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ABSTRACT - Due to high power ratings and low
sonduction loss, the IGBT has become more attractive
n high power applications. However, its slower
-haracteristics than those of MOSFET cause severe
switching Josses and switching frequency limitation.
This paper proposes the IGBT's soft switching
soncept with the help of MOSFET, where each of
he IGBT and MOSFET plays its

on-periods and switching instants. Also, the switching

role during
losses are analyzed by using the linearized modeling
and the operations of a converter are investigated to
zonfirm the soft switching of IGBTs.

1. INTRODUCTION

High performance and reliability are required to the
converter for communication facilities, where IGBTs
are more aftractive than MOSFETs due to the lower
conduction voltage drop and higher power ratings.
However, 1GBT's relatively slow characteristics cause
severe switching losses, especially turn-off loss, a decrease
in efficiency and a limitation of switching frequency.

One of methods to make use of the high power
ratings of IGBT at a higher switching frequency is to
use capacitor added in parallel with the IGBT.!! But
the capacitor is charged with the saturation voltage
generated at ftun-on and the internal inductance and
external capacitance consists of a oscillation circuit.
As a
Especially, such drawbacks become more severe in high

result, the switching losses are increased.
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frequency operation for its zero voltage switching.

Recently, ZVT PWM method has been reported,
which greatly reduce the voltage and current stress of
active and passive switches.”! But, since its method
need auxiliary switches and passive devices
correspondent to a number of main power switches,
the overall circuit become more complex and expensive.

To overcome these difficulties, it was proposed a
method using IGBT-MOSFET parallel switch coupled
JGBT and MOSFET in parallel " This method is
known to achieve the soft switching of IGBT with
the aid of the fast MOSFET, where the IGBT is the
main power switch and its soft switching can be
realized by parallelled MOSFET. Using parallel
switch, the soft switching of IGBT is achieved at
The
reason is that the turn-on time of IGBT is not much
greater than that of MOSFET.

In this paper, an advanced method to achieve the

turn-off process and not at turn-on process.

soft switching of IGBT ecven at turn-on process is
proposed in 48V, 50A half-bridge DC-DC converter
IGBT-MOSFET switches,  which
converter is for communication facilities. Also, the
switching loss and conduction loss are analyzed by

using parallel

using the linearized model. To verify the proposed
method, the operation of the converter are investigated
by simulations and experiments.

2. CONSTRUCTION OF CONVERTER
There

are two possible ways for DC power
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supplies to obtain a constant DC output voltage. One .
is the one-stage scheme that .is .generally suitable for -

cheap and low power converters. The other is the

two-stage scheme that can be dealt with various

control methods - and is suitable for high power -

converters.

In the two-stage scheme as shown in Fig: |,
AC-DC converter is generally a boost PFC circuit and
DC-DC full-bridge

converter. Although the full-bridge converter has the

converter is a half-bridge or
advantage in power ratings, the half-bridge converter
is also suitable in a few kW grade and has another
merit in a number of switching devices.

In this study, under the condition of 400V DC
input and 48V DC output, 2 half-bridge circuit is
employed as the DC-DC converter shown in Fig. 2.

In the half-bridge circuit, the main power switches
are IGBTs(Q1, Qi2), and parallel MOSFETs(Qz1, Q22)
are relatively small auxiliary switches. As a secondary
circuit, it is selected the center tap type full-wave
rectifier that has an advantage over the low-voltage
output characteristics and efficiency.

DC
400 vV

Boost DC-DC

AC DC
220 Vrms = 48 v
PFC

Fig. 1 Scheme of two-stage DC power supply.

pils

Fig. 2 Half-bridge DC-DC converter using
IGBT-MOSFET parallel switches.

3. ANALYSIS. OF LOSSES AND OPERATION

3.1 Losses_in_parallel slwitch

In this paper, IGBT-MOSFET parallel switches as
shown in Fig. 3(a) are used for the soft.switching of
IGBT and the reduction of switching losses.

