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Abstract — A new three-phase unity power factor rectifier
with a three-switch buck-derived input stage and a DC/DC
boost converter output stage is presented. This system has
a wide input voltage range and a continuous sinusoidal time
behavior of the input currents lying in phase with the input
voltages which is also guaranteed in case of a failure in one
phase of the mains. The input currents are controlled using a
switching state sequence showing minimum switching losses. A
multi-loop system control is realized by an outer output volt-
age controller and an inner-loop buck-+boost inductor current
controller. Furthermore active damping of the input filter res-
onance is provided. For increasing the output power of the
system a parallel connection of two interleaved units is pro-
posed. There, a low input current ripple is achieved, and the
cut-off frequency of the input filter can be shifted to higher fre-
quencies (resulting in improved control dynamics and a more
compact design downsizing of the inductors and of the input
filter).

1 Introduction

The rectifier input stage of three-phase telecommunications
power supply modules with sinusoidal input current usually is
realized by a buck- or a boost-derived converter system [1]-[4].
Accordingly, the input voltage of the DC/DC converter output
stage of the module being fed by the rectifier shows a lower or
upper limit which is defined by the amplitude of the mains line-
to-line voltage. Therefore, designing the power supply module
for world-wide applicability, i.e. for a mains voltage range of
nominal 208...480 V . line-to-line, results in a high blocking
voltage and high current stress and/or low utilization of the
power semiconductors and power components (cf. Sections A
and B in [5]) and/or translates in a relatively low efficiency of
the energy conversion and high realization costs of the rectifier
stage.

For solving this basic problem a combination of a buck and
a boost rectifier topology (Fig. 1(a)) has been proposed in [5],
[6] which gives the possibility of controlling the input voltage of
the DC/DC converter to 400 V within the entire input voltage
range mentioned. This results in an advantageous design of the
power semiconductors of the rectifier stage and allows the ap-
plication of a DC/DC converter technology being well-known

from systems with single-phase AC supply. Furthermore, an
auxiliary start-up circuit as required for rectifier systems with
boost-characteristic can be omitted, and in contrast to stan-
dard buck-type systems a sinusoidal input current shape can
be guaranteed also in case of a failure of one phase of the mains.
However, owing to employing three single-phase units for the
realization of the three-phase system the rectifier circuit pro-
posed in [5], [6] shows a high complexity, i.e. comprises in total
six turn-off power semiconductors and driver stages, three in-
ductors and three output capacitors and requires special means
for achieving a synchronized operation and equal distribution
of the total output power to the individual units.

In this paper based on [7]-[10] a novel direct three-phase
realization of the rectifier stage as depicted in Fig. 1(b) is pro-
posed which shows a significantly lower complexity while main-
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Fig. 1: Basic structure of the power circuit of a telecommunications
rectifier module employing a conventional three-phase buck+boost
power factor corrector (a) and proposed novel circuit topology (b)
as rectifier input stage.



taining the basic advantages of the combination of single phase
systems.

In section 2 the basic principle of operation of the novel
system is described. Analyzing the conduction states of the sys-
tem the current space vectors being available for the formation
of the input phase currents iy,; are calculated. A simple modu-
lation scheme is proposed which guarantees a sinusoidal shape
of the mains currents iy,; (switching-frequency harmonics of
the discontinuous rectifier input currents iy,; are suppressed
by a low-pass input filter) and minimum converter switching
losses. Guidelines for the dimensioning of the power semicon-
ductors and the buck+boost inductor are given and the pos-
sibility of minimizing the current ripple by synchronizing the
switching of the buck input stage and the boost output stage
is discussed. Furthermore, the optimum output voltage level
and/or the optimum operating point for changing between buck
and boost operation in order to achieve maximum system effi-
ciency for a given mains voltage range is calculated.

The design of a multi-loop control of the rectifier, i.e. an
outer output voltage control defining the reference values of an
inner-loop boost-inductor current control is discussed in sec-
tion 3. There, also an active damping of the input filter is
provided.

In section 4 the proposed control concept is verified by
digital simulations, and finally, in section 5 the possibility of
a phase-shifted parallel operation of two systems for minimizing
the filter requirement, which is the main topic of research being
currently under progress, is described briefly.

