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Preface

After several years of development, Motorola introduced its first power MOSFETs in 1980. Several technologies
were evaluated and the final choice was the double diffused (DMOS) process which Motorola has acronymed
TMOS. This process is highly manufacturable and is capable of producing devices with the best characteristics
for product needed for power control. Most suppliers of power MOSFETSs use the basic DMOS process.

The key to success of power MOSFETSs is the control of vertical current flow, which enables suppliers to
reduce chip sizes comparable to bipolar transistors. This development opens a new dimension for designers
of power control systems.

This manual is intended to give the users of power MOSFETSs the basic information on the product, application
ideas of power MOSFETs and data sheets of the broadest line of power MOSFETs with a variety of package
configurations. The product offering is far from complete. New products will be introduced and old products will
be improved, offering designers an even better selection of products for their designs.

Motorola has a long history of supplying high quality power transistors in large volume to the military, auto-
motive, consumer, industrial and computer markets. Being the leading supplier of power transistors in the world,
we strive to serve our customers’ needs to maintain our leadership position.
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Chapter 1: Introduction to Power MOSFETs

Symbols, Terms and Definitions

The following are the most commonly used letter symbols, terms and definitions associated with Power MOSFETSs.

Symbol

Term

Definition

Cds

Cgs

Ciss

Coss

Crss

9Fs

ID(on)

Ipss

lgss

drain-source capacitance

drain-gate capacitance
gate-source capacitance

short-circuit input capacitance,
common-source

short-circuit output capacitance,
common-source

short-circuit reverse transfer
capacitance, common-source

common-source large-signal
transconductance

drain current, dc

on-state drain current

zero-gate-voltage drain current

gate current, dc

reverse gate current, drain short-circuited

to source

The capacitance between the drain and source terminals
with the gate terminal connected to the guard terminal of
a three-terminal bridge.

The same as Cygg — See Cygg.

The capacitance between the gate and source terminals
with the drain terminal connected to the guard terminal of
a three-terminal bridge.

The capacitance between the input terminals (gate and
source) with the drain short-circuited to the source for
alternating current. (Ref. IEEE No. 255)

The capacitance between the output terminals (drain and
source) with the gate short-circuited to the source for
alternating current. (Ref. IEEE No. 255)

The capacitance between the drain and gate terminals with
the source connected to the guard terminal of a three-
terminal bridge.

The ratio of the change in drain current due to a change
in gate-to-source voltage

The direct current into the drain terminal.

The direct current into the drain terminal with a specified
forward gate-source voltage applied to bias the device to
the on-state.

The direct current into the drain terminal when the gate-
source voltage is zero. This is an on-state current in a
depletion-type device, an off-state in an enhancement-type
device.

The direct current into the gate terminal.

The direct current into the gate terminal of a junction-gate
field-effect transistor when the gate terminal is reverse bi-
ased with respect to the source terminal and the drain ter-
minal is short-circuited to the source terminal.
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Symbol

Term

Definition

lGssF

IGsSR

'DS(on)

Reca
Reya
Reyc

Reoum

TA

Tc

Ty
Tstg

td(off)
" td(off)i

td(off)v

td(on)

forward gate current, drain short-circuited
to source

reverse gate current, drain short-circuited
to source

source current, dc

total nonreactive power input to all
terminals

total gate charge

static drain-source on-state resistance

thermal resistance, case-to-ambient
thermal resistance, junction-to-ambient
thermal resistance, junction-to-case

thermal resistance, junction-to-mounting
surface

ambient temperature or free-air
temperature

case temperature

turn-off crossover time

channel temperature
storage temperature

turn-off delay time
current turn-off delay time

voltage turn-off delay time

turn-on delay time

The direct current into the gate terminal of an insulated-
gate field-effect transistor with a forward gate-source volt-
age applied and the drain terminal short-circuited to the
source terminal.

The direct current into the gate terminal of an insulated-
gate field-effect transistor with a reverse gate-source volt-
age applied and the drain terminal short-circuited to the
source terminal.

The direct current into the source terminal.

The sum of the products of the dc input currents and
voltages.

The total gate charge required to charge the MOSFETs
input capacitance to VGs(on)-

The dc resistance between the drain and source terminals
with a specified gate-source voltage applied to bias the
device to the on state.

The thermal resistance (steady-state) from the device case
to the ambient.

The thermal resistance (steady-state) from the semicon-
ductor junction(s) to the ambient.

The thermal resistance (steady-state) from the semicon-
ductor junction(s) to a stated location on the case.

The thermal resistance (steady-state) from the semicon-
ductor junction(s) to a stated location on the mounting
surface.

The air temperature measured below a device, in an en-
vironment of substantially uniform temperature, cooled only
by natural air convection and not materially affected by
reflective and radiant surfaces.

The temperature measured at a specified location on the
case of a device.

The time interval during which drain voltage rises from 10%
of its peak off-state value and drain current falls to 10% of
its peak on-state value, in both cases ignoring spikes that
are not charge-carrier induced.

The temperature of the channel of a field-effect transistor.

The temperature at which the device, without any power
applied, may be stored.

Synonym for current turn-off delay time (see Note 1)*.

The interval during which an input pulse that is switching
the transistor from a conducting to a nonconducting state
falls from 90% of its peak amplitude and the drain current
waveform falls to 90% of its on-state amplitude, ignoring
spikes that are not charge-carrier induced.

The time interval during which an input pulse that is switch-
ing the transistor from a conducting to a nonconducting
state falls from 90% of its peak amplitude and the drain
voltage waveform rises to 10% of its off-state amplitude,
ignoring spikes that are not charge-carrier induced.

Synonym for current turn-on delay time (see Note 1)*.
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Symbol

Term

Definition

td(on)i

td(on)v

t

tf

tfv

toff
toff(i)
toff(v)

ton

ton(i)

ton(v)

trv

ti

current turn-on delay time

voltage turn-on delay time

fall time

current fall time

voltage fall time

turn-off time
current turn-off time

voltage turn-off time

turn-on time
current turn-on time

voltage turn-on time

pulse duration

rise time

current rise time

voltage rise time

current tail time

The time interval during which an input pulse that is switch-
ing the transistor from a nonconducting to a conducting
state rises from 10% of its peak amplitude and the drain
current waveform rises to 10% of its on-state amplitude,
ignoring spikes that are not charge-carrier induced.

The time interval during which an input pulse that is switch-
ing the transistor from a nonconducting to a conducting
state rises from 10% of its peak amplitude and the drain
voltage waveform falls to 90% of its off-state amplitude,
ignoring spikes that are not charge-carrier induced.

Synonym for current fall time (See Note 1)*.

The time interval during which the drain current changes
from 90% to 10% of its peak off-state value, ignoring spikes
that are not charge-carrier induced.

The time interval during which the drain voltage changes
from 90% to 10% of its peak off-state value, ignoring spikes
that are not charge-carrier induced.

Synonym for current turn-off time (see Note 1)*.

The sum of current turn-off delay time and current fall time,
i.e., tg(off)i + tfi.

The sum of voltage turn-off delay time and voltage rise
time, i.e., td(offjy *+ trv-

Synonym for current turn-on time (See Note 1)*.

The sum of current turn-on delay time and current rise time,
i.e., td(on)i + tri.

The sum of voltage turn-on delay time and voltage fall time,
1.e., td(on)v + tfv

The time interval between a reference point on the leading
edge of a pulse waveform and a reference point on the
trailing edge of the same waveform.

Note: The two reference points are usually 90% of the steady-state am-
plitude of the waveform existing after the leading edge, measured with
respect to the steady-state amplitude existing before the leading edge. If

the reference points are 50% points, the symbol ty and term average
pulse duration should be used.

Synonym for current rise time (See Note 1)*.

The time interval during which the drain current changes
from 10% to 90% of its peak on-state value, ignoring spikes
that are not charge-carrier induced.

The time interval during which the drain voltage changes
from 10% to 90% of its peak off-state value, ignoring spikes
that are not charge-carrier induced.

The time interval following current fall time during which
the drain current changes from 10% to 2% of its peak on-
state value, ignoring spikes that are not charge-carrier
induced.
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Symbol

Term

Definition

tw

V(BR)DSR

V(BR)DSS
V(BR)DSV

V(BR)DSX

V(BR)GSSF

V(BR)GSSR

ZoJA(t)

ZoJc(t)

average pulse duration

drain-source breakdown voltage with
(resistance between gate and source)

gate short-circuited to source
voltage between gate and source

circuit between gate and source

forward gate-source breakdown voltage

reverse gate-source breakdown voltage

supply voltage, dc (drain, gate, source)
voltage

drain-to-gate
drain-to-source
gate-to-drain
gate-to-source
source-to-drain
source-to-gate

drain-source on-state voltage

gate-source threshold voltage

transient thermal impedance,
junction-to-ambient

transient thermal impedance,
junction-to-case

The time interval between a reference point on the leading
edge of a pulse waveform and a reference point on the
trailing edge of the same waveform, with both reference
points being 50% of the steady-state amplitude of the wave-
form existing after the leading edge, measured with respect
to the steady-state amplitude existing before the leading
edge.

Note: If the reference points are not 50% points, the symbol tp and term
pulse duration should be used.

The breakdown voltage between the drain terminal and the
source terminal when the gate terminal is (as indicated by
the last subscript letter) as follows:

R = returned to the source terminal through a specified
resistance.

S = short-circuited to the source terminal.

V = returned to the source terminal through a specified
voltage.

X = returned to the source terminal through a specified
circuit.

The breakdown voltage between the gate and source ter-
minals with a forward gate-source voltage applied and the
drain terminal short-circuited to the source terminal.

The breakdown voltage between the gate and source ter-
minals with a reverse gate-source voltage applied and the
drain terminal short-circuited to the source terminal.

The dc supply voltage applied to a circuit or connected to
the reference terminal.

The dc voltage between the terminal indicated by the first
subscript and the reference terminal indicated by the sec-
ond subscript (stated in terms of the polarity at the terminal
indicated by the first subscript).

The voltage between the drain and source terminals with
a specified forward gate-source voltage applied to bias the
device to the on state.

The forward gate-source voltage at which the magnitude
of the drain current of an enhancement-type field-effect
transistor has been increased to a specified low value.

The transient thermal impedance from the semiconductor
junction(s) to the ambient.

The transient thermal impedance from the semiconductor
junction(s) to a stated location on the case.

Note 1: As names of time intervals for characterizing switching transistors, the terms “fall time” and “rise time” always refer to the change that is taking
place in the magnitude of the output current even though measurements may be made using voltage waveforms. In a purely resistive circuit, the
(current) rise time may be considered equal and coincident to the voltage fall time and the (current) fall time may be considered equal and coincident
to the voltage rise time. The delay times for current and voltage will be equal and coincident. When significant amounts of inductance are present in
a circuit, these equalities and coincidences no longer exist, and use of the unmodified terms delay time, fall time, and rise time must be avoided.
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NOTE: V¢jamp (in a clamped inductive-load switching circuit) or V(gR)DsX {in an unclamped circuit) is the peak off-state voltage
excluding spikes.

FIGURE 1-2 — WAVEFORMS FOR INDUCTIVE LOAD SWITCHING, TURN-OFF
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Basic TMOS Structure, Operation and Physics

Structures:

Motorola’s TMOS Power MOSFET family is a matrix of
diffused channel, vertical, metal-oxide-semiconductor
power field-effect transistors which offer an exceptionally
wide range of voltages and currents with low rpg(on)- The
inherent advantages of Motorola’s power MOSFETSs in-
clude:

® Nearly infinite static input impedance featuring:
— Voltage driven input
— Low input power
— Few driver circuit components
® Very fast switching times
— No minority carriers
— Minimal turn-off delay time
— Large reversed biased safe operating area
— High gain bandwidth product

@ Positive temperature coefficient of on-resistance
— Large forward biased safe operating area
— Ease in paralleling

@ Almost constant transconductance
@ High dv/dt immunity
® |ow Cost

Motorola’s TMOS power MOSFET line is the latest step
in an evolutionary progression that began with the con-
ventional small-signal MOSFET and superseded the in-
termediate lateral double diffused MOSFET (LDMOSFET)
and the vertical V-groove MOSFET (VMOSFET).

The conventional small-signal lateral N-channel
MOSFET consists of a lightly doped P-type substrate into
which two highly doped N+ regions are diffused, as
shown in Figure 1-3. The N+ regions act as source and
drain which are separated by a channel whose length is
determined by photolithographic constraints. This config-
uration resulted in long channel lengths, low current ca-
pability, low reverse blocking voltage and high rpg(on)-

Two major changes in the small-signal MOSFET struc-
ture were responsible for the evolution of the power
MOSFET. One was the use of self aligned, double diffu-
sion techniques to achieve very short channel lengths,
which allowed higher channel packing densities, resulting
in higher current capability and lower rpg(on). The other
was the incorporation of a lightly doped N+ region be-
tween the channel and the N+ drain allowing high reverse
blocking voltages.