For the soft switching of IGBT, it is important the

timing that gate signals are applied to parallel
switches. signals should be applied to
MOSFET in advance of IGBT and tum-off signals to
IGBT in advance of MOSFET as shown in Fig. 3(b).
Since IGBT is turned on after MOSFET is turned on
and turned off before MOSFET is tumed off, the
IGBT 1s zero voltage condition.
Although MOSFET is hard switched, the switching
loss of MOSFET is much smaller than that of IGBT

and then the efficiency of the converter can be

Turn-on

switched under

improved.

(k)

Fig. 3 (a) Parallel switch and (b) gate signals.

To analyze the switching loss and conduction loss
in switching element, the waveforms of the voltage
and current can be linearized."” Fig. 4 shows the
voltage and current waveforms in case that only the
IGBTs are used as switching elements. Fig. 5 shows
the current waveform of IGBT part and the voltage
and current waveforms of parallel switch in case that
IGBT-MOSFET parallel switch is used. From Figs. 4
and 5, equations to analyze the losses of a switch
can be derived. The symbols used in Fig. 4 are

defined as follows:
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Vi :-Voltage ‘across the switch during off-period
Vo, Venm @ Conduction voltage drops of IGBT

: and MOSFET '

Van o Conduction voltage drop of parallel switch

I, : Current flowing through switch during on-period
tw, tam : Current rise times of IGBT and MOSFET
tan, tam : Voltage fall times of IGBT and MOSFET
trv, twm @ Voltage rise times of IGBT and MOSFET
tri, tim : Current fall times of IGBT and MOSFET
tiony tmeny : Turn-on times of IGBT and MOSFET
ot tmomy : Tum-off times of IGBT and MOSFET
tn : Conduction time of IGBT per switching period
f, © Switching frequency(=1/T).

Firstly, we derive the equations describing the
switching loss and conduction loss for the cases of
Figs. 4 and 5. And then, the reduced losses are
analyzed by comparing these resultant equations.

L

trii. tﬁ.'i

Fig. 4 Linearized waveforms of the voltage and
current in case that only the IGBT is

used as switching elements.

(b)

Fig. 5 Linearized waveforms of (a) the current in
IGBT part and (b) the voltage and current

in parallel switch.

From Fig. 4, it can be derived the tum-on loss for
the case that only the IGBT is used as switching
element. As tyen~tnittri, the turn-on loss is expressed
as

Piow= Vi1, tiom /2, (D

A$ tmn~tnm+tam, the tum-on loss in parallel switch
during the time of tmgon)Hicon) iS

PP(OII) = Vt -[l tm(on) fs/z + Vonm —[t ti(cm) .fs- (2)
Thus, the reduced turn-on loss is obtained as

Ps(tum—on)= Itfs{( Vt/z)(ti(on)—tm(on))

- Vonm ti(on)}- (3)

In the same way, the turn-off loss can be derived

for the case that only the IGBT is wused. As
tioin =t +im, the tum-off loss is expressed as
P oty= Vi Ity 15/2, )

AS tmem~tvmHtam, the turn-off loss in parallel switch
during the time of tm is

Vt It tm(off) fs/2
Vanm -[t (t.:'(a/f)_ tm(off))fs-

Pﬁ(off) = (5)

Hence, the reduced turn-off loss is obtained as

Ps(z‘ztm—off) = ( VE/Z - Vonm)lffs(ti(ﬂff) - tm(Uff))‘(G)

is also reduced when the
Because MOSFET is

IGBT, the
resistance of parallel switch is smaller than that of

The conduction loss

parallel switch is used.

connected in parallel with on-state

IGBT. The reduced conduction loss is

=P i( conduction) ™ P p conduction)
= { Vam' Lon == ch (ton - tm(on))}-[tfs-('/)

P s conduction)