2 Basic Principle of Operation

In the following, the basic principle of the stationary system op-
eration is explained. Based on the investigation of the system
conduction states the related input current space vectors are
calculated, and a switching state sequence with regard to min-
imum switching losses is proposed. Furthermore, the current
stresses on the power components are calculated analytically
and the operating range of the buck stage in combination with
the boost stage is determined, and a dimensioning example is
given.

2.1 Assumptions

For the sake of simplicity we assume for the further considera-
tions:

e a purely sinusoidal shape of the filter capacitor voltage,
Ucy,i ~ un,; (identical to the mains voltage),

uN,R = Ux cos(wnt),

A 2T
un,s = Uncos(wnt— ?), (1)
un, T = Un cos(wnt + 2%),

and/or a mains voltage space vector

(2)

(pn = wnt, wy denotes the mains angular frequency),
and

uy = Unexp(y¢n),

e a constant inductor current I, a constant output current
Ip and a constant output voltage Up.

Furthermore we will neglect

o the fundamental voltage drop jwn Lr i, across the input
filter inductors Lr, and

e the mains current ripple and the reactive current due to
the filter capacitors Cr; i.e. consider the mains current
to be approximately equal to the fundamental of the rec-
tifier input current, in . & iy (1),

Remark: The space vector related to a triple of phase quanti-
ties is calculated according to the defining equation (shown for
the example of the mains phase voltages)

2
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In summary, for an ideally sinusoidal shape of the mains phase
voltage we would like to form a fundamental of the rectifier
input current lying in phase with the mains phase voltage

(pu = ¢N) . X .
iy = lv,q)exp (ev) = iy (4)

where the index (1) denotes the fundamental component, the
switching frequency components are largely suppressed by the
input filter (Lr, Cr in Fig. 1(b)).

_2 2 _
v =3 (UN,R +aun,s +a UN.T) a = exp(

2.2 Conduction States and Current Space Vec-
tors

Due to the phase symmetry of the converter structure and the

symmetry of the mains voltage system a detailed analysis of

the systems behavior can be constrained to a Z-wide interval

of the mains period. In the case at hand, a combination of

the mains phase voltages un,r > 0 > un,s > un,7 being valid
s

within the angle interval ¢y € (0; T) (cf. Fig. 2, interval 1) is
considered.
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Fig. 2: Mains phase voltages and intervals being defined by differ-
ent relations of the instantaneous mains phase voltage values. The
interval o & ¢y € (0; Z) considered for the analysis of the system
behavior in this paper is pointed out by a dotted area.

For the denomination of the switching states of the power tran-
sistors S;, i = R, S, T, and S switching functions s; and s are
used in the following, where s;,s = 0 denotes the off-state,
and s;, s = 1 denotes the on-state. The characterization of the



SR Ss st | iuRr ius iuT Ly
0 0 O 0 0 0 0
0 0 1 0 0 0 0
0 1 0 0 0 0 0
2
0 1 1 0 +I -I 21
1 0 0 0 0 0 0
1 0 1| +I 0 I % Ie]%ﬂ
1 1 0| +I —I 0 % Ie’]f
1 1 1 +7 0o -I LB Iels

Tab. 1: Switching states j, corresponding input phase currents iy ;
and current space vectors iy ; for pu € (0; 3).

switching state of the buck input stage is defined by the com-
bination j = (srsssr) of the phase switching functions. The
conduction states of the buck input stage are shown in Fig. 3,
Fig. 4 shows the related space vectors according to Tab. 1.
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Fig. 3: Conduction states of the buck stage according to Tab. 1
(valid for un,gr > 0 > un,s > un,7). The current flow is indicated
by a bold line, and the power transistors are not explicitely shown
for the sake of clearness.

For s; =1,7= R, S, T, the bridge leg ¢ corresponds to a bridge
leg of a conventional diode bridge (cf. Fig. 5), therefore, the
current path for the different switching states can be identified
easily. E.g., for sg = 0, ss = 1 and sy = 1 there results
a positive current +/ in phase S and a negative current —I
in phase T due to un,s > un,r, and according to Eq. (3) an
input current space vector QU_<011) = % 21 is formed at the
input. If all power transistors S;, ¢« = R, S,T, are in the on-
state, 7 = (111), the system corresponds to a three-phase diode
bridge, due to uny,r > un,s > un,r there follows iy, r = +1
and ¢y, = —I. In this case, the generated input current space
vector iy qq7y = % Iexp (]%) is equal to the space vector
iy, (101y (cf. Tab. 1). Since no difference in the input phase
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Fig. 4: Input current space vectors i, according to Tab. 1 (valid
for un,r > 0> un,s > un, and/or for ¢y € (0; %))7 and approxi-
mation of the reference value of the input current iy, via neighboring
current space vectors.