These changes resulted in the lateral double diffused
MOSFET power transistor (LDMOS) structure shown in
Figure 1-4, in which all the device terminals are ‘still on
the top surface of the die. The major disadvantage of this
configuration is its inefficient use of silicon area due to
the area needed for the top drain contact.

GATE + Vg
CURRENT

DEPLETION
REGION

N-CHANNEL
(CURRENT PATH)
P-SUBSTRATE

AND BODY

SOURCE METAL
DRAIN METAL + Vpp

FIGURE 1-3 — CONVENTIONAL SMALL-SIGNAL MOSFET HAS
LONG LATERAL CHANNEL RESULTING IN RELATIVELY HIGH
DRAIN-TO-SOURCE RESISTANCE.

S G D

$i0y

\

=iz

Channel Current ;_&,

AYY

N—

FIGURE 1-4 — LATERAL DOUBLE DIFFUSED MOSFET STRUC-
TURE FEATURING SHORT CHANNEL LENGTHS AND HIGH PACK-
ING DENSITIES FOR LOWER ON RESISTANCE.

The next step in the evolutionary process was a vertical
structure in which the drain contact was on the back of
the die, further increasing the channel packing density.
The initial concept used a V-groove MOSFET power tran-
sistor as shown in Figure 1-5. The channels in this device
are defined by preferentially etching V-grooves through
double diffused N+ and P — regions. The requirements
of adequate packing density, efficient silicon usage and
adequate reverse blocking voltage are all met by this con-
figuration. However, due to its non-planar structure, pro-
cess consistency and cleanliness requirements resulted
in higher die costs.

The cell structure chosen for Motorola’s TMOS power
MOSFET's is shown in Figure 1-6. This structure is similar
to that of Figure 1-4 except that the drain contact is
dropped through the N — substrate to the back of the die.
The gate structure is now made with polysilicon sand-
wiched between two oxide layers and the source metal
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applied continuously over the entire active area. This two
layer electrical contact gives the optimum in packing den-
sity and maintains the processing advantages of planar
LDMOS. This results in a highly manufacturable process
which yields low rpg(on) and high voltage product.

FIGURE 1-5— V-GROOVE MOSFET STRUCTURE HAS SHORT VER-
TICAL CHANNELS WITH LOW DRAIN-TO-SOURCE RESISTANCE.

SOURCE SITE SOURCE

METALIZATION

N-CHANNEL

INSULATING OXIDE, Si0
N-Epi LAYER

N-SUBSTRATE METALIZATION

FIGURE 1-6 — TMOS POWER MOSFET STRUCTURE OFFERS VER-
TICAL CURRENT FLOW, LOW RESISTANCE PATHS AND PERMITS
COMPACT METALIZATION ON TOP AND BOTTOM SURFACES TO
REDUCE CHIP SIZE.

Operation:

Transistor action and the primary electrical parameters
of Motorola’s TMOS power MOSFET can be defined as
follows:

Drain Current, Ip:

When a gate voltage of appropriate polarity and mag-
nitude is applied to the gate terminal, the polysilicon gate
induces an inversion layer at the surface of the diffused
channel region represented by rcy in Figure 1-7 (page
A-8). This inversion layer or channe! connects the source
to the lightly doped region of the drain and current begins
to flow. For small values of applied drain-to-source volt-
age, Vps, drain current increases linearly and can be
represented by Equation (1).

z
(1) Ip = »Co [Vas-Vas(th) VDS

As the drain voltage is increased, the drain current sat-
urates and becomes proportional to the square of the
applied gate-to-source voltage, Vg, as indicated in
Equation (2).

@ b~ 2 uCo Vas-Vas()?

Where u = Carrier Mobility
Co = Gate Oxide Capacitance per unit area
4 Channel Width
L Channel Length

These values are selected by the device design engi-
neer to meet design requirements and may be used in
modeling and circuit simulations. They explain the shape
of the output characteristics discussed in Chapter 2.

Transconductance, grg:

The transconductance or gain of the TMOS power
MOSFET is defined as the ratio of the change in drain
current and an accompanying small change in applied
gate-to-source voltage and is represented by Equation (3).

Al Z
() 9fg = T?,gisq = [ #Co [VasVasi(th)

The parameters are the same as above and demon-
strate that drain current and transconductance are directly
related and are a function of the die design. Note that
transconductance is a linear function of the gate voltage,
an important feature in amplifier design.

Threshold Voltage, VGs(th)

Threshold voltage is the gate-to-source voltage re-
quired to achieve surface inversion of the diffused channel
region, (rcH in Figure 1-7 page A-8) and as a result,
conduction in the channel.

As the gate voltage increases the more the channel is
“enhanced,” or the lower its resistance (rgH) is made,
the more current will flow. Threshold voltage is measured
at a specified value of current to maintain measurement
correlations. A value of 1.0 mA is common throughout the
industry. This value is primarily a function of the gate oxide
thickness and channel doping level which are chosen dur-
ing the die design to give a high enough value to keep
the device off with no bias on the gate at high tempera-
tures. A minimum value of 1.5 volts at room temperature
will guarantee the transistor remains an enhancement
mode device at junction temperatures up to 150°C.

On-Resistance, rpg(on):

On-resistance is defined as the total resistance en-
countered by the drain current as it flows from the drain
terminal to the source terminal. Referring to Figure 1-7,
DS(on) is composed primarily of four resistive compo-
nents associated with:

The Inversion channel, rcH; the Gate-Drain Accumu-
lation Region, racc; the junction FET Pinch region,
rJFeT; and the lightly doped Drain Region, rp, as indi-
cated in Equation (4).

(4) rDS(on) = 'CH + rACC + TJFET + D
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FIGURE 1-7 — TMOS DEVICE ON-RESISTANCE
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Cgs L A
Cgs POLY
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p+ T& P+
Cgs N7

FIGURE 1-8 — TMOS DEVICE PARASITIC CAPACITANCES

Whereas the channel resistance increases with channel
length, the accumulation resistance increases with poly
width and the JFET pinch resistance increases with epi
resistivity and all three are inversely proportional to the
channel width and gate-to-source voltage. The drain re-
sistance is proportional to the epi resistivity, poly width
and inversely proportional to channel width. This says that
the on-resistance of TMOS power FETs with the thick and
high resistivity epi required for high voltage parts will be
dominated by rp.

Low voltage devices have thin, low resistivity epi and
rcH will be a large portion of the total on-resistance. This
is why high voltage devices are “full on” with moderate
voltages on the gate, whereas with low voltage devices

the on-resistance continues to decrease as VGggs is in-
creased toward the maximum rating of the device.

Note: rpg(on) is inversely proportional to the carrier mobility. This
means that the rpg(on) of the P-Channel MOSFET is approximately 2.5
to 3.0 times that of a similar N-Channel MOSFET. Therefore, in order
to have matched complementary on characteristics, the Z/L ratio of the
P-Channel device must be 2.5-3.0 times that of the N-Channel device.
This means larger die are required for P-Channel MOSFET’s with the
same rpg(on) and same breakdown voltage as an N-Channel device
and thus device capacitances and costs will be correspondingly higher.

Breakdown Voltage, V(BR)DSS:

Breakdown voltage or reverse blocking voltage of the
TMOS power MOSFET is defined in the same manner as
V(BRLCES in the bipolar transistor and occurs as an av-
alanche breakdown. This voltage limit is reached when
the carriers within the depletion region of the reverse
biased P-N junction acquire suffficient kinetic energy to
cause ionization or when the critical electric field is
reached. The magnitude of this voltage is determined
mainly by the characteristics of the lightly doped drain
region and the type of termination of the die’s surface
electric field.

Figure 1-9 shows a schematic representation of the
cross-section in Figure 1-8 and depicts the bipolar tran-
sistor built in the epi layer. Point A shows where the emitter
and base of the bipolar is shorted together. This is why
V(BR)DSS of the power FET is equal to V(BR)CES of the
bipolar. Also note the short brings the base in contact with
the source metal allowing the use of the base-collector
junction. This is the diode across the TMOS power
MOSFET.

D
o

O O

h:

=Tt
G l—- G O-
: :

FIGURE 1-9 — SCHEMATIC DIAGRAM OF ALL THE COMPONENTS
OF THE CROSS SECTION OF FIGURE 1-7.
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TMOS Power MOSFET Capacitances:

Two types of intrinsic capacitances occur in the TMOS
power MOSFET — those associated with the MOS struc-
ture and those associated with the P-N junction.

The two MOS capacitances associated with the MOS-
FET cell are:

Gate-Source Capacitance, Cgs

Gate-Drain Capacitance, Cqq
The magnitude of each is determined by the die geometry
and the oxides associated with the silicon gate.

The P-N junction formed during fabrication of the power
MOSFET results in the drain-to-source capacitance, Cys.
This capacitance is defined the same as any other planar
junction capacitance and is a direct function of the channel
drain area and the width of the reverse biased junction
depletion region.

The dielectric insulator of Cyg and C gd is basically a
glass. Thus these are very stagle capacnors and will not
vary with voltage or temperature. If excessive voltage is
placed on the gate, breakdown will occur through the

glass, creating a resistive path and destroying MOSFET
operation.

Optimizing TMOS Geometry:

The geometry and packing density of Motorola’s
MOSFETS vary according to the magnitude of the reverse
blocking voltage.

The geometry of the source site, as well as the spacing
between source sites, represents important factors in ef-
ficient power MOSFET design. Both parameters deter-
mine the channel packing density, i.e.: ratio of channel
width per cell to cell area.

For low voltage devices, channel width is crucial for
minimizing rDS(on)s since the major contributing com-
ponent of rpg(on) is rcH. However, at high voltages, the
major contributing component of resistance is rp and thus
minimizing rpg(on) is dependent on maximizing the ratio
of active drain area per cell to cell area. These two con-
ditions for minimizing rpg(on) cannot be met by a single
geometry pattern for both low and high voltage devices.

Distinct Advantages of Power MOSFETs

Power MOSFETSs offer unique characteristics and ca-
pabilities that are not available with bipolar power tran-
sistors. By taking advantage of these differences, overall
systems cost savings can result without sacrificing
reliability.

Speed

Power MOSFETSs are majority carrier devices, therefore
their switching speeds are inherently faster. Without the
minority carrier stored base charge common in bipolar
transistors, storage time is eliminated. The high switching
speeds allow efficient switching at higher frequencies
which reduces the cost, size and weight of reactive
components.

MOSFET switching speeds are primarily dependent on
charging and discharging the device capacitances and are
essentially independent of operating temperature.

Input Characteristics

The gate of a power MOSFET is electrically isolated
from the source by an oxide layer that represents a dc
resistance greater than 40 megohms. The devices are
fully biased-on with a gate voltage of 10 volts. This sig-
nificantly simplifies the drive circuits and in many in-
stances the gate may be driven directly from logic inte-
grated circuits such as CMOS and TTL to_control high
power circuits directly.

Since the gate is isolated from the source, the drive
requirements are nearly independent of the load current.
This reduces the complexity of the drive circuit and results
in overall system cost reduction.

Safe Operating Area
Power MOSFETSs, unlike bipolars, do not require de-

rating of power handling capability as a function of applied
voltage. The phenomena of second breakdown does not
occur within the ratings of the device. Depending on the
application, snubber circuits may be eliminated or a
smaller capacitance value may be used in the snubber
circuit. The safe operating boundaries are limited by the
peak current ratings, breakdown voltages and the power
capabilities of the devices.

On-Voltage

The minimum on-voltage of a power MOSFET is de-
termined by the device on-resistance rpg(on). For low
voltage devices the value of rpg(on) is extremely low, but
with high voltage devices the value increases. rps(on)
has a positive temperature coefficient which aids in par-
alleling devices.

Examples of Advantages Offered by
MOSFETs

High Voltage Flyback Converter

An obvious way of showing the advantages of power
MOSFETSs over bipolars is to compare the two devices in
the same system. Since the drive requirements are not
the same, it is not a question of simply replacing the bi-
polar with the FET, but one of designing the respective
drive circuits to produce an equivalent output, as de-
scribed in Figures 1-10 and 1-11.

For this application, a peak output voltage of about 700
V driving a 30 kQ load (Po(p ;c? 16 W) was required.
With the component values and timing shown, the induc-
tor/device current required to generate this flyback voltage
would have to ramp up to about 3.0 A.

