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ABSTRACT

A full bridge DC-DC converter using a zero-current and
zero-voltage switching technique is described. This circuit utilizes
the characteristics of the IGBT to achieve power and frequency
combinations that are much higher than previously reported for
this device. Experimental results are included for a 1.6kW,
110kHz converter with 95% efficiency.

INTRODUCTION

Although IGBTS are finding increasing acceptance in higher
voltage and power applications, they exhibit a current tailing
problem that usually limits the maximum operating frequency to
about 20-30 kHz [1]. This current tailing characteristic results
from the inability to sweep out the stored charge at turn-off
[1],[2]. Some papers [3],[4] have shown the use of IGBT: in zero-
current switching resonant converters in which the tailing prob-
lem is largely avoided. However, the power switch in the resonant
circuit conducts a much higher current pulse. Consequently, a
larger conduction loss exists than in its PWM counterpart. Fur-
thermore, zero-current switching resonant converters do not
eliminate the current tailing problem since the stored charge
cannot be removed.

Fig. 1 shows a DC-DC converter that reduces the effects of
this tailing problem by employing zero-current switching on one
leg of the bridge and zero-voltage switching on the other. Perhaps
the most unusual feature of the circuit in Fig. 1 is the absence of
the diodes normally connected in reverse parallel with Q1-4. As
will be explained later, the omission of these diodes means that
the IGBTS in one leg of the bridge will be subjected to reverse
voltage avalanche, but this avalanche provides zero-current
switching for the other leg. The reverse avalanche characteristics
of the IGBT are now specified by at least one manufacturer [5),
and the avalanche loss is offset by the reduced turn-off losses.
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THEQRY OF QPERATION

The gate drive timing is shown in Fig, 1,while Q3 and Q4
waveforms are shown in Figs. 8 and 9, respectively. The control
scheme in Fig. 1 is almost the same as conventional phase-shift
control [6] except that the Q2-Q4 deadtime varies inversely with
the duty ratio as shown in dashed lines. This provides more delay
time between Q2 and Q4 for high line operation and light load
conditions. On each half cycle Q1 and Q4 will turn on at almost
the same time, but Q4 will turn off first. Thus Q2 and Q4 form the
leading leg, and Q1 and Q3 form the trailing leg.
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Fig.1 Zero current and zero voltage switching
converter and timing diagram
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Assuming Q1 and Q4 are conducting current initially, C1 and
C2 provide zero-voltage switching when Q4 turns off. The
primary current splits between capacitances C1 and C2, charging
C2 and discharging C1 (the function of L1 and L2 will be ex-
plained later, but they are very small and have only a minor effect
on zero voltage switching). Tailing still occurs with Q4, but zero-
voltage switching greatly reduces the associated turn-off losses.
Lieak will cause the voltage on C2 to continue to increase until Q2
is forced into reverse avalanche at about 30 volts. Q2 then acts

like a zener until the 2 1;2,Lleak energy is dissipated and ip is driven

to zero. Since the voltage at point B is still higher than the input
voltage by an amount equal to the IGBT reverse avalanche volt-
age, a small current will flow back to the input through Q1. This
will help to remove the storage charge in Q1, and therefore the
turn-off current tailing of Q1 is virtually eliminated. Q1 can then
be turned off at zero current. Because of the voltage on C2, Q2 is
turned on at effectively zero voltage with very low turn-on loss.
Finally, when Q1 is completely turned off, Q3 turns on, and the
next half cycle of operation begins.

ANALYSIS OF SWITCHING TRANSITIONS

The analysis presented in this section is based on the assump-
tions that switches, diodes and transformer are ideal and induc-
tors and capacitors are lossless. The new converter has been
identified as a zero current and zero voltage transient resonant
converter. The resonant operation takes place during the switch-
ing transient, which is only a fraction of the total operating period.
However, the analyses of these switching transitions are impor-
tant for determining the soft switching conditions.

