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Résumé

Le présent exposé décrit un systeme convertisseur flyback AC-DC, d un in-
terrupteur uniquedriphasé. Le systéme opérant en mode di inu est car-
actérisé par une structure simple des parties puissance et commande, par une
faible disorsion du courant de résean et par un comportement ohmique en
mode fondamental du réseau et un potentiel de coupure de fréquence élevé
de la ion de sortie régulée. Les relati entre la valeur de créte, de la
valeur moyenne et de la valeur efficae, ainsi qu'entre ia tension maximale
de blocage des semi-conducteurs de p et les p étres du circuit
sont indiquées en plus de I'analyse du comportement en tégime permanent.
L'analyse théorique est vérifiée et confirmée par simulation puménque.

Abstract

In this paper a new three-phase singie-switch AC-DC flyback converter sys-
tem is presented. The system operates in the discontinuous mode. The simple
structure of its power and control circuit, low mains curzent distortion and
tesistive fundamental behavior as well as the high-frequency isolation of the
cnnholled output voltage bave to be pointed out. Besides the analysis of the

perating bebavior the depend of the peak values, average
values nnd rms values of the device currents and of the maximum biock-
ing voltages across the power electronic devices on the citcuit parameters
are given as analytic app ti The theoretical analysis is verified by
digital simulation.

1 Introduction

‘The topic of this paper is the development and analysis of s circuit concept
for the realisation of the input unit of a unidirectional three-phase AC-DC
converter. The converter s*all be applied as power supply for an electronic
control unit and be fed from a 115V, 400Hs three-phase AC system. Due to
safety and systems aspects it has to be realised as two-stage energy converter
[1). The controlied output voltage of the rectifier input stage is converted by
a DC-DC converter into the load voltage levels.

‘The basic development requizements which are relevant for the determination
of the concept of the mains converter are defined as follows:

© high reliability (low complexity of the power and control units)

© high power density

efficiency > 0.85

wide input voltage range

isolation of the AC and the DC sides

total harmonic distortion factor < 0.05 (with the assumption of a purely
sinusoidal and symmetric mains valtage system)

fandamental displacement factor of the mains currents > 0.95

current limited start-up, limitation of the input currents for transient
mains overvaltages, limitation of the output current (overioad protec-
tion)

o possibility of patallel operation of several converters.

For universal applicability of the AC-DC converter the DC link voltage is
defined as Uo = 280 V. This is approximately equal to the (ideal) mean
output voltage for three-phase diode rectification of the 115V mains. Due
10 the high voltage level this can also be wsed torhﬁen.. of mains voltage
tages with relatively low capacit. (minimisation of the sise). The
maximam output po'u of the mains converter is given by 690W.

In the following, in section 3 a new topology of a three-phase single-switch
pulse reclifier sysiem is developed via a three-phase exteasion of a DC-DC
fiyback converter. Section 8 treats the analysis of the operating principle
of the system which bms the basis for the derivation of the equations for
the i y op (section 4). Wlth the assumption of high pulse
frequency in section 6 analytic app tions of the (peak
values, average values, rms values) on the system components are calculated
and the blocking voltage stresses on the power electronic devices are given.
The accuzacy (or the limit of applicability) of the analytical approximations
s derived via & comparison of the results of the calculation with the results
ol.chpnl-mhhn Buedo-n:un& in section 6 the approach for

doniag the coa s d d. Furth in this ion the

values for the P Iting for the initially given operating
P are ised. These P ¢ form the basis for the
selection of the power electronic devices and can be used for an assessment

of the converter within a concept evaluation.

Section T describes a simple ext: asion of the converier structure which leads
to an increase of the system efficiency and to a reduction of the blocking
voltage stress of the power electronic devices. Finally, the ;dvuugu and
disadvantages of the converter are pared and ted in 8.

2 Converter Topologies

Due to requirements for low effects on the mains and for high power den-
sity, the mains converter has to be realised as pulse converter system. For
high syst pulu freq Y the fil g effort is iderably reduced as

d to lin d systems [2] Furthermore, the isolation can be
u:dnded dne:lly mlo the converter function and be achieved by a small sise

high-{;

For the realisation of a three-phase pulse rectifier system one can apply (be-
sides three-phase converter structures) also three single-phase AC-DC con-
verters which are connected 1o a three-phase system (3]-5].

The combination of three single-phase units makes possible the design of a
fault-tolerant system due to the parallel operation on the output side of the
three partial systems which are fed by the different mains phases. The dimen-
sioning of the three converter modules has to be performed according to half
of the output power of the overall system. This results in high reliability via
the redundancy of one module. Furth the modular design simplifies
the system d t and test. B , these advantages are paid for by
 high device count for power and control cizcuits and by a reduction of the
power density. A farther disadvantage is the b lly low stilisation of the
phase modules which is due to the instantaneous phase power pulsating with
twice the mains frequency. In the case at hand we want to prefer a direct
three-phase realisation.