current behavior is given, the switching state j = (101) or
j = (111) can be used for achieving iv,r = +1, iv,s = 0 and
iy, = —I. The complete set of space vectors associated with
the switching states j of the rectifier system valid within the
considered angle interval ¢y € (0; §) is shown in Fig. 4.
Remark: If no free-wheeling diode Dp is provided, a free-
wheeling path over one bridge leg has to be ensured (e.g.,
switching state j = (100)), hence the switching state j = (000)
must not be assumed. If an explicit free-wheeling diode Dg ex-
ists, the free-wheeling of the inductor current will always lead
via this diode, also if the power transistors of a bridge leg is
in the on-state (e.g., switching state j = (100)), because of
the higher forward voltage drops of the power semiconductor
devices in one bridge leg (cf. Fig. 3). For the sake of safety,
and to guarantee a free-wheeling path also if a switching failure
occurs a system structure with explicit free-wheeling diode Dr
will be considered. A further advantage of the system structure
with explicit free-wheeling diode is a decrease of the conducting
losses of the diodes D;y and D;— (cf. section 2.4.1, Fig. 7(a)
and (b)), as a disadvantage the higher realization effort has to
be mentioned.
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Fig. 5: The basic function of a bridge leg of the buck input stage
with power-transistor S; in on-state corresponds to a bridge leg of
a conventional diode bridge. The current path for positive input
current i;; > 0 is indicated by a bold line.

2.3 Control of the Input Current

For the formation of a given reference value i;; of the input
current and/or of a related mains current iy ~ i, only the
space vectors lying in immediate neighborhood of i;; are incor-
porated into the switching state sequence in order to achieve
a deviation as small as possible between reference and actual
space vectors. In general, the switching sequence valid within



[Seq. | 41 72 Jj3 | Ja Js Jo [ Sa. |
T.1 [(111) (110) (100) [(100) (110) (111) | 5x
12 (1) (110)  (010) | (010) (110) (111) | Ss
1.3 |(111) (110) (000) |(000) (110) (111) | —
2.1 [(110) (100) (101) |(101) (100) (110) | Sk
2.2 [(110) (000) (101) |(101) (000) (110) | —
3.1 [(100) (110) (111) |(100) (110) (111) | Sk

Tab. 2: Switching state sequences available for two subsequent pulse
half periods valid within ¢y € (0; §), Se. denotes the clamped
power transistor.

one pulse (half) period has to be arranged in such a manner
that a minimum number of switching transitions of the power
transistors and/or minimum switching losses occur.

For ¢y € (0; %) the space vectors iy (101) = v (111), U,(110)
and iy, (rw) 1 and for gy € (§; %) the space vectors iy, (101) =
iU.(111)7 iU.(Oll) and iU.(FVV) are employed.

There are several possibilities to arrange the switching states
within one pulse (half) period. The switching states can either
be arranged symmetrically (cf. Tab. 2, sequences 1.x and 2.x)
or asymmetrically (cf. Tab. 2, sequence 3.1) to the middle
of the pulse period. Besides that, the free-wheeling state can
either be placed in the middle of a pulse half period (cf. se-
quences 2.x) or at the beginning and/or at the end of a pulse
half period, respectively (cf. sequences 1.x). Furthermore, one
has the possibility to clamp one power transistor within a Z-
wide interval (sequences 1.1, 1.2, 2.1, 3.1) or to use the switch-
ing state j = (000) as free-wheeling state (sequence 1.3, 2.2).
These switching state sequences presented here show no dif-
ference regarding to the number of switching transitions, but
different switching losses as derived in the following.

2.3.1 Switching Losses

For the sake of simplicity we assume (i) the switching energy
loss w to be proportional to the switched voltage u(t) (the
proportional relationship is represented by a constant of pro-
portionality k), and (ii) a constant switched current I (as im-
pressed by the inductor L). For the energy loss of one power
transistor S; occuring at a switching action from the on-state
to the off-state one receives (cf. [11])

()

and for the switching energy loss at a switching action from
the off-state to the on-state

Won-off,S; = Kon-ott uon—off(t) ],

(6)

The average value of the global switching energy loss (related
to a mains period Tx) can then be calculated from the sum
of the local switching energy losses (related to a pulse period
Tp) of all power transistors S; incorporated into the switching
actions via

TN
1
W = E /0 zl: Won-ofr,S; (t) + zl: Wost-on,s; (t) | dt; (7)

1j = (FW) denotes the free-wheeling state, (FW) = (100), (010),
(001), (000).

