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Transformerless Capacitive Coupling of Gate Signals
for Series Operation of Power MOS Devices

Herbert L. HessMember, IEEEand Russel Jacob (Jake) Bak&enior Member, IEEE

Abstract—A reliable configuration for triggering a series string  device. Transformers with multiple secondaries reduce the inde-

of power metal oxide semiconductor (MOS) devices without the use pendent triggering voltage to a single supply, but transformers

of transformer coupling is presented. A capacitor is inserted be- introduce time delay and economic penalties
tween the gate and ground of each metal oxide semiconductor field R | liabl hod of i ) MOSEET
effect transistor (MOSFET), except for the bottom MOSFET in ecently, a reliable metnod of stacking power S,

the stack. Using a single input voltage signal to trigger the bottom placing them in series, was demonstrated [1], [2]. The op-
MOSFET, a voltage division across the network of device capaci- eration of this circuit relies on a voltage division among the
tance and inserted capacitances triggers the entire series stack re-effective gate-source capacitance of the MOSFETs. This
liably. Design formulas are presented and simple circuit protection particular method was originally intended for high-speed
is discussed. Simulation shows reliable operation and experimental oo . .- L2
turn-on switching of single pulses. Its original application was

verification is presented. Application of the method is applied to se- | . . .
ries insulated gate bipolar transistors (IGBTS). in the design of high-voltage pulse generators, dramatically

Index Terms—MOSFET-series connection, power MOS devices, IMProving the speed, power dissipation, and lifetime over
power MOSFET-gating methods. the specialized vacuum tubes that have been employed in the
design of such equipment well into the 1990s.

In this paper, the same method is modified to enable contin-
uous switching of power MOSFET devices, not merely single

OWER metal oxide semiconductor field effect transistofgulse turn-on. This makes the method applicable to common

(MOSFETS) have gained wide acceptance in a numberdwer MOSFET applications. First, a review of existing
applications, including power supplies, variable speed motmethods is presented. Attendant advantages and disadvantages
drives, and a host of other systems. MOSFETSs process poweg described. Second, the new method of coupling gate signals
at what is often considered to be the lower power ranges. Thisirintroduced. A description of the circuit topology and an
speed, turn-off capability, cost, and voltage-based gating hawportant variation follows. Third, the devices and the whole
led to their popularity. However, these devices have definigircuit are modeled in a conventional fashion. These models
limits on the voltage that they can support. Higher voltage raeveal a capacitive series circuit, on which a voltage division
ings than presently available may not make the resulting devigegy be performed to gain appropriate triggering voltage
as attractive as one might anticipate. For example, the on-rediyels on each gate. Fourth, design formulae and methods are
tance of the MOSFET is proportional to a factor greater than therived to determine an appropriate gate capacitance for each
square of the breakdown voltage. Current ratings are typicaMOSFET in the series string. Fifth, using simulation program
greater forn devices in series than for a single MOSFET ratedith integrated circuit emphasis (SPICE), the system is sim-
at n times the breakdown voltage. ulated and dynamic and static voltage sharing is predicted.

If one connects several devices in series and each deVigth, experimental results verify the switching of the series
supports a share of the applied voltage, then the series sttM@QSFET string and show appropriate voltage sharing across
should be able to support more voltage than any single devite devices. Seventh and finally, applicability of this method to
could support alone. For example, assuming equal sharingtragigering IGBT devices is discussed.
the applied voltage, a series stringM@fdevices could support
a voltage up taV times the voltage rating of any individual
device in the string. Unfortunately, it is particularly difficult to
obtain anything even close to an equal voltage sharing arrangeExisting methods for series connection of semiconductor
ment during switching transitions. Tiny delays in triggering odevices fall into two categories [3]. A category described
small variations in rise or fall times among devices can cauae load-side voltage balancing includes methods based on
large inequities in how the applied voltage is shared. impedance-symmetrization [4], clamp circuits, active/lossless

Even when successful, such series connections require arsimabber circuits [5], [14], and passive snubber circuits [3].
dividual gate-to-source triggering voltage for each MOSFEThe other category, described as gate side voltage balancing,

includes dV'/dt and dI/dt control [6], active overvoltage
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Fig. 1. Capacitor and diode network driving MOSFETs connected in series

[10]. Fig. 2. Capacitor and diode network driving MOSFETSs connected in series
[10].

each dating from 1979 to 1990. As indicated by the references

shown in the preceding paragraph, recent literature extends Vaa

most of these methods, load-side and gate-side, to IGBTSs.

