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1. Driving a MOSFET
1.1. Gate drive vs. base drive

Whereas the conventional bipolar transistor is a current-driven device, the MOSFET is a
voltage-driven device.

Figure 1.1 illustrates a bipolar transistor. A current must be applied between the base and emitter
terminals to produce a flow of current in the collector. Figure 1.2 shows a MOSFET, which produces
a flow of current in the drain when a voltage is applied between the gate and source terminals.

The gate of a MOSFET is composed of a silicon oxide layer. Since the gate is insulated from the
source, an application of a DC voltage to the gate terminal does not theoretically cause a current to
flow in the gate, except in transient periods during which the gate is charged and discharged. In
practice, the gate has a tiny current on the order of a few nanoamperes. When there is no voltage
between the gate and source terminals, no current flows in the drain except leakage current, because
of a very high drain-source impedance.
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Figure 1.1 Driving a bipolar transistor  Figure 1.2 Driving a MOSFET

1.2. MOSFET characteristics
MOSFETs have the following characteristics:
- Since the MOSFET is a voltage-driven device, no DC current flows into the gate.
- In order to turn on a MOSFET, a voltage higher than the rated gate threshold voltage Vi
must be applied to the gate.
-While in a steady on or off state, the MOSFET gate drive basically consumes no power.
+ The gate-source capacitance of a MOSFET seen by the driver output varies with its internal
state.
MOSFETSs are often used as switching devices at frequencies ranging from several kHz to more than
several hundreds of kHz. The low power consumption needed for gate drive is an advantage of a
MOSFET as a switching device. MOSFETs designed for low-voltage drive are also available.
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1.2.1. Gate charge

The gate of a MOSFET can be considered to be a capacitance. Figure 1.3 shows different
capacitances in a MOSFET. The gate voltage of a MOSFET does not increase unless its gate input
capacitance is charged, and the MOSFET does not turn on until its gate voltage reaches the gate
threshold voltage V. The gate threshold voltage Vi of a MOSFET is defined as the minimum gate
bias required for creating a conduction channel between its source and drain regions.

In considering a drive circuit and a drive current, the gate charge Qg of a MOSFET is more important
than its capacitances. Figure 1.4 illustrates the definitions of parameters regarding the gate charge
necessary to raise the gate voltage.
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Figure 1.3 Capacitances in a MOSFET Figure 1.4 Gate charge

. (resistive load)
1.2.2. Calculating MOSFET gate charge

During the turn-on of a MOSFET, a current flows to its gate, charging the gate-source and
gate-drain capacitances. Figure 1.5 shows a test circuit for gate charge. Figure 1.6 shows the
gate-source voltage curve over time obtained when a constant current is applied to the gate terminal.
Since the gate current is constant, the time axis can be expressed in terms of gate charge Qq by
multiplying time by constant gate current Is. (The gate charge is calculated as Qq=Isxt.)
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Figure 1.5 Gate charge test circuit Figure 1.6 Gate charge waveform
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1.2.3. Gate charging mechanism
The gate of a MOSFET starts accumulating electric charge when a voltage is applied to it. Figure 1.7
shows a gate charge circuit and a gate charge waveform. When a MOSFET is connected to an
inductive load, it affects the reverse recovery current of the diode in parallel to the MOSFET as well as
the MOSFET gate voltage. This explanation is omitted here.
® During the period to to ti1, the gate drive circuit charges the gate-source capacitance Cq4s and the
gate-drain capacitance Cyq via the gate series resistor R until the gate voltage reaches its
threshold V. Since Cgs and Cgyq are charged in parallel, the following equation is satisfied.
The gate voltage Vgs is calculated as:
Ves(t)= Ve(1-exp(-t/(R(Cgs+Cqd ))) (1)
Hence, substituting Vi, for ves(ti), gate delay time t; is obtained as:
t1=R(Cgs+Cga)INn(Vs /(Ve-Vin))
This indicates that the delay time t; is proportional to R(Cgs+Cga).