Based on (6] in [7]-{10] three-phase unidirectional pulse rectifier systems with
high-frequency isolation are introduced. They show a very simple structure of
the po'!x and control circuits nd satisfy the initially mentioned requirement

g low syst plexity. The converter topologies can be thought to
be (omed via a three-phase extension of basic DC-DC converter structures
{T). They are ch ised by di input phase currents (three-
phase single-switch di i induct t mode boost-type rectifiet)
or by discontinwous input phase voliages (three-phase single-switch discon-
tinwous capacitor voltage mode buck-type rectifier). The mains voltage pro-
portions] control of the peak values of the coaverter input curreats/voltages
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Fig.1: Development of three-phase single-switch AC-DC fiyback con-
verter topologies (b), (c), (d) based on the basic structure of a DC-
DC fyback converter (a); (c): three-phase single-switch discontinuons
inductor current mode flyback rectifier (regarding the coupling of the
partial windings of. Fig.2).

is achieved in analogy to the di i peration of si ,‘ phase AC-DC

pulse rectifiers having tant power i time directly by the mains

itages/currents (sntomats haping [H]) For series :ouechou of

a mains filter which supp input ics with switching fre-

q y, & iderable red of the effects on the mains is uheved as
d to li ated rectificats

As & more detailed analysis of the system behavior shows, the harmonics
content of the mains currents remaining after filtering the discontinuous input
quantities is essentially determined by the voltage or current transformation

Discontinuous-mode single-phase AC-DC fiyback converters show a purely
sinusoidal shape of the filtered input currents for constant pulse frequency and
constant on-time [13]. In connection with the simple structure of the power
circuit and the full controliability of the power flow (as given for this converter
type) this motivates the development of three-phase pulse rectifier systems
based on the basic structure of a DC-DC flyback converter as described in
the following.

Figure 1, (a) shows the power circuit of a DC-DC flyback converter which
can be extended to a three-phase converter by connecting a three-phase diode
bridge D, (cf. Fig.1, (b)) in series. However, low-frequency harmonics of
high amplitude are present in the mains current of this system. This is the
casc because (due to the operating principle of the three-phase diode bridge)
for transistor T, conducting only two phases conduct current. Therefore, the
phase current shape shows x/3 wide intervals with sero current.

If one splits up Ly, to the valve branches (cf. Fig.1, (c)), the mains volt-
age system and the valve voltage system are decoupled and a simultaneous
current flow in all phases is made possible. Due to splitting up the primary
windings, the direction of the secondary current is not dependent on the
direction of the primary phase currents. The basic secondary circuit struc-
ture of the DC-DC converter can therefore be maintained and the secondary
circuits of the phases can be connected in paralie] directly.

An AC-side arrangement (and split-up) of Ly ; results in the converter struc-
ture shown in Fig.1, (d) [14] which makes possible (contrary o (c)) & com-
bination of the phase energy storage devices to a three-phase system. For
rectification of the AC ¢ ts being p t on the y one has to
connect the output diodes D; in & three-phase bridge configuration, however.
‘Therefore, the function of the converter as fiyback converter is linked to a
minimum output voltage value defined by mains voltage and turns ratio.

For the case at hand, a closer analysis therefore can be limited to the circuit
shown in Fig.1, (¢), which will be called in the following three-phase singie-
switch discontinuous inductor current mode (DICM) fiyback rectifier.

Remark: If one moves the power transistor T instead of Ly ; to the input
of the three-phase bridge D,, there foliows a three-phase fiyback converter
structure which requi liree t fi power d devices. With
regard to the d d lexity, this vatiant (as analysed in [15})
and other variants of higher wmplenty (as given in the literatore, e.g., in
(18], {17]) will Bot be considered hete.

3 Principle of Operation

1n analogy to the theee-phase single-switch di i node puise rectifier
systems as given in the literature, the control of the system shown in Fig.2
may be performed in the s*ationary case with a pulse frequency fp and an

time of the power transistor T; being constant within the mains period.

ratio of the convertex, however (7], [10], [12). E.g., in three-phase single-switch
di ti t mode boost rectifier systems high amplitudes
of low freq h ica are p in the mains current spectrum |12}

for output ges being Jow as d to the amplitude of the line-to-li
mains voltage. This leads to a small distortion factor of the mains currents
only for high output voltages or for low input voltages, respectively.

Due to the required wide input voltage region one has 10 ask the question re-
garding the topologies of three-phase single-switch discontinuous-mode pulse

A synchronisation of fp and mains frequency fy can be omitted for fp >
In. Due to the low-pass characteristic of the mains filter Ly,Cy the mains
voltage can be assumed to lic directly at the filter output.

