lof 8

Design of a Novel Multi-Chip Power Module for a Three-Phase
Buck+Boost Unity Power Factor Utility Interface Supplying the Variable Voltage
DC Link of a Square-Wave Inverter Drive
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Abstract — The power semiconductors of one bridge leg of the
buck-type input stage of a three phase buck+boost PWM
rectifier are integrated into a novel power module. The basic
function of the rectifier system is described, and the current
stresses on the power semiconductors are calculated analytically.
By an experimental analysis of the module the switching losses of
the power transistors are determined, and the system efficiency
and the loss contributions of the different components are
calculated. This gives a basis for the selection of advantageous
operating parameter s of the modulein an industrial application.

. INTRODUCTION

For variable-speed induction motor drivesin heating, ventilation and
air-conditioning (HVAC) applications there is in general a low
demand on the dynamic performance and on the accuracy of the
speed control [1], [2]. Therefore, variable-frequency square-wave
voltage source inverters with variable DC link voltage (cf., eg.,
p. 425 in [3]) can be applied instead of PWM controlled inverters
with constant DC link voltage. In comparison to PWM control this
concept shows advantages concerning the realization effort of the
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inverter control and the inverter losses (lower cooling effort).
Furthermore, it is characterized by low electromagnetic emissions.
However, if the input rectification and the variation of the DC link
voltage is realized by a phase-angle controlled thyristor bridge there
result low-frequency harmonics of the mains current having
relatively high amplitudes and a very low power factor at partia load
(i.e., a low speed). In contrast, in order to ensure an universal
applicability of such systems in the European 400V low-voltage
mains with regard to the prediminary standard |EC61000-3-4
concerning electromagnetic compatibility of high-power systems the
rectifier system should show ideally sinusoidal input currents lying
in phase with the respective mains phase voltages besides alowing a
wide variation of the output voltage.

In [4] a three-phase buck+boost PWM rectifier system has been
proposed (cf. Fig. 1(a)) which permits an increase of the DC output
voltage (DC link voltage) above the input voltage in the boost-
operation mode as well as a decrease of the output voltage to zero
and therefore could be employed in the case at hand [5]. There, the
boost stage could be omitted by an appropriate choice of the rated
voltage of the induction machine which is fed by the square-wave
voltage-source inverter.
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Fig. 1: (a) Basic structure of the power circuit of a three-phase buck+boost PWM rectifier [4] varying the DC link voltage of a square-wave
inverter supplying a set of induction machines (shown by a single representative) of an air-conditioning system. (b) Prototype (VUI30-
12N1) of the power module integrating the power semiconductors of one bridge leg of the buck input stage of the system.



As substantial advantages of this concept one has to point out

 theresistive fundamental mains behavior of the system,

» the possibility of limiting the input current for mains over-
voltage (in contrast to rectifier systems with boost-type input
stage), and

 thepossibility of limiting the current in the buck+boost inductor.
However, a conventional redlization of the power stage requires

the insolated assembly of a large number of discrete components.

Hence, the availability of a power module integrating the power

semiconductors of one bridge leg of the buck input stage would

considerably simplify the application of the proposed system and/or
reduce the assembly and/or the realization costs.

In this paper the design, practical realization and experimental
investigation of such power module is described for an output power
of 15 kW at a maximum output voltage of 600 V of the buck+boost
PWM rectifier system.

In section 2 the basic principle of operation of the buck-type
input stage of the system shown in Fig. 1(a) is described briefly.
Based on this in section 3 the current stresses on the power
semiconductor devices are calculated in analytical closed form in
dependency on the modulation depth and on the output power, and
the internal layout of the power module is shown. Furthermore, the
experimental switching evaluation of the power module VUI30-
12N1 (cf. Fig. 1(b)) is described, and the results of the analysis are
compiled. This datais used in section 4 for calculating the maximum
admissible output power and the efficiency of the buck input stage
employing the power module. This provides a basis for an
advantageous selection of the system operating parameters for an
industrial application of the power module.