@ During the period t1 to t2, Vas exceeds Vi, causing a current to flow in the drain, which eventually
becomes the main current. Cgs and C4 continue to be charged in this period. As the gate voltage
increases, the drain current increases. At t,, the gate voltage reaches the Miller voltage, Ves(p. t2
can be calculated by substituting Ves(piy for Ves(t2) in Equation (1). As in the period to to ti, the
delay time t; is proportional to R(Cgs+Cgyq).

t2=R(Cqs+Cqa)IN(Vs /(Ve-Vesn))
t2-t1=R(Cqgs+Cqa)IN((Ve-Vtn) /(Ve-Vas(pn))
Since the drain current is flowing during this period, a MOSFET suffers a power loss.

® During the period t; to t3, Ves remains constant at the Vgs(ply voltage (due to the Miller effect).

The gate voltage remains constant. As the entire main gate current keeps flowing through the
MOSFET, the drain voltage reaches its turn-on voltage, (Rpswon)XIp) at t3. Since the gate voltage
remains constant during this period, the drive current flows to Cgq, not to Cgs. The charge
accumulated in Cyq (Qgd) during this period equals the product of a current flowing to the gate
circuit and the voltage fall time (t3-t2):

Qga=(Ve-Vasp))/R + (t3-t2)

Hence, t3-to=QqgdRa/(Ve-Vas(ply)

Since the drain voltage keeps decreasing during this period while the drain current remains
constant, the MOSFET suffers a power loss.

@ During the period t3 to ts4, the gate is charged to the oversaturated state. Both Cgs and Cgq are
charged until the gate voltage (Vss) reaches the gate supply voltage. Since the turn-on transient
has already disappeared, the MOSFET suffers no switching loss during this period.

©2017
Toshiba Electric Devices & Storage Corporation 57125 2017-11-16



TOSHIBA MOSFET Gate Drive Circuit

Leading Innovation >>> Application Notes
Voo Gate voltage
VGS i
L ! :
X e
Gs(pl) """ | V,(Gate drive voltage)
1
I :
C I"'D" '_'_':_':'_'_1'7(' V — : :
gd 1 th 1 H
e — ! Y
R ¢ T|q AL t P—
ra _— 1 4
NS . |
;: Cgs____c_gﬁ'_.: :
\' T I i
G v, Vs v i Drain current
A4 \ DD !
T =

Figure 1.7 Gate charge circuit and waveform (inductive load)
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1.3. Gate drive power

The power consumed by the MOSFET gate drive circuit increases in proportion to its frequency.
This section describes the power consumption by the gate drive circuit shown in Figure 1.8.
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MOSFET 10
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0

15
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Figure 1.8 MOSFET drive circuit Figure 1.9 Gate charge characteristics

In Figure 1.8, a gate pulse voltage Vg is applied between the gate and source terminals of a
MOSFET via a gate resistor Ri. Suppose that Vgs rises from 0 V to Ve (10 V in Figure 1.9). Vg is
sufficiently high to turn on the MOSFET. The MOSFET is initially off and turns on as Vgs changes from
0 V to V. The gate current flowing during this transient switching period is calculated as:

ic=(Ve-Vas)/Ra

Hence, the gate-source voltage is calculated as vgs=Vs-RsXig.

The gate charge Qg can be calculated by integrating the gate current ic over time.
Qg=/[igdt
The energy E supplied from the gate drive source during the turn-on period is:
E=[v; X igdt
where, vg is the drive supply voltage. Since the integral of Vg and Ig over time is Qgp,
E=VeXQgp

Qg and ic have the following relationship: ic=dQg/dt. Therefore, the energy accumulated in the gate

of a MOSFET during its turn-on period Eg is calculated as:

E; = vas Xigdt = f(vG X dd%)dt = vaSng

The gate charge is the integral of v;s over Qg from 0 to Q gp, Which is shown in Figure 1.10.

The energy supplied from the drive power supply minus the energy accumulated in the gate is
consumed by the gate resistor.

During the turn-off period, the energy accumulated in the gate is consumed by the gate resistor.

