for controlling the mains current is

hand, only circuit concepts with high-frequency isolation arghpressed by the output capacitor (no output inductor has to

considered. Also, with regard to high power density, the furthQF provided). .

considerations are limited to direct three-phase systems. Thi emark: For small output' voIFages and/or high output cur-
is the case because three-phase converters built up of tk}rfeq?as (e.g., for tﬁlecommumcatpn; p_ower|§uppl'y modules of
two-stage [5] or single-stage [6] converters arranged in star ggner power), the secondary circuit is realized in most cases

: ; o as a center-tapped circuit and not as a full-bridge circuit
delta connection show a relatively low utilization of the powe A . o

. reduction of the conduction losses), as shown in Fig. 1.
semiconductors and of the transformers due to the power flow

of each phase pulsating with twice the mains frequenc An interesting alternate realization of a three-phase-to-
Sec. Il AI]D (8] P 9 q y [gihgle—phase ac-to-ac converter with exclusive application

. . . . of 12 bidirectional unipolar turn-off power semiconduc-
Topologies of single-stage, high-frequency isolated threﬁ)'rs—insulated gate bipolar transistors (IGBT’s) with an-

phase PWM rectifier systems can be formed (as proposgd ajje| freewheeling diodes—has been proposed in [13].

in [9]) by replacing the input part of basic de-to-dc conpis “however, cannot be treated here in more detail for the
verter structures by a three-phase six-switch boost or a s of brevity.

switch buck PWM rectifier system (self-commutated three- o, the realization of a single-stage three-phase ac-to-dc

phase bridge circuits with voltage and/or current output [1@onyerter with high-frequency isolation, one basically could
Fig. 1]). There, with consideration of the blocking voltaggse (besides the already-mentioned circuit concepts) also the
stress on the valves, in particular, the combinations with deyk-pased or SEPIC-based single-switch converters as pro-
to-dc converter bridge circuits (as proposed and analyzggsed in [14]-[16] or single-switch three-phase flyback con-
in principle in [11] and [12]) are of interest [quasi-singlevertes as proposed in [17]. These converters show a very
stage bridge PWM rectifier systems, see Fig. 1(a) and (c)]. Agnple structure of the power and control circuits which is
further alternate circuit variants with the same basic functiopaid for, however, by a high voltage and current stress on
we want to mention the three-phase buck-derived isolatgte devices [18] and by a relatively high filtering effort for
matrix PWM rectifier system [11], as shown in Fig. 1(b), anguppressing electromagnetic interferences [19] (discontinuous
the three-phase boost-derived isolated matrix PWM rectifigput current shape). The systems are economically applicable,
system [12], as shown in Fig. 1(d). There, the primary windinignerefore, only for output power leveis5 kW and/or they are

of the high-frequency transformer is fed via a three-phasefminor importance for the realization of high-power telecom-
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munications power supply modules (output power typicallyward space-vector-oriented method for the system control
6---12 kW, i.e., 60 V/100--200 A). Therefore, they are notis proposed which guarantees a symmetric magnetization of
described in greater detail in this paper. the transformer. Also, it makes possible a sinusoidal control
Details of the operation, the control, and the dimensioning of the mains phase currents in phase with the associated
the buck-derived single-stage matrix PWM rectifier system apdase voltages (see Section IV). There, the amplitude of
discussed in [20]-[22]. The buck-derived isolated quasi-singlthe phase currents is given by the output voltage control
stage bridge PWM rectifier system according to Fig. 1(a) 8ystem. By digital simulation (see Section V), the theoretical
treated in [10] in detail. On the other hand, three-phase isolatgehsiderations are verified and, in Section VI, results of an
(quasi-) single-stagboostderived bridge PWM rectifier sys- experimental analysis of a 2.5-kW laboratory prototype of the
tems have not been analyzed in detail so far. This is explainggstem are given and possibilities of a low-loss limitation of
in [10] by the following: switching overvoltages occurring due to nonideal coupling
« higher blocking voltage stress on the valves; of the_ primary and secondary w!ndings of the transformer
« the problem of startup of the converter systems (lack 8f€ Q|scusseq, as well as the direct startup and the short-
the voltage required for the control and/or limitation ofircuit protection of the converter. Also, the advantages and
the input current in case of output capacitor not chargedlisadvantages of the new converter system are compiled in the
« the problem of overload protection (current limitatiofo'm of an overview (see Section VII).
for short circuit of the output voltage) or of overcurrent
limitation for mains overvoltages.
However, boost-derived converter systems show a series of

advantages as compared to buck-derived systems, such as the (Nrée-phase boost-type ac-to-dc converter system with
following: sinusoidal current input and high-frequency isolation of the

. continuous shape of the input current (therefore, no in oytput voltage is realized, as already mentioned in Section | in
. shap P . ' Pte conventional way as a two-stage voltage dc-link converter,
filter capacitors have to be provided);

« direct control of the mains current. ie. of the in i.e., by coupling on the dc side of a PWM rectifier system and
qluantity being of speciallintergst wi"[hl.relégard to elffsgtsf a de-to-dc converter system [see Fig. 2(a)]
: : ) A in [12], th f this relativel I
on the mains (the input current of buck-derived PWl\é s proposed in [12], the structure of this relatively complex

fif N is defined indirectly. i 2 the dif ystem can be simplified by omitting the dc-link capacitor
rectimer systems 1S defined indirecty, 1.e., via the . Tand/or by replacing the two-stage converter by a quasi-single-

) . i p&%ge topology [see Fig. 2(b)]. Then, the dc-to-dc converter
filter capacitor vqltage), - o ._stage is operated with impressed current and not with im-
* no danger of a direct short circuit of a mains I'ne'to'l'nf)ressed voltage. Therefore, at the output of the dc-to-dc
yoltage; . converter, no inductoL is required to handle the difference
* impressed transf_ormer primary current, therefore, COBetween transformed dc-link voltage and output voltage [see
trary to buck-derived converter structures, no danger iy 51 (it is important to note that the dc-link capacitor
high overcurrent spikes due to magnetic core saturatighes only for smoothing power oscillations with switching
or high reverse-recovery time of the diodes on the outpybq ency for symmetric three-phase systems and sinusoidal
S'_de; ) . shape of the input quantities, i.e., the resulting quasi-single-
+ direct voltage output (no output inductor required and/Qiaqe converter system has (ideally) a time-constant power
simple realizability o-f several .lsolated outpqt circuits)iiow for averaging over processes with switching frequency
the output voltage directly defines the blocking voltaggespite |acking a dc-link capacitor.) However, this circuit
across the diodes on the secondary (the blocking voltagg,jification does not reduce the number of turn-off power
is independent of the input voltage). semiconductors. Therefore, the system realization is still con-
These advantages ultimately form the basis for the wide apgected with a relatively high effort, and possibilities of a
plicability of this circuit type in connection witBingle-phase further reduction of the circuit complexity have to be searched
single-stage [23]-[25] and two-stage power-factor correctiger.
[26]. A starting point for this is given by the fact that the PWM
Based on this contradiction, a closer and objective analysistifier stage basically would allow a reversal of the power
and assessment of the practical applicability of three-phaswv (energy feedback from the dc link into the mains); the
boost-derived single-stage isolated PWM rectifier systersgstem operation is limited to rectifier operation, however,
seems of special interest. due to the unidirectionality of the dc-to-dc converter output
In this paper, based on a step-by-step simplification efage. Therefore, the bidirectional input stage can be replaced
the circuit proposed in [12] [see Fig. 1(c)], a new topologpy a unidirectional PWM rectifier system as proposed in
of a three-phase single-stage high-frequency isolated PWB¥] (see [27, Fig. 2]); this allows us to halve the number
rectifier system [VIENNA Rectifier 1l, see Figs. 2(d) and 3Dbf turn-off power semiconductors of the rectifier stage [see
with minimum complexity of the power circuit is derived (sed-ig. 2(c)]. Furthermore, this leads to a higher utilization of
Section 1l). In Section Ill, the basic function of the PWMthe power semiconductors because each power transistor of
rectifier system is described based on the conduction staéeghase participates in conducting current during the positive
occurring within a pulse period. Furthermore, a straightfoend negative and not only during one current half wave.