For ill ing the ti inciple Fig.8 shows the conducting states
of the converter occnmn; dnnng the pulse period ¢, € [0,Tp}. (t, denotes
a local time running within the :onndend pulse period.) Concerning the
mains phase voltages being spproxi ly within the pulse period
we assume un,x > 0, unr < un,s < 0 (being valid in an interval of #/6 of

Fig.2: Basic structure of the power and

costrol circuits of a three-phase single-
switch DICM fiyback rectifier; the feed-
ing mains is replaced by a Y-connection
of ideal voltage sources uy, (rs7); filter-
ing of the hgh-(nq-ney spectral com-
uo P ts of the d i converter
input currents iy ; (asT) by 8 mains fil-
ter Ly, Cn; Ro: load resistance (e.g.,
voltage depeadent input imped. ofa
DC-DC coaverter connected to the out-
put of the pulse rectifier); in the sta-
tionary case the costrol of the power
istot T} is perf dbys 4

rectifier systems with input voltage ind dent (ideal) i idal input cur-
reatis.
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the mains fundamental period, (cf. Fig.5, (a)) ). Due to the phase-symmetric
structare of the converter and due to the assumption of & purely sinusoidal
voltage system the analysis of this angle interval dertermines the system
behavior within the entite fundamental period. Figure 4 shows the local
shape of the phase currents being related to Fig.3.

Before turning on T), we have according to the operation of the system in
discontinuows mode: iy, (rsr) = Sy.a(nsr) = 0. T} is turaed on at t, = 0.
The DC side short-circuit of the bridge circuit consisting of Ly (reT)p =
Ly,1,(rsT).» (Primary inductances of the phase transformers) and D, (RST )+
D, (R$T). (diodes on the primary side) results in a rate of rise of the inpat
being defined by the instant values of the mains phne volt-
ages. For constant turn-on time therefore in the turn-off instant ¢, = t,,
of T) phase current values are obtained which vary sinusoidally owr the
mnlu period and which are proportional to the rupechve phase voltage. The
tion of the f is perfe d via the dary diodes
Dy (m) For discontinuous mode we h-ve to guarantee t, < Tp according
to Fig.4. A stress on T, caused by reverse recovery currents of the diodes
D; (rsT) is avoided therefore

Nigar
N\
NN
— NN
lu..! tn.l T
Fig.4: Time ch teristic of the input

v.1,(rsT) and of the output currents iy j(nsr) (dashed)
within a pulse period for ¢, € [0,Tp) for uyx > 0, upr <
wn,s <0 (cf. Fig.3); {, ¢ — tu): demagnetisation interval;
parameter: §2 =1.2.

B the d tisation interval does not influence the mains curreat
shape there remain purely sinusoidal mains currents which are in phase with
the mains voltages. This is due to the sinuscidal envelope of the converter
input currents iy, (nst) (. Fig.5, (b)) for ideal filtering of the harmonics
with puise frequency (cf. section 4.2). The system shows therefore (contrary
%o, ¢.g., three-phase DICM boost-type rectifiers) low effects on the mains
independently of the voltage transfer ratio as well as a high power factor and

resistive mains behavior. Furth e, independently of the output voltage
level fall :oltrolhhhty of the power Io' is given. Thu makes a limitation
of the start-up tor an P ion casily realisabl

‘The advantages of the proposed ioned 20 far have to be com-

pared to the basic duulmu‘e being uued by the high current stresses on
the devices due to the fiyback comverter principle ud by & high filtering effort.
Ia order to establish an evaluation basis g the applicability of the
proposed converter system (pug beyond the -pecul application dunbed
here) and eo-eenn; . with alternati pts, we theref

want to determine ia the followiag (afier formul of the basic equations

Fig.8: Sequence of the conduction states of a three-phase singie-switch DICM fiyback rectifier within a
pulse period t, € [0,Tp) for unr > 0, un7 < un,s < 0; t, denotes a local time within the pulse period;
t, = 0: turn-on instant of the power transistor T); , = ¢,;: turn-off instant of T}; the position of the
pulse interval considered within the fundamental period is given by the global time t or by the phase angle
¥n = wy t (wy = angular mains frequency).