MOTOROLA TMOS POWER MOSFET DATA

1-1-9




1-1

+Vpp <36V

16mH € L
MR510 Vo <800V
MTM2N90 b o
[o}] 1 R < .
L = C|
15V l-—J o] T
0.5 uf
I R S I
0 -
PW < 350 us |
f = 1.7 kHz 1.0k A1
FIGURE 1-10 — TMOS OUTPUT STAGE
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FIGURE 1-11 — BIPOLAR DRIVER AND OUTPUT STAGE

FIGURES 1-10 AND 1-11 — CIRCUIT CONFIGURATIONS FOR A TMOS AND
BIPOLAR OUTPUT STAGE OF A HIGH VOLTAGE FLYBACK CONVERTER

Figure 1-10 shows the TMOS version. Because of its
high input impedance, the FET, an MTM2N90, can be
directly driven from the pulse width modulator. However,
the PWM output should be about 15 volts in amplitude
and for relatively fast FET switching be capable of sourc-
ing and sinking 100 mA. Thus, all that is required to drive
the FET is a resistor or two. The peak drain current of 3.2
A is within the MTM2N90 pulsed current rating of 7.0 A
(2.0 A continuous), and the turn-off load line of 3.2 A, 700
V is well within the Switching SOA (7.0 A, 900 V) of the
device. Thus, the circuit demonstrates the advantages of
TMOS:

® High input impedance
® Fast Switching
® No Second breakdown

Compare this circuit with the bipolar version of Figure
1-11.

To achieve the output voltage, using a high voltage
Switchmode MJ8505 power transistor, requires a rather
complex drive circuit for generating the proper Ig1 and
IB2. This circuit uses three additional transistors (two of
which are power transistors), three Baker clamp diodes,
eleven passive components and a negative power supply
for generating an off-bias voltage. Also, the RBSOA
capability of this device is only 3.0 A at 900 V and 4.7 A
at 800 V, values below the 7.0 A, 900 V rating of the
MOSFET. A detailed description of these circuits is shown
in Chapter 7, TMOS applications.

20 kHz Switcher
An example of TMOS advantage over bipolar that il-
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FIGURE 1-13 — BIPOLAR VERSION

FIGURES 1-12 AND 1-13 — COMPARISON OF TMOS versus
BIPOLAR IN THE POWER OUTPUT STAGE OF A
20 kHz SWITCHER

lustrates its superior switching speed is shown in the
power output section of Figures 1-12 and 1-13. In addition
to the drive simplicity and reduced component count, the
faster switching speed offers better circuit efficiency. For
this 35 W switching regulator, using the same small heat-
sink for either device, a case temperature rise of only 18°C
was measured for the MTP4N50 power MOSFET com-
pared to a 46°C rise for the MJE13005 bipolar transistor.

Although the saturation losses were greater for the TMOS,
its lower switching losses predominated, resulting in a
more efficient switching device. A more detailed descrip-
tion of this Switcher is shown in Chapter 9.

In general, at low switching frequencies, where static
losses predominate, bipolars are more efficient. At higher
frequencies, above 30 kHz to 100 kHz, the power MOS-
FETs are more efficient.
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Chapter 2: Basic Characteristics of Power MOSFETs

Output Characteristics

Perhaps the most direct way to become familiar with
the basic operation of a device is to study its output char-
acteristics. In this case, a comparison of the MOSFET
characteristics with those of a bipolar transistor with sim-
ilar ratings is in order, since the curves of a bipolar device
are almost universally familiar to power circuit design en-
gineers.

As indicated in Figures 2-1 and 2-2, the output char-
acteristics of the power MOSFET and the bipolar transis-
tor can be divided similarly into two basic regions. The
figures also show the numerous and often confusing terms
assigned to those regions. To avoid possible confusion,
this section will refer to the MOSFET regions as the “on”
(or “ohmic”) and “active” regions and bipolar regions as
the “saturation” and “active” regions.

POWER MOSFET

Ip, DRAIN CURRENT (AMPS)

0 4.0 8.0 12 16
Vps DRAIN-SOURCE VOLTAGE (VOLTS)

FIGURE 2-1 — Ip-Vps TRANSFER CHARACTERISTICS OF
MTP8N15. REGION A IS CALLED THE OHMIC, ON, CONSTANT RE-
SISTANCE OR LINEAR REGION. REGION B IS CALLED THE AC-
TIVE, CONSTANT CURRENT, OR SATURATION REGION.

BIPOLAR POWER TRANSISTOR

10

9.0
8.0
7.0
6.0
5.0
4.0
3.0
2.0
1.0
-0

Rig=10mA

Ic. COLLECTOR CURRENT (AMPS)

o 4.0 8.0 12 16
Vce. COLLECTOR-EMITTER VOLTAGE (VOLTS)

FIGURE 2-2 — Ic-Vcg TRANSFER CHARACTERISTICS OF
MJE15030 (NPN, Ic CONTINUOUS = 8.0 A, VCEQ = 150 V) REGION
A IS THE SATURATION REGION. REGION B IS THE LINEAR OR
ACTIVE REGION.

One of the three obvious differences between Figures
2-1 and 2-2 is the family of curves for the power MOSFET
is generated by changes in gate voltage and not by base
current variations. A second difference is the slope of the
curve in the bipolar saturation region is steeper than the
slope in the ohmic region of the power MOSFET indicating
that the on-resistance of the MOSFET is higher than the
effective on-resistance of the bipolar.

The third major difference between the output charac-
teristics is that in the active regions the slope of the bipolar
curve is steeper than the slope of the TMOS curve, mak-
ing the MOSFET a better constant current source. The
limiting of Ip is due to pinch-off occurring in the MOSFET
channel. ’

Basic MOSFET Parameters

On-Resistance

The on-resistance, or rDS(on): of a power MOSFET is
an important figure of merit because it determines the
amount of current the device can handle without exces-
sive power dissipation. When switching the MOSFET from
off to on, the drain-source resistance falls from a very high
value to rpg(on ?1 which is a relatively low value. To min-
imize DS(on) ) the gate voltage should be large enough
for a given drain current to maintain operation in the ohmic
region. Data sheets usually include a graph, such as Fig-
ure 2-3, which relates this information. As Figure 2-4 in-
dicates, increasing the gate voltage above 12 volts has a
diminishing effect on lowering on-resistance (especially in
high voltage devices) and increases the possibility of spu-
rious gate-source voltage spikes exceeding the maximum
gate voltage rating of 20 volts. Somewhat like driving a
bipolar transistor deep into saturation, unnecessarily high
gate voltages will increase turn-off time because of the
excess charge stored in the input capacitance. All
Motorola TMOS FETs will conduct the rated continuous
drain current with a gate voltage of 10 volts.

As the drain current rises, especially above the contin-
uous rating, the on-resistance also increases. Another
important relationship, which is addressed later with the
other temperature dependent parameters, is the effect
that temperature has on the on-resistance. Increasing T
and Ip both effect an increase in rpg(on) as shown in
Figure 2-5.

Transconductance

Since the transconductance, or ggg, denotes the gain
of the MOSFET, much like beta represents the gain of
the bipolar transistor, it is an important parameter when
the device is operated in the active, or constant current,
region. Defined as the ratio of the change in drain
current corresponding to a change in gate voltage
(grg = dip/dVgs), the transconductance varies with op-
erating conditions as seen in Figure 2-6. The value of grg
is determined from the active portion of the Vpg-Ip trans-
fer characteristics where a change in Vpg no longer sig-
nificantly influences ggg. Typically the transconductance
rating is specified at half the rated continuous drain current
and ata Vpg of 15 V.
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FIGURE 2-5 — VARIATION OF rpg(on) WITH DRAIN
CURRENT AND TEMPERATURE FOR MTM15N45

For designers interested only in switching the power
MOSFET between the on and off states, the transcon-
ductance is often an unused parameter. Obviously when
the device is switched fully on, the transistor will be op-
erating in its ohmic region where the gate voltage will be
high. In that region, a change in an already high gate
voltage will do little to increase the drain current; therefore,
gFs is almost zero.

Threshold Voitage

Threshold Voltage, VGsith), is the lowest gate voltage
at which a specified small amount of drain current begins
to flow. Motorola normally specifies VGsth) at an Ip of
one milliampere. Device designers can control the value
of the threshold voltage and target VGsith) to optimize
device performance and practicality. A low threshold volt-
age is desired so the TMOS FET can be controlled by
low voltage chips such as CMOS and TTL. A low value
also speeds switching because less current needs to be
transferred to charge the parasitic input capacitances. But
the threshold voltage can be too low if noise can trigger
the device. Also, a positive-going voltage transient on the
drain can be coupled to the gate by the gate-to-drain
parasitic capacitance and can cause spurious turn-on of
a device with a low VGsith). )
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FIGURE 2-4 — THE EFFECT OF GATE-TO-SOURCE
VOLTAGE ON ON-RESISTANCE VARIES WITH A DEVICE'S
VOLTAGE RATING
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FIGURE 2-6 — SMALL-SIGNAL TRANSCONDUCTANCE
versus Vgg OF MTP8N10

Temperature Dependent Characteristics
'DS(on)

Junction temperature variations and their effect on the
on-resistance, fDS(org: should be considered when de-
signing with power MOSFETSs. Since DS(on) varies ap-
proximately linearly with temperature, power MOSFETs
can be assigned temperature coefficients that describe
this relationship.

Figure 2-7 shows that the temperature coefficient of
TDS(on) is greater for high voltage devices than for low
voltage MOSFETs. A graph showing the variation of
"DS(on) With junction temperature is shown on most data
sheets.

Switching Speeds are Constant with Temperature
High junction temperatures emphasize one of the most
desirable characteristics of the MOSFET, that of low dy-
namic or switching losses. In the bipolar transistor, tem-
perature increases will increase switching times, causing
greater dynamic losses. On the other hand, thermal var-
iations have little effect on the switching speeds of the
power MOSFET. These speeds depend on how rapidly
the parasitic input capacitances can be charged and dis-
charged. Since the magnitudes of these capacitances are

. ]
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essentially temperature invariant, so are the switching
speeds. Therefore, as temperature increases, the dy-
namic losses in a MOSFET are low and remain constant,
while in the bipolar transistors the switching losses are
higher and increase with junction temperature.

Drain-To-Source Breakdown Voltage

The drain-to-source breakdown voltage is a function of
the thickness and resistivity of a device’s N-epitaxial
region. Since that resistivity varies with temperature, so
does V(BR)DSS- As Figure 2-8 indicates, a 100°C rise in
junction temperature causes a V(BR)DSS to increase by
about 10%. However, it should also be remembered that
the actual V(BRr)pss falls at the same rate as T
decreases.

20
y 18 7
Z /1
% L N
R
o
: 4
a 400 V MOSFET
& 14 //
2 /
E 50V MOSFET
S
e //
10 —
% 50 7 100 125 150

TJ, JUNCTION TEMPERATURE

FIGURE 2-7 — THE INFLUENCE OF JUNCTION
TEMPERATURE ON ON-RESISTANCE VARIES WITH
BREAKDOWN VOLTAGE

Threshold Voltage

The gate voltage at which the MOSFET begins to con-
duct, the gate-threshold voltage, is temperature depen-
dent. The variation with T is linear as shown on most
data sheets. Having a negative temperature coefficient,
the threshold voltage falls about 10% for each 45°C rise
in the junction temperature.
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FIGURE 2-8 — TYPICAL VARIATION OF DRAIN-TO-SOURCE
BREAKDOWN VOLTAGE WITH JUNCTION TEMPERATURE

INSULATING OXIDE, SiO2

Importance of Tymax) and Heat Sinking

Two of the packages that commonly house the TMOS
die are the TO-220AB and the TO-204. The power ratings
of these packages range from 40 to 250 watts depending
on the die size and the type of materials used in construc-
tion. These ratings are nearly meaningless, however,
unless some heat sinking is provided. Without heat sinking
the TO-204 and the TO-220 can dissipate only about 4.0
and 2.0 watts respectively, regardless of the die size.

Because long term reliability decreases with increasing
junction temperature, T should not exceed the maximum
rating of 150°C. Steady-state operation above 150°C also
invites abrupt and catastrophic failure if the transistor ex-
periences additional transient thermal stresses. Excluding
the possibility of thermal transients, operating below the
rated junction temperature can enhance reliability. A
TJ(max) of 150°C is normally chosen as a safe compro-
mise between long term reliability and maximum power
dissipation.

In addition to increasing the reliability, proper heat sink-
ing can reduce static losses in the power MOSFET by
decreasing the on-resistance. rpg(on). With its positive
temperature coefficient, can vary significantly with the
quality of the heat sink. Good heat sinking will decrease
the junction temperature, which further decreases
'DS(on) and the static losses.

Drain-Source Diode

Inherent in most power MOSFETS, and all TMOS tran-
sistors, is a “parasitic” drain-source diode. Figure 2-9, the
illustration of cross section of the TMOS die, shows the
P-N junction formed by the P-well and the N-Epi layer.
Because of its extensive junction area, the current ratings
of the diode are the same as the MOSFET’s continuous
and pulsed current ratings. For the N-Channel TMOS FET
shown in Figure 2-10, this diode is forward biased when
the source is at a positive potential with respect to the
drain. Since the diode may be an important circuit ele-
ment, Motorola Designer's Data Sheets specify typical
values of the forward on-voltage, forward turn-on and re-
verse recovery time. The forward characteristics of the
drain-source diodes of several TMOS power MOSFETs
are shown in Figure 2-11.