Il. DERIVATION OF THE CIRCUIT TOPOLOGY
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Fig. 2. Derivation of the basic structure of a new single-stage boost-type high-frequency isolated PWM rectifier system [see (d)] based on matonventio
two-stage converter system with voltage dc link [see (a)].

Due to the structure of the circuit received thereby, three-level) characteristic concerning voltage generation at the
is obvious to transfer partially the function of the dc-to-dnput, contrary to the system described in [29]. The advantage
converter output stage to the input stage in a further step, i@f,the realization variant shown in Fig. 3 [as compared to
the switchover of a terminal of the primary winding of théhe circuit of Fig. 2(d)] is that it allows a limitation of
transformer between positive and negative dc-link bus wilhe blocking voltages of all valves by a simple overvoltage
be performed by the input stage. The now resulting novénitation circuit situated between positive and negative dc-
topology of asingle-stage(because sections of the maindink bus (see Section VI-C). Furthermore, one can then obtain
phase currents are fed directly via the primary winding and tiefreewheeling of the transformer magnetizing current (and of
energy is transferred directly to the secondary) boost-derivéte mains phase currents) by switching on the switckies
three-phase ac-to-dc converter with high-frequency isolati@fd S—, i.e., one is not constrained by the switching state
is shown in Fig. 2(d). With the exception of a ripple withof the switching elements;, < = R,S,T" (see Section IV-B),
switching frequency, this system allows a sinusoidal maig§nplifying the system control.
current control in phase with the mains voltage; accordingly,
an (ideally) constant output power results.

One has to note, however, that the reduction of the complex-
ity of the power circuit as compared to the circuit according Because a mains phase currént; > 0,: = R, 5, T, flows
to Fig. 2(b) and the transition to direct and/or single—stadgﬂrough the associated freewheeling didde., ; for turned-
energy transfer results in higher complexity of the systeR{f Power transistorS; and throughDp_ ; for iy ; <0, the
control because now the switchég, Ss, Sy, and S, and voltage generation gt the input side of the system is qetermlned
S_ have to guarantee (in immediate interaction) a sinusoid¥t ONly by the switching states of the power transistors but

mains current shape and a pure alternating magnetization vifiC Py the signs and (as shown in the following) also by
switching frequency for the transformer magnetic core. the ratios of the phase current magnitudes. The same is true

For the derivation of a control law for the circuit showr®". the pqlarity of the.voltage across the power trqnsfprmer
in Fig. 2(d), in the following, the space vectot&; ; of the eing defined by t_he sign of the primary curreént (which is
rectifier input voltage, resulting for the different switching{ormed from se_ctlons of the_ ph_ase currents). Hov_vever, due
statesj, and the variation of the transformer magnetization a the sylmmetrles of tr}e C'rCl:'t _and fOf the feedlgl_g three-
analyzed. There, a modified realization of the proposed circﬁ%t?hse Vﬁ tage SySte?N’i orana 3(’)2',”9 ° a:)slgn con(; blnf'mon
is taken as reference (see Fig. 3) which is being obtained \?)Xh devxr/)itrﬁieacgrr/rgzv? d(ee'%?ré};v; 6?\}5: m’;f;] g Eeriog;n?he
the integration of the four-quadrant switches into the bridgr%lationships within the entire mains period are covered
legs of the input diode bridge [28]. The topology of the |
input stage is then identical to a three-level PWM rectifier )
system which has been proposed in [29] (see [29, Fig. 9]) aftd ASSumptions
which has been introduced in the literature as the VIENNA In the following, the stationary relations foiy r >0,
Rectifier. Accordingly, the circuit proposed here will be calledy s <0, and iy 7 <0 and/or for an angle intervapy =
the VIENNA Rectifier Il However, it has two-level (and not(—(n/6),+(w/6)) are considered. There, the considerations

I1l. BASIC PRINCIPLE OF OPERATION
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Fig. 3. The considerations of this paper are based on the shown realization variant of the proposed three-phase single-stage high-freqdency isolate
boost-type PWM rectifier system. The circuit is obtained by the integration of the four-quadrant switches of the circuit according to Fig. 2(d) into th
bridge legs of the input diode bridge. The basic system function is not influenced by this modification. The feeding three-phase mains is shown in the
form of voltage sources:y ;,: = R,S,T.

are based on purely sinusoidal mains current shapes is replaced by an ideal transformer with a transformation
ratio being equal to the turns ratidv; /N, (see Fig. 4).

IN.R = I cos(pn) " !
Furthermore, parasitic capacitances of the valves are neglected

A 2 . . .
in,g =1Incos <<pN — —7r> and/or, in general, idealized valves are assumed (no forward
3 voltage drop, negligible switching times, in particular, no
. 2 i ; ;
in = Iy cos <¢N + _7f> (1) reverse-recovery current f(_)r Q|odes, etc.). Then, the analysis
3 of oscillations following switching processes betwdenand
where parasitic capacitances and the inclusion of an overvoltage
limitation circuit (see Section VI-C) can be excluded from the
oN = wnt (2)  considerations. Furthermore, the output voltageis assumed

_ . to be impressed and const = Us.
(wy = 27 fn denotes the mains angular frequency) in order P anb ©

to limit the derivations to the essentials. This means that the

mains current ripple is neglected, and only the fundamentalds System Switching States and Voltage Generation
considered. Furthermore, resistive mains fundamental behavior

is assumed, i.e., currents;;,i = R, S, T, and mains phase For the denomination of the switching state of the power
voltagesuy ; (having also a purely sinusoidal shape) are ifansistors S, Ss, 57, and S, 5, switching functions

phase. Then, we have for the space vector of the mains curréftss: 7> and sy, s are used in the following. There,
and voltage s; = 1 corresponds to the on state agd= 0 to the off state.

i = T exp ion A characterization qf the switching state (_)f the overall _sysFem
N TN p‘]fp]\‘ can then be made in a clear form by using the combinations
uy =Unexpjon. @) ;= (sRsssT)ilfﬁﬂ'“T’l}. It represents, besides the switching
Remark: The space vector related to a triple of phasstate of the transistors, also a characterization concerning
quantities is calculated according to the defining equatidhe direction of the current flowz ; in the primary N; of

(shown for the example of the mains voltage) the transformer and/or the sign of the voltage; acrossiV;
(given bysign{ur 1} =+ or —; forur; = 0, sign{ur1} =0
2 ) 27 . , 7 7 7
Uy = g(uN,R +auns +a‘unr), a= exp j - (4) is defined).