Most load-side methods slow the dynamic voltage to achieve é Output

a better voltage sharing behavior. Unfortunately, slowed c

switching usually brings greater losses. Compactness of the 3

power circuit can also suffer. Capacitive snubbers and resonant

techniques applied to the load side can reduce the losses some- ?

what, but require more power components [5], [14]. Design C,

techniques are the same as those employed to build a diverse J;%

range of snubbers [3]. .

Gate-side methods of driving power devices in series
synchronize the pulses and compensate for the difference in Input
switching time, optimize the driving circuit [10], or employ
dynamic clamping [7], [8]. Transformer coupling of the gate
signal is quite common for series-connected devices [1}g. 3. Proposed topology for reliable operation of stacked power MOSFETS.
Using a dedicated transformer secondary for each device
couples the gate drive signal and achieves the desired isolati
An alternative is to use a single secondary and separate d
circuitry for each device. Because the transformer can introd

unequal delays among secondaries, some form of synchron abptimize and usually require additional circuitry to balance

tion, active or passive, often appears in the gate drive circuit%d synchronize the gate signals. For low frequency operation
For low frequency performance, some form of energy Storag%emory circuit may be necessary '

or memory circuit is often necessary. Gate-side methods may-io paper introduces a new gate-side technique that takes

appear in the same circuit with load-side methods, ImprOVIrlr%vantage of the MOS device’s internal capacitances to achieve

the loss behavior and. voltage digtribution, static and dynam nchronization of gate signals. This method has been shown
above what can be gained from either set of methods alone [10]. . 1iave extremely fast and balanced turn-on of MOS de-

Timing circuits can be simple RC networks that are Cheaﬂces without additional load-side voltage balancing [1]. Its sim-

e signals. This circuit allows optimum voltage balance and
&ims to use less gate drive energy than the transformer-cou-
d topology [10]. However, its waveforms are still difficult

and dynamic voltage balancing, but can add sensors and compuzes quite low, even when aided by load-side techniques.
tation time [3], [8]. These methods tend to proliferate the parts

on the gate side. These are not as EXpensive as POWer COM{P- \| e\ MeTHOD To CONNECT POWER MOSFETS INSERIES
nents, but they often do add up significantly.

A typical transformer coupling circuit for driving series de- A series stack of power MOSFETs may be created as shown
vices is shown in Fig. 1. Its use is not restricted to MOSFET8 Fig. 3. The drain of a device is connected to the source of its
[10]. An alternative to transformer coupling is capacitive coureighbor. The load may be resistive or inductive. In this paper,
pling of the gate drive signal. A practical circuit for this pur2 resistive load is assumed. Important aspects of this topology
pose has been proposed specifically for MOSFETs and IGBTall into three categories.
as shown in Fig. 2 [10]. The diodes couple the drive signal 1) Adding one capacitor to the gate of each MOSFET, with
into the gates and the RC network is tuned to synchronize the one exception. The exception is the MOSFET nearest
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the common ground, the device that has the single trig-
gering source connected between its gate and the common
ground.

2) Adding a resistive divider that stabilizes the voltage
rise at turn-off. Such a resistive divider is a common
fixture when connecting semiconductor devices in series,
whether thyristors, MOSFETS, or others.

3) Including simple circuit protection for the MOSFETS.
This design process is based on a model for gate charge
transfer that is commonly accepted among many device
manufacturers.

The switching behavior of power MOSFETSs occurs in the
cutoff, saturation, and linear regions of operation. In this paper,
a common model for device behavior treats gate charge transfer
differently in each of these three regions. For the analysis, IHS 4. Alternative topology for reliable operation of stacked power
following three assumptions are made. MOSFETSs.

1) The drain current is zero when the MOSFET is in cutoff.

