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Abstract — This paper introduces a configuration aimed at
switching losses reduction trough a power leg constructed by
combining a MOSFET and an IGBT. The combined use of
these different switches leads to the turn-on losses reduction
trough the use of the faster freewheeling diode of the IGBT,
and the turn-off losses reduction trough use of the MOSFET’s
lower losses because of the lack of tailing current, typical for
IGBT’s. The introduced leg structure can be used to build
single phase — full bridge invertors or three phase inverters.
The proposed leg is realized, experimented and validated.

Keywords -  Switching losses, Losses reduction,
Conventional inverters.

I. INTRODUCTION

In many applications where PWM controlled invertors
are used, conventional means of reducing losses, such as
soft switching [ ] and resonance circuits [ ] are inapplicable.
Furthermore, in some of those applications such as motor
control and distributed generation, where a significant part
of the load (the motor in the first case and the grid in the
second) is inductance, losses from the freewheeling diode
reverse recovery are a major part of the switching losses.
This means that realizing the desired scheme with
MOSFETs can introduce significant turn-on losses due to
the poor quality of the MOSFET’s freewheeling body
diodes and their high reverse recovery time. Using IGBTs
on the other hand has disadvantage of increased turn-off
switching losses due to the IGBT’s tailing current. This
paper introduces a configuration aimed at losses reduction
trough a power leg constructed by combining a MOSFET
and an IGBT. The introduced leg structure can be used to
build single phase —full bridge invertors or three phase
inverters.

II. PROPOSED MOSFET-IGBT POWER LEG

The introduced topology’s main advantage versus the
conventional MOSFET or IGBT topologies is the reduction
of the total losses in the switches. When only MOSFET are
used there are larger switching losses during the on stage
due to the high reverse recovery of the MOSFET’s body
diode. IGBTs on the other hand, have smaller turn on
losses due to the absence of a parasitic body diode and the
opportunity of using a better freewheeling diode, but
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however they have larger losses during the off stage
because of tail currents. By putting a MOSFET and IGBT
in one leg the losses can be reduced combining the better
properties of the two switches.

The proposed topology is shown on Fig.1. It is a full bridge
inverter consisting of combined IGBT&MOSFET legs.
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Fig.1 IGBT and MOSFET Bridge circuit.

In the proposed scheme the MOSFETs — S1, S3 and
their parasitic body diodes — D1, D2 are placed in the upper
half of each leg and the IGBTs — S2, S3 and their
incorporated diodes are placed in the lower half of the legs.
The load Z connected to the output terminals is of resistive-
inductive nature.

The presented in the paper analysis is made only for the
shown full bridge inverter. The same assumptions and
conclusions however can also be made for a three-phase
conventional bridge inverter. The analysis of this topology
is made only for one half period of the output inverted
voltage assuming that the same can be implied for the other
half. During the positive half of the output voltage — S4 is
constantly ‘on’ and is conducting the main current I;, while
a PWM control sequence is applied on Sl in order to
regulate the output. When S1 is turned off, the diodes D2
and D4 provide an alternative path for the stored energy in
the inductive part of the load. After ‘turning of” the S1, the
diodes D2 and D4 conduct some time and then they do not
stop conducting simultaneously, conversely it takes a finite
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Fig. 2 Switch-on losses of pure MOSFET leg compared \Evizh
IGBT,MOSFET leg switch-on losses.
amount of time that a diode requires in order to restore its
reverse blocking capability. During that time the current I,



flows trough the transistor S1, thus increasing considerably
its turn-on switching losses. The loss increase in the
switch-on period due to the freewheeling diode depends on
the diode’s qualities, in particular its reverse recovery time.
In the proposed topology D, and D, are diodes incorporated
in the IGBT’s package (or fast recovery discrete diodes),
therefore the reverse recovery time will be much shorter in
comparison with MOSFET body diodes. The MOSFET
body diodes are of parasitic nature and have poor qualities.
The recovery time of the incorporated IGBT diodes is
tuned to the switching time of the IGBT itself and therefore
it is considerably shorter, as it is shown in Fig.2. The
switches S; and S; are the modulating switches that operate
on high frequency — therefore getting most of the
switching losses, but S; and S; are MOSFET’s which do
not have tail currents, thus the turn —off switching losses
are reduced compared to a topology build entirely on
IGBTs — Fig. 3.
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Fig. 3 Switch-off losses of an IGBT leg compared with a
combined MOSFET& IGBT leg.