As becomes immediately clear, the control of the power
The transformer is assumed ideal, i.e., stray inductdnce transistorsS, und S_ has to be performed dependent on
magnetizing current,, (with the exception of Sections IV-A the sign of the phase currents ;, e.g., for turning off a
and IV-B we assume for the magnetizing inductahge— oo switch S; conducting positive currenty; >0, one has to
and/or¢,, — 0), winding resistances, and winding capacturn on S, in any case andS_ for turning off a switch
itances are neglected. This means that the real transforn§erconducting negative curretity; <0 (s4 or s — 1) in
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Fig. 4. Idealizations of the transformer and the output circuit of the syste ——
assumed for the basic considerations of this paper. (a) Real system. (92 — [ _'-_
Idealized system. The isolation of primary and secondary circuit does not ] r—_
influence the basic system behavior and, therefore, is omitted in (b). o—_ . 1
| % .
TABLE |
SWITCHING STATES OF THE PROPOSEDSYSTEM AND RELATED VOLTAGE SPACE (11012,
VECTORSu;; ; AND SIGNS sign{uy 1} OF THE TRANSFORMER PRIMARY I x o
Uy g guyuyy
VOLTAGE u7,| FORin,g >0 AND iy g, in,7 <0
ANDIOR ¢ € (—(7/6),+(7/6)) - Py —
[ 1
sSg Ss ST Sy s— wy; sign{ura} o—E * I _—
x
—
0 0 0 1 1 0 0 _
° 111)gq
0 0 1 1 1 0 0
o 1 0 11 0 0 o——f— T .
0 1 1 10 il - |l —
o—iy—— .
1 0 0 0 1 My + [
3 N, o
1 0 1 0 1 -y, + °
=3 N2
_q22MN
1 1 0 0 1 = 3N: Uo + Fig. 5. Conduction states of the VIENNA Rectifier Il for the possible
1 1 0 0 0 + switching stateg according to Table | (valid fofx g > 0,in, 5, in,7 <0).
1 )

For the sake of clearness, the on states are shown for the circuit according to
Fig. 2(d), for which the connections of the phase switching elem&ntsSs,

order to guarantee a continuous flow of the phase currefgpg St with the primary windingV, of the transformer are realized separately
for each phase.

in: (which are impressed by the mains-side inductantes

via Dpy; and S or Dp_ and S_.

Based on this consideration, the switching-state combin&22+ andDgll, and the output voltag&o. Therefore, on the
tions compiled in Table | and/or the system conduction staBdMmary, a voltageur,; = +HN1/No)Uo (signfur,} = +)
shown in Fig. 5 result. results and/or the rectifier input phase voltages related to

Besides the possible switching states, we also have gl\/%rT'Ct'C_'OUS center tap of the wmd_m@fl have the values
in Table | the respective voltage space vectays; and the wgz = +{1/2)(N1/N2)Uo, “lf] _f _(1/2)(Né./N2)UO
resulting signsign{ur 1} of the transformer primary voltage anduy,r = —(1/2)(N1/N2)Uo. Therefore, according to ),
ury, €.9., forsg = 1,56 = 0,57 = 0,54 = 0,5_ = 1, a space vectouU(mO)+ = (2/3)(N1/N2)Up is formed at
in.r flows in positive direction inN;. The current Ioop the input of the rectifier system. Foi = (110)(01) and
is closed viaS_ and diodesDg_ s and Dgp_ r as phase (101)01, there results a positive currefyt ; = —¢y r and/or
currentsiy s andiy . Due toip; = iy r >0, there results ip; = —in s due tol|in r|>|in,s| andlor iy r| > |in,T]

a currentiy» = (No/Nq)in g at the transformer output via and, therefore, a positive sigign{ur 1} = + of the primary
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iB rectifier input voltage by a current control in such a way that,
in connection with the mains voltage, a current space vector

YU 01, i [see (3)] lying in phase withuy results
Uy = Uy — jwnLiy. (5)
CRERS The fundamental voltage dropwyLi, resulting across

the mains-side series inductancéscan be neglected in a
first approximation for high switching frequencie >
fn (and/or small inductances). Therefore, for the further
considerations

UNT Yy )

Y,(000)7y \ w1y = U 1y expjou ®uy = Uy expjon (6)

u + Yy (1) U,(1) EXp Yy = Uy N €XPJPN
w0018 | \ ) U100 _ _ -
Yy,01018 Y0,(011)5 is assumed. Therefore, full system controllability is linked to
{9y, (1)) a minimum output voltage value

Ny -
— r. 7
> o V30U (7)

As shown in Fig. 6, we have for the generanormgf(l) (in
9y =X the average over a pulse half period) for each sign combination
of the phase currents space vectags; lying symmetrically
around the center axis of the possible positions of the current
space vectof, [and/or ofuy; 1y Or uy, see (3) and (6)]. For a
minimum ripple of the phase currents, only space vecigrs
Fig. 6. Space vectors,; ; of the input voltage associated with the switch- lying in the immediate neighborhood 0{ (1) are incorporated
ing statesj of the PWM rectifier system according to Table | (based ointo the switching state sequence of a pulse period. With regard
ing >0 ins ing <0 andior forey € (—(7/6), +(x/6))). to a switching loss minimization, they are arranged in such a
manner that the transition to the respective following switching
voltageur,;. Therefore, as mentioned at the beginning of thigtate requires the switching of only one phase (and, possibly,
paper, also the orders of magnitude (besides the signs) of §i&ne of the switchess, or S_). Now, for the position of

phase currents take influence on the voltage generation. ,,, |, ~ u, shown in Fig. 6, there results the switching-state
Fig. 6 shows the complete set of the voltage space vect@gguence

resulting for the different switching statgswhich lie sym-

2
14

Yy (101)g,

metrically around the angle intervaly € (—(x/6), +(r/6)) - |t,=0(100)¢; — (110)d; — (111)?) — (011)Tg e, =(1/2)T>
of the current space vectoi, being associated with (011) ;5 — (111)9, — (110)¢; — (100)¢; |¢. =15 - - -
ingr>0,ins<0,iyr<O0. * ®
For s; = s. =1 ((sRsssT) = (000) or (001) or
(010)) andsg = ss = s7 = 1 (sys— = 00) for on € (¢, denotes a local time being counted within a pulse period

(=(7/6),+(7/6)), there followsw,; ; = 0; therefore, these 7,) The relative on times; of the switching stateg can be

switching states do represent nonactive or freewheeling stagggulated considering Flg 6 and considering the relation
of the converter. Besides the switching state combination

sys_ = 00 shown in Table I, one can basically also setuy (i) 25(110)31%7(110)31 +(6(100)0+1 +6(011)1—0)uu(100)§1
s+s— =01, 10, or 11 forsg = ss = s = 1 because, for the 9)
current flow on the mains side, a closed path §ja S5, and