2) The drain current is given by the well-known

gn(Vas — Wu,).; gm is transconductancd;; s is the Conr +
gate-source voltagd?;, is the threshold voltage. _+ ﬂt
3) The drain current in the linear region¥%%s./Rps(on). G |,_': v
Vps is the drain-source voltage anfips(on) is the = o
drain-source on-resistance [13]. J7 Yyﬂ
The time between application of a drive signal and the drain cp2 V,
current flowing is called the delay time. During the delay time,

]
the MOSFET is in the cutoff region. When the current is be- -
tween 10% and 90% of its final value, the MOSFET is in the : v
saturation region. When the current is above 90% of its final —i “
value, the MOSFET is in the linear region.
Assuming the gate-source capacitai¢g is much greater -
than the gate-drain capacitanCg,, the charge),; required to

change from cutoff to saturation region is given in (1): Fig. 5. Detail of series connection of power MOSFETS.
Qg1 = CgsVan (1) includes a design procedure for selecting the required compo-
nents.

whereV,, is the threshold voltage. In the saturation region, the
drain-source voltagé;, and the gate-source volta@g, influ- 5 Inserting Capacitance into the Gate Circuit

ence the input capacitancg,. C,y may be assumed approxi- o ) o
As shown in Fig. 3, a capacitance is inserted between each

mately constant. Therefore, when the MOSFET is in the satura-“ > - .
tion region,Ci, is given in (2): gate and common ground. An alternative topology is to insert

capacitance between adjacent gates, as shown in Fig. 4. Main-
Cin = Cys + Cya(l — AV, /AV,,) (2) taining low equivalent series inductance (ESL) and equivalent
series resistance (ESR) can be important to avoid distortion of
where the second term in the Miller capacitance/)§ is the the triggering voltage waveform.
value ofV,; whenV,; is 90% of its final value, then the charge Triggering the circuit is a matter of voltage division. Consider

Q42 to traverse this region is given in (3): the proposed topology of Fig. 3, of which the lower portion is
shown in more detail in Fig. 5. Lety s be defined as the ratio
Qo= Cin(Vyo — Vin) — Qpn (3) of AV, the change of drain-source voltage across delige

to AVy,2, the change of gate-source voltage on devifg as
Cya has its maximum valu€'y, max When the gate-drain voltage shown in (5). LetC”,, be the effective gate-source capacitance
reaches its negative limit. For a driving voltayig,, the gate of Az, as shown by (6). The second term in (6) approximates the
chargeQ,s necessary to traverse the upper 10% of the draiRtiller capacitance, assuming a large valuedaf,
source voltage rise is given approximately in (4):

A
Ay, = 2Vt (5)
QQ3 = ‘/QQ(OQd max T CQS) - QQQ' (4) A‘/QSQ
Clea =Cgsa + Ava * Cgan. (6)

This piecewise model of gate charge transfer leads to new
method for triggering MOSFETS for switching applicationsWhen deviceM; turns on, the voltage change on its drain,
The method, presented in the rest of this section of the papai/,;, divides z‘;lcrosé?é.s2 the effective gate-source capacitance
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of Ms, and the inserted capacit6k. This change in voltage B. Resistance

AVgs2, Is given by (7) Appropriate resistance in parallel with the drain-source con-

AV Co nections of each device maintains static voltage balance. To
AVysr = ot O () maintain the desired voltage division under blocking conditions,

2 ge2 the current in each shunt resistor must be significantly greater
A similar equation may be written fd¥/s. However, in the latter than its respective device’s leakage current. A resistance ladder
case, the voltage ratidy 5 is the ratio of the voltage at the drainsuch as this is a common element in most series combinations
of M, to the change of gate-source voltage on deviée A of semiconductor devices.
reasonable division of the applied voltaljg; among devices Adding a single capacitor across the entire resistance ladder
is to have an equal share across each device. Becsligeis can speed up the response time of the stack while turning off.
twice AV, inthat case, the@'s = 1/2C5. For longer strings of
devices with equal sharing &4, Cs = 1/3C5, or in general, C. Circuit Protection

the design formula is given in (8) The breakdown voltage of the MOSFETS gate-source oxide

1 is typically 20 V. This is significantly less than the output
Cn = m Ca. (®) voltage values expected or intended in a series power MOSFET
string. Transient overvoltages in excess of this may appear
For power MOSFETs(y; =~ Ciss andCyq ~ Cps5, Where when switching. Inserting a resistor or a zener diode between
Ciss Is the input capacitance ar@.; is the reverse transfer gate and source are both common methods of mitigating this
capacitance. Most data sheets supply these values. problem.