The total loss reduction of the MOSFET & IGBT bridge is
shown at Fig.4 using the typical waveforms. The location
of the IGBTs and the MOSFETs can be switched, placing
the MOSFETs on the bottom and IGBTs or the top. The
condition to be kept is: the MOSFETs are the modulating
switches and the IGBTs are the conducting ones.
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Fig. 4 Switching losses reduction of an IGBT&MOSFET leg.

III. ANALYTICAL COMAPRISON USING
MANIFACTURER DATA

In case of an IGBT and a MOSFET with identical
‘switch on’ times (which can be considered possible
because of the switching-on processes of an IGBT and a
MOSFET are almost similar), the difference between the
switching losses of a pure MOSFET and a pure IGBT
topology will be mainly concentrated in the added reverse
recovery current of the freewheeling diode. The switched
on losses due to the diode reverse recovery can be
described by (1), [1]:

t[s]
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where:

. . power dissipation included by the reverse recovery
charge of the diode.
Q,, : reverse recovery charge of the diode.

t,, : reverse recovery time.

|On : output current at turn-on.
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Fig.5 Current of the switch during the turn-on transition

The Figure 5 describes the equation (1). For simplicity,
we assume that the diode voltage drops after t,, .

First, in order to compare losses in the turn-on transient
due to the reverse recovery time of a MOSFET body diode
and of a IGBT incorporated diode, the data sheets
characteristics of one MOSFET and one IGBT are used.
The components are in the same power and price class.
They are chosen so that they have similar turn-on times and
similar conduction losses. The parameters of the two
transistors are listed in Table 1.

Table: 1
Proposed combined MOSFET-IGBT power leg.
IGBT MOSFET
IRGP4062D | Price:6,38€ | STW26NM60 | Price:8,94€
V=600V, [(=24A, Vps=600V, [p=19A,
Vce=1,65V Rps=0,135Q
IGBT switching MOSFET switching
characteristics characteristics
td(on):40ns IC:24A, td(on):?’ 5ns ID: 1 3A,
t=24ns V=400V, t=22ns Vop=300V,
td(ufﬂ: 125ns RG: 1 OQ, tdorn™ 14ns RG:4a7Q9
t=39ns Tj:1750C t=20ns Tj:l 50°C
IGBT incorporated diode MOSFET incorporated
switching characteristics diode switching
characteristics
t.—89ns [=24A, t,=560ns [F=26A,
Q.=4,3uC T=175°C Q.=9uC T=150°C

Although values for the different parameters of the IGBT

and the MOSFET are given for different testing conditions
(Table 1), comparison between the parameters can give a
first view of the results where one or another of the
components is used. The comparison is carried out using
the data for the MOSFET’s and the IGBT’s diodes and

applying respectively their reverse recovery time t,, and



their reverse recovery charge Q,, in (1). It is clear that

using IGBT’s incorporated diode will reduce the reverse
recovery losses almost twice compared to the MOSFET’s
body diode. This shows that when using combination of a
MOSFET and an IGBT, where the IGBT’s diode is used to
freewheel, the turn-on losses can be reduced significantly.

Depending on the use of MOSFET or IGBT, the turn-off
switching losses differ because of the presence of tailing
current. Tailing current is one of IGBT’s disadvantages. It
increases the turn-off transition and thus increasing the
losses during turn-off. The losses during turn-off for both
MOSFETs and IGBTS can be presented by the time needed
to switch, to, and the corresponding values of the voltage
and current (2):

Poff = Vdc . I on 'toff (2)

Tailing current is usually included in the turn-off time
for the IGBT provided in the datasheet. Comparing the turn-
off times shown in Table 1 it is clear that the MOSFET needs
several times lesser time switch-off then the IGBT. This shows
that the MOSFET&IGBT combination inverter will have less
turn-off losses then the pure IGBT topology, because in the
combined scheme, switching losses are concentrated in the
MOSFET.

IV. EXPERIMENTAL VERIFICATIONS

A. Conditions of the carried out experiments.

For simplicity, the carried out experiments are realized only
for one combined leg MOSFET&IGBT. All results however
can be applied as well as for circuits composed of such a leg,
such as single phase full bridge inverters or three-phase
inverters as long as the IGBT is used for conducting the load
current and the MOSFET is used to for modulating the
current.