4 System Analysis

4.1 Assumptions

For the analysis of the stationary operating behulor the following assump-
tions are made in order to on the !

purely sinusoidal, symmetric mains voltage system uy (nrsT).

purely si idal mains (fund 1; switching freq y
components of iy ; (xsr) are suppressed ~ ideal mains filter),

the voltage ripple of the filter capacitors Cy may be negiected,
fundamental components of the voltage across Ly may be neglected as
compatred to the amplitude Uy of the mains phase voltages; accordingly,
the filter capacitor voltage is assumed impressed and set equal to the
mains voltage,

ideal magnetic coupling of the two primary windings and of the sec-
ondary winding for each phasc,

constant output voltage uo,

constant load (output) current 1o,

fp > 200fy or Tp € Tn, respectively (mains phase voltages approxi-
mately constant withun s pulse period),

ideal system components (especially: meglection of the system losses,
switching times etc.).

Of special imp- is the ption of a pulse f; y being sufficiently
higher than the mains frequency. As described in section 5.1, this assump-
tion makes possible & very exact app tion of the on
the system components being relevant for dimensioning. Therefore, one can
omit a very time-consuming determination of the device stresses by digital
simulation. Furthermore, the knowledge of analytical relationships has (as
compared to a system analysis by digital simulation whose validity is lim-
ited to discrete parameter sets) the admu'e ofa deepex insight into the
system behavior nd allows therefore an garding the
infl of iations on the device stresses.

4.2 Basic Equations

The analysis of the basic ti of the stati g mode is per-
§ d for Jr and local on-ti t,, of Ty. hrtbelmon.

only di ti mode is d as well as a symmetric split-up of the
primary windings of the transfc ding to
Lyaqrstys = Luaqnstia = Lua - (8]

For the relation of primary and secondary inductances we have

Ly _ M
Ioa "M} (2)
ding to the ion of ideal pling. Based on & symmetrical,

purely sinusoidal mains voltage system thete follows for the instantaneous
input phase currents at turn-off instant t, =1, of T} (cf. Fig.4):

) g
000000 Uniﬂ cos (pw)
vl

. P 1 ar
= o/ 1N -
was = Ung " cos (ww — 3°)

) ) 2
it = On2l cos (o + 3) . (3)
Loy 3
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There, the position of the considered pulse interval within the fundamental
period T is defined by the angle

PN =wNt. (4)

The mains currents remaining after (ideal) filtering of the spectral compo-
nents with pulse frequency (¢f. Ln,Cx in Fig.2} of the discontinuous input
currents iy ; (pst) how follow directly via averaging related to the pulse pe-
riod as:

. 1. Tp
INR = i”nm“ﬂ‘”(w«)

1. Tp 2x
INs = EUN}I—H, cos (pn — —)
. 1.
v = 3Un r"pcw(w*»—). (5)

where .
bp = -t (6)

denotes the relative turn-on time or the duty cycle of the power transistor
T. As already described in section 3, no low-frequency eflects of the system
on the mains occur. The amplitude of the {ideally) purely sinusoidal mains
curzents being in phase with the mains phase vollages is given with Eq.(5)
as:

in= S Tr 5' . )

Regarding the loading of the mains the converter therefore can be assumed
to be replaced by equivalent resistances

L
Ry =2 ?"—‘.s 3 ®)

(for Y-connection) which can be set by the relative turn-on time ép of Tj.

Remark: This defining equation of an input equivalent resistance is aiso given
in an identical form for DICM DC-DC (cf. [18], Eq.(13)) and for single-phase
AC-DC fiyback converters (cf. {11}, Eq.(13.28)) and is valid approximately
also for three-phase single-switch DICM boost-type input rectifiers (cf. 7],
Eq.(16) or [12], Eq.(38)).

Conzsidering the equality of input and output power (because the system has
been assumed loss-free) we bave for the converter output power:

7 Tp

Po— NL

—6} . (9)
For ideal magneti pling and for d operation the entire mag-
netic energy being stored at instant {, = 1, in the primary inductances is
transferzred into the secondary within esch pulse period. The power flow as
averaged over one pulse period therefore is not influenced by the value of the
output voltage up and has the time-constant value

Po.evy = Po (10)

for the stationary case. The system shows a constant-power behavior on the
output tide being lho h istic for single-phase AC-DC fiyback convert-
ers op g in i mode (19]. One has to poiat out, however,
that in the case at hand (mlury to nngle-phue systems) also for highly
dynamic output voltage 1 no k tion of the input cur-
rent shape occurs. This is due to the umrcnntnl (average) power flow for
constant turn-on time.

ides the output

Po
Uo

As shown in the following section, b

Io = (11)
and the duty ratio ép of T the globa! maximum value of the transistor
current

- T
Irymes = Un —'“r (13)

and the giobal maximum value of the output diode curreat

N,
ID!.-.- = Ifl.wu_l (13)
3
are of p t import garding the stress on the system com-
ponents.
Remark: In this paper, s global i value denotes the i of

a signal characteristic within the fandamental period. This maximam value
has to be distinguished from a Jocal maximam value being present within a
pulse interval E.g., the current values iy ) 4,1 ensr) given in Eq.(3) represent
local mazimum values of the inpat curreat shape.