The alternative topology shown in Fig. 4 is a modification A zener diode sets a ceiling on the gate-source voltage and
of the basic circuit of Fig. 3. The advantage of this alterngyotects the device against such transient overvoltages between
tive topology is that the gate capacitors may lend themselvesg#te and source. This zener diode must be rated below the break-
easier layout and assembly than for the basic circuit. The of$wn voltage of the MOSFET's gate-source oxide, but well
difference between the topologies of the two circuits is the gag@ove the voltage necessary to sustain conduction outside the
capacitor pattern. The output topology is identical in each cagRdSFET's active region. When designing capacitor values, the
and, as before, equal output voltage sharing is desired. If it Weigner's capacitance must be added to the gate-source capaci-
possible to provide an identical gate-source voltage on each ¢ghce of the MOSFET.
spective device in either topology, then the alternative topologyA zener diode is also superior to a resistor for circuit protec-
would have the same output as the basic circuit. tion because the zener diode draws only a negligible leakage

By inspection, the top device in Fig. 4 must have the samg@rrent when operating below rated voltage. A resistor draws
gate capacitor voltage as the bottom device in Fig. 3. Bo§amewhat more current, more rapidly bleeding off the charge on
have the same gate-source voltage, the same gate-drain voltggecapacitor that sustains conduction. The zener diode should
and sit atop a lower device with the same gate-drain voltags rated to handle a brief inrush current at startup and at device
Both must also have the same gate current to achieve identiggh-off. A fast diode in parallel with the zener diode can help
behavior. Therefore, the top capacit6f, in the alternative golve this problem.
topology must have the same capacitance value as the bottom

capacitor’s; in the basic circuit. Restating this in (9)
V. SYSTEM SIMULATION

!
Cy =Ca. ©) Using SPICE, the system was simulated. International Rec-

Due to the equal output voltage sharing and the identical gaﬂg—er provided a SPICE mo_del for_ an IRF630, a common small
source voltage required at each device, each gate capacitdf@ye" MOSFET. These simulations used Version 6.2 of the

the alternative topology must have the same terminal voItage.P ~PICE software. )
gate current should flow in each gate during turn-on. There- Vvalues forCi,; andC,.,, are 800 pF and 76 pF, respectively,
fore, I flows in the topmost capacito?/ in the next,..., and based on data obtained from the data sheets published by Inter-

(n — 1)I in the bottom capacitor, for a series stringroie- national Rectifier. For 12 V gate-source voltage and a 100 V dc
vices. The topmost capacitor has valié = C», as deter- input voltage, distributed equally between three devieksis

mined already. To obtain an identical voltage across eachf and the values af; andC should be 597 pF and 298 pF,
the remaining capacitors, the next capacitor must have a vai§gPectively. The load is entirely resistive, in this case, &20

of 2C,, - - -, and the bottom capacitor must have a capacitan@'s'[ance' The resistance ladder has threg@kistances to
b) H

value of(n — 1)Cs. In general, therefore, any gate capacifot €dualize the voltages at turn-off. _ _
may be found from (10) Several cycles of the voltage from the drain terminal to

ground at each MOSFET is shown in Fig. 6. The upper trace is
Cl=(n—i+1)C,. (10) the Mj; drain voltage, the middle trace is tiié, drain voltage
and the lower trace is thé/; drain voltage. The voltage is
Because the gate capacitor voltages are identical and are inesenly distributed between devices for much of the cycle. At
ries, the alternative topology has a more relaxed specificatiturn-off, there is a greater voltage stressidp, but only a few
on the working voltage of the capacitors. percent greater than on the other devices.
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Fig. 8. Turn-on drain voltages of three series IRF840 MOSFETSs.
Fig. 6. Drain voltages of three series MOSFETS.
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0 ps 20 ps 40 ps 60 ps 30 s 100 ps Fig. 9. Turn-on gate-source voltages of three series IRF840 MOSFETSs.