The energy E consumed per switching event is equal to the amount of energy supplied by the drive
circuit. The average power consumption of the gate drive circuit Pc can be calculated by multiplying
E by the switching frequency fsw:

Pc =EXfsw =VeXQgpXfsw

The average power consumption of the gate drive circuit Pg can also be expressed as P =EXfsw
=CissX (V6)*%fsw in terms of the input capacitance. However, the Pg value calculated this way greatly
differs from the actual power loss. This is because Ciss includes the gate-drain capacitance Cgq having
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the Miller capacitance and is therefore a function of Vps and because the gate-source capacitance Cgs
is a function of V cs.

12 Drive circuit supply energy
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Figure 1.10 MOSFET gate loss
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2. Example of a MOSFET gate drive circuit

The basic requirements for a MOSFET drive circuit include an ability to apply a voltage sufficiently
higher than Vi, to the gate and a drive capability to sufficiently charge the input capacitance. This
section describes an example of a drive circuit for an N-channel MOSFET.

2.1. Basic drive circuit

Figure 2.1 shows a basic MOSFET drive circuit. In practice, the capacitance of a MOSFET to be

driven and its usage conditions must be considered in designing a drive circuit.

MOSFET gate resistor

An appropriate resistor value should be E

selected because it affects the switching speed
and therefore the switching loss of a MOSFET. D

.............................................................. —
W RN s
I

.......................... s

-A gate voltage sufficiently higher than Vi to turn R,
on the MOSFET and a gate voltage sufficiently 1

lower than Vi, to turn it off =
-A drive capability to sufficiently charge the input ek

capacitance . Resistor to reduce the
i gate-source voltage to 0 V when
. the input signal is open-circuited

Figure 2.1 Basic MOSFET drive circuit

2.2. Logic drive

There is a growing need for MOSFETs for switching applications (load switches) to provide a
conducting path in a circuit only when it is operated, and thereby reduce the power consumption of
electronic devices. At present, MOSFETSs are directly driven by a logic circuit or a microcontroller in
many applications.

Figure 2.2 shows an example of a circuit for turning on and off a power relay. Since turn-on and
turn-off times may be as slow as a few seconds for load switches, the MOSFET gate can be driven

Power relay

ZS ........

with a small current.

]

MOSFET | P
—
¢l 2N
MCU
3.3V S

Figure 2.2 Directly driving a MOSFET with an MCU
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2.3. Drive voltage conversion

(1) Conversion of a drive voltage to 15V

Figure 2.3 shows an example of driving a MOSFET with a digital logic. This circuit boosts a drive
voltage when the MOSFET cannot be driven at 5 V. R> connected in series with the gate resistor R3
increases the gate drive resistance, making it difficult to drive the MOSFET in saturation mode. This
slows the switching speed of the MOSFET and therefore increases the switching loss. On the contrary,
reducing Ry causes a large drain current Ip to flow to the drive circuit during the turn-off period of the
MOSFET, increasing the power consumption of the drive circuit.

Vpp,(+15V)

R, _I_l I D

LR —
V,,,(+5V) — G| /N
l—
IN R S
L R L
m | =
l/ =— = Conversion to a voltage that
. 5-V digital logic or turns on the MOSFET

. microcontroller

Figure 2.3 Drive voltage conversion
(2) Push-pull circuit
The drawback of the circuit shown in Figure 2.3 is that boosting a drive voltage from digital logic
increases the power consumption of the drive circuit. This problem can be solved by adding a
push-pull circuit as shown in Figure 2.4.
A push-pull circuit is also used when a drive current for a MOSFET is insufficient.

Vop (+15V)
R - J[\‘.
1 i : D
i i
1 1 —
L i | = N
] :
o 1 ; G
2 1
5V = Rs i S
5 | |

N

Push-pull circuit:
Stable at a high frequency

Small gate drive power

Figure 2.4 Push-pull circuit
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2.4. High-side drive from a half or full bridge

Figure 2.5 shows how to use MOSFETSs in a half- or full-bridge configuration. To turn on the
N-channel MOSFET on the high side Q1, a higher voltage against source terminal must be applied to
its gate terminal.

