Wide Input Voltage Range High Power Density High Efficiency
10kW Three-Phase Three-Level Unity Power Factor PWM Rectifier
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Abstract — In this paper the current stresses on the power
components of a direct three-phase boost-type unity power
factor rectifier are analysed in order to provide a basis for a
system design under restriction of the height to 2-U. The
conduction losses of the power semiconductors are calculated
using analytical approximations of the average and rms values
of the component currents. The switching losses are taken
from experimental investigations where a novel turn-on
snubber has been employed. Based on this data an overview of
the estimated power losses is given for a rectifier system of
10.5kW/800VDC output for 320V/400V/480V/530V (rms, line-
to-line) mains voltage. Corresponding efficiency figures are
calculated and the improvement achieved by the turn-on
snubber as compared to hard switching is determined. The
snubber topology and operating principle is discussed in
detail. Finally, the theoretical results are verified by
experimental investigation of a system prototype.

1 INTRODUCTION

Modern high-power telecom power supply modules are
typically designed for a rated output power of
Py = 50V - 200A = 10kW and show a two-stage
topology, where a three-phase high power factor rectifier is
supplying an output-side DC/DC converter.
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Fig.1: Basic structure of the power circuit of the three-phase
six-switch three-level boost-type unity power factor rectifier.

The six-switch rectifier system shown in Fig.1 [1] can be
considered as a first step in the development of the well
known VIENNA Rectifier [2] where two individual
switches and series connected diodes per phase are replaced
by a four-quadrant switch formed by a diode bridge and a
turn-off power semiconductor. Employing two switches per
phase does result in increased gate drive effort and reduced
switch utilization but, as a more detailed analysis shows,
the efficiency and the power factor of the system depicted
in Fig.1 are very close to the high performance of the
VIENNA Rectifier.

The space vectors of the input phase voltages uy;,

JOHANN W. KOLAR

Swiss Federal Institute of Technology (ETH) Zurich

Power Electronic Systems Laboratory
ETH-Zentrum/ETL/H22
CH-8092 Zurich/SWITZERLAND
Phone: +41-1-632-2834
kolar@lem.ee.ethz.ch

i=R,S,T, [3] of the three-level rectifier are shown in Fig.2.
The system shows for a given input voltage a required
output voltage level of Uy > \3'Uy (Uy denotes the peak
value of the input phase voltage) which corresponds to the
modulation limit M, = */y; (cf. (2)). However, one does
not have to employ a space vector modulation technique for
the input current control. An average current mode control
based on a triangular-shaped carrier signal and
incorporating a mains voltage pre-control or, according to
[4], a multiplier-free approach (cf. Fig.3) does allow to
achieve comparable performance. The rectifier, although
utilizing six switches, does employ only three gating
signals, i.e. 5, =s, =s,,(i=R, S, T).
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Fig.2: Rectifier input voltage space vectors available for input
current control (cf. Fig. 2 in [3]).

[
Fig.3: Block diagram of the output voltage and multiplier-
free input current control (cf. Fig.1.6 in [4]).



According to [5] the rectifier shows a nearly constant
peak-to-peak value of the ripple of the input phase currents
over a mains fundamental period due to the high number of
switching states and/or input voltage space vectors
available for current control.

In the following in section 2 the average and rms current
stresses on the power components of the rectifier system are
calculated in analytical form. The analysis of the switching
behavior with hard switching is done in section 3. Section
4 shows the dimensioning of the rectifier system for an
input line-to-line voltage range of Uy; = 320...530Vrms
and an output power level of P, = 10.5kW as required for
supplying a 10kW output DC/DC converter module with an
estimated efficiency of Npcpc = 95%. The mode of
operation and performance of the proposed turn-on snubber
[6] is analysed in detail in section 5 together with the
experimental system and measurement results (power
factor, THD, efficiency).