For thc nhhon of the amplitude of the mains curreat fundamental and the
t there follows with Eqs.(7, 12):

Iimes 2651 . (14)
In

Therefore, there results, e.g., for §p = 0.5 a curreat stress on T being four

times the peak value of the mains current fundamental. This clearly points
out the high current stress on the devices characterising the discontinuous
mode of a fiyback converter.

For the (global) maximum duration of the current flow within a puise interval
there follows:

Un N.
T =tyamar = tu1+ Dlydimer = yl(]+U”hy’] (15)
where
Un Ny
ludlimer = 77—
Aty a, Uo Nnt (16)

denotes the maximum dutation of the demagnetisation phase. For discontin-
uous mode we have to guarantee therefore:

Tr>T. (17

5 Component Ratings

For di ioning and deter tion of the application region of the system
especially the current and voltage stresses on the power electronic devices as
well as of the passive components are of interest. The current and voltage
characteristics to be analysed for the calculation of the component stresses
are shown in Fig.5 (c}, (), (¢), (f) with the exception of the mains filter and

the output capacitor currents.

The calculation of the dependencies of device being rel t for di-

ioning ( and blocking voltage peak values, current average and
rms values) on the system parameters (input voltage, output voltage, output
power, turns ratio, pulse frequency etc.) as simple analytic approximations
is the topic of the following sections.

5.1 Analysis Method

The basis of the calculation method is & quasi analytical app

tion of the di i ystem beb (20}, [21), being defined by
averaging the quantities over a pulse petiod. The knowledge of the charac-
teristic of a time function ¢;(t,) within one pulse period t, € [0,1,] is replaced
there by the (discrete) quantities which can be denoted as local mean value

1 Ty
L (9)
P Jo
and local rms value:
1 [T,
=5 [ 2. (19)
(Remark: the local tms value ponds to a discrete time function having

equal loss.) If these local mean values now aze related to the position ¢x (or
to the global time t = wy'ww) of the pulse interval within the fundamental
period Tn, then there is defined a continuous (global) time characteristic
of the local mean value and of the iocal rms value. By a second averaging
related to the fundamental period

3w
liwvg = 3= [ iemnplom)den (20)
¥ Jo
1 3w
Bemi= 35 [ Gemilon)don @
¥ Jo
there follow accordingly directly the characteristic quantities global mean
walue and global rms value which cb ise the P
In tion with a misimisation of p ¢ sise and weight of the mag-
metic devices ome has to aim in a practical realisation, by all means, for
Ir > In. B in the di 3 mode & stress by reverse

recovery currents of the output diodes D, is avoided, f, > 200fy seems to be
obtainable in the case at hand. As a digital simulation based on the assump-
tions made in section 4.1 shows, the derivations of the analytical expressions
from exact results remain below 2% there. Therefore, the calculation results
givea in the following can be used as basis for dimensioning.

§.2 Characteristic Current Values of the Devices

Mains filter capacitance Cy:
3 1,3 3
Bnrms = 1= 78r)oritsmes (22)
Ichmes = Itimes = In (23)