Since the source voltage of Q1 varies with the turn-on and turn-off of the low-side MOSFET Q3, Q1
and Q> cannot share the same ground line of the drive power supply.

2.4.1. Using a high-voltage device and a bootstrap circuit (e.g., high-voltage IC)

Figure 2.5 shows an example of a circuit that drives a high-side device using a high-voltage device
and a bootstrap circuit. The switching frequency is limited, depending on the output capacitance
and the loss of a level shifter. \'

c Bootstrap capacitor

- - [ I ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘
r 1 I ~.'::.‘.'.‘.'I::..‘..,‘. .................... Q
R, E] o ! i D :

|
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I a
C _
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i — s 28
I ' ]
I 5
I I
Ve : R, |
- : —
L N N 1
_C) ........ Y ID Q2
—| I— High voltage | —
device G_l N
Drive pulse : S

Figure 2.5 High-side drive circuit

2.4.2. Pulse transformer drive (insulated switching)

The use of a pulse transformer eliminates the need for a separate drive power supply. It has a
drawback, however, in terms of the power consumption of a drive circuit. A pulse transformer is
sometimes used to isolate a MOSFET from its driver in order to protect the drive circuit from the
MOSFET's trouble.

Figure 2.6 shows an example of a simple circuit. The purpose of the Zener diode in this circuit is to
quickly reset the pulse transformer. The circuit shown in Figure 2.7 has an additional PNP transistor
to improve the switching performance. |§21

Q ° G —
e > l—-Z ;Z/o ® |'>! lK'__ZS

AF g [ AR

g

Figure 2.6 Gate drive transformer circuit Figure 2.7 Improving the switching

performance
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The circuit shown in Figure 2.8 has a capacitor in series with a pulse transformer in order to apply
a reverse bias to a MOSFET during its turn-off period and thereby improve the switching speed. Since
the capacitor blocks the DC bias, it also prevents the pulse transformer from reaching a saturation

point.
Q,
D
RZ

B C ® = Ej&
R, K R, [

Figure 2.8 Increasing the MOSFET speed

2.4.3. Using a photocoupler and a floating power supply

An optically isolated device (photocoupler) is also used for MOSFET gate drive. A separate power
supply is necessary for the photocoupler output. To use a photocoupler to drive the high side of a half
or full bridge, a floating power supply is necessary. Care should be exercised as to the speed and
drive capability of the photocoupler. Photocouplers specifically designed for MOSFET/IGBT gate drive
are available from Toshiba.

Figure 2.9 Gate drive photocoupler circuit

©2017
Toshiba Electric Devices & Storage Corporation 12 /25 2017-11-16



TOSHIBA MOSFET Gate Drive Circuit

Leading Innovation >>> Application Notes

3. Power supply for the MOSFET drive circuit
3.1. Transformer-isolated power supply

When both the upper and lower arms of an H-bridge, a three-phase inverter or a similar circuit are
used to drive MOSFETSs, the power supplies for the upper and lower arms must be isolated from each
other.

Figure 3.1 shows an example of power supplies using a transformer.

The MOSFETSs driven by the lower arm can share the same power supply. Therefore, an H-bridge
needs three power supplies whereas a three-phase bridge needs four.

] v
IN | 3-terminal | ourt D DD
Trans 1 & & regulator |
former Z A Gate I |
£ S G [k A q
L [+ + river —
| L A -
D (o}
% IN 3-terminal OLI (—
] [ ZS ZK regulator G | le— Q
g I_ Gate | — 2
driver
N N S
el W)

Figure 3.1 Transformer-isolated power supply

3.2. Bootstrap circuit

A bootstrap circuit, which consists of diodes and capacitors, can be used in place of a floating power
supply. When MOSFETSs are driven by both the upper and lower arms of an inverter or a similar circuit,
the bootstrap capacitor C can be used in each phase as shown in Figure 3.2 instead of a floating
power supply. Initially, the devices in the lower arm must be turned on to charge capacitor C from the
lower-arm power supply through the path highlighted by a dashed line. The capacitor C is charged
through this path each time the MOSFET of the lower arm turns on. Since the on-duty cycle of the
upper-arm devices has a certain relationship with the amount of charge stored on the capacitor C,
there is a limit to the on-duty cycle of the upper arm. As is the case with the output voltage,
fluctuations of the gate voltage of the upper arm make it sensitive to noise. Therefore, care should be
exercised in designing the upper-arm gate circuit.
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Figure 3.2 Bootstrap circuit
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3.3. Charge pump