2 STRESSES ON THE COMPONENTS
In the following the average and the rms values of the
current stresses on the power semiconductor components
as required for the calculation of the conduction losses are
determined. Simple analytical approximations are derived
which can be used beyond the scope of this paper for the
dimensioning of the power components of the rectifier.
We assume:
e a purely sinusoidal phase current shape;
e ohmic fundamental mains behavior;
¢ no (neglectable) mains frequency voltage drop across the
boost inductors required for the sinusoidal shaping of the
input current;
e constant switching frequency;

e linear behavior of the boost inductors (inductance not
dependent on the input current level.

For characterizing the modulation we define a modulation
index
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which according to Fig.2 shows a maximum value of
2
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For a first estimation of the losses in the iron power core of
an input inductor a modulation index M = 1 is assumed.
According to [5] we then have for the normalized rms value
of the ripple current
Al

ALy s = % =0.075. 3)
For a pulse frequency of fp = 1/Tp = 38kHz, an inductance
value of L = 225uH, and an output voltage of Uy = 800V
this results in
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and/or in an rms value of current ripple of
Al =0.075-11.7=877mA . (5)

This is related to a rms value

N,rms

AY, s = L-Aly g =197Vs (6)

of the ripple of the flux linkage which is required for a core
loss calculation according to [7].

The input inductor is realized employing a helical
winding ([8], Schott corporation [9], type number: 33299).
The related flux density AB,,, for a number of turns of
N = 48 and an E-type core (4=2.28cm?) results as

AB,,. = % =18.0mT =180Gauss . (7

As a more detailed analysis shows, for the conventional
rectifier the inductor ripple current harmonics do occur
dominantly at the pulse frequency f; = fp and at twice the
pulse frequency f> = 2fp in about equal shares [5]. It is
interesting that for assuming a linear dependency on the
frequency and a quadratic dependency of the core losses on
the flux density this does reduce the core losses due to the
fact, that for the loss calculation one has to take the squares
of half of the total value AB; = AB, = AB/2, i.e.:

3
P~ f\AB] + f,AB; =prABz ®)
with fp, = fp= 38kHz, Vp, = 27.5cm’ and (7) the iron power
loss of one input choke results in approximately
3
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which can easily be tolerated even if the core is not
arranged in a forced air-cooled environment.

2.1 Current Stresses on the Power Components

The ripple of the inductor current is not considered for the
analytical calculation of the average and rms current
stresses [10] of the power components. The results of the
analytical calculations according to [11] are compiled in
Fig.4.
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Fig.4: Circuit structure of a bridge leg of the rectifier and
current stresses on the power components according to [11].



2.2 Third Harmonic Injection

A zero sequence voltage component, i.e. a third harmonic
at the pulse-width modulator input of each phase is
employed in order to extend the modulation range M € 0...1
given for purely sinusoidal modulation,

to M € (0..2/~/3).

Advantageously, this furthermore results in a reduction of
the ripple of the input inductor current and in a reduction of
the amplitude of the third harmonic of the center point
current. The optimum ratio of the amplitude of the third
harmonic component to the amplitude of the pulse-width
modulator input generating the rectifier input voltage
fundamental differs according to the optimization to be

performed; e.g. for achieving a maximum modulation range
we have a ratio of MyM, = '/s, for a minimization of the
input current ripple rms value M; / M, = '/, and for the
elimination of the third harmonic of the center point current
M;/ M, ="/,,. The current stress values of the rectifier have
been calculated based on purely sinusoidal modulation.
However, as a more detailed analysis shows the results do
hold with sufficient accuracy also in case a third harmonic
is injected for extending the modulation range.

3 ANALYSIS OF THE SWITCHING BEHAVIOR

The analysis of the turn-on and turn-off behavior has been
done for the final layout of the power circuit PCB of the
actual converter prototype without turn-on snubber. There,
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Fig.5: Experimental analysis of the switching behavior of the power MOSFET SPW47N60C2 (Infineon) in combination with a free-
wheeling diode ISLIK3060G3 (Stealth, Fairchild) in the three-phase three-level PWM rectifier topoloy. (a)-(f): 7; = 25°C; (g)-(1) T;
= 125°C; (a), (b), (¢) and (g), (h), (i): turn-on of the power transistor S; (d), (e), (f) and (j), (k), (1): turn-off of the power transistor S.
(a), (d), (g), (j): power transistor current being switched ig = 10A, (b), (e), (h), (K): is = 20A, (¢), (), (), (I): is = 30A. 1: Inductor
current 7; (10.2A/div), 3: Drain-source voltage of the power transistor upg (100V/div), A: Source current of the power transistor ig

(10.2A/div), B: switching power loss pg (SkW/div).



due to the extremely fast switching speed the measurement
of the transistor current and voltage has to be with high
bandwidth, i.e. by a coaxial shunt and a passive voltage
probe [12].