II.  BASIC PRINCIPLE OF OPERATION

1111 Assumptions and Definitions

In order to achieve ohmic fundamental mains behavior we have to
form fundamentals iy ); (denoted by the index (1)) of the rectifier
input currentsiy ; lying in phase with the corresponding mains phase
voltage uy; =uc.; which are assumed to be approximately equal to
the filter capacitor voltage. For proper attenuation of switching
frequency harmonics of iy ; by the low-pass filter L.Cr we then have
ini =iy i - N

Therefore, the relative on-times d of the power transistors § have to
be set proportional to the instantaneous value of the mains phase
voltages. Considering the relation of the output current | of the buck
stage and the mains current amplitude Ty which is characterized by
the modul ation index

@)

(Un,L denotes the line-to-line voltage) one receives for the relative
on-times of the power transistors §
Uy,
5 =il .
u N

11.2  Switching State Sequence

A high system efficiency can be achieved by employing the
switching state sequence proposed in [4] which does result in
minimum switching losses. There, within a T/3-wide interval of the
mains period the power transistor of the bridge leg of that phase i,
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i=R,ST, which shows the lowest absolute value of the phase voltage
uy; is clamped (J& =1, cf. Fig. 2). Considering, eg., the angle
interval @y 7 (0;173) the mains phase voltage uy s meets the criteria
[unsl < {lungliluntl}, therefore, the power transistor Ss is clamped
within this angleinterval.

L st Uy _Unrs
AiUN'- N
Uy ™ 1 Ung 4 Unsl,” uN,\T /
)
R R Iy \
/ // A
0 . ) 7 .
S,Clamped
\ \ \
-1
VERN VRN VAN
17 2 |°37] 4 57 6
0 T 21
Pu

Fig. 2: Mains phase voltages, line-to-line voltages and intervals
being defined by different relations of the instantaneous mains
phase voltage values. Always the power transistor § of one phase is
clamped (S gampea: I=R,ST) Within one 773-wide interval as pointed
out by bold segments of the corresponding phase voltage
waveforms.

Furthermore, a certain sequence of the switching states has to be
implemented to achieve minimum switching losses. This sequence
consists of three different switching states (two active switching
states which are characterized by iy; #0, and one free-wheeling
state), which are arranged symmetrically to the center t, = Tp/2 of
one pulse period Tp, where t,, denotes the local time running within

The sequence is starting at t, = 0 with an active switching state
j=(111) * (cf. Fig. 3). For j = (111) al power transistors § are in
on-state, but only the power transistors of the bridge legs showing
the largest absolute value of the line-to-line voltage are conducting,
the third switch does not conduct any current. Considering interval 1
in Fig. 2, therefore, the switching state j = (101) is equivalent with
the switching state j =(111). At the transition to the second
switching state at t, = t,; the power transistor § of the bridge leg
having the smaller absolute value of the mains phase voltages uy;
has to be switched off (for selecting this bridge leg the bridge leg
with the clamped power transistor § ¢ampeqhas to be ignored). In the
angle interval @y J(0;1/6) (cf. Fig.2) |uy7l<luxg is valid, and
therefore the power transistor Sy has to be switched off at t,;.

The last switching state within Tp/2 is the free-whedling state,
where only the clamped power transistor is in the on-state. If a free-
wheeling diode is provided (as assumed here with respect to system
reliability considering control malfunctions) the free-wheeling path
always leads via the free-wheeling diode, because of the comparable
higher forward voltage drops of the power semiconductor devicesin
one bridge leg.

! For the denomination of the switching states of the power transistors S,
i=R,ST, switching functions s are used in the following, where 5 = 0
denotes the off-state and 5 = 1 denotes the on-state. The characterization of
the switching state of the buck input stage is defined by the combination j =
(srs Ss, s1) Of the phase switching functions.
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Fig. 3: Conduction states of the buck input stage of the system
shown in Fig.1(a) valid for uyg> 0> Uys> UnT.
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Further switching state sequences being equivalent to the scheme
described above concerning the switching losses are discussed in [4]
but should not be treated here for the sake of brevity. Concerning a
verification of the sinusoidal shape of the mains current (as
determined by digital simulation) resulting for application of the
given switching state sequence we also would like to refer to [4].