With the above equations, the total reduced loss Ps

per in one parallel switch is represented as

Ps= IS L (V2 itamy— Emtom) T (Eitap = Emtarn)}
- mem( ti(on)+ tz’(off)“ tm(off))
F{Voniton— Vou (o= tumom) 1. ®)

3.2 Operation analysis of_the converter
In IGBT-MOSFET vparallel switch, the parallel
switch is switched by the function of MOSFET and
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most current during the conduction period flows we [T 0, b Q, B
through IGBT due to the relatively low conduction V. I:E 0. | 0., 5
voltage drop. If only the IGBTs are used for a | i

—.:h:b’d(m-) et |
converter shown in Fig. 2, there are four modes of Ipss im E

operation. But the operation of the proposed circuit is t

divided into eight modes because of the differences of 7 »' /H: Ei §
ozr \ ! ul

gate signals between IGBT and MOSFET. Fig. 6 v
shows the waveforms of converter, and the operation r:——}'—"_!: EH
of each mode are described as follows. e E L D

Mode I(to - t) : At to, Qi is turned on in i
advance of Qi as much as tyon. At this time, the I

MOSFET Q9 is fully tumed on.
In this mode, the power is transferred to the load,

parallel switch is turned on by MOSFET with fast ! ! ' e
. . .. . VZI—I': | Vocf2 ¢ i
switching characteristics and thus the turn-on loss is @21 L e i
i ™ i i ioh 1
reduced. After tyon, the parallelled IGBT can be v, T yor ! i P |"'_
| * i : I 1

turned on without the stress of wvoltage since -

and the inductor current Iir begins to increase with

- D3 :D4ﬁ“:_n4 E1)3::

the slope of (n-Vp¢/2-Vo)/Lr. Here, n is the ratio of A r t;'\,s t::t;\ ls 19: AT
the number of turns of isolation transformer.[Fig. 7(a)] _ )
Mode II(t; - ty) : At t;, Q. is wmed on. And Fig. 6 Operation waveforms.
during the turn-on time (t, - t;) of IGBT Qi the ]
input current of Qz begins to be transferred to IGBT T 3 % JE‘
Q1 due to the lower conduction voltage drop. L o t}
At ta, since Qp is fully conducted, most input )
current flow through IGBT. Therefore, the continuous JH? T 4
current ratings of MOSFET may be lower than that (@) mode I
of IGBT. The operation of secondary circuit is the 1L 14 L,
same as that of Mode . ]
At t;, IGBT Q is turned off in advance of T Tt %
MOSFET Q and most input current are rapidly J“f £}
transferred to Q=. For the zero voltage switching of £ |
IGBT, parallel MOSFET Q2 is keeps being conducted (b) mode 11
during tyom[Fig. 7(b)] T -'E{ * %r
Mode T(ts - ts) : MOSFET Qg is also turned off 4 Bk }
at t4. During the turn-off time (ty - t;) of MOSFET, - _ 1L R
the parallel switch is rapidly turned off with the aid }E- T
of MOSFET. Thus, the turn-off loss of parallel switch (¢) mode T
can be reduced. Here, the ZVS of IGBT is realized J_ 1 JT:?}“
since the MOSFET is being conducted until the IGBT - - —][
is fully turned off. ’) T ] a1 F
The operation of secondary circuit is equal to those L E“{_ T %
of Modes [ and II.[Fig. 7(c)] — L.,_
Mode W(ts - t) : At ts, MOSFET Qu is fully (d) mode IV
turned off. When the load is purely resistive, there is Fig. 7 Operation in each mode.
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> currenf in the primary circuit and the current of
ie secondary circuit is free-wheeling through D; and
u.[Fig. 7(d)]

Mode V ~VI is symmetrical to Mode ] ~IV at
ie other half switching cycle, where Q2 and Qs are
vitched instead of Qu and Q., and the role of D,
contrary to that of Ds.