Figure 6 shows the tested topology of MOSFET&IGBT. The
leg is composed of one MOSFET switch — S1 and it’s body
diode D1 and one IGBT switch - S2 and it’s incorporated
diode D2. The load is a series connected inductor —L. and
resistor — R. When analyzing advantages of the MOSFET and
IGBT combination, the load is connected between the
common point of S1 and S2 and the negative supply point. In
this scheme S1 is switched on and off and S2 is kept closed —
Fig.6. In this situation when S1 is switched-on current I; flows
from the positive point of the supply, trough S1, trough the
load and to the negative supply point. When S1 is switched-off
the IGBT’s incorporated diode D2 provides a path for the
stored energy in L, thus conducting the current I,. By
measuring the voltage drop on S1 and the current from the
supply — I;, the reduction of turn-on losses because of the
use of the “good” IGBT incorporated diode and the lack of
tail current on turn-off in the MOSFET can be observed.
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Fig. 6 MOSFET and IGBT leg circuit to prove the loss reduction
of the proposed MOSFET&IGBT leg.

The structure that is shown Fig.7 is used to test turn-on
losses with low quality MOSFET body diode such as in
pure MOSFET topology, and turn-off losses with tailing
current — such as in pure IGBT topology. The difference in
the testing Set-up of Fig.7 compared with Fig.6 is that the
R-L load is connected to the plus instead of the minus,
and that the MOSFET — S1 is kept closed and the IGBT —
S2 is switched on and off. In that way, the current I1 flows in
the following circuit: the supply’s plus, the load, the IGBT —
S2 and the supply’s minus. The current I, corresponding to the
stored energy in L freewheels trough the body diode of the
MOSFET - DI.

Fig. 7 MOSFET and IGBT leg circuit to show the disadvantages
of the conventional approach.

Using the above circuits and measuring the voltage drop
across the IGBT and the supply current, verification results are
obtained to compare the losses of: first — the proposed
combined MOSFET&IGBT; second — the pure IGBT and third
— a pure MOSFET topologies. The turn-on results of the IGBT
— S2 can provide comparison between the combined use of
IGBT and MOSFET and pure MOSFET topologies —
considering that the turn-on of an IGBT is equivalent to that of
a MOSFET. The turn-off results of the IGBT — S2 can provide
comparison between the combined use of IGBT and MOSFET
and pure IGBT topologies — considering that the turn-on loss
of diode D1 is negligible.

B. Experimental results.

The shown experimental results in Fig.:8 to Fig.:11 are
obtained according to the above described conditions.
Values for the applied DC source voltage, used load,
transistors, and frequency of the control voltage are listed
in the Table:2.



Table: 2
Experimented set up for MOSFET&IGBT power leg, 50 kHz
Components value
R 300
L 8,5mH
S1,D1(MOSFET) | STW26NM60
S2,D2(IGBT) IRGP4062D

Figure 8 shows the current waveform of the combined
MOSFET&IGBT leg, while Fig.9 shows the current
waveform of the pure MOSFET topology. Comparing the two
waveforms shows that the current peak on turn-on, due to the
reverse recovery of the freewheeling diodes, in the pure
MOSFET leg is significant, while in the MOSFET&IGBT leg
it is almost not present. In terms of losses this means a
significant reduction in the MOSFET&IGBT leg compared to
the MOSFET leg.
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Fig. 8 Current waveform in MOSFET&IGBT combined leg.
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Fig.9 Current waveform in MOSFET leg.

Figure10 shows the turn-off current waveform of the
combined IGBT&MOSFET leg, while Fig.:11 shows the
turn-off current waveform of a pure IGBT circuit. By
comparing the two it can be seen that the pure IGBT leg
has tail current, unlike the MOSFET&IGBT leg in which
regardless of the significant ripple tail current is not
present. In terms of power losses this means that the
MOSFET&IGBT leg have lower losses then the pure IGBT
leg.

V. CONCLUSION

This paper presents a configuration aimed at switching
losses reduction trough a power leg constructed by
combining a MOSFET and an IGBT.
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Fig. 10 Turn-off current waveform MOSFET&IGBT in leg.
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Fig.11 Turn-off current waveform IGBT in leg.

The advantage of this combination of two different
switches leads to the turn-on losses reduction trough the
use of the faster freewheeling diode of the IGBT, and the
turn-off losses reduction trough use of the MOSFET’s
lower losses because of the lack of tailing current, typical
for IGBT’s. The introduced leg structure can be used to
build single phase — full bridge invertors or three phase
inverters.
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