Ill. STRESSES ON THE POWER SEMICONDUCTORS
OF THE POWER MODULE VUI30-12N1

111.1 Internal Power Module Structure

The power semiconductors (Diodes Dy, Dy, D+, D, and transistor
S cf. Fig. 4(a)) of one bridge leg of the buck input stege are
integrated in one power module. For the diodes power
semiconductor dies of a fast recovery epitaxia diode IXYS
DSEK 60 having a blocking voltage Ugry = 1200V (cf. [7]) are
considered, the power transistor is realized by two 1200V fast
switching IGBTs (IXYS IXD 30N120, cf. [8]) in direct parallel
connection. The interna layout of the module is depicted in Fig.
4(b). The power semiconductor dies are soldered on copper tracks
on the upper side of a ceramic baseplate (dimensions: (35x26)mm =
(1.4x1.0)in, identica with IXYS VUM25-05), whereby a low
thermal resistance and a high insulation voltage to the mounting
surface (heat sink) results for al elements. The power module
package is shown in Fig. 1(b) (dimensions. (62x32x17)mm =
(2.4x1.3x0.7)in).

I11.2 Current Sresses on the Power Semiconductor Devices of a
Bridge Leg

In the following, the current average and rms values are given as
required for the calculation of the on-state losses and switching
losses of the power semiconductors according to sections 111.3 and
111.4. In order to concentrate on the essentials, we again assume
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Fig. 4: Sructure of one bridge leg of the buck input stage (a), and
internal layout of the power module (b).
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* apurely sinusoidal mains phase current lying in phase with the
mains phase voltage

e aconstant switching frequency fp

* aconstant inductor current .

Furthermore, we neglect

« the mains frequency voltage drop across the AC side input
inductors.

I11.2.1  Power Diodes
For the positive half wave of the mains current (iy; > 0) the diodes
Di n+ and D;,, are conducting, for the negative half wave (iy; < 0) the
diodes D; - and D;.- are conducting. The average and rms vaues are
the same in both sets of diodes and can be calculated easily as

1

lDinva\,g = |Diya,g =;D N 4)
_ -1 -
IDi,N,rrrs _lDi,rrrs _\/WTDN. (5)
I11.2.2  Power Transistor

The power transistor is conducting during the positive and the
negative haf wave of the mains current fundamental. Therefore, one
receives for the current average and rms values
2 ~
5.9 = I ©)

|S|,rms= /—MH_IN' (7)
111.2.3  Free-wheeling Diode
The current stress on the free-wheeling diode is defined by the
difference of the average current in the diodes D; y and/or D; and the
current in the buck+boost inductor,
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I11.3 Conduction Losses

I11.3.1  Power Diodes

The forward characteristics of the power diodes as known from the
data sheet (cf. Figs. 1 in [7], [9]) are approximated by a current
independent forward voltage drop Ug, in addition to a differential
resistancerp

Up g =Ug o +Ipip. (10)



With Fig.1 in [7] one receives Ugg = 1.7 V, and rp = 0.0186 Q for
the diodes of the power module VUI30-12N1, and with Fig. 1 in [9]:
Uropg = 0.9V, and rpp = 0.01 Q for the free-wheeling diode. The
average conduction power losses then result as

PD :UF,O a D,avg +Ip a Ig,rms . (11)

111.3.2  Power Transistors
Considering Fig. 2 in [8] the forward characteristic of an IGBT can
be approximated based on

Use =Ucgo *rceic - (12
The power module VUI30-12N1 has an internal parallel connection
of two IGBT-chips (cf. Fig. 4(b)), therefore, one receives Ucgg =
1.4V, and ree = 0.023 Q for Uge =15 V.

111.4 Switching Losses of the Power Semiconductors

If the power module is applied as bridge leg of a three-phase PWM
rectifier system a sinusoidal variation of the switched voltage and,
therefore, aso of the switching power losses results over the mains
period. Due to the thermal inertia of the power semiconductors one
can limit the consideration in a first step to the average value of the
switching power losses related to one mains period, however. For
the sake of simplicity we assume

(i) the switching loss Ps to be proportional to the average value of

the switched voltage ugy(t) (the proportional relationship is
represented by a constant k), and
(ii) aconstant switched current | (asimpressed by the inductor L).