4. AN EXAMPLE OF LOSS ANALYSIS

For the loss analysis, we calculate all the losses in
half bridge DC-DC converter as an example. IGBT
RGBC30S and MOSFET IRF840 are selected and the

ata needed in calculation are as the followings.

Vi = 200[V]
tory = 35[nsec]
tmony = 21[nsec]
ton = 16[usec]
Vem = 1.75[V]
Vo = 1.54[V].

I = 15.79[A]
by = 1500[nsec]
tmeom = 20[nsec]
f. = 25[kHz]
Vom = 12.63[V]

Tumn-on losses are determined from eqgs. (1) and

).

Pl'(m,) = 138[W]
Pp(or:) =1.00[W]

Hence, the reduced turn-on loss is obtained as

ollows:

Ps(tztrn—oyz) = 038[W].

Also, tumn-off losses are determined from egs. (4)
nd (5).

P oo =59.21[W]
P =8.17[WI.

“herefore, the reduced tum-off loss is

Ps(tunz—off): 51.04[W] .

Since the conduction losses are

P #{ conduction) — 11. 06[ W]
P #conduction) — 9. 72[ Wa )

the reduced loss during the conduction period is

obtained as

Ps(cona’uction) = 1-34[W] .

Because two switches are used in a half bridge

converter, total losses are

P,'= ZX(Pi(Dﬂ)+ Pi(aff)+ Pi(conductzbn))
= 143.30[w],

Pp: 2X(Pp(on)+ Pp(aff)+ Pp(conductian))
= 37.78[W].
Therefore, the reduced total loss by using parallel
switches is obtained as follows:

Py= P;~ P,=105.52[ W].
The reduced loss, 105.52W,
4.4% of the converter output. With the above results,
the loss reduction ratio by using parallel switches can

is correspondent to

be obtained as

Loss reduction ratio(%) = ?p_s x100="13.64[%].

5. SIMULATIONS AND EXPERIMENTS

To confirm the operation of parallel switches and
the soft switching of IGBTS, the converter shown in
Fig. 2 is tested. Test conditions are as follows:

Input voltage DC 400[V]
Switching frequency 25[kHz]
Output voltage DC 48[V]
Average output current 50[A]
IGBT IRGBC308
MOSFET IRF840.

Figs. 8 and 9 are the simmulated waveforms and
experimental results of the converter. As shown in
Figs. 8 and 9, IGBTs are switched under zero voltage
condition and the IGBT and MOSFET play its main
roles  during

on-periods and switching instants,

respectively.
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Fig. 8 Waveforms of converter. (From top, Vgen,
Vaszai, lon, Igar, I, Vou, Ve, and Iig).

[

T
0.01968

The authors would

(1]

T

T

Fig. 9 Gate signals and current.
(From top, Veeil. Vgsz, and IQ21).

6. CONCLUSIONS

In this paper, to take the advantage of IGBT's high

power ratings even at a high switching frequency,

advanced soft switching concept of IGBT is proposed,

an

(4]

that can be realized with the aid of parallelled

MOSFET. Loss equations are derived by using the

linearized model and applied to a half bridge DC-DC
to verify the soft

converter as an example. Also,

(5]

switching of IGBTs, the operation of the converter
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are investigated by ‘simulations and experiments.
The advantages by using the parallel switches are
summarized as follows: ‘

(1) Switching characteristics is improved with the

aid of MOSFET which has inherently the fast
switching characteristics. And the soft switching
of IGBT is achieved since IGBT is turned on
and off while parallelled MOSFET is on-state,

) During conduction period, the voltage drop of
parallel switches is lower than that of either
IGBT or MOSFET.

) Efficiency is improved about 4.4% by taking

the advantages of the IGBT and MOSFET.

Due to the improved switching characteristics,

the high power ratings of IGBT can be actively

the
continuous current ratings of MOSFET may be
relatively lower than that of IGBT.

used even at high frequency. Here,
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