Transformer Ly, Lu.i.e Lust

primary:
IU.I.'.-.- = ’(l.l.s—-l = Ipi,mas (24)
Ill.l.'.v-o =lviam. = Ipiems (’5)
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Yig.5: Digital simulation of a three-phase single-switch DICM flyback rectifier operating with constant switching frequency
fp without mains filter Ly, Cy connected in series based on the assumptions made in section 4.1; turn-on time t,; of
T, constant within the fund l period; rep of one fund | period Ty; the angle interval oy € [0,
considered for the analysis of the system bebavior (cf. section 3 is marked in (a) by the dotted area; (a): mains phase
voltages uy (rst) (150V/div); (b): comverter input currents iy (rsr) (10A/div); (c): transistor current ir; (10A/div)
and transistor blocking voltage ur, (400V/div); (d): primary diode current ip; p.o (10A/div) and diode blocking voltage
up1 R« (300V/div); (¢): secondary diode curzent ip; g (5A/div) and diode blocking voltage ups g (400V/div); (f): curreat
t feeding the output capacitor and transistor current ir;, (10A/div); parameters: Po = 800W, Uy o, = 115V, fy = 400Hs,
Uo = 280V, § = 0.57, Ly, = 0.36mH, Ly = 1.12mH, fp = 1/Tp = 15.6kBs, 1, = 30.8s.
secondary: 5.3 Blocking Vo.tage Stress
4 14
lysmes = ID3mex (26)
Iya.emi = ID3ems (27) Power Transistor T:
- N
Diodes Dy: Urs.mans = V30 + 23500 (40)
Ipimes = IT1,mas (28) The voltage value given here is related to ideal magnetic coupling (k = 1)
N " M . i "
Ipsasy = %11'1.“, (29) :fll'he primary and Y, g to the made in
Bime = 3567 B1mue (30) For non-ideal magnetic coupling
t=Vi-¢
Power Transistor 7;:
Tp of the primary and the secondary (the coupling of the two primary windings
Itimes = U m‘r (31) Lus(rstyy 824 Ly, nst).e is till assumed to be ideal) there occurs con-
3 trary to ideal coupling no from Ly,y (nst),p
It1.00g = ’—hln.., (32) or Ly (st} tO LU.&(RH) when turning off T,. For limiting the blocking
Vi voltage one has to provide a cizcuit Uy in parallel to 7). Its function is illas-
B = (l + 3_)"11,“_‘ (33) trated by an avalaache-diode in Fig.6. Then & maximum blocking voltage
* stress on 7, is fixed by
U =U, 41
Diodes D,: . Ti.mes L o (41)
replacing Eq. (00) ‘The length of the current commutation interval and, there-
In =Ir LAY (M) fore, the power dissipated in Uy, are substantially infl d by the
3imas bme N, blocking voltage stress. For maximising the |y|lem efficiency one has to aim
_1 for values of U, as high as possible, where the maximum transistor voitage
Ip2eny = 3lo S has 10 be observed.
16
Iprems = 772 [01p2mes (36)
Diodes D;:
Total of the dary diode b“"d";" The maximum blocking voltage stress can only be given as a worst-case esti-
Imee =2 Ip3 (7 mate:
s mas !Uﬂ + ;U,,
. Ubi.mes < max ( fu,+lv,,- v, ) (42)
Output capacitance C: ViUn + iﬁ-:Uo
Bms = (V3= Dlolnrme - 1} (38) This is due to the relatively complex blocking voltage characteristic for non-
3 3 ideal coupling and limitation of the voltage accross Ty (cf. Fig.5 (d), valid
Icmes = lumee = lo (39)

only for ideal coupling).
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(a)

Fig.6: Reduction of the losses in the blocking voltage limitation circuit Uy connected in parallel to T, (the losses occur due

the > t,4] (< Fig?,

(c)), diode D prevents the shorting of the output voltage; (b): as (a), but avoidance of an increase of the conduction iosses

412
- >
8]
%z
,_J ‘ . . . <
. . < : —
st T \J Sex
U
to non-ideal magnetic coupling of primary and secondary); (a): T; turned on in interval t, € [t, 4,
caused by diode D (represcntation limited to the secondary systems part).
Diodes D,:

For neglection of a small reduction of the blocking voitage stress for non-ideal
coupling there follows:

Ny o
Ubsmas = Uo + 3-Un - (43)
1
6 Converter Design
In the foll g the p dure for di ioning of the converter is outlined

and an overview over the component stresses is given using a numerical ex-
ample.

6.1 Procedure

Setting the turns ratio and the inductance of the primary of the transformer
bas to be done under ideration of the following: (1) blocking voltage

on the icond g for i input voltage Un mes+
(2) the di ti mode for input voltage Un men
and maximum outpul power Pp pmqq-

Regarding the blocking voltage stress one has to keep in mind especially the
power transistor 7). As outlined in connection with Eq.(41), one has to
set the maximum blocking voltage Urj mes. (occurring for ideal :ouphng)
sufficiently below the 3 blocking voltage for ideal g (as
defined by Up). Therefore, there follows by transformation of Eq.(40} {or the
turns ratio:

L < Ursmens = Vil mas gp ()

S
One has to point ont that & reduction of Ur; mes.i leads to an increase of the
blocking voltage stress on the diodes D; according to

20N mas )

———— (45)
Uf l.mas.i — \/svll,m

Upsmes > Uo(1+

(cl Eq (43)). Using Eq. (15) and Eq.(17) there follows for guarasteeing the

mode for input voltage:
Unmen N2y -2

brme < (14 g2 20 (45)
Then, the inductance of the primary windings of the f results in
(L. Eq.(9)): .

Lo = (0hme o e - 7
The induct. of the dary windings is given by the relation

LA
Lva= Ly, Wi (48)

(<. Eq.(3)).

After determination of the basic lyltem patamef2rs one can mow (u shown
in the {ollowing by using & le) calculate the g di-
mensioning parameters by applyiag the nhnon compiled in sections 5.2  aad
§8.3.

6.2 Design Example

We assume (cf. section 1): Uy s 0V...165V
N = 400 Hs
Uo = 280V
Pomas = 690 W  (Po.ayy = 640 W)
§/3 = 100kBs (Tp = 10 m) .