Wotf-on,S; = Kott-on uoff—on(t) 1.

‘ Seq. ‘ P |
1.x ?’Wﬁ kaIUN
2x | 2fpkIUN
31 | &8 fpk IOy

Tab. 3: Average value of the switching power losses for the switching

states sequences given in Tab. 2.

due to the symmetry of the feeding AC mains and the rectifier
system the integration can be constrained to an interval ¢y €
(0: %) (cf. Eq. (9)).

Investigating e.g. sequence 1.1 (cf. Tab. 2) we have: At
the transition from the switching state 7 = (111) to j = (110)
the power transistor St has to be switched off at a voltage
ucp,st. At the following transition j = (110) — j = (100) the
power transistor Ss has to be switched off at a voltage uc, rs.
In the subsequent pulse half period the power transistors Sg,
St have to be switched on again at the same voltages, but in
reverse order. If ko, o + Kogron = k 1s assumed for the sake of
simplicity, the switching energy loss within a pulse period can
then be calculated as

Won-o(t) + Wott-on () kI (ucp,st(t) + ucy,rs(t)) =

= kIUCp,RT(t)-

(8)

Based on Eq. 8 one receives for the average value of the global
switching power loss within one mains period

pid

1 [° 3vV3 N
P:WfP:E/ k‘fp]UcF,RT(gOU)dgaU%—7\T/_kprUN.

6 Jo
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If the switching state j = (000) is incorporated in the switch-
ing state sequence instead of j = (100), there is no change in
switching energy loss, because the additional switching opera-
tion of the power transistor Sg occurs with zero current.

The switching power losses for the other switching sequences
shown in Tab. 2 can be calculated in an analogous way, the re-
sults are shown in Tab. 3, Fig. 6 shows the behavior of the
normalized switching energy losses within one mains period.
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Fig. 6: Normalized switching energy losses for the switching state
sequences given in Tab. 2.



With respect to Tab. 3 and/or Fig. 6 one can see immedi-
ately that the switching state sequences with the free-wheeling
state lying at the beginning and/or at the end of one pulse
half period, respectively, are advantageous over other switch-
ing sequences regarding the switching energy loss. If the power
transistor of one bridge leg shall be clamped within a Z-wide
interval one can either choose the power transistor of the phase
4, with the phase voltage uy ; having the maximum absolute
value, i.e. phase i = R for ¢y € (0;F) in sequence 1.1 (cf.
Fig 2), or the phase i with the phase voltage lying in between
the others, i.e. phase S for ¢y € (0; §) in sequence 1.2.

2.4 Current Stress on the Power Components
2.4.1 Power Semiconductors

In the following the current average and rms values are cal-
culated as required for the calculations of the on-state losses
of the semiconductor devices (cf. [11]). The analytical results
are achieved by analyzing the current flow in one bridge leg
within one pulse half period and the relative on-times of the
current space vectors in dependency on the angle ¢y and the
modulation index M of the buck input stage,

=1y,

i M € [0;1].

(10)
Due to the symmetry of the feeding AC mains and due to the
identical structure of the bridge legs of the buck input stage the
results are valid for all bridge legs, but one has to separately
calculate the component stresses for the system structures with
and without free-wheeling diode Dr. The resulting character-
istic values of the power semiconductor currents are compiled
in Fig. 7.

Diodes Dy,;+ and Dy ;-

The diodes Dpn,i+ and Dy,,— do not take part in the free-
wheeling action in any way, for that reason the results with
and without free-wheeling diode are the same,

1 .