SOURCE SITE SOURCE

METALIZATION

N-Epi LAYER

N-SUBSTRATE METALIZATION

FIGURE 2-9 — CROSS SECTION OF TMOS CELL
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FIGURE 2-10 — N-CHANNEL POWER MOSFET SYMBOL
INCLUDING DRAIN-SOURCE DIODE

Most rectifiers, a notable exception being the Schottky
diode, exhibit a “reverse recovery” characteristic as de-
picted in Figure 2-12. When forward current flows in a
standard diode, a carrier gradient is formed in the high
resistivity side of the junction resulting in an apparent
storage of charge. Upon sudden application of a reverse
bias, the stored charge temporarily produces a negative
current flow during the reverse recovery time, or tyy, until
the charge is depleted. The circuit conditions that influ-
ence t;;y and the stored charge are the forward current
magnitude and the rate of change of current from the
forward current magnitude to the reverse current peak.
When tested under the same circuit conditions, the par-
asitic drain-source diode of a TMOS transistor has a tyy
similar to that of a fast recovery rectifier.

In many applications, the drain-source diode is never
forward biased and does not influence circuit operation.
However, in multi-transistor configurations, such as the
totem pole network of Figure 2-13, the parasitic diodes

100
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300 us Pulse 60 pps

Is, D-S DIODE FORWARD CURRENT (AMPS)

1.0t~ ,
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FIGURE 2-11 — FORWARD CHARACTERISTICS
OF POWER MOSFETs D-S DIODES

play an important and useful role. Each transistor is pro-
tected from excessive flyback voltages, not by its own
drain-source diode, but by the diode of the opposite tran-
sistor. As an illustration, assume that Q2 of Figure 2-13
is turned on, Q1 is off and current is flowing up from
ground, through the load and into Q2. When Q2 turns off,
current is diverted into the drain-source diode of Q1 which
clamps the load’s inductive kick to V+. By similar rea-
soning, one can see that D2 protects Q1 during its turn-
off.

As a note of caution, it should be realized that diode
recovery problems may arise when using MOSFETSs in
multiple transistor configurations. A treatment of the sub-
ject in Chapter 5 gives greater details.

TMOS power MOSFET intrinsic diodes also have for-
ward recovery times, meaning that they do not instanta-
neously conduct when they are forward biased. However,
since those times are so brief, typically less than 10 ns,
their effect on circuit operation can almost always be ig-
nored. Package, lead and wiring inductance are often at
least as great a factor in limiting current rise time.

Ig=0.5 A/div

t =100 ns/div

FIGURE 2-12 — REVERSE RECOVERY CHARACTERISTICS OF
MTP15N15 DRAIN-SOURCE DIODE
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FIGURE 2-13 — TMOS TOTEM POLE NETWORK
WITH INTEGRAL DRAIN-SOURCE DIODES
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Chapter 3: Using the TMOS Power MOSFET Designer’s
Data Sheets

Motorola Designer's Data Sheets are user oriented sheet is shown on the following pages. Helpful comments
guides that provide information concerning all the basic and explanations have been added to clarify some of the
TMOS parameters and characteristics needed for suc- parameter definitions and device characteristics.

cessful circuit design. An example of the MTM4N45 data

Designer’s Data Sheet

N-CHANNEL ENHANCEMENT MODE SILICON GATE
TMOS POWER FIELD EFFECT TRANSISTOR

These TMOS Power FETs are designed for high voltage, high
speed power switching applications such as line operated switching
regulators, converters, solenoid and relay drivers.

® Silicon Gate for Fast Switching Speeds — Switching Times
Specified at 100°C

® Designer’s Data — Ipss, VDS(on). SOA and VGs;th) Specified at
Elevated Temperature

® Rugged — SOA is Power Dissipation Limited

® Source-to-Drain Diode Characterized for Use With Inductive Loads

MAXIMUM RATINGS D

® Represent the extreme capabiities of the de-
vice.

@ Not to be used as design condition.

vVGs
® Most Motorola TMOS power MOSFETs fea- G
ture a rated VGg(max) of =20 V. Logic level ™
devices are the exception. M
o Exceeding Vgs(max) may result in perma- T -r os s

nent device degradation.
® Limit gate voltage spikes with a small 20 V

zener diode if required. (10 V for L2 devices) Ll MAXIMUM RATINGS

MTM4N45 | MTM4NSO0
Ip — MAXIMUM CONTINUOUS DRAIN Rating Symbol MTP4N45 | MTP4ANSO Unit
CURRENT
1M — MAXIMUM PULSED DRAIN Drain-Source Voltage Vpss 450 500 Vde
CURRENT MAY BE LIMITED BY Drain-Gate Voltage VDGR 450 500 Vdc
* Pp (Rgs = 1.0 MQ)
® 'DS(on
. Wire( si;e and metallization —*] Gate-Source Voltage VGs +20 Vdc
o Combination of the above Drain Current Adc
Continuous Ip 4.0
Pulsed Iom 10
Pp — MAXIMUM POWER AT A CASE
TEMPERATURE OF 25°C Tota'l Pgwgr ) Pp 75 Watts
e Limit Pp and T¢ so that T¢ + Pp. Raic Dissipation @ Tco =25°C .
< Ty(max) Derate above 25°C 0.6 W/°C
Operating and Storage Ty Tstg -65to 160 °C

Temperature Range

T, — MAXIMUM JUNCTION
T URE THERMAL CHARACTERISTICS
* R:::?st; minimum acceptable device ser- Thermal Resistance RoJC 1.67 °C/W
vice lifetime. .
® Presently specified at 150°C for all M I - Junction to Case
power MOSFETs. Maximum Lead Temp. for T 275 °C
® Operating at conditions that guarantee a Soldering Purposes, 1/8”
junction temperature less than T jmax) may from case for 5 seconds

enhance long term operating life.

Designer’s Data for ‘“Worst Case’’ Conditions
The Designer’s Data Sheet permits the design of most circuits entirely from the
information presented. Limit data — representing device characteristics boundaries — are
given to facilitate “worst case’’ design.

TMOS and Designer’s are trademarks of Motorola Inc.
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Designer’s Data Sheets

Motorola TMOS Power FETs are characterized on “Designer’s Data Sheets.” These data sheets permit the design of
most circuits entirely with the information provided. Key parameters are specified at elevated temperature to provide

practical circuit designs.

ELECTRICAL CHARACTERISTICS (Tc = 25°C unless otherwise noted)

[ Characteristic [ Symbol | Min | Max | Unit 1]
OFF CHARACTERISTICS
Drain-Source Breakdown Voltage V(BR)DSS Vdc
= (VGs=0,Ip=5.0mA) MTM4N45/MTP4N45 450 —
MTM4N50/MTPANSO 500 —
Zero Gate Voltage Drain Current Ipss mAdc
—= (Vps = 0.85 Rated Vpgs, VGgs = 0) - 0.25
Tc=100°C — 25
Gate-Body Leakage Current Igss — 500 nAdc
(VGs = 20 Vdc, Vpg = 0)
V(BR)DSS (BVDSS)
o Maximum sustamlng voltage
* No “neg: region in the |-V
characteristic
o Positive temperature coefficient, as shown in Figure 3-1
Ipss
. ified at 25°C and 100°C

® Gate must be terminated to source

GSS
1 Specified at max. rated VGgs

ON CHARACTERISTICS*
Gate Threshold Voltage VGSi(th) Vde
(ip=1.0 mA, Vps = Vgs) 2.0 45
™ 102 100°¢ GS 15 4.0
Drain-Source On-Voltage (Vgs = 10 V) VDs(on) Vde
(Ip = 2.0 Adc) — 3.0
™ (Ip=4.0Adc) — 75
(Ip = 2.0 Adc, Ty = 100°C) — 6.0
Static Drain-Source On-Resistance rDS(on) — 16 Ohms
1™ (Vgs =10 Vdc, Ip = 2.0 Adc)
Forward Transconductance ogFs 1.5 — mhos
(Vps=15V,ip=2.0A)

VGs(th)

® The gate voltage that must be applied to initiate con-
duction (Figure 3-3).

® Specified at 25°C and 100°C

® Negative temperature coefficient of about —6.7 mV/
°C (Figure 3-4).

Vbs(on): fDS(on)
D!
® 1DS(on) = _s(gm

® Positive temp

] Anelogous to the VCE(sat) of a bipolar device
with a VGs of 10 V for Motorola
TMOS power MOSFETS.
® Specified at 25°C and 100°C
coefficient p

current

sharing when devices are paralleled.

9FS
© The MOSFET “gain” parameter — analogous to hpg
® Equal to the slope of the transfer characteristic
(Figure 2-7).
AI
9Fs = P
®in curren! saturation region (Figure 3-3).
ld = grs VGs - Vas(th)l
® Relatively constant for VGsth) < Vgs < Vps +
Vas(th)

e ___________________________________________________________________|
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FIGURE 3-1 — NORMALIZED BREAKDOWN VOLTAGE

1DS(on). DRAIN-TO-SOURCE RESISTANCE
(NORMALIZED)

25

Vgs = 10V

Ip = 2mA
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0
—-50
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Tj, JUNCTION TEMPERATURE (°C)
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FIGURE 3-2 — NORMALIZED ON-RESISTANCE

versus TEMPERATURE versus TEMPERATURE
8 3 12
[~
T g V [ VG
T DS = Vas
_ Vps = 30V | s Ip = 1mA
3 6 Z
o
z / g
= 3
o
(=3 z 09 N
2 Ty = 100°C V// | g N
5 2 / s E h
i-=] L___ o g 08
// I55 C g \\
y J = ~J
0 B 07
0 2 4 6 8 10 = -850 -2 0 % 5 75 100 125 150
Vs, GATE-TO-SOURCE VOLTAGE (VOLTS) 7, JUNCTION TEMPERATURE (<C)
FIGURE 3-3 — TRANSFER CHARACTERISTICS FIGURE 3-4 — GATE-THRESHOLD VOLTAGE
VARIATION WITH TEMPERATURE
DYNAMIC CHARACTERISTICS
Characteristic Symbol Min Max Unit
Input Capacitance (Vpg = 25V, Vgg = 0, f = 1 MHz) Ciss — 1200 pF
"~ Output Capacitance (Vpg = 25V, Vgs = 0, f = 1 MHz2) Coss — 300 pF
Reverse Transfer Capacitance (Vpg = 25V, Vgs = 0, f = 1 MH2) Crss — 80 pF
2500
MOSFET CAPACITANCES T
. . 2000
The physical structure of a MOSFET results in ca- = |
pacitors between the terminals. The metal oxide gate = Vgs =0
. : to-drain & 1500
structure determines the capacitors from gate-to-drain 2
(ng), and gate-to-source (Cqg). The PN junction 5
formed during the fabrication of the TMOS FET results § 1000
L in a junction capacitance from drain-to-source (Cds). &
These capacitances are characterized as input (Cjsg), Vps =0 Ciss
§ 500
output (Cogs) and reverse transfer (Crgg) capacitances \\ Coss
on data sheets. ~ Cres
Specification of MOSFET capacitance at a Vpg of th oy s 5 % 5
25 V has become somewhat of a standard, so that Vgs <— | — Vps
information is provided in all TMOS data sheets. GATE-TO-SOURCE OR DRAIN-TO-SOURCE VOLTAGE (VOLTS)
(continued) FIGURE 3-5
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MOSFET CAPACITANCE (continued)

However, its usefulness in determining or comparing
switching speeds or input or output capacitance is di-
minished since the magnitude of the capacitances vary
significantly during the switching transition. Curves
showing capacitance versus voltage are more indica-
tive of device performance since the curves clearly
show the capacitance variation.

The capacitance curves shown in Figure 3-5 are an
extension of those originally published in data sheets.
The portion of the graph to the right of zero is equivalent
to the traditional representation. The additional section
to the left of zero gives an indication of the input ca-
pacitance when the MOSFET is “on” or entering into
its “on” state.

A graph of gate charge versus gate voltage is another
and often more descriptive means of relating the mag-
nitude of the input impedance.

In driving a MOSFET, the input capacitance, Cjgg
is an important parameter. This capacitance must be
charged and discharged by the drive circuit to effect
the switching function. The impedance of the drive
source strongly affects the switching speed of a
MOSFET. The lower the driving source impedance,
the faster the switching speeds. Temperature varia-
tions have little effect on the device capacitances;
therefore, switching times are affected very little by
temperature variations.

SWITCHING CHARACTERISTICS* (T; = 100°C)

\

Characteristic Symbol Min Max Unit
Turn-On Delay Time (Vpg = 25V, Ip = 2.0 A, Rgen = 50 ohms) td(on) — 50 ns
Rise Time (Vpg = 25V, Ip = 2.0 A, Rgen = 50 ohms) tr — 100 ns
Turn-Off Delay Time (Vpg = 25V, Ip = 2.0 A, Rgen = 50 ohms) td(off) — 200 ns
Fall Time (Vps = 25V, Ip = 2.0 A, Rgen = 50 ohms) t — 100 ns

Switching Characteristics

MOSFET switching speeds are very fast, relative to comparably sized bipolar transistors. Since they are majority carrier
devices, there is no storage time associated with the turn-off time; consequently, the switching waveform components
are associated with the charging and discharging of the interelectrode capacitances. Driving a MOSFET through a switching
cycle involves driving these non-linear capacitances. Switching times, therefore, will strongly depend on the impedances
of the driving source and drain load. Maximum limits are specified at elevated temperature.