A charge pump consists of an oscillation circuit, diodes and capacitors. Each stage of a charge
pump boosts the voltage stored in the capacitor. The charge pump shown in Figure 3.3 can be used
to drive the high side when MOSFETSs are driven by both the upper and lower arms. Unlike a bootstrap
circuit, the charge pump does not impose any limit to the duty cycle of the output device.

Supply voltage

High-side gate drive circuit D

________________________________________________ : —
T ~ Drive G| e 7
5-V power supply [ —>) > B+ circuit A — N

( i
i i :
: : S
i Level-shift circuit _l>(;|__l>o_—|__'>o:|_i
I I —O
= [ !
: : :
v | Oscillator ); D
D ——— . Pid I_
..................................................................................................................................................... G K— ZS
Low-side gate drive circuit i
S

Figure 3.3 Charge pump —4

4. Considerations for the MOSFET drive circuit
4.1. Considerations for the gate voltage Ves conditions

Vas is important for MOSFET gate drive.
The on-state resistance of MOSFETSs is low when they operate in the linear region (i.e., at a voltage
lower than pinch-off voltage).

Therefore, for switching applications, you can reduce the on-state resistance by using MOSFETSs in
the low Vps region.

i Pinch-off voltage : Vpg=Vgs-Vyy, i

a
. . 1 . .
Linear region :/Saturatlon region

= - )
= LA =

J Breakdown region

I,

v

Cut-off region Vps

Figure 4.1 Operating Regions of a MOSFET
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- A MOSFET turns on when its gate voltage Vgs exceeds its threshold voltage Vi, as shown in

Figure 4.2. Therefore, Vgs must be sufficiently higher than Vin.

- The higher the Vgs, the lower the Rpsion) value tends to become.

- The higher the temperature, the higher the Rpsion) value becomes (Figure 4.3).

- In order to reduce loss, it is important to increase Vgs in order to minimize the resistance of the
device at the current level at which it is used (Figure 4.4). Conversely, a high Vgs value increases the
ratio of drive loss to the total loss for high-frequency switching.

Selecting the optimal MOSFET and gate drive voltage is therefore critical. For many of Toshiba’s
power MOSFETS, it is generally recommended to drive their gates at a Vgs of 10 V. Toshiba's product
portfolio also includes power MOSFETs designed for gate drive at a Vgs of 4.5 V. Select the power
MOSFET that best suits your system requirements.

60
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4.2. Gate voltage, peak current and drive loss

In designing a drive circuit for a MOSFET, a drive loss and a current for charging the gate input
capacitance are very important as described in Section 1.3, “Gate drive power.”

Since Qqg=/ i; dt, the average gate inrush current, ig(rush), during the switching period is expressed
as:

ic(rush)=Qg/t sw
A drive loss can be calculated as:
Pc =Exfsw=VXQgpXfsw

Increasing the gate voltage reduces Rpsiony and therefore the steady-state loss. However, since
Q=CV, increasing the gate voltage increases Qg and therefore the gate current and the drive loss.
When MOSFETSs switch at a high frequency in light-load applications, the gate drive losses
significantly affect their total loss. Care should be exercised in designing a drive circuit.

4.3. Gate resistors and switching characteristics
Generally, a resistor is connected to the gate terminal of a MOSFET. The purposes of the gate
resistor include suppression of inrush current and a reduction in output ringing. A large gate resistor
decreases the switching speed of a MOSFET. This results in an increase in power loss, a reduction in
performance and potential heat issues. Conversely, a small gate resistor increases the switching
speed of a MOSFET, which makes it susceptible to voltage surge and oscillation and therefore to
device failure and damage. It is therefore important to optimize the MOSFET switching speed by
adjusting the gate resistor value.
The gate rise time tg and the gate resistor value Rg have the following relationships:
Qy/tg =ic
Re = Ve / ic
We considered the switching waveform of a MOSFET for the circuit shown in Figure 4.5 using
simulation. In order to estimate an actual circuit, a wire stray inductance was inserted in the
simulation circuit. The magnitude and period of output ringing depend on stray inductance.