\/m]]v. (]])

]DN,isan = %]N7 IDN,‘w‘ms =
Diodes D;4 and D;_

If an explicit free-wheeling diode Dp is provided, the current
stress on the diodes D; equals the current stress on the diodes
Dn,i (cf. Eq. (11)). If the bridge leg is part of the free-wheeling
path, i.e., if no explicit free-wheeling diode is provided, one
receives a higher current stress for the diodes D;:

1
V3M

—1In, ID; rms = In. (12)

ID; ave = Y

Power Transistors S;

The power transistors are in on-state, if either the diodes Dy, i+
and D;y or the diodes Dn,;— and D;_ are conducting. There-
fore, the current stress on the power transistors can be calcu-
lated easily by adding up the results for Dy ; and D;. With an
explicit free-wheeling diode Dr there results

2

™

2_;
N,
vVMmn

iNa

IT; avg = IT; rms = (13)

without free-wheeling diode one receives

1 1\ »
IT; ave = (m + ;) In, I7;ime =

(14)
Free-Wheeling Diode Dr
The current stress on the free-wheeling diode corresponds to
the difference of the current stresses on the diodes D; _ with
(cf. Eq. (11)) and without free-wheeling diode (cf. Eq. (12)),

1 3\ -
IDgave = (M - ;) IN, IDpyms=
Boost Diode D and Boost Power Transistor S
For a constant output current Iy (as assumed here), the current
stresses on the boost semiconductor devices depend only on the
modulation index § of the boost converter,

1
ID,ave = Io, ID ims = lo —
5 Vo
IS ave = Iom, I ime = fom: (16)
with U
=17 (17)

Fig. 7: Compilation of the results of the analytical calculation of
average and rms values of the power semiconductor currents in de-
pendency on the mains current amplitude fN and on the modulation
depths of the converters (M: buck input stage; §: boost converter).
Buck stage (a) with and (b) without free-wheeling diode Dp, (c)
boost converter.



2.4.2 Output Capacitor

The maximum current stress on the capacitor C' at the output
of the boost converter occurs at minimum input voltage, i.e.
at maximum modulation index § of the boost converter. If
the output current Ip is assumed constant the rms-value of the
capacitor current can be calculated using

I¢ims = Io (18)

1-46

2.4.3 Input Filter Capacitor

With regard to minimum capacitor voltage ripple it is advan-
tageous to select a large capacitance value. But, an upper limit
is given by the reactive power, which has to be limited to, e.g.,
Qcp = (0,05...0,1) Py in order to achieve a displacement
factor cos ¢ = 1 of the mains current,

(0,05...0,1) Py

C
F< SUJNU]%,

(19)
Besides that, the cut-off frequency of the input filter wr has
to lie sufficiently above the frequencies of low frequency distor-
tions of the mains voltage to avoid an excitation of the input
filter,

1
(L~ + Lr)CF

wp = > (5;7;11;.. ) wn, (20)

where Ly denotes the inner mains inductance, and L denotes
the inductance value of the filter inductor.

2.5 Buck+Boost Inductor

For obtaining a low value of the current ripple A of the induc-
tor current I, one has to choose a sufficiently large inductance
value of the buck+boost inductor L under consideration of the
voltage appearing across the inductor. Advantageously, there
the switching actions of the buck input stage and the boost
converter are coordinated in such a manner that the voltage
drop across the inductor and thereby also the current ripple is
minimized.

The relevant operating point concerning the dimensioning
of the buck+boost inductor is the upper limit of the input volt-
age range, i.e. minimum buck stage modulation index Mmin.
The inductance value can be calculated (based on an equiva-
lent DC/DC converter system, which is not discussed here for
the sake of brevity) by

1— = M.

7v5 Moin 1
= Jy—23 1
L ="0Uo r N (21)

2.6 Buck and Boost Operating Range

At low input voltage the boost converter is operating, and
the modulation index of the buck input stage is defined to be
Mo = 0.90 in order to have a margin of 10 % available for
control and active damping (cf. section 3). Therefore, consid-
ering that the average values of input and output power are
identical,

gUNfN _ur, (22)

and Eq. (10), at a mains phase voltage

V2
3 Minax

UNyms = U (23)
the output voltage U of the buck input stage equals the output
voltage Up of the boost converter. For further increasing input
voltage level the boost converter is deactivated (i.e., § = 0), and

the modulation index of the buck input stage is set according
to Egs. (10) and (22)

M= — .
3 UN,rms

(24)

Figure 8 gives an overview over the behavior of the system pa-
rameters according to Egs. (10), (23) and (17) for the operating
parameters given in section 2.7.

buck + boost operating buck operating

1,0 q

28 400 —|

Ny
26 08 —
U M ~ ~

24 4 360
I » 06 B
- L) >
Z 20 & E" 320 — 5

18 04 .