With this, one receives

Py =k fp O [ (13)

swavg *
111.5 VUI30-12N1 Experimental Switching Evaluation

For measuring the switching losses of the power semiconductors of
the power module VUI30-12N1 the experimental circuit shown in
Fig. 5(a) was used. There, a PCB was employed for wiring of three
modules resulting in the complete structure of the three-phase buck
stage. With the auxiliary DC voltage sources instantaneous values of
the AC mains line-to-line voltages can be simulated, R_ represents a
resistive load. Due to the system propagation delay of a clip-on type
current probe TCP202 (Tektronix) being too high for an exact
determination of the switching power loss, the measurement of the
transistor current is performed via a low-inductance shunt (cf. Fig. 4
in [6]). The shunt Ry, isrealized using 10x1 Q resistorsin parallel
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connection, the voltage drop of the current to be measured is taken
directly across the resistors by a coaxia cable. The transistors are
protected by a RC- and RCD-snubber network in order to limit
switching overvoltages (series connection: R=47 Q, C =470 pF,
paralel connection: R=220kQ, C=100nF). To avoid a reverse
current flow in the transistors (as occurring due to the reverse
recovery currents of the diodes D; and D; y lying in series with the
switched power transistors), an additional protecting diode is
provided between transistor drain and source. To protect the free-
wheeling diode from overvoltages in case of discontinuous DC link
current, a RCD-snubber is provided: R=220kQ, C=100nF is
provided. A gate resistor of R; =14 Q is chosen with respect to
limiting the switching overvoltage occurring at turn-off (cf. Fig. 6(f))
and the peak value of the reverse recovery current of, e.g., the free-
wheeling diode (cf. Fig. 6(c)) at turn on.

In order to cover al switching actions occurring within one pulse
period the switching state sequence having low pulse widths and low
repetition rate is provided (cf. Fig. 5(b)): T, iSs a variable time
dependent on the current amplitude required in the buck+boost
inductor, Ts=5pus is a constant time between the switching actions.
At t; the current is commutated from the transist@&sandS; to the
free-wheeling diode, dj the transisto&s is switched on, the current
is commutated from the free-wheeling diode to the transiStoand
S, atts the transistoS; is switched on, and due tagftusr)>(Usr)
the current is commutated fromg $0 S;. At t, the current is
commutated back t8s.

Considering arv/3-wide interval of the mains period the DC
voltagesugs and usr were varied in the following range (cf. Fig. 2)
providing additionally a margin af 10 %

Urs D(¥3/2;0.5) W |, +10%

- (14)
ugr 0(0;0.5) Wy |, +10%.

The switching losses were evaluated for different currents

| 0(10;40) A, and for different junction temperatures of the
semiconductor dies: T;=20° C (equal to ambient temperature) and

T; =120 °C (due to the low repetition rate of the switching actions
showing a low pulse width the junction temperature can be assumed
to be equal to the heat sink, which can be adjusted by the voltage
applied to a heating resistBy, (Fig. 5) mounted on the bottom side.
The measurements have been carried out by using a digital storage
oscilloscope TDS3014 (100 MHz, 1.25 Gs, Tektronix). For the
voltage acquisition probes TEK P5205 (Tektronix) have been used.
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Fig. 5: (a): Experimental circuit for measuring the switching power losses (the snubber network shown for transistor S; is provided in all

bridge legs). (b): Applied switching pattern.



111.6 Experimental Results

In the following, for all switching actions occurring within one pulse
haf period the time behavior of switched current and voltage is
discussed, and the results of the experimental switching evaluation
are summarized.

As Fig. 6(a) shows, the forward recovery losses of the power
diodes Dj() are not negligible: The measured forward recovery
voltage Urg = 60 V matches the value given in the data sheet (cf.
Fig. 6 in [7]: for di/dt = 80 A/130 ns one receives Ugg = 55 V). Due
to the forward recovery voltages of the power diodes lying in series
with the switched power transistors (cf. Fig. 6(c), and (€)) which are
reducing the transistor turn-on voltage, the transistor turn-on losses
are very low. But one has to mention that turn-on losses (forward
recovery losses) occur in the power diodes (cf. Eq. (17)) and/or part
of the transistor turn-on losses is transferred to the diodes.