Motorola normally uses a terminated, 50 Q generator in the gate drive to specify switching speeds. Note that the
generator and termination impedance combine to make a 25 () gate drive impedance. Using this gate drive as a standard
helps facilitate correlation of test results. Typical switching times for various gate drive impedances, are shown in Figure

3-8.
For Resistive Switching:

® During tg(on) — The drive circuit charges Ciss to VGSth). No drain current flows; Vpg remains essentially at Vpp.

® During ty

— Ciss is charged by the drive circuit to Vgs(on) Coss discharges from Vpp to approach Vpg(on) and

Ip increases from zero, approaching its maximum. As Vpg approaches Vpg(on), the rapid rise of
Coss at low drain voltages delays the rise of Ip, likewise the increase of Cjgg inhibits the rise of Vgg

through the drive impedance.

® During tg(offy — Ciss begins to discharge through the gate circuit impedance. The transistor turns off and the drain
supply charges Cpgg through the load. The initial rise of Vpg is slowed by the high value of Cpgg at

low drain voltages.
® During tf

— Coss diminishes rapidly as the drain voltage rises. Virtually no additional charge is required to be

sourced by the drain supply; Vpg rises rapidly to Vpp (and beyond if inductance is present in the

load).

Resistive Switching

FIGURE 3-6 — SWITCHING TEST CIRCUIT

Vop ) L
on {3
Yin R tdlon)—m|  famt—1t, tdloff) —] -
! Vout - 90% 90%
QUTPUT, Vout
PULSE GENERATOR DUT INVERTED
T 1 =%0 10% L
| Rgen
| 50 Q | JS
| T = 2500
| 3 INPUT, Vip
0%
______ | 1 — 10k

PULSE WIDTH

FIGURE 3-7 — SWITCHING WAVEFORMS
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= a0 . . 7
100 b e

5 50 100 250 500
R, GATE RESISTANCE (OHMS)

FIGURE 3-8

GATE CHARGE CHARACTERISTICS

Characteristic Symbol Min Max Unit

Total Gate Charge Qg 27 (typ) 32 nC

Gate-Source Charge (Vps = 0.8 Rated Vpss, Qgs 17 (typ) —

Ip = 4 Amps, Vgg = 10V)
Gate-Drain Charge Qqd 10 (typ) —

Gate Charge Characteristics

Fundamentally, the gate charge versus gate-to-source voltage curves are used to determine the amount of charge,
defined as Qg, required to bring Cigg from zero volts to 10 V. Typically, the maximum rating is specified at an Ip equal
to the device’s continuous rating at 25°C and at a supply voltage of 80% of maximum rated Vpg. Gate charge is essentially
independent of load current, but it does vary with supply voltage.

In addition to typical and maximum values of Qq, the data sheets also specify typical values of di and Qgs. di is
the charge required by Crss (Cgg) during the fall of Vpg. This occurs during the plateau region of Figure 3-9. Qgs refers
to the total charge required by GCigg during the two intervals characterized by ramping up of VGg before and after the
plateau. During the first interval most of this charge flows into Cgg but during the second interval Crgg takes on the
majority of the charge. Hence, the term “Qgs” is somewhat of a misnomer.

A substantial amount of other data may be extracted from the curve. Estimation of the required average gate current
for a given switching speed, energy transferred to the gate, and magnitude of the input capacitance are some of its other
uses.

%
1 A t
MTP4N45 / 360V
12 Ty = 25 A
Ip=4A /
10 A 74
//( sV

T
6 % Vps = 150V

16 |

VS, GATE SOURCE VOLTAGE (VOLTS)
o

0 10 20 30 40 50
Qq, TOTAL GATE CHARGE (nC)

FIGURE 3-9 — Qg TOTAL GATE CHARGE (nC)
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—= SOURCE-DRAIN DIODE CHARACTERISTICS*

Characteristic Symbol Typ Unit
Forward On-Voltage Is = 40A Vsp 1.1 Vde
Reverse Recovery Time Vgs =0 trr 420 ns

Forward turn-on time is primarily limited by parasitic package and lead inductance.
*Pulse Test: Pulse Width < 300 us, Duty Cycle < 2%.

® An integral feature of all power

MOSFET structures.
® Reverse recovery times are comparable THE POWER MOSFET
with those of fast recovery rectifiers. SOURCE-DRAIN DIODE

® Rated current equal to that of the MOSFET

® May be used as a commutator in complementary
totem-pole or H-bridge configurations with
inductive loads, or in a “Synchronous

Rectifier”” mode.
+V o+V o ?_oJ
a1 Q1|
I I | D1
L "“3 PM = == 5

/
iy c_j L Py IR o—il%t]v:EL ° —ton ] — IRM

DUT WAVEFORM
TOTEM-POLE COMPLEMENTARY
N-CHANNEL P-CHANNEL/N-
CHANNEL

DURING TURN-OFF OF Q1, D2 PROTECTS

Q1; LIKEWISE

DURING TURN-OFF OF Q2, D1 PROTECTS

Q2

TMOS power MOSFET intrinsic diodes also have forward recovery times, meaning that they do not instantaneously
conduct when they are forward biased. However, since those times are so brief, typically less than 10 ns, their effect on
circuit operation can almost always be ignored. Package, lead and wiring inductance are often at least as great a factor

in limiting current rise time.

FIGURE 3-10 — SOURCE-TO-DRAIN DIODE TEST CIRCUIT AND WAVEFORM
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» SAFE OPERATING AREA INFORMATION
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FIGURE 3-13 — MTM4N45/MTM4N50

Guaranteed Safe Operating Area

FBSOA

The FBSOA curves define the maximum drain-to-source
voltage and drain current that a device can safely handle
when it is forward biased, or when it is on, or being turned
on. Because these curves include the limitations of simul-
taneous high voltage and high current, up to the rating of the
device, they are especially useful to designers of linear sys-
tems. The curves are based on a case temperature of 25°C
and a maximum junction temperature of 150°C. Limitations
for repetitive pulses at various case temperatures can be
determined by using the thermal response curves. Motorola
Application Note, AN569. “Transient Thermal Resistance-
General Data and Its Use” provides detailed instructions.

SSOA

The switching safe operating area in Figure 3-12 is the
boundary that the load line may traverse without incurring
damage to the device. The fundamental limits are the max-
imum rated peak drain current Ippm, the minimum drain to
source breakdown voltage V(BR)DSS and the maximum
rated junction temperature. The boundaries are applicable
for both turn-on and turn-off of the devices for rise and fall
times of less than one microsecond.

L ______________________________________________________________________|
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Chapter 4: Design Considerations in Using Power MOSFETs

Protecting the Power MOSFET

Safe Operating Areas

To provide the designer with Safe Operating Area in-
formation for the various modes of operation the TMOS
transistor may encounter, two different Safe Operating
Areas are defined on the TMOS data sheets: the Forward
Biased Safe Operating Area, or FBSOA (often referred to
as simply SOA), and the Switching SOA or SSOA. The
SSOA curves of MOSFETSs describe the voltage and cur-
rent limitations during turn-on and turn-off and are nor-
mally used in the same manner as the RBSOA curves of
bipolar transistors.

FBSOA:

An FBSOA curve defines the maximum drain voltage
and currents that a device can safely handle when forward
biased, or while it is on or being turned on. Of the four
limits dictated by the boundaries o. the FBSOA curve, the
most unforgiving is the maximum drain-source voltage
rating which is indicated by boundary A in Figure 4-1. If
this rating is exceeded, even momentarily, the device can
be damaged permanently. Thus, precautions should be
taken if there may be transients in the drain supply voltage.

Maximum allowable drain current is time or pulse-width
dependent and defines the second boundary of the
FBSOA curve, represented by Line D. The limit is deter-
mined by the bonding wire diameter, the size of the source
bonding pad, device characteristics and thermal resis-
tance. Even though MOSFETs show rugged overcurrent
capabilities, devices should not conduct more than their
rated drain current for a given pulse duration. This in-
cludes transient currents such as the high in-rush current
drawn by a cold incandescent lamp or the reverse recov-
ery current required by a diode.

The third boundary, Line B is fixed by the drain-to-
source on-resistance and limits the current at low drain-
source voltages. Simply a manifestation of Ohm’s Law,
the limitation states that with a given on-resistance, cur-
rent is limited by the applied voltage. The boundary does
not describe a linear relationship, however, because the
on-resistance increases gradually with increasing current.

The fourth limit, shown as Line C in Figure 4-1, is set
by the package thermal limit. This power limited portion
of the FBSOA curve is generated from the device thermal
response curve, maximum allowable junction temperature
and maximum Rgyc rating. Operation inside this curve
insures that the maximum junction temperature does not
exceed the 150°C maximum rating.

Since the transient thermal resistance decreases dra-
matically for shorter pulse durations, the peak power han-
dling capability increases accordingly. For example,
Figure 4-2 shows that at 100 us the normalized single
pulse transient resistance of the MTM8N40 is 0.033. Mul-
tiplication by Rggyc (0.033 x 0.83°C/W) results in the ef-
fective thermal impedance for a single 100 us pulse. From
Tu-Tc

Pp
the magnitude of the power pulse that coincides with a

the definition of thermal resistance | Rgyc =

E==ES
L10 us T
o 700 us
& i e TNL1.0 ms
= 10 = s e
J===s=ch=—setuh S S
£ H
£ z " Line B -—m——INH d"\
3 Line C
z 10 LineD —-—
g s i
2 [Fves-20v !
=} = -1
| Single Pulse MTH8N35 Z—f] T Line
Tg = 25°C : MTM/MTH8N4D AT
01 [ NRNTT
10 10 100 400

Vps. DRAIN-TO-SOURCE VOLTAGE (VOLTS)

FIGURE 4-1 — MAXIMUM RATED FORWARD BIAS
SAFE OPERATING AREA OF THE MTM8N40

TJ of 150°C and a T¢ of 25°C is easily determined. In this
case, (0.033 x 0.83°C/W = %), Pp is 4564 W.
Therefore, at a Vpg of 200 V, the MTM8N40 can conduct
about 23 A during a 100 us pulse without exceeding the
TJ(max) rating of 150°C.

Normally the portion of the FBSOA curves that is de-
termined by the package thermal limit is only of interest
to designers who foresee a condition of simultaneous high
voltage and high current for periods greater than 10 us.
This situation can occur in linear applications or in switch-
ing applications that experience a fault condition such as
a shorted load. For those applications the information con-
tained in Figure 4-1 is incomplete since the data is based
on single pulse testing at a case temperature of 25°C. For
multiple pulses and case temperatures other than 25°C,
the maximum allowable power dissipation can be com-
puted as shown in AN569, “Transient Thermal Resistance
General Data And lts Use.”

To a large extent, thermal limitations determine the SOA
boundaries for MOSFETSs used in linear applications. The
maximum allowable junction temperature Tjmax) also
affects the pulsed current ratings applicable when the
MOSFET is used as a switch. With respect to current
ratings, MOSFETs are more like rectifiers than bipolar
transistors in that their peak current ratings are not gain
limited, but thermally limited. Since rpg(on). on-state
power dissipation, switching losses, pulse width, duty
cycle and junction to ambient thermal impedance all in-
fluence T, they also affect the maximum allowable pulsed
drain current.

In switching applications the total power dissipation is
comprised of switching losses and on-state losses. At low
frequencies, the MOSFETs switching losses are small
enough to ignore. However, as frequency increases the
losses eventually become significant and force an in-
crease in T . The break point between what is considered
low and high frequencies depends on the gate drive
impedance. With a low impedance gate-drive, switching
losses are small below 40 to 50 kHz.
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FIGURE 4-2 — THERMAL RESPONSE CURVE OF THE MTM8N40

Since the magnitude of the MOSFET capacitances and,
therefore, switching speeds are nearly constant as Ty
varies, power MOSFET switching losses are nearly tem-
perature invarient. Without the additional complexity of
temperature dependence, losses during the relatively high
dissipation turn-on and turn-off intervals are easily mod-
eled and estimated. These techniques are also shown in
Motorola Application Note AN569.

Because on-state losses are often the bulk of the total
power dissipation, they greatly affect the MOSFET’s max-
imum allowable pulsed current capability. The computa-
tion of these losses is somewhat involved due to the var-
iation of rpg(on) with temperature and drain current. After
computing the heating component of the drain current
(RMS value), an iterative technique is used to determine

. the on-state power dissipation. The following example
illustrates how on-state losses and junction temperature
can be determined.