Load
inductance E

Stray
20nH % inductance

l 300V | +
I | | .
R, D b A <>
R = — -
+ | 10v 2 = R 6 | I V.,
D 5
S ] -
5V ¥ GS A

Figure 4.5 Switching simulation circuit

©2017
Toshiba Electric Devices & Storage Corporation 17125 2017-11-16



TOSHIBA MOSFET Gate Drive Circuit

Leading Innovation >>> Application Notes

We simulated to obtain the switching-off waveforms of the circuit shown in Figure 4.5, changing

the gate resistor Rz to 1, 10 and 50. Figure 4.6 shows the simulation results. As described above,

reducing the gate resistor value increases the switching speed of a MOSFET at the expense of an
increase in the ringing voltage. Conversely, increasing the gate resistor value reduces the ringing
voltage, but reduces the switching speed of a MOSFET and therefore increases its switching loss. This

is because the gate resistor value and the gate voltage restrict the gate charge current of a MOSFET.
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Figure 4.6 Switching-off waveforms
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4.4, Considerations for gate drive
4.4.1. Protection against gate-emitter surge voltage

Adding an external Zener diode between the gate and source terminals of a MOSFET is effective for
protection against electrostatic discharge and gate surge voltage. Note, however, that the
capacitance of the Zener diode might have a slight adverse effect.

D

G| PAN
N s
/)

I

7
P

Figure 4.7 Protection against gate surge voltage

4.4.2. Optimal gate resistor

As discussed in Section 4.3, “Gate resistors and switching characteristics,” the switching speed
varies with the gate resistor value. Increasing the gate resistor value slows the switching speed of a
MOSFET and increases its switching loss. Reducing the gate resistor value increases the switching
speed of a MOSFET, but might cause a surge voltage to be applied between its drain and the source
terminals due to the effects of wire stray inductance and other factors.

It is therefore necessary to select the optimal gate resistor. Sometimes, different gate resistors are
used for the turn-on and turn-off of a MOSFET. Figure 4.8 shows an example of how to use different
gate resistors for turn-on and turn-off.

Gate resistors for turn-on: R;
and R; in parallel
Gate resistor for turn-off: R,

Gate resistor for turn-on: R Gate resistor for turn-on: R;

Gate resistor for turn-off: R, Gate resistors for turn-off: R; and R, in

parallel
R e IR
- -
<K [T R < &
0— 4T o—T [T o -
R, S R, S R, S

Figure 4.8 Gate resistors
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4.4.3. Gate malfunction prevention
One of the problems with MOSFETSs is the parasitic turn-on (self-turn-on) phenomenon caused by
their drain-gate capacitance. Upon turn-off, a sharp dv/dt develops between the source and the drain
of a MOSFET. The resulting current flows to the gate via the drain-gate capacitance. As a result, a
voltage drop that occurs across the gate resistor lifts the gate voltage. This current is calculated as:
i = Cgd - dvps / dt
Figure 4.9 shows the current path.
If dv/dt has a very sharp slope, a voltage is applied to the gate of a MOSFET, depending on the ratio
of the gate-source capacitance to the gate-drain capacitance. If this occurs, self-turn-on might occur.
Self-turn-on could also occur when a rapidly changing voltage is applied to a MOSFET in the off
state during diode reverse recovery.