Fig. 2 shows the switching waveforms for the turn-off transi-
tion of the leading leg. V,(t) is the voltage across C2 (the leg
voltage). The primary current ip(t), the collector current ig,(t) in
Q2 and the capacitor current ic,(t) in C2 are also presented. The
switching transition starts with the Q4 turn off at to. Four modes
can be identified as shown in Fig. 2. The equivalent circuit for
mode 1 is shown in Fig. 3. We assume that the current in the
output filter inductance is continuous, and the equivalent circuit
of Fig. 3 is valid only if this assumption holds. Ip1 is the initial
value of the primary current, Vo’ is the output voltage reflected to
the primary side, and Lo’ is the reflected output filter inductance.
If no air gap is used, the magnetizing inductance is much bigger
than the reflected output filter inductance Lo’. Usually, the air gap
is needed for two reasons. The zero voltage transient resonant
converter in [7] uses the air gap to provide a large magnetizing
current so that zero-voltage switching can be maintained at light
load. An air gap is also occasionally used to avoid saturation
caused by a slight dc flux component in the transformer. However,
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Fig.2 Waveforms for the turn off transition

for the new zero-current and zero-voltage switching converter,
current mode control is used to balance the current and avoid
transformer saturation. As will be discussed later, the air gap is
also not necessary for the zero-current or zero-voltage switching
of the new converter. Therefore, the magnetizing inductance is
neglected. A simple calculation results in the following time func-
tion for Ve(t): (to< t< t1)

Vea(t) =Vs (1—- cos wit) — Vo' (1— cos w1t )
Ip1 .
—p 1
+ o1 C1+ C2) sin w1t 1)
where
_ 1
V(Lieak + Lo") (C1+C2)

w1

@

In practice, the primary current is almost constant during the
switching transition of mode 1. This is due to the fact that Lo’ is
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Fig. 3 Equivalent circuit for the turn off transition mode 1
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relatively very large. Therefore the transition can be ap-
proximated as a linear function of time:

Ip1

Ve = 6l G

©)}
The transition mode 1 ends at t1, when Ve2(t) = Vs. Assuming
that to starts at zero,

C1+C

tc= t1=Vs Il
P

Q)

It is clear that tc is the time required for the voltage at point
B to reach the high voltage rail. In order to achieve a soft switch-
ing transition, the gate drive delay time between Q2 and Q4 has
to be greater than tc.

Fig. 4 shows the equivalent circuit for mode 2 of the turn off
transition. Mode 2 starts at time t1 when the voltage at point B is
equal to Vs. The equivalent circuit is simpler than that for the
mode 1, because the transformer is shorted out by the output
rectifier diodes. Ip2 is the peak value of the primary current as
shown in Fig. 2. We can derive the time function for the primary
current and capacitor voltage for transition mode 2: (t1 < t < t2)

®)
(6

ip(t) = Ip2 cos wat

Ip2 .
- __ps
Veo(t) = Vs + A C1+ C2) sin w2t
where
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Fig. 4 Equivalent circuit for the turn off transition mode 2

As shown in Fig. 2, the transition mode 2 ends at t2 when the
capacitor voltage is clamped by the reverse avalanche of Q2. Vr
is the value of the reverse avalanche voltage. The duration of the
transition mode 2 (t2 - t1) can be calculated by letting Eq. (6)
equal to Vs + Vr. Hence:

w2 (C1+ C2)Vr

1 .
= - = ———arcsin
tz1= t2—t1 Ip2

w2

®)
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By substituting Eqg. (8) into Eq. (5) the final value of the
primary current Ip3 can be derived as follows:(if Ip3 > 0)

Ip3 = Ip2 cos watz ®
since
+
sin w2tz1 = @2 (Cr+ G Ve (10
Ip2
then
Ci+C2
Ip= VI —vi=——=2 1
p3 P2 = VR 1y

If the primary current has reached zero during mode 2, the
transition mode 3 will no longer exist. Otherwise, Q2 will be
forced into the reverse avalanche mode, as indicated, and we
proceed to mode 3. In this mode, Q2 acts like a zener until the
rest of the stored energy is dissipated, and the primary current is
driven to zero. It is obvious from Eq. (11) that this energy loss can
be reduced or avoided altogether if a higher Vg is used. Usually,
the leakage inductance is always minimized, and the size of the
capacitor is limited by other constraints such as the Q2-Q4 dead-
time.