Assume the drain current waveform of an MTM8N40 is
trapezoidal with the current rising from 8.0 A to 16 A in
25 us. The duty cycle is 50% and the frequency is 20
kHz. Heat sinking will be provided to keep the case tem-
perature at 80°C. From Figure 4-2, the normalized tran-
sient thermal impedance for a 25 us pulse and 50% duty
cycle is 0.5, yielding an effective thermal impedance of
0.415°C/W. [r(t) x Rgyc = 0.5 x 0.83°C/W].

Before proceeding, the on-resistance and the RMS
value of the Ip waveform must be determined. Since
TDS(on) is temperature dependent, the junction temper-
ature must be roughly estimated. A Tj of 110°C seems
appropriate in this case. From Figure 4-3, DS(on) at
110°C is 1.02 Q.

This value of rpg(on) is derived from a typical curve
and does not represent a worst case value. To obtain a
worst case estimate, the ratio between the maximum rated
'DS(on) and the typical rpg(on) under the same operating
conditions can be used as a multiplier. In this situation,
an rpg(on) Mmaximum of 0.55 ohms is specified at an Ip
of 4.0 A and a Tc of 25°C. At these same conditions,
"DS(on) is typically at 0.45 ohms (Figure 4-3). Assuming
the ratio between typical and worst case values remains

500 10k

1.0 ]— /

Ty = 100°C ——

0.8
Lt

0.6

25°C —
0.4 !

1
-55°C

02

Vgs=10V

D5(ON). DRAIN-TO-SOURCE RESISTANCE (OHMS)

0 4.0 8.0 12
Ip. DRAIN CURRENT (AMPS)

16 20

FIGURE 4-3 — ON-RESISTANCE versus DRAIN

CURRENT FOR THE MTM8N40

L4 A et
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0

FIGURE 4-4 — RMS VALUES OF SOME COMMON
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r| MAX
fairly constant, the multiplier is 1.22, (_______DS(on) =
DS(on) TYP

g-i%) Therefore, the worst case rpg(on) at 12 A, 110°C
is approximately 1.22 x 1.02 ohms, or 1.24 ohms.

From the trapezoid waveform in Figure 4-4:

(a2 2
lRMs =D /2 +a:3b+b

24+ 8- + 162
=0‘5\/8 8;6 6

=611 A
and Pp = I2RMS "DS(on)
= (6.11)21.24
=463 W
If switching losses are significant, they should be
included at this step. Proceeding with the computation

of Ty,
ATyc

Pp ReJc
(46.3) (0.415) = 19.2°C
Ty = Tc + ATyc

= 80 + 19.2°C = 99.2°C

then the calculated Ty of 99.2°C replaces the original
110°C estimate and rpg(on), Pp and T are recomputed.
The initial guess was close, and 97.3°C is the final solu-
tion. Therefore the transistor is operating within its thermal
limitations and its current handling capabilities.

SSOA:

Switching Safe Operating Area defines the MOSFETs
voltage and current limitations during switching transi-
tions. Although an SSOA curve also outlines turn-on
boundaries, it is normally used as a turn-off SOA. As such,
it is the MOSFET equivalent of the Reverse Biased SOA
(RBSOA) of bipolars.

Like RBSOA ratings, turn-off SOA curves are generated
by observing device performance as it switches a clamped
inductive load. An inductive load is used because it causes
the greatest turn-off stress, but it must be clamped so as
not to avalanche the transistor with an uncontrolled drain-
source “flyback voltage.” Switching speeds, which directly
determine crossover times and switching losses, also in-
fluence the turn-off SOA. ¢

As shown in Figure 4-5, the SSOA curve of the
MOSFET is bounded by its maximum pulsed drain cur-
rent, IppM, and the maximum drain-source voltage, Vpss,
as long as switching times are less than 1.0 us. If
MOSFETs are operated within their Ipm, Vpss and
TJ(max) ratings, their SSOA curves guarantee that a sec-
ondary breakdown derating is unnecessary.

Drain-Source Overvoltage Protection

The most common cause of failure in a power MOSFET
is due to an excursion across an SOA boundary. A good
portion of these failures are a result of exceeding the
maximum rated drain-source voltage, V(BR)DSS- Drain
voltage transients caused by switching high currents
through load or stray inductances can force Vpg to ex-
ceed V(BR)DSS and may contain enough energy to de-
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FIGURE 4-5 — MAXIMUM RATED SWITCHING
SAFE OPERATING ARE OF THE MTM8N40

stroy the device if it begins to avalanche. Transients on
the drain supply voltage can also destroy the power
MOSFET.

Fortunately, if there is any danger of these destructive
transients, the solutions to the problems are fairly simple.
Figure 4-6 illustrates a FET switching an inductive load
in a circuit which provides no protection from excessive
flyback voltages. The accompanying waveform depicts
the turn-off voltage transient due to the load and the par-
asitic lead and wiring inductance. The MTM20N10 ex-
periences the unrecommended avalance condition for
about 300 ns at its breakdown voltage of 122 volts.

One of the simplest methods of protecting devices from
flyback voltages is to place a clamping diode across the
inductive load. Using this method, the diode will clamp
most, but not all, of the voltage transient. Vpg will still
overshoot Vpp by the sum of the effects of the forward
recovery characteristic of the diode, the diode lead in-
ductance and the parasitic series inductances as shown
in Figure 4-7.

20 V/div

i W I PN

DRAIN-SOURCE VOLTAGE, Vpg (VOLTS)

50 us/div

FIGURE 4-6 — Vpg TRANSIENT DUE TO UNCLAMPED
INDUCTIVE LOAD

If the series resistance of the load is small compared
to its inductance, a simple diode clamp may allow current
to circulate through the load-diode loop for a significant
amount of time after the MOSFET is turned off. When this
lingering current is unacceptable, a resistor can be in-
serted in series with the diode at the expense of increasing
the peak flyback voltage seen at the drain.
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DRAIN-SOURCE VOLTAGE, Vpg (VOLTS)

20 V/div
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FIGURE 4-7 — Vpg TRANSIENT WITH CLAMPING DIODE

DRAIN-SOURCE VOLTAGE Vpg (VOLTS)

50 us/div

Protecting the drain-source from voltage transients with
a zener diode, which is a wide band device, is another
simple and effective solution. Except for the effects of the
lead and wiring inductances and the virtually negligible
time required to avalanche, the zener will clip the voltage
transient at its breakdown voltage. A transient with a slow
dvpg/gdt will be clipped completely while a transient with
a rapid dv/dt might momentarily exceed the zener break-
down voltage.- These effects are shown in Figure 4-8.
Even though it is a very simple remedy, the zener diode
is one of the most effective means of transient suppres-
sion. Obviously, the power rating of the zener should be
scaled so that the clipped energy is safely dissipated.

20 V/div

" | Vz=82V

5.0 us/div

FIGURE 4-8 — Vpg TRANSIENT WITH ZENER CLAMP

Figure 4-9 shows an RC clamp network that suppresses
flyback voltages greater than the potential across the ca-
pacitor. Sized to sustain a nearly constant voltage during
the entire switch cycle, the capacitor absorbs energy only
during transients and dumps that energy into the resis-
tance during the remaining portion of the cycle. Compo-
nent values may be computed by considering the power

20 V/div
WV

that the RC clamp network must absorb. From the power
and the desired clamp voltage, the resistance can be
sized. Finally, the magnitude of the capacitance may be
determined by relating the RC time constant to the period
of the waveform.

As an example, a similar circuit has the following char-
acteristics:

L = 10 uH
i = 3.0 A (load current just before turn-off
f = 25 kHz

Vg = 60V (desired clamp voltage)
The power to be absorbed by the clamp network is:
P =12L2xf=1125W

The component values can be determined:
V2 = R =32K~33K
P
Lett = RC = 5.0 + f = 200 us
C = 0.061 uF =~ 0.05 uF

While this is a common and efficient cricuit, the switch-
ing speeds of MOSFETs may produce transients that are
too rapid to be attentuated by this method. If the flyback
voltage reaches its peak during the first 50 ns, the effec-
tiveness of the circuit will be undermined due to the for-
ward recovery characteristic of the clamp diode and any
stray circuit inductance. It may be prudent in these cases
to include a zener with a breakdown voltage slightly higher
than the clamp voltage. When placed directly across the
drain and source terminals, the lead lengths are short
enough and the zener is fast enough to catch most tran-
sients. Since the zener’s only purpose is to clip the initial
flyback peak and not to absorb the entire energy stored
in the inductor, the zener power rating can be smaller than
that needed when one is used as the sole clamping ele-
ment.

A fourth way to protect power MOSFETSs from large
drain-source voltage transients is to use an RC snubber
network like that of Figure 4-10. Although it effectively
reduces the peak drain voltage, the snubber network is
not as efficient as a true clamping scheme. Whereas a
clamping network only dissipates energy during the tran-
sient, the RC snubber also absorbs energy during portions
of the switching cycle that are not overstressing the tran-
sistor. This configuration also slows turn-on due to the
additional drain-source capacitance that must be dis-
charged.

20 V/dwv
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FIGURE 4-9 — Vpg TRANSIENT AND RC CLAMP VOLTAGE WITH RC CLAMP NETWORK
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No matter which scheme is used, very rapid inductive
turn-off can cause transients during the first tens of na-
noseconds that may be overlooked unless a wideband
oscilloscope (B.W. = 200 MHz) is used to observe the
Vps waveform.

20 V/dwv WV

DRAIN-SOURCE VOLTAGE, Vg (VOLTS)

10 ps/div =

FIGURE 4-10 — Vpg TRANSIENT WITH RC SNUBBER

Package and Lead Inductance Considerations

The drain and source parasitic package inductance can
influence the magnitude of Vpg during rapid switching of
very large currents. In Figure 4-11, the drain and source
package inductance has been combined and placed in
the source because that wirebond and lead length ac-
counts for the bulk of the inductance. The magnitudes of
Lg in the TO-204, (TO-3) and the TO-220 packages are
around 12 and 8 nH, which are large enough to produce
appreciable voltage during a very rapid rate of change in
drain current. The polarity of the induced voltage is such
that the drain-source voltage appearing at the chip is
greater than that appearing at the device terminals.

As an example, assume that an MTP25N06 is turned
off in 50 ns after conducting 50 A. A di/dt of this magnitude
will produce about 8.0 volts across the parasitic package
inductance (v = L di/dt = 8.0 nH 50 A/50 ns). If the drain-
source voltage at the terminals is 50 V, then Vpg at the
die is 58 volts.

Drain Terminal 9

——o
L
T
e ) Vps at die =
Vps at terminals + Vi
Gate o !
Terminal !
¢———o
Vi
Ls = 8.0 nH

+

Source Terminal

FIGURE 4-11 — VERY RAPID TURN-OFF INCREASES
DRAIN-SOURCE VOLTAGE STRESS

Although all power MOSFETSs experience some inter-
nally generated voltages during rapid switching, peak
di/dt’'s are usually not extreme and the associated volt-
ages are generally small. However, the current ratings of

power MOSFETs recently have increased rapidly and,
consequently, their maximum di/dt capabilities have also
risen. The MTMB0ONOB, with its pulsed current rating of
300 A, falls into the category of such a device. The very
large di/dt capabilities that accompany these current rat-
ings can produce significant Vpg stress in addition to that
observed at the drain-source terminals.

To assure that the peak Vpg at the chip does not ex-
ceed the maximum Vpgg rating of the device, the follow-
ing equation can be used:

VDS(max) = V(BR)DSS — L(di/dt)
where Vpg(max) is the maximum allowable voltage ap-
pearing across the drain-source terminals, V(BR)DSS is
the maximum device rating, L is the parasitic source in-
ductance and di/dt is the rate of change in Ip coincident
with Vps(max)-

Voltages appearing across the package source induct-
ance also affect the magnitude of the gate-source voltage
at the chip and are of such polarity that they slow both
the turn-on and turn-off transitions. If large currents are
being switched, the parasitic package inductance is large
enough to be the factor that limits the MOSFET’s switching
speeds.

Except for circuits that produce very large di/dt's, the
proceeding discussion of package inductance is of aca-
demic interest only. However, wiring inductance is often
much larger than the package inductance and its effects
are proportionately greater. Therefore, the above consid-
erations may become very practical problems in appli-
cations in which the di/dt's are not extreme. The quality
of the circuit layout dictates the degree of concern.

Avalanche and dv/dt Limitations of Power MOSFETs

Until recently a MOSFET’s maximum drain-to-source
voltage specification prohibited even instantaneous
excursions beyond that voltage, since the first power
MOSFETs were never intended to be operated in ava-
lanche. As is still the case with most bipolar transistors,
capability was simply not specified. Some devices hap-
pened to be quite rugged, while others were not. Now it
is known that a power MOSFET can be constructed to
sustain substantial currents in avalanche at elevated junc-
tion temperatures, so newly designed MOSFETs are
replacing the original devices. “Ruggedized” is the term
being used to refer to devices that carry some form of
rating to define avalanche capability.