The results of the experimental investigation of the turn-
on and turn-off behavior are depicted in Fig.5(a)-(1) for
transistor currents of ig = 10, 20 and 30A, junction
temperatures of 7; = 25°C and 7; = 125°C and a gate
resistor of R; = 18Q. Based on these measurements the
relation between transistor switching current and switching
energy loss is calculated in the form of trendlines assuming
a linear dependency of the energy loss on the switching
current. The linear approximations are characterized by
coefficients

ko.on =—38.810 , Ky, = 19.100/A
kO,oﬂ = —1758}J.J , kl,oﬁ” = ZSSHJ/A

(10), (11)
(12), (13)

(cf. Fig.6). A reduction of the gate resistance value from Rg
=18Q to Rz = 9Q would result in

ko.on =—2.810J, ki o, =9.49uJ/A (14), (15)
koo =—127.513 , ky o =18.0pJ/A (16), (17)
but does increase the power transistor switching

overvoltage at turn-off from 469V to 488V (the blocking
capability of the power transistors is 600V). Therefore,
R = 18€ has been selected for all analysis and experiments
throughout the paper.

The switching losses per power transistor now can be
approximated by

Ps=fp l(kl,on + kl,oﬁ" ) [S,avg + kO,on + kO,o]fJ- (18)

According to [6] the turn-on losses of the power MOSFETSs
can be reduced by approx. 85% for employing a turn-on
snubber which does not increase the turn-off voltage.
Therefore, for calculating the efficiency of the converter
system with turn-on snubber the turn-on loss is assumed to
be zero, i.e. Ps,, =0, in a first rough approximation.
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Fig.6: Measured values of the transistor turn-on and turn-off
energy losses wg dependent on the switching current ig and the
Jjunction temperature 7;. Furthermore shown: linear trend lines
and corresponding formulas (v = w, [puJ], x = i; [A]) for the
measurements at 7; = 125°C.

4 DIMENSIONING, EFFICIENCY
The dimensioning of the rectifier system is according to

the following specifications:

e line-to-line input voltage range Uy ; = 320 ... 530V 4,

e output voltage Uy = 800V

e output power of the DC/DC converter supplied by the
rectifier stage Po pcpc = 10kW, which results in an input
power of the rectifier of P; = 10.85kW assuming an
efficiency the DC/DC converter of Npcpc = 95% and a
rectifier efficiency of ng = 97%.

e pulse frequency fp = 38kHz.

e optional turn on snubber.

Input power P;= 10850 10850 10850 10850({W
Input voltage Uyu= 320 400 480 530 |V
Input current Iyms= 19.58 15.66 13.05 11.82]A
Output voltage Up= 800 800 800 800 [V
Modulation index M= 0.65 0.82 098 1.08
Switch current Ism= 924 6.14 379 239 |A
Rps.on=10.12Q @125°C Isae= 429 253 135 0.80 [A
Conduction loss Psc= 1024 452 172 0.68 |W
Turn-on loss Pso,,= 5.60 433 349 3.09 (W
Turn-off loss Psop= 512 344 232 1.79 |W
6x Switch total losses Pg= 1288 73.7 452 334 |W
Free-wheeling diode current Iprms= 10.31 922 842 8.01 (A
Upri=0.81V, rp/=33mQ Iprae= 4.52 452 452 452 (A
6x Free-wheeling diode losses Ppr= 43.0 38.8 36.0 34.7 (W
Mains diode current Ipnms= 13.84 11.07 9.23 8.36 A
Upno=0.85V, rpy=10mQ Ipvae= 881 7.05 587 532]A
6x Mains diode losses Ppy= 564 433 351 313 |W
Total power semiconductor 2252 155.8 1162 99.4 |W
losses