Fig. 7. Gate-source voltages of three series MOSFETS. 1500 ¥

The gate-source voltages are shown in Fig. 7. The upper tract
is that of devicell, and the lower trace is that of devidd 3.
The voltages are within the 20 V voltage limit. No zener diode
was added to this simulation. There is a transient overvoltage a
turn-on, indicating that a zener diode for circuit protection may
be appropriate. There is also a transient at turn-off, indicating
that a zener diode and a fast diode in parallel with it from source
to gate may be appropriate as well.
Simulation was also performed for a series set of three
IRF840 MOSFETs. Manufacturer’s values f6%,, and C,.,
are 1300 pF and 100 pF, respectively. For 20 V gate_sou,lfj@. 10. Turn-off drain voltages of three series IRF840 MOSFETS.
voltage and a 1500 V dc input voltage, distributed equally
between three devicesl, is 25 and the value of’; andC5 credibility to using a zener diode. When a zener diode was added
should be 160 pF and 80 pF, respectively. The load is agaimad the capacitance values were revised to compensate for the
20 Q2 resistance. zener capacitance, this peak disappeared and the zener diode
Voltage waveforms were of the same form as those of thestricted the gate-source voltage appropriately.
IRF630 over several cycles. Turn-on transient voltages areDrain voltages at turn-off are expanded in time in Fig. 10.
shown in Fig. 8. The five traces are referenced to commdinom top to bottom, voltages at the drains &, M,, and
and are, from top to bottomd/; drain voltage,Cs voltage, M, respectively. Voltage rise appears to be about equally dis-
M, drain (M3 source) voltage(s voltage, and\V/; drain (M, tributed, keeping the individual device voltage stresses down to
source) voltage. The voltages fall in a manner that maintain@aeasonable share of the applied voltage.
nearly equal sharing of the applied voltage. Gate-source voltages during turn-on are shown in Fig. 11. The
An expansion of the time axis of the gate-source voltagesigiper and lower traces are gate-source voltage&fpand M,
turn-on is shown in Fig. 9. The voltage that rises more quickhgespectively.
initially, but ends slightly lower, is the gate-source voltage of In PSPICE simulation, similar results have been found
device M. There is a transient overvoltage predicted, givingsing manufacturer's models in simulation for the IRF644

1000V

s500Y

0ps 0.04 p= 0.08 ps
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Fig. 11. Turn-off gate-source voltages of three series IRF840 MOSFETS.

Fig. 13. Experimental results. Voltages at the drain terminald 8fandA/1.
Scale: 20 V/div, 1Qus/div.

Fig. 12. Experimental results. Voltages at the drain terminald @fand/ 1. *“ﬁkv&&ﬁﬂ“—"“——" B
Scale: 20 V/div, 1Q:s/div.

and IRFPE50 power MOSFETSs. Simulations show reasonal
turn-off and turn-on behavior. The devices switch together ai
in a manner that preserves voltage sharing. The gate-sou
voltages are of a reasonable magnitude and can sustain ordinary

switching speeds for typical hard-switched loads indefinitely.rig. 14. Drain voltage waveform at turn-on at 100 V for IRF630 power
MOSFET scale: 20 V/div, 31.25 ns/div.

V. EXPERIMENTAL RESULTS

Experimental verification of these results has been per-Two turn-on transients are shown in Figs. 14 and 15. In
formed. A series stack of three IRF630 MOSFETs wdsig. 14, the turn-on transients for the drain voltage /ol
connected as shown in Fig. 3. The capacitance values arel M3 of the IRF630 circuit are shown. The devices turn on
C2 = 600 pF andC3 = 290 pF. Resistance® = 9.8 k2. with a reasonable sharing of the voltage. In Fig. 15, the turn
Series load resistance is 2D on transient for the drain voltage af'; of a series stack of

The results for repetitive switching are shown in Figs. 1IRF840 devices is shown. The IRF840 is a 500 V device. When
and 13. In Fig. 12, the voltages shown are the drain voltagethe devices are off, the applied voltage across the stack of
M, and the drain voltage at; , both referenced to common atthree devices is 1500 V. The devices performed without failure
the source terminal of/;. The devices turn on and hold theiror damage, indicating a good sharing of the voltage during
respective conduction voltages, which are appropriate voltagen-on.
values. At turn-off, the device voltages return to a reasonableAs simulated and then verified experimentally, the fall time
sharing of the voltage. In Fig. 13, the voltages shown are tiequite rapid, somewhat less than the nominal fall time for the
drain voltage af\/; and the drain voltage a;. Comparison devices at hand. As mentioned previously, a turn-off snubbing
with Fig. 12 shows a reasonable sharing of the applied voltagapacitor further decreases rise time.

Authorized licensed use limited to: Northrop Grumman Aerospace Sector. Downloaded on August 4, 2009 at 09:44 from IEEE Xplore. Restrictions apply.