St always exists. The specific choice afs_ does not have which is obtained by integration

any influence on the voltage generation at the input side of the 1

rectifier system. However, the change of the magnetizing state Uya) = 7 / up Atu ) dty,

of the transformer is influenced Iy, s_, as will be explained P JTe

in more detail in Section IV-B. In this respect, the redundancy tne different space vectors, {#,} to the average voltage

of the switching stateg = (100),, and(011),, conceming generationu,, (@) Within a pulse half period: with (9), (6),
voltage generatiom; ; is also of special importance. Table I, and (4), one receives

IV. MAINS CURRENT CONTROL AND TRANSFORMER

V3
o = —— M sin(py
VOLT-SECOND BALANCING (110)], 2 (ev)

. V3. m
A. Mains Current Control 6(100)31 + 6(011);0 = 7M sin (5 - <PU>
For a sinusoidal shape of the mains current, one has to darnye, =1— (5(110);1 +6(100)§1 +6(011)1_0)

form a fundamental [designated by an index ()],, of the (10)
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[pv = ¢n, See (6)]. There, freewheeling paths vi&r, Ss, and Sp. The sign ofuz 1 in
this case is dependent on the signigf V; /N») and can be

M UU,(I) (11) positive or negative; accordinglgign{ur1} = % is given
1N U in Table I).
2 Ny o Therefore, besides the distribution of the relative on times of

the switching state100)3; and(011)7,, one could also influ-

designates the modulation depff € (0,(2/v/3)) of the ence the transformer magnetization via an appropriate choice
system. of the freewheeling states. For the sake of brevity, this will not

By the switching state§100)d; and(011)3,, identical space be treated in more detail here. Only the transformer operation
VeCtorswy; (1q9)+ = Uy o11);, are formed (see Fig. 6). How-with continuous magnetizing current shape is analyzed and/or
ever, there result transformer primary voltages with invergsly (111)?11) is taken as the freewheeling state.
signs, as denoted by the indexes. This existing redundancyRemark: As mentioned in Section llI-A, the power semi-
concerning voltage formation can (as shown in the followsonductors are assumed ideal in this paper and, also, the
ing) be used for obtaining a purely alternating transformefansformer winding resistances are neglected. For a detailed

magnetization with switching frequency. analysis of the magnetization, one would have to consider
these parasitic quantities, however, similar to the analysis
B. Transformer Volt-Second Balancing of a push—pull center-tapped dc-to-dc converter in [30]. The

In order to avoid the occurrence of low-frequency conihagnetizing acting voltage is then dependent not only on the
ponents of the transformer primary voltage, one has to bggn, but (to a minor extent) also on the actual value of the
sically generate an equilibrium of the positive and negatiyimary and secondary current.
volt seconds resulting within each pulse half period acrossThe control method considered so far can be realized in
the transformer primary (and/or secondary). Related to thesimple way by a ramp-comparison current controller (see
switching-state sequence (8) as considered here, this leadf31d or [32, Fig. 14]) in connection with a direct control of
the relation the mains phase currents (see Fig. 8). As shown in Fig. 8(b),

then the switching instants of the power transistSisare
bci00y, T 010y = So1ny= - (12) determined via the intersection of the sum of the current con-
01 01 10 . )
trol error Asy ; (dynamically weighted by a current controller
Thereby, in connection with (10), one receives for th&/(s)) and a precontrol signah;. There, one has to consider

relative on time of the redundant switching states the dependency of the voltage generatign; (mentioned in
3 Section I11-B) on the sign of the associated phase curignt
S(t00ys, = “Msin (% _ (pU) by inversion
3 v ! HEEY
— 2 Ara o s, if i3,20
Sorny,, = g M sin (o0 + 3)' (13) si = {NOT o, ifih <0 (14)

It is important to point out that—so far—always the switch(—)f the switching decision
ing state(111)?, and not the switching statél11)% given 9

in Table | has been incorporated into the switching-state {07 if i <mi— iy,

1, if ip >m; — A’I;Nﬂ;

sequence considered. Fars_ = 11, one has (independently s =

of sg,ss,sr) a short circuit of the primary leading via the
diodesDM+’h DF+,i7 and S+ or D]w,?i, DF,J‘, and S_. of the

s ] pulsewidth modulator fany ; ~ ¢} ; < 0; thereAiy ; =
Therefore, the secondary remains without current. The mains i ’ :

i fed iallv viaSs. S 45 q VN in,i, ¢, denotes the phase current reference value.
current is fed partially viaSg, 55, and Sz and partially. By the precontrol signalsn;, the following shall be ob-
via S, and S_. There, the specific current distribution is,_.

. ained.
determined by the forward voltage drop of the valves. The ) o o
magnetizing state,, = (1/L,) | uz. dt of the transformer There shall be obtained the distribution of the switching
is not changed (according to the neglection of the winding states which are redundant with respect to the voltage

resistances and of the valves forward voltage drops). The 9eneration (between the begin and end of each pulse half

(15)

magnetizing current path is leading fog, >0 via S_ and intgrval) required for a symmetric transformer magneti-
the diodesDr_ ; and Dy ;, for ,, <0 via S, and Dp, ; zation. _ _
and Dy ;. * For Aiy; = 0 at the system input a voltage having a
As opposed to this, the magnetizing current fgis_ = 00 fundamentaly; (;, equal to the mains voltage, shall be
(sr = ss = sy = 1) is conducted only on the secondary of  formed. Then, the current controller has to provide only
the transformer and, therefore, is decreaging(N, /No) — the relatively small fundamental voltage drop across the
0) according to the secondary voltage. On the primary, then, series inductord.. Furthermore, despite the fact that the
there is no closed current path fey,; ¢, then has, pos- gain of an integrally acting component 6s) is limited

sibly, a discontinuous shape because the output diodes do to finite values for mains frequency variations, the control
not allow a current sign reversal. The mains currents have error is limited to small values (see [33, Fig. 22]).



682 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 46, NO. 4, AUGUST 1999

(resistive fundamental mains behavior). The reference value
of the amplitudef;{, of the mains phase currents is set by
the output voltage controlle#'(s) in dependency on the
control error of the output voltagey, — uo. As described
in Section IV-B, the influence of the mains phase voltages
on the current control is compensated by precontrol signals
m;, which also guarantee a symmetric magnetization of the
transformer magnetic core. Based on the switching decisions
s of the modulator stage of the current controller, the phase
switching functionssg, ss, and s are generated according to
(14) as well as the related switching states_ being formed
1 1 by a combinatorial logic circuit according to Table I. There,
‘ as mentioned before, the freewheeling state is represented by
\ (111)}; and not by (111)Z. Into the combinatorial logic,
the correction (as described in Section IV-D) of dynamically
\ occurring erroneous switching states of the current controller
\ s also included.
TN Fig. 8 shows the derivation of the phase switching functions
= — P s; via intersection of the triangular carrier wavg with the

(b) precontrol signals; for stationary operation and for one pulse
Fig. 7. Shape of the precontrol signais; of the ramp-comparison control periodTp. If, e.g., the current control errahiy g = +Ady,
within a mains period [see (a)] rated with respecf to The continuous shape Ain,s = Ay 1 = —(1/2)Ai occurs (as shown by dashed

m; of the precontrol signals as shown in (b) can be obtained based on (a)ligyes), the relative on time of the switching statel 1)
addition of rectangular signals according to (17).