Input choke (R, = 19.5mQQ, P,= 243 163 119 10.1 |[W
PFE:0633W)

Output capacitor current Icoms= 12.7 9.6 6.8 49 |A
12x Output capacitor Pco= 161 9.2 4.6 24 |W
330uF/450V (Resg=0.1Q2)

Auxiliary power P,..= 30 30 30 30 (W
(housekeeping, fans)

Snubbers, PCB, var. P.u= 50 50 50 50 |W
distributed losses

Total power losses P= 3457 261.3 212.7 1919|W
Efficiency n= 96.81 97.59 98.04 98.23 (%
Eff. with turn-on snubber n,= 97.12 97.83 98.23 98.40|%
(PS,m = 0)

Tab.1: Losses of a 10.85kW/50kHz three-phase rectifier
according to Fig.1. The improvement of the overall efficiency
in case a turn-on snubber would be employed would be in the
range of 0.17 ... 0.31%.

Part Type

S Infineon SPW47N60C2 (CoolMOS)
Dy Fairchild ISL9L3060G3 (Stealth)
Dy ST TYNG640 (Thyristor)

Tab.2: Power semiconductor components which have been
selected as basis for the calculation of the efficiency of the
rectifier system (cf. Tab.l). The devices Dy in Fig.l are
replaced by thyristors in the actual circuit and are used besides
rectification for bridging of the output capacitor precharge
resistors after start-up in order to avoid mechanical contacts,
i.e. arelay.

The stresses on the power components and the resulting
power losses are listed in Tab.1. The characteristic figures



compiled in Tab.1 are based on the analytical expressions principle would not cause an increase of the transient turn-
derived in section 2 and on the experimental switching loss  off overvoltage, [6]) the efficiency could be improved to ng

data defined by (10)-(13). For an input line-to-line voltage = 97.89%,.
of, e.g. Uy,; = 400V there a remarkably high efficiency of
N = 97.6% is achieved for hard switching. In case a soft
turn-on technique [13] would be employed (which in
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Fig.8: Left column (a), (c), (e), (g): waveforms without turn-on snubber, top trace 1: mains diode
current ipy., bottom trace 2: power transistor drain-source voltage upg; right column (b), (d), (f),
(h): waveforms with turn-on snubber, top trace 1: auxiliary winding current i,., bottom trace 2:
power transistor drain-source voltage ups. (b): the turn-on snubber does not work properly in the
whole mains period, especially at the maximum (peak) of the input inductor current (in the
middle of (a)), where most of the losses are caused. (d): the subsequent switching of another
phase ocurring within the turn-off interval of the phase considered does affect the current
commutation into the auxiliary winding and/or does impair the proper operation of the snubber.
(e), (f): the turn-on snubber does not increase turn-off overvoltage. (g), (h): turn-on with zero
voltage in case of applying the turn-on snubber.

In Tab.2 the power semiconductor components employed
in the power circuit and considered in the calculation of the

efficiency are compiled.

5 EXPERIMENTAL
RESULTS

5.1 Investigation  of the
turn-on snubber

Figure 7 shows the
schematic of the applied
turn-on snubber. The
auxiliary winding L, 1is
realized by Ny = 3 turns
wound together with the
main winding of N = 48
turns on the center leg of an
iron powder E-core. For a
detailed description of the
principle of operation of the
snubber circuit please refer
to [13] and [6]. The results
of the experimental analysis
of the snubber are shown in
Fig.8 for a mains voltage of
Uy = 320V where a
reduction of the turn-on
losses and/or an
improvement of the
efficiency would be of
special importance due to
the high conduction losses
and/or  large  switching
current.