The equivalent circuit for the transition mode 3 is shown in
Fig. 5.1t is simply an inductor in series with a voltage source. The
primary current is a linear function of time, so we have for the
transition mode 3: (t2 < t < t3)

Ve

ip(0) = Tp3 =, (12)

Transition mode 3 ends at t3, when the primary current

reduces to zero.
Lleak-\/ 2 2C1+C~2—
Ip2 — Vr

Ve Lieak

t2=t3— 2=

(13)
The total time required for driving the primary current to

zero is

(14

Once the primary current is reduced to zero, it will change its
polarity and flow back to the input source through Q1. This is

tz= tz21 + tz2
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Fig. 5 Equivalent circuit for the turn off transition mode 3
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because when mode 3 ends at t3, the voltage at point B is higher
than the input voltage by an amount Vg. Due to the storage
charge in Q1, the same amount of reverse avalanche voltage for
Q1 cannot be established until all the stored charge is removed.
The storage charge of Q1 can be modeled as a non-linear
capacitor Cs in parallel with Q1. This results in the turn off tran-
sition mode 4. Notice that the energy used to remove the storage
charge comes from C1 and C2. Due to the fact that C1 and C2 are
much bigger than Cs, they are then modeled as voltage sources.
Fig. 6 shows the equivalent circuit for the turn off transition mode
4. It will end at the turn off of Q1 or if the primary current decays
to zero before Q1 is turned off, it will end then. The primary
current during mode 4 can be derived as follows: (t > t3)

. V, .
ip(t) = W::ak sin w4t (15)
where
-1 (16)
V Lieak Cs

The time required for removing the storage charge in Q1 is
then:

tq=ta — 3= 7 VLicak Cs a”n
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Fig. 6 Equivalent circuit for the turn off transition mode 4

Zero-current switching is achieved if the gate drive is
removed from Q1 any time after t4. Since the trailing leg is turned
off at zero current, it will not cause any switching transition as
long as the zero-current switching condition is maintained. There
will be a switching transition if the trailing leg is not turned off at
zero current, but this will only happen at very light load.

The turn on transition is much simpler than the turn off. For
the leading leg, the IGBT is turned on when it is still reverse
biased. No switching transition will take place as long as the
zero-voltage switching condition is maintained. Actually, since
the voltage at point B is higher than the source voltage by an

amount Vg, when Q3 is turned on it draws current from the
snubber capacitors. In other words, although Q2 is already on, it
will not conduct any current until the voltage at point B drops to
Vs. As aresult, a current ringing is induced in the leading leg due
to the parasitic inductance of the snubber capacitors.

This oscillation may affect the operation of the circuit if it is
not controlled within a certain limit. Obviously, the oscillation can
be eliminated if the snubber capacitors have no or very small
parasitic inductance. In practice, even if a capacitor with no
parasitic inductance is available, the parasitic inductance in the
wires can still cause a notable oscillation. Capacitors with low
parasitic inductance are also very expensive.

An alternative way to control the oscillation is to do just the
opposite, and instead of trying to reduce the parasitic inductance,
a small external inductor (whose inductance is relatively large
compared to the parasitic inductance ) is put in series with each
snubber capacitor. It is found that the additional inductor does
not have a significant affect on the zero-voltage switching and
offers two advantages: (a) a large inductance will limit the peak
oscillation current, and (b) at light load, the additional inductor
can limit the current surge when the zero-voltage switching con-
dition is lost. We will have more discussion on this issue later.

N HIN

For the new proposed circuit, high efficiency is achieved by
providing zero-voltage switching on the leading leg and zero-cur-
rent switching on the trailing leg. Low switching losses must be
maintained over a wide range of operating conditions. Zero-volt-
age switching for the leading leg is achieved by having snubber
capacitors in parallel with the switches, but turn-on loss results if
the switch charges a partially charged capacitor. For the trailing
leg, turn-off loss will result if the current is not yet zero at turn off,

The turn-on of the opposite switch in the leading leg must be
delayed by the time required for the capacitor to be fully charged.
From Eq. (4), the transition time for the capacitor voltage to
reach Vs is

Ci1+C2

te=Vs Ipl

(18)

Ip1 is peak value of the primary current, and it is a function of
the input voltage and the output current. In practice, a large
output filter inductance is used to keep a low current ripple.
Therefore, Ip1 can be approximated by NIo. Where N is the turns
ratio of the transformer and Io is the output current. For soft
switching, the delay time td must be larger than that given in
Eq. (18). Notice that during the transition of the leading leg, the
capacitor is driven by a current source Nlo, and its voltage always
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reaches the new rail if given enough time. Therefore, soft switch-
ing for the leading leg is achieved naturally by the intrinsic circuit
operation. After replacing Ip1 with NIo in Eq. (18), the delay time
for the leading leg is