0
(11)
is increased and the relative on time of the switching states
(100)?51) and(Oll)(_10 is reduced accordingly. This leads to
The signal shape an increase of the absolute valije of the mains current space
i o i ) vector b'ygN (L(diy /dt) = Uy = Uy 100, 5 Y111y, = 0),
YU € (0,+—): mgr =—MIpsin ((pU + _) —Ip eliminating the control error\: .
6 2 5 3 Remark: In Fig. 8(b), the signalf\i v ; are shown constant
ms =1Ip — “MIpsin (1 - %,) over T» for a clear representation; in reality, however, a
2 6 variation in the control errors will take place due to the changes
my =Ip — ﬁMjD sin (%, 1 ﬁ) of the system switching state.
2 3
(16)
D. Correction of Dynamically Occurring False Switching
being directly calculable based on (10) and (12) (the shapecisions of the Current Controller
1 e othr el of ne s pericd olows SO DY according to (9, witin the angle ey ¢
: . - j " 6 considered in connection with Fig. 6) in
of brevity, a more detailed description of the derivation of (1%?’ +Hr/6)) ( 9. 6)

. . . . ionar nly switchin =
is omitted here. We only want to point out that by subtractlo&go)sgtl%) a(i/H(;a(sOel,l)o az d Sin t; ge S(tat(ff’/%‘;s g;)only
) ) ) N - )

— mi—Ip, fmi>0 (100), (1_01)3 (111), (011) are.a_pplie.d for voltage generation.
= 7 (A7) The switching states remaining in comparison to Table |
result only for the dynamic case (as a more detailed analysis
of a rectangular function (defined via the signsef and/or of the selected current control concept shows), e.g., for a high
of uy;) of the amplitude/p a continuous shape; of the step change of the reference valiig of the mains current
precontrol signals can be obtained [see Fig. 7(b)]. Surprisingimplitude.
thereby a signal shape results which is known from the modu-if, e g., based on the relations shown in Fig. 8(b), the tip
lation functions for space-vector modulation for bidirectionadf the mains current space vectox, shall be guided by
six-switch boost-type voltage dc-link PWM rectifier systemg,;  in the direction of the negative phase afisand/or the

m; + Ip, if szO

(see Fig. 7(b) and [34, Fig. 12]). absolute valug - of i, shall be reduced, then the switching
state (000)7; and/or u; g0y IS generated by the current
C. Overall Structure of the System Control controller for sufficiently largei . (For Aiy = Aiy g <0
The block diagram of a two-loop system control with outpuhere follows Ain ¢ = Aiy g = —(1/2)Ain g >0 due to
voltage controller as master control and ramp-compariséxin r + Ain,s + Aix = 0.) Due to the mains voltage
current control as slave control is shown in Fig. 8. there would result aincrease however, and not a decrease

The phase current reference valugs, have a shape of iy, which has to be avoided by recoding (#00)?; in
proportional to the associated mains phase voltages (100)F; or (011)7, (see Table II).
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control unit

l s | ~_
+ ]
uo Fls) Gls) Eqh == Tab2 fe———=
- ZR =
I UO Ss
. . .. . ) T Uo
I 5|gn(|N'i) sngn(lN‘i) :. 1

S S
o0}l 1111} (011)
{110}
e _4-|-L H] __-L_;
s I _;
ST ] I -:,
= 0 1 3T ot Tp

(b)
Fig. 8. Block diagram of the two-loop control [see (a)] of the VIENNA Rectifier Il (shown schematically); for the sake of clearness, signal paths being
equal for all phases are combined in double lines. (b) Time behavior of the triangular carrier: waok the ramp-comparison current controller, of
the precontrol signalsn;, of a superimposed current control errdrin g = +Ain, Ain,s = Aiyr = —(1/2)Aiy, and of the control signals
s; generated within a pulse periodp.

TABLE I In general, the switching states corresponding to a false
CORRECTION OF THEDYNAMICALLY OCCURRING FALSE SWITCHING DECISIONS switching decision of the current controller are determined by
OF THE CURRENT CONTROLLER FORpv € (—(7/6), +(7/6)) the signs of the phase currents. The corrections to be taken
for the «/3-wide intervals of the mains period not treated
here can simply be derived by considerations analogous to the
_ iderations described so far. For the sake of brevity, a more
000)? 100)g; or (011 considerat . . ’
(000)3, - (100)gy or (0110 detailed discussion shall be omitted here.

controller output applied switching state

(001)% - (101)g,
(0102, o (110)¢ V. SIMULATION RESULTS

The theoretical considerations of the previous sections have
been verified by digital simulation for the following operating

The further corrections of false switching decisions give%argmeters (which are typ!cal .for a system application Suf:h as
. . . L ."a high-power telecommunications power supply module):
in Table Il could be derived in a similar manner by assuming

a step change of, in positive direction of the phase axis UNpms =230V, fy =50 Hz
S, Aty :Ai]\gs>0, A.i]\f7R=Ai1\r7T :—(1/2)Ai]\’75<0, &UO:'?OO Vv, L=1mH
and/or the phase axid’,Aiy = Ainr>0, Aing = N

Ains = —(1/2)Ain 1 <0. Iy =18A, L, =5mH.
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(N2/N1)io can be derived fromy; by subtraction of the

SR ;T — T I—‘!_I magnetizing current and rectification [see Fig. 4(b)].

s g | M| [ In Fig. 10(a), the shapes of the currents and voltages on the
STy ] | | l I primary and of the output current within a mains period are

S+ é T | \ J shown. One has to point out there that, in particular, the system
sl I L I ! current consumption is almost purely sinusoidal (in phase

. with the mains voltage) despite the simple current control

"\ / concept used. After filtering out the harmonics with switching
a8 ":‘__rr\‘\l ﬁ frequency, this results in an approximately constant power
i flow to the output. The low-frequency harmonics existing in
the spectrum of the mains phase current and of the output
current [see Fig. 10(b)] now have very small amplitudes
related to the fundamentdly and/or to the average value
Io = (3/2)(UnIn/Uo) [suppressed in Fig. 10(b)].