There are three ways to prevent the self-turn-on phenomenon:
(1) Adding a capacitor between the gate and source terminals

The capacitor inserted between the gate and source terminals absorbs the drain-gate current
caused by dv/dt. This circuit is shown in Figure 4.10. Since the gate-source capacitor is connected in
parallel with Cgs inside the MOSFET, the gate charge increases. If the gate voltage is fixed, you can
keep the switching speed of the MOSFET unchanged by changing the gate resistor value, but this
increases the drive power consumed.
(2) Miller clamp circuit

The Miller clamp circuit shorts the path between the gate and source terminals of a MOSFET using
a switching device. This can be realized by adding another MOSFET between the gate and source
terminals of the MOSFET concerned. In Figure 4.11, if a voltage falls below a predefined voltage lower
than the Miller voltage, a comparator provides a logic High, turning on the MOSFET between the gate
and source terminals. This, in turn, short-circuits the gate-source path of the output MOSFET and
suppresses the lifting of the gate voltage caused by a current through the feedback capacitor C.ss and
the gate resistor.
(3) A turn-off gate voltage can be driven to a negative value so that it will not exceed V.. However,
this method requires a negative power supply.

| D D
ipe = Cyqdvpg / dt ]

Figure 4.9 Mechanism of a gate
malfunction

Figure 4.10 Adding a capacito:r across
the gate and source terminals
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i pg = CgqdVps / dt I D
>J s
+

Figure 4.11 Miller clamp circuit
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We simulated a self-turn-on phenomenon using the circuit shown in Figure 4.12. Self turn-on is
induced by ipc (dv/dt current) and gate resistance and causes a false turn-on.

In reverse recovery mode, if Q2 turns on while the inductor load current is flowing back through the
diode of Qi, an inductor current flows through Q2, causing the associated diode to turn off. We
examined what occurs when a high dv/dt voltage is applied to a MOSFET in the off state. In order to
force a self-turn-on phenomenon to occur, only the gate resistor R4 associated with Q1 was changed
in Figure 4.12.

Figure 4.13 shows waveforms without a self-turn-on phenomenon and Figure 4.14 shows

i Load
bg inductance

waveforms with a self-turn-on phenomenon.

MOSFET Q,

Ipg = Cyqrdvpg / dt

300V

g :
v® L

Figure 4.12 Test circuit for self-turn-on waveforms
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Figure 4.13 Waveform without Figure 4.14 Self-turn-on waveform
self-turn-on
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Next, as shown in Figure 4.15, we added a capacitor between the gate and source terminals of the

MOSFET Q1 to the circuit shown in Figure 4.12. The purpose of this capacitor is to absorb a gate
current (Cgq *+ dvps / dt) in order to reduce a gate voltage due to the gate resistor and thereby reduce

self-turn-on voltage.

Figure 4.16 shows the improved waveform. Since the addition of the gate-source capacitor

changes the MOSFET switching time, its capacitance and the gate resistance should be adjusted

together.

iDG = ng'dVDs / dt G D
—
18 7
1S
R, — MOSFET

Figure 4.15 Adding a capacitor across the
gate and source terminals
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Figure 4.16 Improved self-turn-on waveform
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RESTRICTIONS ON PRODUCT USE

Toshiba Corporation and its subsidiaries and affiliates are collectively referred to as "TOSHIBA".
Hardware, software and systems described in this document are collectively referred to as “Product”.

TOSHIBA reserves the right to make changes to the information in this document and related Product without notice.

This document and any information herein may not be reproduced without prior written permission from TOSHIBA. Even with TOSHIBA's
written permission, reproduction is permissible only if reproduction is without alteration/omission.

Though TOSHIBA works continually to improve Product's quality and reliability, Product can malfunction or fail. Customers are responsible for
complying with safety standards and for providing adequate designs and safeguards for their hardware, software and systems which minimize
risk and avoid situations in which a malfunction or failure of Product could cause loss of human life, bodily injury or damage to property,
including data loss or corruption. Before customers use the Product, create designs including the Product, or incorporate the Product into their
own applications, customers must also refer to and comply with (a) the latest versions of all relevant TOSHIBA information, including without
limitation, this document, the specifications, the data sheets and application notes for Product and the precautions and conditions set forth in
the "TOSHIBA Semiconductor Reliability Handbook" and (b) the instructions for the application with which the Product will be used with or for.
Customers are solely responsible for all aspects of their own product design or applications, including but not limited to (a) determining the
appropriateness of the use of this Product in such design or applications; (b) evaluating and determining the applicability of any information
contained in this document, or in charts, diagrams, programs, algorithms, sample application circuits, or any other referenced documents; and
(c) validating all operating parameters for such designs and applications. TOSHIBA ASSUMES NO LIABILITY FOR CUSTOMERS' PRODUCT
DESIGN OR APPLICATIONS.