The MOSFET'’s ability to withstand rapid changes in
drain-to-source voltage, especially during reverse recov-
ery of the MOSFET's intrinsic diode, is another issue that
has received much attention lately. In this case the first
devices were very rugged except for the case of diode
recovery. Again the latest devices show performance
improvements and carry ratings to inform designers of
their new strength.

Because of the interest in avalanche and dv/dt issues
and their importance, a discussion of these topics is pro-
vided in Chapter 5, “Avalanche and dv/dt Limitations of
the Power MOSFET.”
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Protecting the Gate

The gate of the MOSFET, which is electrically isolated
from the rest of the die by a very thin layer of SiOo, may
be damaged if the power MOSFET is handled or installed
improperly. Exceeding the 20 V maximum gate-to-source
voltage rating, VGS(max), ¢an rupture the gate insulation
and destroy the FET. TMOS FETs are not nearly as sus-
ceptible as CMOS devices to damage due to static dis-
charge because the input capacitances of power
MOSFETSs are much larger and absorb more energy be-
fore being charged to the gate breakdown voltage. How-
ever, once breakdown begins, there is enough energy
stored in the gate-source capacitance to ensure the com-
plete perforation of the gate oxide. To avoid the possibility
of device failure caused by static discharge, precautions
similar to those taken with small-signal MOSFET and
CMOS devices apply to power MOSFETSs.

When shipping, the devices should be transported only
in antistatic bags or conductive foam. Upon removal from
the packaging, careful handling procedures should be ad-
hered to. Those handling the devices should wear ground-
ing straps and devices not in the antistatic packaging

should be kept in metal tote bins. MOSFETSs should be
handled by the case and not by the leads, and when
testing the device, all leads should make good electrical
contact before voltage is applied. As a final note, when
placing the FET into the system it is designed for, sol-
dering should be done with a grounded iron.

The gate of the power MOSFET could still be in danger
after the device is placed in the intended circuit. If the
gate may see voltage transients which exceed VGS(max).
the circuit designer should place a 20 V zener across the
gate and source terminals-to clamp any potentially de-
structive spikes. Using a resistor to keep the gate-to-
source impedance low also helps damp transients and
serves another important function. Voltage transients on
the drain can be coupled to the gate through the parasitic
gate-drain capacitance. If the gate-to-source impedance
and the rate of voltage change on the drain are both high,
then the signal coupled to the gate may be large enough
to exceed the gate-threshold voltage and turn the device
on.
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Chapter 5: Avalanche and dv/dt

Limitations of the Power
MOSFET

The power MOSFET'’s ability to withstand voltage and
current transients inside and outside published safe oper-
ating areas is often of concern to design engineers. Since
anticipating every possible fault condition that can occur
in the field is very difficult, the use of a device that has
some tolerance to transients is highly desirable.

By nature the power MOSFET is resistant to failure in
certain modes. Its ability to withstand overcurrent stresses
is a good example of one of its strengths. However, rug-
gedness in other modes is not a given, and device design
and processing must target those types of failures if a
MOSFET is to be robust in those modes, too.

Motorola’s development of the E-FET, a “ruggedized”
device sometimes referred to as TMOS 1V, is a significant
step toward extending the MOSFET’s ruggedness to
include several of the most common fault induced
stresses. Designed-in ruggedness, combined with the
MOSFET's ability to withstand forward bias stress, make
the E-FET a very fault tolerant device in all major areas
of concern, including what has been called the “com-
mutating dv/dt” mode. The issues surrounding these sig-
nificant modes of stress are discussed in detail below.

The Power MOSFET in
Drain-to-Source Avalanche

The MOSFET'’s unique capability of high speed switch-
ing can lead to stresses that are not encountered with
slower devices. Often gate drive circuits are designed for
very fast switching speeds to lower switching times and
increase circuit efficiency. These speeds may be so fast
that the inductive kick occurring at turn off produces an
extremely rapid rise in the drain-to-source voltage — per-
haps so rapid that parasitic circuit elements and turn-on
times undermine a protection clamp’s ability to respond
in time to protect the MOSFET. Such parasitics that dimin-
ish response times include the inductance in the wiring,
leads, and packages. Forward recovery time of protection
diodes may also delay response time.

Voltage transients of this type are usually brief, lasting
only until the voltage clamp or snubber reacts. Neverthe-
less, for a short time the MOSFET s forced to conduct
what may be a high avalanche current. Although the total
energy that the device sees in breakdown is fairly small,
failures may occur since ruggedness in avalanche is a
strong function of the peak avalanche current. At high
switching speeds such brief transients are a common
source of overvoltage spikes.

Another cause of overvoltage transients is voltage spik-
ing on the drain supply voltage. When this occurs, the
peak magnitude of the associated avalanche current is
difficult to predict since it depends on the nature of the
transient. Pulse duration and energy may vary widely;
consequently, the MOSFET’s ability to survive high ava-
lanche currents lasting for extended pulse widths is
important.

The recent development of the E-FET has made avail-
able MOSFETs with the ability to survive both types of
overvoltage transients. These new devices are sufficiently
rugged to carry ratings that guarantee an avalanche cur-
rent capability for the two types of overvoltage transients
discussed above.

An energy rating alone is a poor indication of a device'’s
ability to survive overvoltage transients. Manufacturers
can easily fabricate high energy values by carefully choos-
ing test conditions that allow dissipation of energy over a
long pulse width. An extreme example is the 12 A, 60 V
MTP3055E that can dissipate 75 joules if allowed toc con-
duct 1 Ain avalanche for 1 second. However, one of these
devices is likely to fail with very little energy dissipation if
it is forced to conduct more than 40 A in avalanche.

The bottom line is that the propensity for failure is almost
exclusively a function of two parameters: peak current in
avalanche and peak (not average) junction temperature.
Except for raising the average junction temperature —
thereby enhancing the chance of hotspot failure — the
total energy dissipated has only secondary effects.

Avalanche Test Methods and Ratings

Understanding the causes of overvoltage transients
and the conditions that determine the propensity for failure
provide a foundation for defining the most appropriate
avalanche test methods. There are two viable tests: each
offers its own benefits. The most common test circuit and
its associated current and voltage waveforms are shown
in Figures 1 and 2. Testing in this circuit is appropriately
referred to as Unclamped Inductive Switching, or UIS, as
there is no diode clamp across the coil to limit the flyback
voltage appearing at the drain.

Although there is controversy surrounding some of the
test conditions (such as coil size, initial and final junction
temperatures and peak current), circuit operation is very
straightforward. The gate drive is turned on and current
in the coil is allowed to ramp up to the desired test current,
which is primarily set by the coil size, the supply voltage
and the on time of the gate drive (Al = (Vpp/L)At). When
the load current reaches the desired value, the MOSFET
is abruptly turned off. Since the load current cannot
change instantaneously, the inductive energy drives the
drain-to-source voltage to V(BR)DSS; the MOSFET then
dissipates the stored energy in avalanche.

In this circuit the total energy dissipated by the MOSFET
may not be equal to that stored in the coil. During ava-
lanche, additional energy is transferred from the Vpp sup-
ply to the MOSFET. For low test currents (<10 A) the
total energy dissipated is approximately equal to 1/2LI2
times the multiplier, V(BF{?DSS/(V(BH)DSS'VDD), which
accounts for the additional transferred energy. For higher
test currents the energy dissipated in the coil’s resistance
may also become significant, subtracting from what is
dissipated in the device. In such cases, the exact amount
of energy transferred to the test unit is somewhat difficult
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to calculate, but it can be accurately estimated by inte-
grating the product of the drain-to-source voltage wave-
form and drain current waveform over the interval of
avalanche.
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FIGURE 5-1 — TYPICAL TEST CIRCUIT FOR UNCLAMPED

INDUCTIVE SWITCHING
Ves
01 .
I

: |

| AN

| !
0 : ————

V(BR)DSS Vps

VpD

FIGURE 5-2 — WAVEFORMS ASSOCIATED WITH TEST CIRCUIT
IN FIGURE 1

A second test circuit is shown in Figure 3, and again
circuit operation is simple. In this case, the MOSFET con-
ducts a fixed, controllable current in avalanche. Since
there is no inductor in this circuit, results are independent
of the series resistance of the test coil and the magnitude
of Vpp. An important feature of this method is that the
junction temperature continually increases during the time
of avalanche. Therefore, it is clear that the greatest stress
occurs at the end of the avalanche pulse when the ava-
lanche current and junction temperature are at their max-
imum values.

Determining the moment of maximum stress during a
UIS test is difficult since peak current occurs at the begin-
ning of the avalanche period when the junction temper-
ature is at its minimum. Because the relationship between
failure, instantaneous current, degree of hotspotting, and
average junction temperature is not well understood, it is
difficult to pinpoint the moment of maximum stress or to
compare the stress in the UIS test to the stress in the
constant current test. Nevertheless, the UIS test is pre-
ferred over other methods since it is easy to implement
and already enjoys wide acceptance as a meaningful test
method.
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FIGURE 5-3 — ALTERNATE ASC TEST CIRCUIT THAT FORCES A
CONSTANT CURRENT IN AVALANCHE

Stresses expected in the field should be used to guide
the setting of UIS test conditions. Test currents should be
equal to or greater than the continuous rating of the
device. Junction temperatures should be elevated, bound
only by the maximum rating.

There are two ways to achieve the elevated junction
temperature specified in a UIS rating. The first is simply
to externally heat the case of the device and the second
is to begin the test at room temperature and raise the
junction temperature by controlling the energy that the
device under test must dissipate. However, in avalanche
the many FET cells of the die may not share current
evenly. This may cause the peak junction temperature to
be much higher than the average. Consequently, forcing
an elevated junction temperature with self heating tends
to detect devices prone to hotspotting and is a more rig-
orous test.

Motorola’s Avalanche Ratings

Motorola’s E-series MOSFETSs, which carry an “E” suf-
fix, are designed to withstand the stress of drain-to-source
avalanche. For E-FETs introduced to date, UIS failure can
only be induced by either exceeding the device’s pulsed
current rating or its maximum junction temperature rating.
With such a capability, an appropriate method of rating
avalanche energy becomes clear. Current in avalanche
is bounded by the pulsed current rating and energy dis-
sipation is limited by thermal impedance and maximum
junction temperature. The following example shows how
the energy rating of the MTP3055E is calculated.

Consider the UIS rating of the MTP3055E specified at
its continuous current rating of 12 A, a duty cycle of 1%
and a case temperature of 25°C. For a typical V(BR)DSS
of 70 V, peak power in avalanche is 840 W. For a maxi-
mum junction temperature rating of 150°C and a case
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temperature of 25°C the allowable AT ¢ is 125°C.

From Pp (ZgJc) = ATyc = 125°C, and
Zgyc = Reyc (r(1)),

the transient thermal impedance ZgyC is calculated to be
0.149°C/W. From the thermal resistance rating of the
MTP3055E (Rgyc = 3.12°C/W), r(t) is found to be equal
to 0.048, a dimensionless number. The next step is to use
the r(t) curve on the MTP3055E data sheet to determine
the pulse width corresponding to an r(t) of 0.048. That
pulse width, which is the time required to attain a 150°C
junction temperature, is 38 us. The device rating, 32 mJ,
is obtained by computing the avalanche energy corre-
sponding to 840 W dissipated for 38 us. Similar compu-
tations yield ratings for other conditions such as elevated
case temperature, other drain currents or multiple pulses.
E-FETs introduced in the future are expected to have
ratings that can be determined in a similar manner.

The above calculations are based on a constant current
during avalanche, which is quite unlike the decaying ava-
lanche current present in UIS testing. One way to deter-
mine coil size for UIS testing is to set the energy stored
in the unknown coil equal to the energy rating calculated
above. In this case the equation, W = 1/2LI2 [V(BR)DSS/
V(BR)DSS — VDDI, yields a inductance of 143 uH for W
=32mJ, | = 12A,VBR)DSS = 70 V,and Vpp = 25 V.
Although the energies are the same, the UIS test is slightly
less rigorous since the avalanche interval is roughly twice
as long as the time of avalanche during a constant current
test.

Four points regarding UIS testing are worth mentioning
here. First, a UIS rating per se does not guarantee the
ultimate goal, system reliability. Several other variables
such as average and peak junction temperature, the qual-
ity of system design and reliability of system components
also affect Mean Time Between Failure (MTBF). Millions
of bipolar and MOSFET circuits have very satisfactory
MTBFs even though the UIS capability of their power
devices is unspecified.

Second, UIS ratings apply to only a specific set of test
conditions and predictions of ruggedness outside those
conditions are speculative. For example, in some devices
elevated junction temperature or higher avalanche cur-
rents may substantially reduce energy handling capability.

Third, although excessive Vpg is a common cause of
MOSFET failure, the incidence of overvoltage transients
should not be blamed for all power MOSFET failures. The
list of potential causes is long and investigations into the
reason for failure should not be limited to the one that is
currently receiving all the attention in the press. A similar
situation occurred in recent years when two other pre-
vailing scapegoats — electrostatic discharge and dv/dt —
were faulted for causing many more problems than they
probably deserved.