\~
16 | 280 —
~
14 > = 02 1
12 ) ™ N 240
~. —
10 0,0 B
120 140 160 180 200 ' 220 240 260 280
U A%

N,rms

Fig. 8: Dependency of characterizing system parameters for system
operating parameters specified in section 2.7 on the input voltage.

2.7 Dimensioning Example

With regard to a low mains phase currents ripple and a less
complex and low-cost system manufacturing using standard
semiconductor devices and small packages (e.g. T0220, TO247)
it is advantageous to realize a rated output power of e.g. 10 kW
by parallel connection of two systems rated for 5 kW (cf. sec-
tion 5). A prototype of the proposed system for 5 kW having
the following operating parameters is currently under construc-
tion at the Department of Electrical Drives and Machines of the
Technical University Vienna:

Py = BKW (6kW)
Unyms = 120V...280V

Uyp = 400V

fn = 50Hz

fp = 30kHz.

In the following, the range of the current stresses on the power
semiconductor devices (cf. Egs. (11) — (16)), the required in-
ductance value of the buck+boost inductor, and the dimen-
sioning of the capacitors are given for the specified operating



[ LTove, Lim: /A [ 120V 210 V 280 V|
ID yy ;ave 7.5 4.5 3.2
ID y ;ems 14.0 8.0 6.9
Is; ave 15.0 8.6 6.4
IS, rms 198 ... 113 9.8
ID g ave 3.7 ... 2.1 5.4
Ip g eme 9.8 5.7 9.0
ID,ave 15.0 15.0 15.0
ID e 198 ... 150 ... 150
IS ave 1.2 ... 0 0
I3, cme 171 ... 0 . 0

Tab. 4: Current stresses on the semiconductor devices for different
input voltage levels. For input voltages higher than 210V the boost
converter is deactivated.

parameters. For obtaining an overload capability of 20 % the
system is rated for P = 6 kW.

If a current ripple g?“ =20%, i.e. 3A at I =15 A, is not
to be exceeded, one receives for the required inductance value
with Mmin = 0.673 (cf. Egs. (21) and (24))

L ~ 1.7mH. (25)
The output capacitor C' has to be selected according to the
current stress reaching a maximum value at minimum input
voltage, i.e. maximum modulation index of the boost converter
0 =0.43, (cf. Egs. (17) and (18))

Icms ~ 13.0A. (26)

With Eq. (19) one can give the following guideline for the di-
mensioning of the filter capacitor,

(0.05...0.1) - 6000 W

C e
P < 3 2750z - (280 V)2

(4...8)uF, (27)

with Ly = Lr = 100 uH the resulting cut-off filter frequency
(cf. Eq. (20)),
1 1

fr=— =
2m /200 uH (4...8) uF

(4...5.6) kHz, (28)

lies significantly above the critical frequency range occupied by
low frequency distortions of the mains voltage.

The current stresses on the semiconductor devices result-
ing for minimum and maximum input voltage are compiled in
Tab. 4.

3 Multi-Loop System Control

The block diagram of the system control with output voltage
controller as master control and current controller for the DC-
side inductor current as slave control is shown in Fig. 9.

The reference value of the output capacitor charging current
i¢; is set by the output voltage controller F(s) in dependency
on the control error of the output voltage uy — uo (io considers
a load current feedforward). Considering the balance of out-
put power of the buck input stage and of the boost converter

It
Au + 1:|
S

u _f‘\
Wo* l T+ - 0
u i
i* - UL*+ u*
> n G(s) O— Buck
‘,D* J;* Converter ™%k
Uce.,i Control —Ss
Algorithm s,
BP
Ui ,ﬂ. Uce Egs. (32)
[ Uo
+ Ic* - u-*
- F(S) -
+ +

Fig. 9: Block diagram of the control structure.

wi = 1ip ug the buck+boost inductor current has to be propor-
tional to the local average value of the boost converter output
current ip (weighting factor %) The current controller G(s)
sets the reference value of the voltage u}, across the buck+boost
inductor, by adding the output voltage reference value ug one
receives the reference value for the output voltage u* of the
buck input stage. If this reference value u* lies below the max-
imum output voltage u of the buck stage (i.e., Au > 0), the
boost converter has to be activated: The voltage u}, appearing
across the buck+boost inductor is set according to the current
1" required for a given output power. If the difference v — uo
between the output voltage of the buck stage and the system
output voltage is not sufficiently large to achieve the voltage u,
required for impressing 7", the potential at the boost side of the
inductor has to be reduced by switching the boost power tran-
sistor S with proper §, whereby the voltage appearing across
the buck-+boost inductor increases to uj. To guarantee a syn-
chronized operation of buck and boost converter, a triangular
carrier wave having pulse frequency fp is provided. There the
activation of the boost converter can be achieved automatically
by comparing Au to i; in case a triangular carrier having an
offset of %f p 1s employed.