A comparison of Fig. 6(c) and (e) clearly shows, that there is a
dependence of the peak value of the reverse recovery current on the
switched voltage. Furthermore, we would like to point out that for a

junction temperature of 20 °C (oscillograms of the time behavior are
not shown here for the sake of brevity) a decrease of the reverse

recovery current peak value of om0 % can be noticed.

The overvoltage protection by the snubber network (cf. Fig. 5) is /(
shown in Fig. 6(b): the overvoltage peak is limited to a few 10V. In
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junction temperatureTg= 20 °C) the share of the free-wheeling
current flowing across the clamped switch is reduced to a few
percent. As an investigation of the turn-on behavior of the free-
wheeling diode shows, the forward recovery losses of this diode can
be neglected.
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Fig. 6(f) the overvoltage peak shows a valueI@d0 V (The shubber
capacitor of the RCD snubber is charged by the previous switching
action to a voltage being higher than the switching overvoltage
occurring for the switching at hand, therefore, the overvoltage is
limited only by the RC snubber, and not by the RCD snubber).
Regarding Fig. 6(d) one can see, that at the beginning of the free-
wheeling state the current path does not only lead via the free-
wheeling diode, but also via the bridge leg with the clamped switch
(cf. section I1.2), until the stored charge in the devices which have
participated in the current conduction in advance to the free-
wheeling state is removed, and the switch is blocking. For low
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Fig. 6: Different switching actions at T;=120°C, 1=20A (current
scale: 1V=10A, power loss scale: 5 kW/div.). Transition between
free-wheeling state and active switching state (and vice versa),
Ugr = Ugr = 400V: (a) forward recovery losses (BS (cf. Tab. I),4,

(b) turn-off losses (SD, t,), (c) turn-on-losses (DS, t), and(d)
current in the free wheeling diode {®, t;). Transition between
two active switching states {) (Lkr=570V, us=285V): (€) turn-

on losses §, and(f) turn-off losses §.



As a closer investigation of the experimental results shows, the
measured switching power losses of the power devices (power
transistors, and power diodes) can be approximated with good
accuracy by alinear dependency

w=k0 g, (15)
on the switched current, and on the switched voltage with good
approximation. The results are compiledin Tab. I.

k(lu_‘] I(ON,S I(OFF,S I(ON,S kOFF,S I(ON,D I(ON,D
S-S S-S D-S S-D S-S D-S
T,=20°C 0.044 0.19 0.070 0.19 0.046 0.030
T,=120°C| 0.12 0.27 0.17 0.30 0.052  0.03p
Tab. I: Constants of proportionality k for turn-on and turn-off

energy loss of the power transistors, and power diodes for different
junction temperatures T; and different switching actions (S-D
denotes a transition between an active state and the free-wheeling
state (and vice versa), S— S denotes the transition between to active
switching states).

IV. ASSESSMENT OF THIPRACTICAL APPLICABILITY
OF THEPOWERMODULE VUI30-12N1

IV.1 Total Power Losses of the Individual Power Semiconductors

Considering the switching actions in one bridge leg of the buck
input stage within one mains period the average value of the
switching losses of the power transistors § and of the diodes D;
can be calculated. If we look at, e.g., the bridgeleg in phasei=R, the
following switching actions (showing different switching losses)
occur ininterval 1 (cf. Fig. 7 (dark gray shaded area), and section
I1.2 at t,=t,, (cf. Fig. 3):

e Sisturned off

e current | commutates to free-wheeling diode D¢

* average vaue of switched voltage within interval 1:

Unsrag =2W3-DWy,, =07W

* averagevalue of switching loss: P s O Korr sty st avg -
S-D

In the subsequent pulse half period we have at t,=(Tp—t,,2):
e Szisturned on

e current | commutates from D to Sz
* average value of switched voltage: U g1 a9 = 0.7 w NLL
* averagevalue of switchingloss: Pgs UKoy WU 1 avg
D-S
* average value of forward recovery 10ss (Dgn+, Dr+):
PS,D O kON,D w N,ST,avg *
D-S