VI. EXPERIMENTAL ANALYSIS

A first experimental analysis of the proposed system has
been performed with a laboratory model (see Fig. 11) with a
2 — =0 2™ e — t  rated power of 2.5 kW, input line-to-line voltagé3l/ y 1. =

Fia 9. Detail of the fime behavior of th ol si q 110 V, and dc output voltagé/; = 48 V (according to the

oflgt.he. tranesfilrrr?er p?in;r;r(; cirr?e\r/n'lglrl?of t?}ec (:rna:](;f(frlgﬁnearlsp(:ﬁn{a?; vgl;alge typical voltage level forl telecommunlcathns power. suppies).

ur 1, of the magnetizing current,,, and of the transformed output current In order to keep the influence of parasitic capacitances and

(N2/N1)io for o & (7/12) (in,r > 0,ing <0.in,r <O). inductances on the system behavior low, a switching frequency

of fp = 20 kHz has been chosen, lying barely above the

The switching frequency has been set i = 16 kHz audible range. This makes possible _the characterization_ of

under consideration of the duration of a simulation run. Fé€ conditions also for systems of higher power and with

a practical realization and for the requirement of high powéfe application of IGBT's if high efficiency of the power

density,f» would have to be selected higher by at least a factPnversion (low switching losses) is required.

of 2 (reduction of the inductancds and L,,, being relatively

high in the case at hand). Thereby, however, in generalAa Power Circuit Components

reduced efficiency of the energy transformation results duej) power SemiconductorsThe power transistorsS;, S

to the higher switching losses. For the sake of brevitys) andS_ are realized by power MOSFET's IXYS IXFK 50N50

has been set to 1 and/or thg output \{oltage has been assumed. — 500 v, Rps(on) ;=25 ¢ = 0.1 (2). Because there do

impressed. Therefore, the dimensioning of the output voltaggt exist special requirements concerning the reverse-recovery

controller F'(s) could be omitted. The triangular carrier wavgjme of the valveDy 4 i, Dx_ i, Dpry iy Das— i [35], in each

ip has been set tdp = 10 A, phasei = R,S,T, a single-phase bridge rectifier module
Based on the parameters previously compiled, the moduggMIKRON SKB26/08(Virry = 800 V, Ip = 18 A) has
tion depth according to (11) follows as: been applied in place of discrete devices. Only fpr, ; and
M= 0.934. Dp_ ; diodes with very short reverse-recovery time (HARRIS

RHRP 1560,Vrrm = 600 V, Ipayy = 15 A, t; = 40
Thereby, a sufficiently large distance from the modulations) have been provided. The secondary rectification has been
limit M = (2/4/3) = 1.15 is guaranteed and high controlperformed by Schottky diodes IR 40CPQ0BGxrn = 60 V,
dynamics is given. The simulation results are shown in Figs.I9ay) = 40 A), where each of the valveds;, Do,
and 10. Dssy, Dss— has been realized by paralleling of the two
Fig. 9 shows a detail of the shape of the phase switchidgpdes incorporated in the same package. At present, the
functions s;, ¢ = R,S,7, and of the control signals, realization of the secondary side as a center-tapped circuit
and s_. Furthermore, the transformer primary currest; (being advantageous regarding low conduction losses) has
formed from mains phase current sections and the resultingen omitted with respect to a construction of the transformer
transformer primary voltager ; are shown. The equilibrium as simply as possible.
of the positive and negative volt seconds across the transformeFor damping of parasitic oscillations between parasitic
(which is pointed out in Fig. 9 for a pulse half period by dottethductances and output capacitande§, snubbers have been
areas) and/or the symmetric magnetization of the transformpovided across all power transistors. Furthermore, for the
magnetic core becomes clear via the shape of the magnetiZingtation of switching overvoltages across the power semicon-
currentz,,,. A change ofi,, results only for the active switch- ductors on the primary a low-loss overvoltage limiting circuit
ing states(100)g;, (110)d;, and (011)7,; for freewheeling (see Section VI-C and Fig. 11) has been provided.
(111)?, i,, remains constant due to the then given short circuit 2) Input Inductors and TransformerThe input induc-
of the primary winding. The shape of the secondary curretaincesZ = 500 pH have been realized (with regard to low
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400 —
UNi ]
0 —
-400 —
1000
YuR
0 —
-1000 —
1000
YURS
0 —
1% 2
iN 4
0 Fig. 11. 2.5-kW laboratory model of the VIENNA Rectifier |l. Dimensions:

30 cmx 26 cmx 11 cm (11.8 inx 10.2 in x 4.3 in). The control circuit
-20 board is located horizontally above the power print. The transformer (ferrite
core SIEMENS RM 14) of the flyback converter for controlling the limitation

E65 and HF litz wire 350x 0.1 CuL (N = 59; saturation
current, 25 A) and the high-frequency transformer with the
same core and split primary windin@v, = 2 x 12; HF litz
wire 420 x 0.1 Cul), lying on both sides of the secondary
Ny winding (V2 = 6; three foils 0.1 mm/35 mm in parallel). For

20
iT,1 voltage and for power supply for control electronics and fans is visible in
0 the foreground.
-20 ~ core losses and realization cost) with ferrite cores SIEMENS

M0 20 a primary inductancd.,,, = 4.6 mH, a very low stray factor
(Ls/L,,) = 0.006 could be realized by this construction.
0 By a turns ratio(N; /N2) = 6 in connection with the given
0.00 s1 002z Input and output voltages, a stationary valueidf~ 0.936
t —— has been set, approximately equal to the modulation depth
@) selected in Section V.
5o 3) Output Capacitor: The output capacitoCs has been
- selected based on the relatively high current st(&sg :m.s =
t 0.7515, see Section VI-E) due to the discontinuous output
14 23 current by four electrolytic capacitors EVOX-RIFA PEH 4700
RN pFI63 V (maximum allowable current carrying capability:
0.0 VPTeS T ; I . f . 1 Iraca0°c 10 xz = 18 A) in parallel.
0 100 200 300 400 4) Mechanical Construction:The low-inductance connec-
n— tions of the power devices have been achieved (as shown
(®) in Fig. 11) by a power print (7Q- copper thickness) being
5.0 situated directly above the heat sink FISCHER SK 56-150
(%l (Ryn, = 0.34 K/IW); the input inductors, the high-frequency
T 25 transformer, and the output capacitors have been mounted such
o that they are located in the stream of cooling air on the lower
(g . . . .
00 side of the printed circuit board.
0 100 200 300 400 B. Control Circuit
(c) ; The control of the system has been realized in analog

Fig. 10. Digital simulation of the time behavior of the mains phase voltagé§Chnology (see Fig. 11). As compared to a digital realiza-
un,i,¢ = R, S, T, of the line-to-line rectifier input voltagey, rs, of the  tion (as planned in the next step) with a microcontroller or

rectifier input phase voltage. »; related to the mains star poir¥, of the digital signal processor (DSP) this has reduced the devel-
mains phase currentsy ;, of the transformer primary current- ;, of the !

transformer primary voltager. 1, and of the load currento within a mains Opment effort. Also, the test of partial functions has been
period [see (a)]. Also shown are the rated spectrum of the mains current [sgmplified.