The system efficiency to be expected is estimated as n = 0.85 in order to
provide @ sufficient safety margin. Therefore, P = 810 W is the basis for

dimensioning. For calculation of the maximum duty cycle the inclusion of a
control margin can be omitted, therefore.

For the threshold level of the blocking voltage limitation circuit (defining the
maximum voltage stress of T;) we choose

UL = 800V

or
Ur i mess = 600V,

respectively. There, the realisation of T) by direct paralleling of a power
MOSFET and of an IGBT (minimisation of the switching losses and the on-
state losses with minimum control eflort, [22]) is considered. The leakage of
the tzansformer is estimated as

=002

According to sections 6.1 and 5.3 there follows then:

g: = 0.35

Upjmas = M5V

Upimes = 606V

Uhmin = T1V:6pmeg =058
Unmas = 233V :6pmas = 0.176
Ly, = 155 uB

Ly, = 1265 uH .

As mentioned ailready in section 4.2, the component current stress is essen-
tially d: d by the values of the transistor current and the
output diode current and by the duty ratio §p. For the determination of the
maximum stress on the AC-side components one has to consider the case of
minimum input voltage (or maximum ép, respectively), therefore.

ly by the

d di

Remark: Because the output pwer u
value of the i to

L
Po= {7 imae (49)

(L E‘4- (9, 12)), for coumt output power Iy ., and, therefore, the
ts are mot i d by the input voltage value. The carrent

duunmuc values of the DC-side devices are only dependent on the outpat

power and mot on the input voltage, therefore.

Via evaluating the relations given in section 4.2 and eection 5.2 there follows

for the curreat ratings:

Amplitude of the mains current fundamental:
Irmes =16 A

Maiss filter capacitor Cy:

82A

Iepome =
= 18.0A

IcN.mes

Transformer inductances Ly,1p, Lo,1ay Lu.a:

Primary:
Iyipmes = Iu1ames = 36.6 A
Ivagem = lvamem, = 59A
Secondary:
Iy 3mes = 93 A
Ioseme = 334
Diodes D;:
IDrmes = 26.6 A
Ipresy = 25A
Ipiem: = 59A
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Fig.T: Diqiul simulation of the shapes of the input and output currents of the converter (iy y (rsT) 884 iyy,3,(reT)) Within
'y puhe‘ period (cf. (a)); non-ideal magnetic coupling of Ly,; and Ly,s; sry: switching function or control signal of Ty,
respectively; ¢, : turn-off instant of Ty; parameters: as Fig.5, but 0 = 0.0975; uy 2 > 0, uyr S un,s < 0.

Power transistor T):

Itymes = 26.6 A

171_." = T4A

Irypm, = 11.2A
Diodes D;:

IDimes = 93A

IDraey = 0.96 A

Ipseme = 2.3A
Total current through diodes Dj:

Imas = 186 A

Output capacitor C:

Ic.rms 494

ICmes = 157A

Output curreat Jp:
Io=29A.

7 Efficiency Improvement

As mentioned in section 5.3 and as easily verifyable by digital simulation,
the obtainable efficiency is influenced substantially by the difference Uy —
Ut 1.emas.is» besides by the loss ibutions of the iconductors and the
passive components. A high efficiency is inevitably linked to & high blocking
voltage stress on 7, (defined by U.) and ¢o low transformer leakage (con-
mected with a high manufacturing effort).

A ficticious increase of U, (while avoiding an i of the blocking voltage
sizess on T)) can now be achieved by applying a second power traasistor
T; (on the secondary) and of an output diode D (cf. Fig.6, Jeft side). T,
is llned on M. turn-off instant of Ty (cf. Fig.7, (¢)). By shorting the

i g the transf y coupling of & volhge into the primary
(which would siow down the tion) is d. Due to
this, the curreat commutation interval is shortened and lie losses in U are
reduced accordingly.

After ing off T; the magnetisation energy (stored in Ly 3 (rs7)) is fed into
to the output via diode D which preveats shorting of the output voltage when
T is turned on. Due to its very short on—!une one has to dimension T3 only
regarding the pulse current stress aad o traasi with low ag!
carrying capability can be applied. The control of T; which is directly liaked
to the turn-off of T, furthermore allows a simple realisation of the coatrol
stage. Therefore, with a small increase of system complexity & significant
converter efficiency improvement (or a reduction of the blocking voltage stress
in Ty, respectively) is made poasibl -

(b): Curreat commutation from Ly, &y Lv,1.5.0: LU.1.7.0 0 Ly 3z asT) for
Uy = 800V;

(c): as (b), but with power iransistor T; on the secondary; sr;: switching
fanction of Tj, i7; wmarked by the dotted ares; current commautation isterval
ta € [ty.1.t.0) significantly reduced as pared to (b), reduction of the
limitation loases. »

8 Conclusions

Based oa the topology of s DC-DC fiyback converter a new three-phase single-
switch DICM rectifier system has been developed in this paper.