HESS AND BAKER: TRANSFORMERLESS CAPACITIVE COUPLING OF GATE SIGNALS 929

The practical effect of this is to restrict the turn-off behavior
of the series-connected IGBT triggered by this method. Soft
switching remains a valid option for turning off a series stack
of IGBT devices, having been demonstrated by Wesenbegéck,
al. in 1995 [5], [14] and by Bottoet al., in 1997 [12].

Low-voltage turn-off to any voltage is reasonable if that
voltage is always less than the combined recovery time and
voltage rating of the IGBTs in a series stack as they turn off
in sequence from bottom to top. This is a slight improvement
on the behavior of the silicon controlled rectifier (SCR), which
requires zero current switching and a fairly long recovery
time. Therefore, if a series string of IGBTs is connected and
triggered as this paper recommends for MOSFETS, then the
aggregate switching behavior is similar to an SCR, but having
a somewhat greater overall peak voltage rating and much faster
speed than an SCR.

A disadvantage of this method of triggering devices is the
fact that the capacitor charge does bleed off, so the series stack
Fig. 15. Drain voltage waveform at turn-on at 1500 V for IRF840 powegannot be kept in a conducting state indefinitely. For typical
MOSFET scale: 200 Vidiv, 5 ns/div switching speeds and devices encountered in practice, this may

not be a significant difficulty. Simulation and experimental re-

Similar experimental results have been observed for tkelts for a series stack of IGBTs will be presented in a future
IRFPES0 power MOSFET. paper.

From experimental and simulation results, it appears that
voltage balancing behavior, static and dynamic, is as good as
or, in most cases, superior to other methods as documented VIl. CONCLUSIONS
in the literature. This method appears to be faster than other
methods without expensive control hardware or software. As aA method to trigger MOSFETs and IGBTs without trans-
result, both experiment and simulation show switching losstsmer coupling has been presented. The method is based on a
at turn-on that are quite attractive and, due to aiding by a fagiltage division across a series of capacitances, most of which
load-side method, are at least as attractive as those founduia internal device capacitances. Design equations for the added
other load-side methods. Additional parts count is lower thaapacitors have been derived. Simulation reveals that both static
other methods, particularly on the gate side, being less thamd dynamic voltage balancing for MOSFETSs is achieved. De-
a single small capacitor per switching device. A gate drivdce stresses are within ratings. Simple circuit protection can be
selected for this method must be capable of driving more thamecommodated. Experimental results verify this method.
single device, but all gate-side methods require that capabilityThis method may be classed as a gate-side technique for
in some way. Charge on the capacitors does tend to blegitage balancing. Voltage balancing behavior, static and dy-
off, so care must be taken when planning to operate at lawmic, as good as or, in most cases, superior to other methods
frequencies. Investigation continues into it behavior under load documented in the literature. This method appears to be
fault conditions. faster than other methods. As a result, switching losses at

turn-on are quite attractive and, due to aiding by a fast load-side
method, are at least as attractive as those found in other
VI. APPLICATION TO IGBT DEVICES load-side methods. There is no additional expensive control
hardware or software. On the gate side, additional parts count

An insulated gate bipolar transistor (IGBT) is also a MO lower than other methods, being less than a single small
gated device. The method of transformerless gating presentegacitor per switching device. There is no expensive isolation
in this paper applies to the IGBT as well. However, results atensformer and, hence, no additional balancing regulators to
not quite as encouraging as those found for power MOSFETsompensate for delay caused by transformer coupling. This

Using the manufacturer's data sheets, appropriate capanethod does require a gate drive capable of driving more than
tance values can be identified. Capacitor values for insertionaasingle device, but that is common to all gate-side methods.
the appropriate gate terminals precedes in the same fashioiCharge on the capacitors does tend to bleed off, so operation at
proposed in Section II-A of this paper. Simulation using simplew frequencies may be limited. Investigation continues into it
SPICE models shows similar results at turn-on. However, thehavior under load fault conditions.

IGBT is a minority carrier device, requiring evacuation of the The method applies to IGBTs, showing the same capabili-
stored charge before turn-off, a mechanism unlike the majorifgs under turn-on conditions. However, the turn-off behavior is

carrier behavior of a MOSFET. Hence, each IGBT tends testricted, making a series string of IGBTs exhibit a switching

turn off in sequence, rather than nearly simultaneously, bshavior similar to an SCR, but with greater peak voltage capa-
MOSFETSs have been shown to do. bility and faster speed.
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