(b), fundamental componeit; suppressed] a_\nd of the output curr_e@t[see 1) Current Measurement and ControFor the input cur-
(c), dc valueln suppressediemark harmonics with higher amplitudes are

concentrated in the vicinity of multiples affp, i.e.,» = 600, 1200, etc]n €Nt Measurement, two phase currents are sensed with current
denotes the order of the harmonics related to the mains frequency sensors 1:1000 (LEM Instruments, LA 25-NP); the third
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Fig. 12. Circuit measures for limiting the switching overvoltages occurring due to the transformer stray inductance. Due to the overvoltayediroitét

D, Ce, Re the overvoltages (resulting for step changesf ) of all valves on the primary are limited G.;. A reduction of the limitation power can

be obtained by an auxiliary switch, on the secondary. A basically lossless system operation is possible if one changes from hard- to soft-switching
operation by connecting a capacitGt in parallel to the secondary.

phase current has been calculated according to the relationships has become clear during a detailed experimental in-
inr + ins + iy = 0 being valid due to the missing vestigation of the system, one can completely avoid turn-
connection of the circuit with the mains star point. For @an and turn-off losses for the power transistadfsi =
dimensioning of the control as simply as possible, the phaBeS, 7, by an appropriate time shift of the switching state
current controllersG(s) have been realized as proportiona¢hanges ofS, and S_ as compared to the related switching
(P) controllers; the output voltage controllét(s) has been State changes of;. Thereby, in 5, and S_, only turn-
realized as a proportional integral (P1) controller with regar@lﬁ losses result. Alternatively, a reduction of the switching
to stationary control accuracy. losses can be achieved also by changing from hard- to soft-

The recoding of the output signals of the phase curref¥/itching operation . Thereby, the stray inductarce can
controllers, i.e., the inversion of a switching decisignfor be incorporated into the system function. For this, in analogy

negative signsign{iy ;} = — of the related phase current™© [36, Fig. 4.16], one has 1o provide a capacifdr across

reference value [see (14)] and the correction of false switchié eitgﬁitrl?u'[;gg'gglsugaézeatgacgfg?r:mfg (I;l;r:]r;irrtr;o;% :ahx(igntg: d
decisions according to Table Il [see Fig. 8(a)] has been re 9 d 9

3 + + + + =
ized with a 2k-word by 8-bit CMOS electrically programmabl fo (100)g, — (110)g, — (111)gy — (000)3 — (011)s,

Qi) — (000); — (100)3. (Then, the magnetizing
read-only memory (EPROM) (CYPRESS C,:Y70291)' voltage is defined by, and, therefore, maintained also for
2) Precontrol Signals:The precontrol signalsm;

: _ have piocking output diodes.) For the sake of brevity, a compar-
been composed by analog switches directly from segmentsiQf,, of the two control methods shall be left to a future
the mains phase voltages; ; [which are measured for gaining paper.

the phase current reference valu‘ggi = (1/UN)U/N,1‘7 see

Fig. 8(a)] and of the line-to-line mains voltages gained from
the differences. This has given in all cases a matching of te Overvoltage Limitation
precontrol to the actual mains voltage conditions with small

realization effort. _ circuit consists in the fact that the transformer is operated
3) Control of the Power SemiconductorShe transfer of o 45 yoltage-fed (as for a buck-derived converter system),
the control energy has been achieved for each transisipf as current-fed. Naturally, thereby, every change of the
separately by a small-signal common-mode filter induct@{yitching state and/or of the transformer primary current is
(N1 = Nz = 80 on ferrite core SIEMENS EP7) usedjinked to the occurrence of an overvoltage. This overvoltage
as a high-frequency transformer. The control informatiofas to be limited by an overvoltage limitation circiit;, U/.;
has been transmitted via optocouplers (TOSHIBA TLP 25@Q3ee Fig. 12), e.g., between the positive and negative primary
with output driver stage having high common-mode transietiltage bus. Only by this approach can exceeding of the
immunity and a typical small-signal propagation delay timmaximum allowable blocking voltage stress on the power
of tprn = tpnr, = 150 ns. semiconductors be avoided.

A problem of the practical realization of the proposed
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As the experimental analysis shows (and as can be verified = s_ = 0) without an explicit precharge circuit via the
by analytical calculations), the average power fed into thodesDy 4, Dy, Do, Drp_, and Dy to the peak value of
clamp circuit during switching processes shows a highthe mains line-to-line voltage. Because, as mentioned before,
nonlinear dependency on the magnitude of the limiting voltagéso the supply voltages of the electronics are realized by
U, relative to the line-to-line mains voltagé§l7j\r. For rated the flyback converter (discharging the clamp capacitor for
conditions, 2% of the output poweF, are delivered into regular operation and functioning frob.,; ~ 100 V), then the
the electrolytic capacito’,; = 2 x 68 u for U, = 300 output capacitolCy is precharged without additional control
V. The respective values are 3.5% fof; = 250 V and effort to the required starting value. There, the voltage being
5% for U, = 225 V. With respect to high efficiency of the present acros€'s, and/or the main secondary winding of the
energy conversion, instead of the discharging resisRgr flyback converter can simply be given via the turns ratio of the
(shown in Fig. 11), a flyback converter has been providedndings feeding the electronics and of the main secondary
which is connected to the controlled output voltage on winding.
the secondary; it transfers continuously the energy fed intolf the voltage required for current control is available, then
C. in the form of pulses to the output (see [36, p. 152]the output undervoltage detection enables the control and adds
Furthermore, this dc-to-dc converter serves as a potential-ftee load.
power supply for the control electronics (power consumption
20 W) and for feeding of the fans (power consumption .

6 W). Also, it serves for the precharging of the outpull:" Experimental Results
capacitor during system startup, as described in the followingCharacteristic signal shapes of the stationary operation of
section. the laboratory model are shown in Fig. 13.

Remark: One has to note that by a power transisfy As can been seen from Fig. 13(a) and (b), the mains current
(and decoupling diodesD,) situated on the secondary, as guided proportional to the mains voltage in accordance
significant reduction of the limitation power can be achievesith the theoretical considerations. (The deviation of the
This has been proposed in [17] in connection with a singleiains voltage from the ideal sinusoidal shape is caused by
switch three-phase flyback converter topology and also hadigh mains load from single-phase rectifiers with capacitive
been analyzed in [37]. ByS,, the secondary is shortenedsmoothing, e.g., in office electronics, copying machines, etc.)
during changes of the primary current as forced by switchirihe measured shape of the phase voltage and of the line-
state changes of the system. Thereby, the full limitatide-line voltageuy, rs at the converter input check the results
voltage is available for obtaining of a new stationary curref the digital simulation of the circuit (see Fig. 10).
value which is delayed by the stray inductance and notThe deviation of the shape of the transformer primary
only the difference of the limitation voltage and the voltaggoltage from the simulation (see Fig. 10) can be explained
coupled into the transformer primary. The time interval foby the finite leakage inductance of the transformer, which,
the current commutation is substantially shortened thereby mentioned in Section VI-C, leads to a triggering of the
and/or the power fed into the clamp circuit is substantiallgvervoltage clamp circuit and/or to overvoltage peaks with
reduced. amplitude 300 V for each switching state change. The simu-

lation has been based on a leakage-free transfofmes 0;
however, the basic system behavior is represented correctly
D. System Startup and Overload Protection despite this simplification.