+ ldeally, pl id of low-frequency effects on the mains (pu-
tely sinnsoidal mains currents being in phase with the mains voltages),

+ simple structute of the power circuit and of the control circuit (constant
pulse frequency and - for the stationary case - constant turn-on time
of the power t istor allow the application of standard SMPS control
ICs), possibility of sensing the output voltage to be controlled by a third
transformer winding which also can be used for the internal supply of
the system,

+ high-frequency potential separation between AC and DC sides (poasi-
bility of matching the input and outpat voltage levels and reduction of
the component stress by proper choice of the tarns ratio},

+ simple control behavior ( ds to a DCIM DC-DC fiyback system
[23], (24} due to the hm&contut avetage power flow (cf. Eq.(10))),

+ full controllability of the power flow (inrush-current limitation (start-up
or transient overvoltages of the mains), output current imitation (load
faults)),

+ low circuit effort when various potential separated outpat voltages are
to be realised,

+ possibility of direct paiallel operation of several converters.

High peak current stress on the P (high conduction losses,

especially if 8 MOSFET power transistor is used, high requirements

regarding the SR (equivalent series resistance) of the passive compo-

ments (filtering and smoothing capacitors etc.) ),

Ingh Ho:hng voltage stress on the power semiconductors,

- agnetisation of the f (low atilisation of the
cores),

- high filtering eflort for avoiding condncted EMI (electromagnetic inter-

ference) - reduction of the power deasity of the system.

‘The advantages and drawback: tioned here correspond to a large extent
to these of a DICM DC-DC fiyback converter; an application of the system
is especially of interest for low output power (<1kW) and low rated mains
voltage.

Finally, there shall be pointed out that one can basically avoid | q y
effects on the mains only for discoatinuons mode of the system (when three-
phase energy is transformed into DC emetgy and only a singie controfied
power electrosic device is used). The simple system structure being paid

for high stress therefore ( y to DC-DC converters) cannot be
duced by choosiag the i mode.
List of Symbols
(o} output capacitor
Cnx mains filter capacitor
D output diode
D, diodes on the primary side
Dy diodes on the secondary side
IniIp mains frequency, puise frequency
i total current of the three secondary branches
i output capacitor current
icw hrough the capacitors of
the mains filter
i1 current through D, (primary side)

ip) current through D; (secondary side)



4ae $.31.C INPUT CURRENT WAVEFORMS AND POWER CONVERSION COMPATIBILITY WITH ELECTRICAL NETWORK - 1

ir carrent through transistor Ty

W.1.R, WS, WUAT input phase currents

W.ARp W.1.Sp W.1Tp  Primary currents of the transformers
(positive branches)

SU.0.Ra» WU.1.5.0, W.1.T.a  Primary currents of the transformers
(negative branches)

iU.2.R, WS, WUaT transformer secondary currents

k coupling factor between primary and
secondary windings

Ly mains filter inductances

Ly inductance of a primary winding
{positive or negative branch)

Lu.a inductance of a secondary winding

N number of turns of a primary winding

N, number of turns of a secondary winding

Po output power

Ry power-equivalent input resistance of the

converter (Y-connection)
(global) time (within & fundamental period)
T global maximum value of the sum of turn-on

-

time of T} and duration of the
demagnetisation phase

T main power transistor

T auxiliary power transistor for reduction
of the losses in U,

Tn, Tp mains fundamental period, pulse period

t microscopic (local) time counted within
a pulse interval

U threshold voltage of the voltage limitation
circuit of T}

YNR, UN,S. UNT mains phase voltages

Yo DC output voltage

YT1.mes maximum blocking voltage stress on T
for ideal magneti pling

UT1.mas.i maximum blocking voltage stress on T,
for ideal magnetic coupling

ép relative turn-on time of 7}, duty cydle

N phase assigned to time ¢ (py = wpt)
within the fundamental period

wy mains angular {requency

4 transformer leakage coefficient

(according to coupling k)

lower case letters: characterising (local or global)
time-dependent quantities

upper case lett h i t ind dent

global mean :l ms nln;

Indices:

avg linear mean value

i ing subscript, ideal magnetic coupling

max global maxiomm valae

min global minimum value

n components between the phase inputs aad the
megative bus bas of the primary bridge

P components between the phase inputs and the
positive bus bar of the primary bridge

(RST) phase R or phase S or phase T

rms qeadratic mean valoe

tui time assignment of a local current value

B local time (within & pulse period)

1 primary side

2 secondary side
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