PRODUCT IS NEITHER INTENDED NOR WARRANTED FOR USE IN EQUIPMENTS OR SYSTEMS THAT REQUIRE EXTRAORDINARILY HIGH
LEVELS OF QUALITY AND/OR RELIABILITY, AND/OR A MALFUNCTION OR FAILURE OF WHICH MAY CAUSE LOSS OF HUMAN LIFE,
BODILY INJURY, SERIOUS PROPERTY DAMAGE AND/OR SERIOUS PUBLIC IMPACT ("UNINTENDED USE"). Except for specific applications
as expressly stated in this document, Unintended Use includes, without limitation, equipment used in nuclear facilities, equipment used in the
aerospace industry, medical equipment, equipment used for automobiles, trains, ships and other transportation, traffic signaling equipment,
equipment used to control combustions or explosions, safety devices, elevators and escalators, devices related to electric power, and
equipment used in finance-related fields. IF YOU USE PRODUCT FOR UNINTENDED USE, TOSHIBA ASSUMES NO LIABILITY FOR
PRODUCT. For details, please contact your TOSHIBA sales representative.

Do not disassemble, analyze, reverse-engineer, alter, modify, translate or copy Product, whether in whole or in part.

Product shall not be used for or incorporated into any products or systems whose manufacture, use, or sale is prohibited under any applicable
laws or regulations.

The information contained herein is presented only as guidance for Product use. No responsibility is assumed by TOSHIBA for any infringement
of patents or any other intellectual property rights of third parties that may result from the use of Product. No license to any intellectual
property right is granted by this document, whether express or implied, by estoppel or otherwise.

ABSENT A WRITTEN SIGNED AGREEMENT, EXCEPT AS PROVIDED IN THE RELEVANT TERMS AND CONDITIONS OF SALE FOR
PRODUCT, AND TO THE MAXIMUM EXTENT ALLOWABLE BY LAW, TOSHIBA (1) ASSUMES NO LIABILITY WHATSOEVER, INCLUDING
WITHOUT LIMITATION, INDIRECT, CONSEQUENTIAL, SPECIAL, OR INCIDENTAL DAMAGES OR LOSS, INCLUDING WITHOUT
LIMITATION, LOSS OF PROFITS, LOSS OF OPPORTUNITIES, BUSINESS INTERRUPTION AND LOSS OF DATA, AND (2) DISCLAIMS ANY
AND ALL EXPRESS OR IMPLIED WARRANTIES AND CONDITIONS RELATED TO SALE, USE OF PRODUCT, OR INFORMATION,
INCLUDING WARRANTIES OR CONDITIONS OF MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE, ACCURACY OF
INFORMATION, OR NONINFRINGEMENT.

Do not use or otherwise make available Product or related software or technology for any military purposes, including without limitation, for
the design, development, use, stockpiling or manufacturing of nuclear, chemical, or biological weapons or missile technology products (mass
destruction weapons). Product and related software and technology may be controlled under the applicable export laws and regulations
including, without limitation, the Japanese Foreign Exchange and Foreign Trade Law and the U.S. Export Administration Regulations. Export and
re-export of Product or related software or technology are strictly prohibited except in compliance with all applicable export laws and
regulations.

Please contact your TOSHIBA sales representative for details as to environmental matters such as the RoHS compatibility of Product. Please use
Product in compliance with all applicable laws and regulations that regulate the inclusion or use of controlled substances, including without
limitation, the EU RoHS Directive. TOSHIBA ASSUMES NO LIABILITY FOR DAMAGES OR LOSSES OCCURRING AS A RESULT OF
NONCOMPLIANCE WITH APPLICABLE LAWS AND REGULATIONS.
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