As mentioned in [10], the startup and the overload protection!n the rated operating point, the following stresses on the
(short circuit of the output voltage) represent critical operatirffimary power transistors and diodes (related to the peak value
conditions for a single-stage boost-derived converter systefw, Of the mains current fundamental) and on the output diodes
In both cases, the voltage coupled into the transformer prima@yd the output capacitor (related to the mean vdiy®f the
(which guides the mains current) is missing. The current beif§tPut current) have been measured (which can be used as a
driven by the mains voltage cannot be limited, thereforélSt system evaluation during a concept study):
independently of the converter switching state, i.e., also for the

active switching state6100)o;, (011)1¢, (110)0; and(101)e; Isi,avg =033 p.u, Isirms =0.46 p.u.

(in on € (—(n/6),+(x/6))) being voltage forming during Is+tave =046 p.u, Is4 rms =0.6 p.U.
regular operation. In case of a short circuit of the output Ipy,avg =0.32 p.u, I, rms =0.5 p.u.
voltage(U/p = 0), one has to block, therefore, |mmed|§tely all IDy.avg =0.16 pU, IDyy xms = 0.32 .U
power transistorgs;, s, ,s_ — 0). The energy stored in the

mains side inductances is then fed into the limitation circuit Ippave =0.16 p.u, Ipp rms =032 p.U.
U,;; this has to be taken into consideration for dimensioning Ip,, . avg =0.5p.U, Ip,,  rms =0.88p.u.
the storage capacit@r.;. Then, finally, the phase currenig ;

become zero. Therefore, a limitation circuit is required also in Iog rms = 0.75 p.u.

such cases when no overvoltages result for regular operatifip and S_ show identical stresses; the same is valid for the
(i.e., e.g., for soft-switching operation). diodesDs1 4, Da1—, Dssy, and Dsz— oOn the secondary.

For the laboratory model, the clamp capacitr; has Therefore, a current stress on the power transisipresults
been charged for blocked power transistdes = 0 und which is relatively low in relation to the rms value and the
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Fig. 13. Stationary operating behavior of the laboratory model, representation for one mains period. (a) Mains phase:wola@es s, anduy v (50
V/div). (b) Mains phase currentisy, z, in s, andix, 1 (10 A/div). (c) Phase voltage;,  (related to the mains star poinf) and line-to-line voltage;;, rs
at the rectifier input (100 V/div). (d) Transformer primary voltage ; (250 V/div) and transformer primary curreft ; (20 A/div).

average absolute value of the mains current. For the valyes high-frequency isolation of the controlled output voltage has
andS_ which are realized advantageously as an IGBT bridd=en proposed.

half leg for higher input voltages, the rms current stress canThe system has (in particular, as compared to buck-derived
be considered to be equal to the mains current rms valuetdpologies [38]) the following advantages and disadvantages.
a rough first approximation. (The general advantages of single-stage as compared to two-

Due to space limitations, further results of the experimeRtage converter systems, already mentioned in Section I, are
tal analysis of the converter, as well as the approach fght again discussed in detail here.)

the dimensioning of the components, shall be compiled andyhe advantages are as follows.

discussed in a paper presently in preparation. , i
Paper p Y In prep e There is a simple structure of the power and control

circuits (the control described can be realized in purely
analog fashion).
VII. CONCLUSIONS « There is continuous sinusoidal input current shape (re-
In this paper, a novel topology of a single-stage three-phase duction of the filtering effort required on the mains side
ac-to-dc converter with sinusoidal input current shape and and/or lower electromagnetic influence on other systems).
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L]

According to the constant power flow at the input for
sinusoidal current shape, there are no low-frequency
harmonics of the output current (low psophometric noise).
There is impressed transformer primary current and/ore
dynamic limitation of the input current (e.g., for saturation
of the magnetic circuit of the transformer due to control
unsymmetries); furthermore, thereby, current spikes on
the primary resulting from reverse-recovery currents of
the output diodes for buck-derived converter systems
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such that, for minimum output voltage, a primary voltage
can still be generated which balances the maximum input
voltage.

In general, no direct startup and no direct current limita-
tion for an output voltage short circuit is possible, which
is a more complex startup than for buck-derived converter
systems; the basic reason is that the system function is
dependent on a minimum value of the output voltage
(which, in turn, is dependent on the input voltage).

are avoided. Also, a conduction overlap of the power As becomes clear by the list given, the converter system
transistors, i.e., switching state. = s, = 1 and/or proposed has a number of advantages which motivate a closer
sr = ss = sy = 1 becomes admissible and does nahvestigation, which is beyond the basic considerations of
lead to a short circuit of the line-to-line voltage. this paper. Here, in particular, the soft-switching operation
The maximum volt seconds resulting across the trarasnd the possibility of operating the system with low pulse
former are limited and are defined by the pulse perig@te (as proposed in [39]-[41] for the conventional VIENNA
and the output voltage (and not by the mains voltadeectifier) shall be investigated. Furthermore, the establishment
as for buck-derived converter systems); therefore, alsb guidelines for converter dimensioning and a more detailed
for heavily varying mains voltage, a good transformegxperimental analysis are planned.

utilization can be obtained (for approximately constant Concluding, one has to point out that based on the basic
output voltage). structure of the system proposed and investigated in this paper,
The blocking voltage of the output diodes is defined b§ new single-stage buck-type converter system wighressed

the output voltage (with low inductance) and is indeper@utput currentand impressed input voltagean be formed
dent of the mains voltage. This is of special advantad¥|ENNA Rectifier Ill, [42]) by dual exchange of the input-
for wide input voltage range and constant output voltag#de and output-side energy storage devices. According to first
and/or, in general, for high output voltages. (For bucknvestigations, this new system also has high power density
type converters, the b|ocking Vo|tage stress on the outrﬂnd high efficiency. Therefore, the aim of further research
diodes is defined by the mains voltage. Due to the trar@lso will be a comprehensive and comparative analysis of
former stray inductance and due to the output inductan&)gle-stage and two-stage (e.g., VIENNA Rectifier | [29]
one has no voltage level for a direct limitation of thavith dc-to-dc converter connected in series [43]) three-phase
blocking voltage; this is in analogy to the limitation ofPWM rectifier systems regarding realization cost, efficiency,
the Vo|tages on the primary for boost-derived Convert@nd volume. The results also will determine the future trends
systems, see Section VI-C). of the research at the Technical University Vienna in the

There is good cross regulation for more than one outp@fea of three-phase rectifier systems with low effects on the

voltage under the assumption of close coupling of tHB&iNs.

secondary windings (see [38, p. 1]) because no filter in-
ductances are in series with the different output voltages.
(A similar system behavior can be obtained for buck-
type converters only for magnetic coupling of the output
inductances. This involves a relatively high realization'™!

effort, however.)
[2]

The disadvantages are as follows.

There is discontinuous output current shape and/or a
relatively high current stress on the output capacitors ang
on the output diodes.

There is a right-half-plane zero of the transfer function;,
between modulation depth of the converter (according to
the duty ratio for dc-to-dc converters) and the average
output current. 5
A limitation of the transformer primary voltage and/or
of the blocking voltage across the power semiconductors
on the primary is required because, otherwise, the trangg)
former stray inductance would lead to high overvoltages
for a change of the converter switching state and/or a ste[p]
change of the transformer primary current.

There is an unfavorable transformer dimensioning for a
wide variation range of the input and output voltages, bel®
cause the transformation rati®/, /N2) has to be selected
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