As shown in Figs.8(e) and
(f) the turn-on snubber does
not increase the power
transistor turn-off
overvoltage and the turn-on
is at zero voltage (cf.
Fig.8(g) and (h)). However,
although the winding ratio
has been selected according
to the dimensioning
guidelines (n = N/ N, = 16),
the turn-on snubber does not
operate properly within the
whole mains voltage and
current range, i.e. it is not
possible to force the free-
wheeling  diode  current
completely into D,, within
each turn-off interval (cf.
Fig.8(b)).

In the vicinity of the
maximum of a mains phase



voltage and/or mains phase current the switching state
change of another phase leg occurring subsequently to the
turn-off of the power transistor considered does change the
sign of the voltage across the phase input inductor.
Accordingly, the auxiliary current does start to commutate
back from the auxiliary diode into the conventional free-
wheeling diode Dp. (see middle of the turn-off period in
Fig.8(d)). The time remaining after the removal of the
disadvantageous switching state until again turning-on the
power transistor then could be not sufficiently for forcing
the current again back into the auxiliary diode.

O

Fig.7: Detail of a bridge
leg incorporating an
extension of the turn-
on snubber concept
proposed in [6].

O

This behavior is specific to three-wire three-phase
systems (iyg + iys + iyr = 0) where a change of a switching
state of a phase leg does take influence on all three phases
and cannot be observed in single-phase PWM rectifier
systems.

Another drawback of the snubber is the overvoltage
clamping required for the auxiliary diodes D4. A DRC-
snubber circuit connected across the auxiliary winding and
a capacitor in parallel to the auxiliary diode have to be
provided in order to limit the transient turn-off overvoltage
of the auxiliary diode to admissible values. These clamping
circuits (Cr4 = 1.5nF, Cp, = 470pF) do cause additional
realization effort and additional losses. Accordingly, in
combination with the limited functionality of the turn-on
snubbers in intervals of a mains period no measurable
power loss reduction does result for employing the turn-on
snubber. Therefore, the snubber concept cannot be
recommended for practical application for wide input
voltage range three-phase three-wire PWM rectifier
systems. A more detailed description of the snubber
operating behavior therefore shall be omitted here for the
sake of brevity.

5.2 Efficiency, Power Factor, THD

The results of the experimental analysis of the efficiency,
the power factor and the current total harmonic distortion
for different input voltages (Uy,; = 320, 400, 480, 530V)
are shown in Fig.9. Although the unit is designed originally
for an output power of Py, = 10kW the measurements are
performed up to an output power of Pg . = 12.5kW which
corresponds to a permanent overloadability of 20%. It
turned out, that the efficiency without employing the turn-
on snubber (1 = 97.15% @ Po = 10.5kW, Uy, = 320V) is

higher as expected according to the calculation of Tab.1 (7
=96.81% @ Po=10.5kW, Uy, = 320V).
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Fig.9: Graph of the current total harmonic distortion THD I,
the power factor A and the efficiency m in dependency on the
output power P, of the rectifier system for input voltages
Uy = 320, 400, 480 and 530V. THD I has lower values
(better performance) for Uy, = 320V, correspondingly the
power factor A (higher power factor for lower input voltage).
The efficiency is best (up to = 98.5%) for Uy, = 530V.

5.3 Practical Realization, Power Density

The practical realization of the rectifier system fitting into
an enclosure of 2-U height is shown in Fig.10. The system
does have a base area of 160 x 250mm” which corresponds
together with the height of 2-U (V = 3.52dm’) and a
permanent output power capability of Pp = 12.5kW to a
power density of

(19)

p=P—I§’=3.55kW/z

W

Fig.10: Prototype of the 10kW/2-U three-phase PWM rectifier
system. The input inductors employing helical windings [8],
[9] are mounted on top of the heatsink, the output capacitors
(6 x 330pF/450V) are arranged along the power circuit PCB in
immediate vicinity to the power semiconductors in order to
minimize wiring inductances. Cooling is by two 80mm high
airflow fans, the control board is realized in surface mount
technology and is shown in front of the power circuit. The
auxiliary power supply is shown on the left hand side. Overall
dimensions without auxiliary power supply but including the
cooling fans: 250mm x 160mm x 88mm (2-U).
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