C1+C

td, leadingleg = Vs NIL
o

(19)

The turn-off of the switches in the trailing leg must be delayed
until the current is reduced to zero and the storage charge is
completely removed. Therefore, the additional delay time for the
trailing leg is the sum of the transition time in modes 2, 3 and 4.
If we assume that the primary current is constant during the
switching transition period, we have:

Ip2 = Ipl = NIO

Then from Eqgs. (8), (13) and (17), the additional delay time
for the trailing leg can be represented as follows:

Lleak 4/ Nzl‘z) _V2 C1+C2

td traiting leg = 7tV Lleak Cs +

Vr R Licak

. Vr4/CLtC2
+ VL C1+C e 20
leak ( C1+C2) aresin - Dieak (20)

The total delay time between Q4 turn-off and Q1 turn-off is,

@y

td,total = td,leading leg + tdtrailing leg

Since ip =0 prior to removing the Q1 gate drive, no deadtime
is required between Q1 and Q3. For simplicity, the Q1, Q2, and
Q3 switching transitions can be simultaneous, as shown in Fig,. 1.

Under light load conditions, the delay time required for the
leading leg increases as the output current decreases. Since the
delay time for the trailing leg is proportional to the load current,
it will tend to compensate for the extra time required by the
leading leg. However, it can only compensate up to the point
where the second term in Eq. (20) reduces to zero. Since the delay
time for the trailing leg is not a function of the input voltage, there
will be no compensation for the extra time required by the leading
leg as the input voltage increases.

For a converter with conventional phase shift PWM control,
the worst case occurs with maximum input voltage. So the mini-
mum delay time between Q2 and Q4 has to be greater than the
minimum delay time required on the leading leg to maintain soft
switching with maximum input voltage. The maximum delay time
is limited by the total duty cycle available. From the above two
requirements, the following bounds can be obtained for the delay
time:
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Vo

t <T(1- 22

d,total < T( NV min ) 22

td,total > (tdleading leg + td,trailing leg) | V=V max (23)
CONTROL STRATEGY

A new control strategy is implemented to help preserve soft
switching at light loads and high input voltage. As shown in Fig.
1, the zero-voltage turn-on condition for Q2 is always maintained
as long as Q1 is on long enough. In other words, there is no need
to turn on Q2 right after Q4 is turned off. Now, Q2 is turned on
at the time Q1 is turned off. Consequently, the delay between Q2
and Q4 varies inversely with the duty cycle. Since the output
voltage Vo is regulated, as the input voltage increases, the duty
cycle will decrease. The time required for charging C1 and C2 will
increase because of the increase of the input voltage. However,
the delay time available for Q2 and Q4 is also increased as the
duty cycle is decreased. Therefore, with the new control strategy,
the minimum delay time required for the leading leg to maintain
soft switching occurs with minimum input voltage.

As we have seen, the new control strategy is advantageous
when the duty cycle changes inversely with the delay time
demanded between Q2 and Q4. This is obviously the case when
input voltage changes. If we change the load and still keep the
same output voltage, the primary current will change proportion-
ally with the load current. As we have discussed earlier, the com-
pensation provided by the trailing leg extends the operating range
for soft switching, regardless the change of duty cycle. However,
this compensation is very limited. As we will see in the following
discussion, the new control strategy greatly extends the operating
range for soft switching over a wide variation of load. Under light
load conditions, as the turn off switching transient of the leading
leg becomes more dominant, the steady state operation is no
longer the same as the traditional PWM full bridge converter.

Fig. 7 shows the simplified equivalent circuits and related
waveforms for the zero-current and zero-voltage switching con-
verter operated under light load. For simplicity, it is assumed that
(a) the switches, diodes and transformer are ideal, (b) inductors
and capacitors are lossless, and (c) the output is modeled as a
constant current source reflected to the input side by N. D and D’
have been defined as shown in Fig. 7 (a) and (b). As shown in
Fig. 7 (d), three distinct operating modes have been identified.
Mode 1 is defined as the active mode represented by D. Power is
transferred from input to the output during this mode. Mode 2 is
the switching transition mode designated by D’. This is the dis-
tinctive mode which sets the new circuit apart from the conven-
tional PWM circuit. During this mode, there is still a significant
amount of power transferred to the output. As we will see, the
most important feature of this mode is that D’ is a function of the



output current. In the freewheeling portion, defined as mode 3,
the voltage across transformer is zero and therefore no power is
transferred to the output. The output voltage is the average volt-
age across the transformer during a half cycle, and it can be
calculated as follows:

1
Vo= VsD + > Vi D' @9

Mode 1 (o) Vee
VS — -0D— |-D

R S

(R

Mode 2 *Dl
Vs 5 e Ve

Mode 3 o

—o

Fig. 7 Steady state equivalent circuits and waveforms
(). Gate drive signals for the leading leg IGBTs
(b). Primary current
(c). Snubber capacitor voltage
(d). Voltage across transformer primary

From Fig. 7 (¢) and the equivalent circuit for mode 2, D’ is
given by:

v 2CV5
~ NI T

(25)
From Egs. (24) and (25), the equation for the duty cycle in terms
of input voltage and output current is derived:

Vo _ CVs
NI, T

D= xv,

(26)

Under light load conditions, the duty cycle is an inverse func-
tion of the load current. This means that the zero-current and
zero-voltage switching converter can also take advantage of the
new control strategy at light load. However, at very light load or
no load, the circuit will eventually have the same problem as most
soft switch circuits in that C1 and C2 will not be fully charged
when Q2 turns on [6]-[8]. The resulting current transient creates
an additional turn-on loss for Q2, but this loss is usually not
serious since it occurs when the turn-off and conduction losses are
relatively low. L1 and 1.2 are helpful in this respect, since they
limit these transients, and yet they are small enough to have only
a minor effect on the zero-voltage switching.

The obvious advantage of zero-current and zero-voltage
switching with the new control strategy is that it allows larger C1
and C2 values than conventional phase shift circuits with reverse
parallel diodes. These larger capacitors provide a significant
reduction in the turn-off losses of Q2 and Q4.

EXPERIMENTAL RESULTS

A prototype of the full bridge zero-current and zero-voltage
switching DC-DC converter with the new control strategy has
been implemented in the laboratory. The converter operated
satisfactorily over the entire no load to full load range with an
input voltage range of 260V-340V. A complete component list for
the circuit shown in Fig. 1 is given in Table 1, and the converter
was tested under the following conditions:

Vs=260Vde Is=6.5Adc Ps=1690W  fre=110kHz
Vo=126Vdc Io=128Adc Po=1613W eff=954%
Part Type Part Value
Q1L,Q3 IXGH20NS0 Cin 20uF
Q2,04 IXGH20N60A  (C1-2 0.01uF
D14 MUR3020PT Co 140uF

T Core EC70

36:25 Material N27 L1-2 0.22uH
CT Core 2616P Lieak 1.3uH
1:120 Material  3B7 Lo 557uH

Table 1 Parts list for prototype power circuit

Voltage and current waveforms for Q3 with zero-current
switching and Q4 with zero-voltage switching are shown in Figs. 8
and 9, respectively. Noteworthy observations include the fact that
Q3 conducts longer than Q4 in order to charge C1 and C2. The
maximum level of Vce4 is determined by the avalanche of Q2
whereas the minimum is determined by the avalanche of Q4.

The various losses for Q3 and Q4 are itemized in Table 2, and
the related waveforms are shown in Figs. 11 and 12. All were
obtained using a Tektronix 11401 digitizing Oscilloscope. No at-
tempt was made to measure conduction losses in the circuit due
to the lack of a convenient method of compensation for oscillo-
scope overdrive errors [9], but the estimated saturation voltage is

Losses (W) Q3 Q4
Conduction loss 4.7 34
Turn on loss 1.6 0.7
Turn off loss 4.6 48
Avalanche loss -— 33
Total loss 109 122

Table 2 Various losses for Q3 and Q4
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Fig. 8 Voltage and current waveforms for Q3
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Fig. 9 Voltage and current waveforms for Q4

Vee(sat) = 1.2V at ic=9A. From Figs. 8 and 9, the conduction los-
ses for Q3 and Q4 are calculated as follows:
Pcond3 = 9 X 1.2X3—(;)9= 47TW