In the following interval 2 (light gray shaded area in Fig. 7) the
switching state sequence changes due to the instantaneous mains
phase voltage values being present at the input of the rectifier
system: At t,=t;

e Sisturned off

e current | commutatesto Sg

* average vaue of switched voltage within interval 2:

Un.srag =2(2-4/3) Wy =026,
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* averagevalue of switchingloss: Pgg [ Korr MUy g1 avg -
S-S

In the subsequent pulse half period at t,=(Tp—1,1):

e Sisturned on

e current | commutates from Ssto Sz

average value of switched voltage: U\ st ag = 0.26[U NLLL

* averagevalue of switchingloss: Pgg [ Koy stU n s7.avg
S-S
» average vaue of forward recovery 10ss (Drpe+, Dgs):
PS,D g I(ON,DEIJ N,ST ,avg -
S-S

In intervals 3 and 4 the power transistor S is clamped, therefore, no
transistor switching losses do occur, but there are forward recovery
losses of the diodes in dependency on the sign of the mains phase
current iyg and/or of the mains phase voltage uyg. In Fig. 7 the
behavior of the switched voltage is given for the power
semiconductors in bridge leg i=R. By multiplication with the
appropriate constants of proportionality k, and under consideration
of the switching state sequence presented in section 11.2, and of Egs.
(2), and (4) —

12N1 can be derived.

UAN\ UN st UNTrR| UNsr UNRT
UN
TN TN N A
0
O S-D
L Uyt Unr Uns 0SS
12 ]3|4als|6|7|8|9o|10|m|1
0 176 i 2n

9y

Fig. 7: Switched voltage (denoted by a bold line) of the power
transistor S as formed by segments of the line-to-line voltages for
the switching state sequence given in section I1.2, and mains phase
voltages uy; according to Fig. 2. The dark (light) gray shaded areas
denote switching actions with high (low) value of the switched
voltage.

Based on Fig. 7 one receives for the average value of the losses of
the power transistor §

Pg =+1Ofp mjNLL %‘OFF S+kONSE:(2_\/§)+
S-S

(16)
+E<OFF S+kONS V3 - 1|:|+ (UCE,O+rCE D)
and for one power dlode Din
~ 0
PD, ™y %l Ofp W N g(ON,D E(Z‘\/g)*'
-8 (17)

(UFY0 +rp EI).

|
+Kon,p E(\/g‘l)D"' ! ETM

D-S a

(12) the average value of the switching losses of the
individual power semiconductors of one power module VUI30-



For the free-wheeling diode D¢ one receives
_ 3Mm E[(u
or = EL_TD Fopp) *oop 0] (18)

1V.2 Maximum Output Power Allowable With Regard to Junction
Temperature Maximum Rating

In connection with a practical realization of a PWM rectifier system
the obtainable maximum output power P (for a given switching
frequency fp, and a given heat sink temperature Tg) is of special
interest. According to Egs. (16)—(18) for fixed mains line-to-line
voltage amplitude Uy, the maximum rectifier power is defined by
the dlowable maximum value of the DC link current I, and,
therefore, finally by the switching and the conduction losses in
connection with the alowable thermal stress on the power
semiconductors.

For a caculation of Py, We have to define for each power
semiconductor device of the module (transistor S, and diodes D; ()
a maximum alowable value of the junction temperature T; . With
this, the maximum allowable semiconductor loss

Prax = L |1T\],max _TS) (19)
Rth,JS

can be determined for a given heat sink temperature Ts. If one sets
this power loss equal to the sum of conduction losses and switching
losses (known from section 1V.1 in dependency on the buck stage
output current 1)

IDmax = PS{I ; fP}+ PC{l} (20)
one can directly calculate the DC link current | for the respective
considered device. The alowable stress on the module is then
defined by that semiconductor element which shows the lowest
valueof |.

As the comparison of the maximum allowable output power levels
Py for the transistor and the diode shows, the obtainable output
power of the rectifier system is limited by the thermal stress on the
diodes for frequencies lower than fp = 13 kHz. For higher switching
frequencies the output power is limited by the losses of the power
transistors. The results of an evaluation of Egs. (16) and (17) are
shown in Fig. 8, the caculations are based on the following
operating parameters of the system, and characteristic values of the
power module:

Tymex = 125°C
Ts =75°C
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junction temperature of 120 °C, the power diodes remain at lower
temperature, correspondingly the losses are decreasing, which results
in an a higher efficiency.