Based on the following requirements
e resistive fundamental mains behavior, cf. Eq. (29),
e average value of the line-to-line input voltages switched
to the output of the buck stage being equal to the ref-

erence value u*, cf. Eq. (30) (valid for oy € (0; %)),
and

e sum of the relative on-times of the switching states within
one pulse period has to equal to 1, cf. Eq. (31) (valid for
pu € (0;5)), i

ly,1) X Yo,
d(101) UCp,RT + 0(110) UCcp,RS = U

—_~ o~ —~
w W N
- O ©
—_ = —

d¢101) + 9(110) + O(rw) = 1
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Fig. 10: Digital simulation of the time behavior of the input filter
capacitor voltages ucy,i, ¢ = R,S,T, of the mains phase currents
iN,i, and of the output current ¢ of the buck stage. The normalized
spectrum of the mains current is shown in (b), fundamental compo-
nent I suppressed (n denotes the ordinal number of the harmonics
with reference to the mains frequency fy = 50 Hz).

and incorporating the reference value u* of the output voltage
of the buck input stage, and the instantaneous values of the in-
put filter capacitor voltage fundamentals uc . (1), ¢ = R, S, T,
the switching functions are generated according to Egs. (32)
(given for an angle interval oy € (0; %), where the actual angle
interval is determined considering the relation of the instanta-
neous input capacitor voltage values ucy,: ).

*

1 u
dgoy = 3 DEE (UEE,R + ugf,s - Ugll:,T) + Ado1)
—CvF
1 u*
o010y = 3 TE (Ug?R - Uglf.s + ug};,T) + Ad(110)
—CF
2 u"  pp
Srwy = — = Adrw 32
(FW) 3 ‘ECFPUCF,R + Ad(Fw), (32)

ug?,- denote the bandpass filtered input capacitor voltages
ucy,i. The band-pass filter is employed for deriving the funda-
mentals uc,. (1), ug?i of the voltages ucy,; without phase
displacement (filter mid-band frequency wy = 27 50 Hz); Ad;
is a correction value according to the active damping,

(33)

where gp represents the damping conductance. The input fil-
ter capacitor voltages ucp,: are high-pass filtered, ugf,,- for
calculating Ad; in order to restrict the damping to frequencies
in the vicinity of the input filter resonance frequency (cut-off
frequency wup ~ wr).
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Fig. 11: Digital simulation of the local time behavior of the control
signals s;, of the input filter capacitor voltages ucy i, of the input
currents i 4, of the buck stage output voltage u and of the inductor
current 7, valid for ¢y € (0; %) tu denotes the local time being
counted within a pulse period Tp.

4 Digital Simulation

By the results of a digital simulation (shown in Figs. 10 and
11) the applicability of the proposed control concept is demon-
strated clearly. The operating parameters are set according to
section 2.7, for the input voltage Uy, m: = 280V is assumed.

5 Parallel Connection of Two Systems

By providing phase-shifted operation of two systems connected
in parallel, the following advantages over a single system of
higher power are achieved:

e input currents show a more continuous shape,

e cancellation of current harmonics having pulse frequency,
i.e first current harmonic occuring at double pulse fre-
quency 2fp, and therefore

e cut-off frequency of the input filter can be shifted to
higher frequencies, and/or reduction of the input filter
size and increasing dynamics of the output voltage con-
trol.

However, a symmetrical distribution of the current to the par-
allel systems has to be ensured. In the following, the current
space vectors available at a parallel operation of two systems
and the possibility for an actively symmetrization of the indi-
vidual currents are briefly investigated.
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Fig. 12: Parallel connection of two single systems (a), and input
current space vectors available for current formation in an angle in-
terval oy € (0; §) (cf. (b)).

5.1 System Structure and Current Space Vectors

The current space vector formed at the input side of the parallel
connection of two single systems I and IT (cf. Fig. 12(a)) can
be obtained easily by the sum of the current space vectors gen-
erated by the individual systems. The space vectors available
within an angle interval ¢y € (0; Z) are compiled in Tab. 5,
space vectors showing a redundancy of switching states con-
cerning current formation (i.e. by different single-system input
currents iy,;,; and iy,4,17 the same total current space vector
4, is formed at the input side) are marked with an asterisk (*).