28 _ 4w

Pcondd = 9 X 1.2 X 9

The above data indicates that the losses on Q3 and Q4 are
well balanced. The Q3 turn off loss is still less than that of Q4 even
though it does not have the snubber capacitor that is required for
the leading leg. This snubber capacitor helps to reduce the turn
off loss of Q4 to the same level as that of Q3. Zero-current
switching for Q3 is achieved at the expense of the avalanche loss
on Q4. Although this increases the total loss of Q4 by 27%, the
total loss of Q4 is higher than that of Q3 by only 12%. This is
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Fig. 10 Efficiency as a function of input voltage

because Q4 has lower conduction and turn on loss. It should also
be pointed out that the avalanche loss represents the energy
stored in the leakage inductance of the transformer. For conven-
tional full bridge phase shift circuits, this energy will be lost as
turn off loss and conduction loss in Q3 and a diode in reverse
parallel with Q2.

The prototype circuit was tested for a input voltage range of
260V-340V. A plot of efficiency as a function of input voltage is
shown in Fig. 10. The prototype circuit was also tested over the
entire load range. Fig. 4.13 shows the switching waveforms for the
minimum load where hard switching occurs. The corresponding
operating conditions were as follows:

Vs=260Vdc
V=131 Vdc

Is=196 Adc
Io=3.65 Adc

Ps=509.6 W fre=110kHz
Po=4774W eff=93.7%

Notice that hard switching does not occur until the load cur-
rent decreases to 28% of full load current. The total efficiency
drops by just 1.7%. Even though hard switching occurs after this
point, it is tolerable because of the relatively light load.

Fig. 4.14 shows the switching waveforms for circuit operation
under hard switching at 15% of full load. The operating condi-
tions were as follows:

Vs=260 Vdc
Vo=131Vdc

Is=1.16 Adc
Io=1.98 Adc

Ps=302 W
Po=259 W

fre =110kHz
eff=85.9%

Although efficiency starts to drop significantly, the switching los-
ses on the switching devices are not excessive as long as the peak
surge current does not exceed the maximum rating of the device.
As shown in Fig. 4.14, the surge current in leading leg is limited by
the small inductor in series with the snubber capacitor. Finally,
the circuit was also tested under no load. Operation was satisfac-
tory, but due to the random switching of the circuit, no waveforms
were taken.
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Fig. 11 Switching loss measurements for Q3
11401 Digitizing Oscilloscope 06-04-1990
e
Lcs
4A
/div
0 |
Vees Avalanche loss=3 3W
100V
/div
0
P
20V
/div
or — ~1
Turn on loss = 0.7W Turn of F loss =4 B W
S00nS/div

Fig. 12 Switching loss measurements for Q4

SUMMARY

This topology uses a new combination of zero-current and
zero-voltage switching which is optimized for IGBTs. The effects
of the current tailing problem are reduced by employing zero-cur-
rent switching on the trailing leg and zero-voltage switching on
the leading leg. The turn-off loss of the trailing leg is now trans-
ferred to the leading leg in the form of avalanche loss. However,
the highly asymmetrical characteristic of the circuit coupled with
a new control strategy allows larger snubber capacitors in the
leading leg. Consequently, the switching loss on the leading leg is
greatly reduced by the larger snubber capacitor. The new control
strategy takes advantage of the asymmetrical characteristic of the

ST
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Fig. 13 'Waveforms for the minimum load where
hard switching occurs.
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Fig. 14 Waveforms for hard switching

circuit to ensure soft switching over a wide operating range.
Therefore, unlike other soft-switching circuits, no air gap or addi-
tional commutating elements are needed. This allows much
higher power and frequency combinations than previously
reported, and a 1.6kW, 110kHz converter has been tested at an
efficiency of 95%.

This zero-current and zero-voltage switching converter
provides a new technique for applying IGBTS. It is optimized for
IGBT; in the sense that it uses the reverse avalanche charac-
teristic of the IGBT and also provides a means to remove the



storage charge of the IGBT. However, the zero-current and zero-
voltage switching technique can also be adopted for bipolar tran-
sistors. In this case reverse avalanche must be achieved by insert-
ing a Schottky diode in series with the switching device. Since
bipolar transistors use minority carriers, it is also advantageous
for them to turn off at zero current. The larger snubber capacitors
on the leading leg are even more important for bipolar transistors,
since they have higher turn-off loss than IGBTs.
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