204

"96,6%
16 ———— 96,200
96,8% 96,5%, ~— 95,8%,
4 n
Pt 12 95,9%
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2 8 —— Diodel |
=
S 6
4
97,5 % 97 % 96,5 %
2
0 .
5 10 15 20
Pulse Frequency (kHz)

Fig. 8: Maximum allowable output power of the buck stage of the
system shown in Fig.1 realized by combination of three modules
VUI30-12N1 in dependency on the pulse frequency (“safe operating
area” marked in gray), and lines of constant efficiency.

IV.3 Efficiency and Loss Distribution

In the following, the efficiency of the buck input stage (considering

only the losses in the power modules and in the free-wheeling diode)

is estimated, and the contribution of the power transistor and of the

power diodes to the switching losses and to the conduction losses of

one module are shown graphically. It has to be pointed out that

* resistive losses of the input filter, of the buck+boost inductor,
and of the output capacitor,

* the power consumption of the gate driver circuits, and of the
control circuit, and

* the power consumption of the fans

are neglected. For the efficiency of the buck input stage there

follows

Rihist = 0.6 K/W (transistor) Py
Rnisp = 1.8 K/W (diode) n :1_P_0 1)
UN,LL =400V ) i .
M =0.9. with the total power semiconductor losses

The value Ty = 125 °C (lying below the maximum allowable Pot =30Py + 4Py )+ Py, (22)

junction temperaturel; . = 150 °C given in the data sheets)

ithe input power of the buck stage can be calculated via

selected under consideration of a sufficient safety margin for the |

calculation which is based on a multitude of approximations, and P :\/§UN'LL =M (23)

with respect to a high reliability of the rectifier system. The value \/E

Ts= 75 °C corresponds to a value being commonly used for thie to theimpressed DC link current I.

dimensioning of a power supply for a maximum ambient In Fig. 8 lines for constant efficiency are shown. For constant

temperature of, = 40 °C...50 °C. The modulation index of the bucRutput power P, the efficiency decreases with increasing pulse
input stageM is set to 0.9 in order to have a margin of 10 % fdrequency fp, for constant pulse frequency and increasing output
control and active damping of the low-pass input filter [10], [11power adecrease of the efficiency does occur.

For the constants of proportionalitybetween switching losses and The break-down of the total module switching losses, and total
switched voltage the values foF;=120°C are used for theconduction losses to the power transistor, and to the power diodes
calculations (cf. Tab. 1), whereby an additional safety margin d shown in Fig. 9 for two pulse frequencies (fp = 10 kHz and
given (at higher pulse frequencies only the transistors react20&Hz). The total losses of the power module at fp = 10 kHz are set
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equal to 100%, the losses at fp = 20 kHz are given with reference to
this value. One can see that in both cases the main share of the loss
due to the conduction losses of the power diodes. For fp = 20 kHz
there is a dight decrease of the conduction losses as compared to
fo=10kHz due to the Ilower admissible power leve
(Pomax = 12.6 KW as compared to Pgomax = 15.6 kW for 10 kHz),
whereas the switching losses are doubled.

resistance ofp =10 nQ; also the reverse recovery time could be
decreased by a factor 3 by using latest diode technology.

By this means, i.e., by reduction of the conduction losses of the
power diodes an increase of efficiency of 0.8 % could be achieved,
e.g., for a maximum admissible output powePgf.x = 13 kKW at a
pulse frequency of, = 20 kHz one would reach = 96.7 % instead
of 1=95.9 % as in the case at hand. Considering furthermore the
decrease of the switching losses due to a shorter diode reverse
recovery time, a further improvement of efficiency upte 97 %
seems to be possible. Under consideration of the losses due of
control electronic, gate drive circuits, input filter and buck+boost
inductor a total efficiency of the buck input stagejef 96 % could
be obtained, which is an acceptable value for thdustrial
application of the power module.
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m Conduction Losses

20 kHz
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