5.2 Current Symmetrization

In order to achieve a symmetric distribution of the current to
the individual systems the redundant current space vectors (cf.
Tab. 5) are applied in the switching state sequence. There are
two possibilities to obtain this symmetrization: (i) one system
is in active state (a current space vector i;; # 0 is formed at
the input of the system) and the other system in free-wheeling
state, e.g.,

. . 2 ™
jr = (101) Y101y, = ﬁ Ir exp (jg)

Jjrr = (100) 1(100),11 =0, (34)

* dp g = %Iexp (—j%) yp = %]exp (]%)
iyp=glexp(—2%) | * v =2Texp(53)
* ZU,C =217 * ZU,G = \%]exp (]%)

* ZU,D = %]exp (]%) g'U,H = %]exp (]%)

Tab. 5: Current space vectors for parallel operation of two systems

valid in the angle interval ¢y € (0; % .

(cf. Tab. 1) or (ii) both systems are in active state, e.g.,

. . 2 T
Jr=(110)  dqi9) 7 = 7 It exp (—Jg)
. ) 2
Jir = (011) 2(011),]1:%,7111- (35)
If I; = I;; = I (as assumed for current symmetrization) in

both cases the total current space vector (cf. Fig. 12(b))
2

I exp (]E) =1
\/§ 6 =U,D

is formed at the input side of the parallel systems.

A closer theoretical investigation and experimental analysis
of the systems behavior for parallel operation will be given in
a future paper.

(36)

irdnn = War JrlU,jH =

6 Conclusions

In this paper a novel wide input voltage range three-phase unity
power factor rectifier formed by integration of a three-switch
buck-derived front-end and a DC/DC boost converter output
stage (cf. Fig. 1(b)) has been proposed showing the following

Advantages:

+ simple structure of the power and the control circuit es-
pecially in comparison to the conventional topology of a
three-phase buck+boost converter shown in Fig. 1(a),

+ sinusoidal mains phase currents lying in phase with the
mains phase voltage,

+ the input current of the rectifier system can be con-
trolled advantageously providing a switching states se-
quence causing minimum switching losses,

+ the output voltage level of 400V allows the connection to
DC/DC converters known from single-phase power factor
correction and available in the market, furthermore

+ due to the boost converter a sinusoidal mains phase cur-
rent shape can be guaranteed also in case of a failure of
one phase of the mains,

an auxiliary start-up circuit can be omitted,
high efficiency up to 97 %, and
high power density (= 1kW/dm?, and ~ 1.25kW /kg),

by parallel connection of two or more systems the input
current ripple can be decreased and the input filter as
well as the buck+boost inductor can be downsized.

+ + + +



Disadvantage in comparison to the conventional structure (cf.

Fig

Fut

. 1(a)):

— lower redundancy in case of a failure of one phase of the
mains; for the system shown in Fig. 1(a); in case of a loss
of one phase the full rated output power is available (cf.
Fig. 5 in [6]), whereas in case of a failure of one phase

at the proposed system the power has to be reduced by
a factor \/§

ure research of the Power Electronics Group of the Technical

University Vienna will be aiming for

e an evaluation of the proposed system by comparison with
a wide input voltage range three-phase boost-type (VI-
ENNA) rectifier [12] having an output voltage of 800V
(for converting this voltage to 48V two 400V DC/DC
converters of half rated power have to be connected in
series, for the proposed system two DC/DC converters of
half rated power have to be connected in parallel, there-
fore, the comparison of the systems can be limited to the
rectifier input stage),

e the experimental investigation of a 5 kW-prototype; ac-
cording to the current state of development the labo-
ratory system shows overall dimensions of (34 x 16 x
10)ecm = (13.4 x 6.3 x 3.9)in, an efficiency of n =~ 95%
at UN,min = 120V and of 7 &~ 97 % at Un,max = 280V;
the control is realized in purely analog fashion,

e optimizing the power density according to experimental
tests (minimizing the inductance of the DC/DC induc-
tor which currently has a significant share of the total
volume of the passive power components), and

e the parallel connection of two systems controlled by a
digital signal processor.

The results of this research efforts will be presented at a future

con

ference.
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