Finally, some have stated that a UIS test is a guarantee
of a device’s ability to handle diode recovery stress, which
is discussed in detail below. Although a device that is
rugged with respect to avalanching usually has a broad
“Commutating Safe Operating Area,” there are excep-
tions to this rule. In some devices, areas of the die other
than those associated with the parasitic bipolar affect

CSOA. The converse is also true; devices with fairly broad
CSOA may fail immediately in avalanche because of inad-
equate die design or layout.

Drain-to-Source dv/dt Ratings

Static dv/dt

Power MOSFET performance is eventually limited by
extremely rapid changes in drain-to-source voltage.
These very high dv/dts can disturb proper circuit perfor-
mance and even cause device failure in certain situations.

High dv/dts occur under three conditions, and each has
its own dv/dt threshold before problems arise. The first is
called “static dv/dt” and occurs when the device is off and
is intended to remain off. A voltage transient across the
drain and source can be coupled to the gate via the drain-
to-gate parasitic capacitance, Cygs. Depending on the
magnitude of the gate-to-source impedance and the dis-
placement current flowing into the gate node (i = C dv/
dt), Vgs may rise above VGg(th), causing false turn-on.

Obviously, for this case dv/dt immunity depends to a
large extent on the gate-to-source impedance. This
dependence underscores the importance of proper gate
termination to promote good noise immunity and is one
of several reasons why operation of power MOSFETSs with
the gate open circuited is a poor practice. With its gate
shorted to its source, all Motorola TMOS devices will with-
stand static dvpg/dts of greater than 30 V/ns, which is
well in excess of values encountered in typical
applications.

If the gate-to-source impedance is high and a voltage
transient occurs between drain and source, false turn-on
is more likely than device failure. Typically the transient
will be coupled to the gate and cause the MOSFET to
begin its turn-on. But as Vg rises and the MOSFET
begins to turn on, the rise in Vpg falters and the dv/dt is
reduced. Thus, the phenomena is self-extinguishing and
generally is not destructive to any circuit element.

Turn-on of the MOSFET'’s parasitic bipolar transistor,
which is shown in Figure 4, is a potential route to device
destruction due to static dv/dt. If the base-emitter shorting
resistance is too large, displacement current flowing
through Ccp will lower the parasitic BJT's ability to sustain
collector-emitter voltage. Although such a scenario is
plausible, concerns about spurious BJT turn-on are gen-
erally unnecessary because the resistance of Rpg is kept
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FIGURE 5-4 — INHERENT IN EVERY POWER MOSFET IS A
PARASITIC BJT
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low. Additionally, displacement current is lower at high
voltage, when stand-off capability is most critical, because
the magnitude of Cg, falls with increasing Vps. So, the
dv/dt turn-on threshold cited above (greater than 30 V/ns)
also applies to the MOSFET'’s parasitic BJT.

Dynamic dv/dt

The second mode in which dv/dt may be a concern
occurs when the MOSFET abruptly interrupts current in
an inductive load and an extremely rapidly-rising flyback
voltage is generated. Since the vast majority of loads
appear inductive at very high switching speeds, the device
experiences simultaneous stresses imposed by high drain
current, high Vpg and displacement currents in the par-
asitic capacitances. Problems associated with this
“dynamic dv/dt” (so named because the device is being
switched off and is generating its own dv/dt) are evidenced
by device failure.

Unless extraordinary circuit layout techniques are
used (for example, hybrid circuits that minimize package
and lead inductance) maximum attainable dv/dts in the
dynamic mode range from 10 to 50 V/ns, depending on
the Vpgg rating of the device. Among the various
MOSFET types, maximum turn-off speeds do not differ
widely and maximum attainable dv/dt is largely deter-
mined by the magnitude of the voltage that the drain
can be switched through. Consequently, a 1000 V MOS-
FET can generate a greater dynamic dv/dt than a 60 V
device, regardless of die size.

MOSFETSs fabricated from all TMOS mask sets are
tested and have been found to be immune to self gen-
erated dv/dts during very rapid, clamped inductive turn-
off. The test circuit used has an extremely tight RF layout,
and the switching speeds and dv/dts generated are
assumed to be practical limits.

Diode recovery ‘‘dv/dt”

The third instance in which rapidly rising drain-to-source
voltage has been thought to cause failure is during the
reverse recovery of the MOSFET's intrinsic diode. Those
that first studied this problem believed that dv/dt was the
prime cause of failure, but more recent work has shown
that dv/dt is only one of several factors that induce stress
in a source-drain diode during reverse recovery.[1,2] Con-
sequently, in this text these stresses are not classified
strictly as dv/dt induced problems and the mode of stress
is referred to as “diode recovery stress.” Unlike the dv/dt
modes discussed above, diode recovery stress is an occa-
sional cause of system failure, but only when three specific
conditions are met.

The first prerequisite is that the MOSFET's diode must
conduct during the switching cycle. This is a necessary
but not a sufficient condition for device failure. Although
the MOSFET is virtually immune to dv/dt related failures,
its area of safe operation may decrease greatly during
reverse recovery of its diode. This dichotomy of capabil-
ities is caused by a change in the means of conduction
from minority to majority current carrier.

When a MOSFET operates as a transistor, it is not
troubled by storage times or stored charge, since the
MOSFET is a majority carrier device. Its diode, on the
other hand, is a minority carrier device. Consequently, it

has forward and reverse recovery times due to the storage
of minority carrier charge.

The second condition required to induce failure due to
commutating stress is that charge stored during reverse
recovery must be removed rapidly. Faster removal of
charge increases current densities and peak electric
fields. Since the turn-on speed of the transistor in the
opposite leg of the half bridge has the greatest effect on
the speed of commutation, it has a great influence on
device stress.

The third and final requirement is that the stored charge
must be extracted through a reapplied voltage of at least
30 to 50% of the device’s maximum Vpg rating. During
reverse recovery, as the diode is driven from forward to
reverse conduction, the rapidly rising drain voltage forces
the stored charge into the base of the parasitic bipolar
transistor. If the resulting emitter current is sufficiently
high, it can, in conjunction with the re-applied drain volt-
age, induce the phenomenon of avalanche injection[3],
the cause of bipolar transistor “second breakdown.”

The criteria above excludes most circuits as candidates
for diode recovery problems. All single transistor topolo-
gies are immune, and many multiple transistor topologies
are not subjected to commutation stress because the third
condition is not met. The following examples help define
which multiple transistor applications may develop prob-
lems. The first circuit is representative of the most com-
monly cited problem; the second is one in which com-
mutating dv/dt is not normally a concern.

Consider the bidirectional DC motor speed controller
illustrated in Figure 5. The direction of rotation depends
upon which transistor receives the PWM signal at its gate;
varying the duty cycle provides speed control. When one
transistor is controlling motor speed, the opposite one is
inactive as a MOSFET, but its diode serves as a com-
mutating rectifier. To reduce audible noise, designers
often operate their systems at frequencies greater than
20 kHz, so switching speeds are also high.

Reviewing the motor controller operation shows how
turn-on of the drive transistor, in this case Q1, impresses
commutating dv/dt stress on Q2’s diode. A cycle begins
with the turn on of Q1, which delivers current to the load.
Q1 then turns off and remains off for the rest of the cycle,

FIGURE 5-5 — A PWM DC MOTOR CONTROLLER IMPRESSES
DIODE RECOVERY STRESS ON THE POWER TRANSISTORS
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and the inductive load draws current from the negative
supply through D2. When Q1 turns on at the beginning
of the next cycle, load current begins to be supplied by
Q1 instead of Q2's diode. But of greater importance, Q1
also supplies the reverse recovery charge for D2. Current
in D2 and Q2's drain-to-source voltage are shown in Fig-
ure 6. The time thought to be most stressful is also
depicted in the figure. Note that the three elements
required for diode recovery stress are present. The diode
of Q2 is experiencing the combined stress of reapplied
high voltage, presence of minority carriers, and rapid
extraction of charge, as evidenced by high di/dt and dv/
dt.
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FIGURE 5-6 — TYPICAL WAVEFORMS IN A PWM DC MOTOR
CONTROLLER

A second example, although it is in many ways similar
to the first, is not usually subjected to commutating diode
stress. It is the 1/2 bridge switch mode power supply,
whose basic configuration is shown in Figure 7. The cru-
cial difference between this system and the motor control
circuit in Figure 5 is that the transistors are switching
alternatively. Under normal operation one transistor will
not turn on into a diode that is conducting current (which
is a second, abbreviated, way to state the criteria for
failure).

The idealized waveforms in Figure 8 show that output
rectifiers D1 and D2 are the primary freewheeling rectifiers
and the MOSFET diodes are essentially inactive. In reality,
however, each intrinsic diode must clamp the energy in
the transformer’s leakage inductance when the opposite
transistor turns off. Generally this is an acceptable situ-
ation since energies involved are small, diode conduction
is brief, reapplied voltage is only a fraction of the device
rating, and reverse recovery is slowed by parasitic induct-
ance. Consequently, in these circumstances the intrinsic
diode’s commutation characteristics are usually not an
issue.

For applications satisfying the three requirements, there
are circuit solutions that deal with the problem if it occurs.
One such approach is shown in Figure 9. Obviously, the
intent of this circuit is to circumvent the MOSFET’s limi-
tations by not allowing the intrinsic diode to conduct and
thereby accumulate stored charge. However, the higher
parts count, additional cost and the voltage drop due to
the diode in series with the FET are undesirable. Another
solution is to limit dv/dt and voltage stress by using snub-
bers or by slowing the turn-on of the MOSFET in the
opposite leg of the 1/2 bridge.

The optimum solution is to use devices that are indif-
ferent to recovery stress and that have safe operating
area curves that define and guarantee their capability.
With the introduction of the E-FET, Motorola is making
strides in both of these areas.
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FIGURE 5-7 — ALTHOUGH THE MOSFETs INTRINSIC DIODES
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FIGURE 5-8 — TYPICAL WAVEFORMS OF A 1/2 BRIDGE
SWITCHED-MODE POWER SUPPLY

Proposed CSOA Specification

One of the tasks before the power electronics com-
munity is to eliminate commutation problems associated
with the MOSFET's intrinsic diode. The necessary steps
are: 1) develop devices that are more resistant to com-
mutation stress, 2) define a test method to determine
device capability, and 3) provide ratings that detail the
safe operating area for the diode recovery mode. The
suggested rating is a Commutating Safe Operating Area,
or CSOA.

Motorola has already introduced the E-FET, which has
greater CSOA than its predecessors. But even with the
introduction of improved devices, users will remain cau-
tious, unless the new capability is defined and guaranteed.
Lack of a universally accepted test method to standardize
CSOA specifications is now the major hindrance in this
effort. Although this is unfortunate, it is understandable
since specifying CSOA is fairly complex.

Figure 10 shows the relationships between the various
parameters that influence CSOA. Upon inspection choos-
ing the most meaningful and convenient independent var-
iables for testing is not obvious. Motorola’s test results
indicate that the best approach is to use the three most
critical circuit dependent parameters. They are the forward
current in the diode just before commutation (IFp), reap-
plied voltage (or peak drain-to-source voltage when

+V

Schottky

D

Ultrafast
A Rectifier

FIGURE 5-9 — ONE WAY TO AVOID REVERSE RECOVERY
STRESS IN THE MOSFET’s INTRINSIC DIODE IS TO USE A
SCHOTTKY IN SERIES WITH THE MOSFET AND AN
ULTRAFAST RECTIFIER IN PARALLEL WITH THE MOSFET
AND THE SCHOTTKY

VDS(PK) > VR), and speed of commutation.

An example of a CSOA specification for a 15 A, 60 V
device is shown in Figure 11. This representation has the
advantage of using voltage and current axes, which are
common in other SOA curves. The third variable, di/dt
during the first part of reverse recovery, provides the mea-
sure of commutation speed.

Establishing the format shown in Figure 11 was a key
step toward quantifying the CSOA of many device fami-
lies. With that information design engineers were able
to identify device features that give a broad CSOA, and
they are now implementing improvements in device
design and processing to enhance performance in the
commutating mode. An example of such a device is the
recently introduced MTP3055E, a 12 A, 60 V replace-
ment for the MTP3055A. Within its voitage, current, and
temperature ratings it is virtually indestructible during
rapid commutation, as shown by the square SOA of
Figure 12. The practical limit of reverse recovery di/dt
is bounded by the parasitic inductance of the test circuit
and the voltage that is applied to the diode to force
reverse recovery. For example, a supply voltage of 50
V in a circuit with 100 nH of stray inductance allows a
maximum di/dt of 500 A/us (di/dt = Vpp/L). For a point
of reference, total D-S package inductance of the TO-
220 is about 10 nH.
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FIGURE 5-11 — TYPICAL COMMUTATING SAFE OPERATING
AREA OF A 15 A, 60 V DEVICE NOT DESIGNED TO WITHSTAND
DIODE RECOVERY STRESSES

Other methods of specifying diode recovery stress have
been proposed. Using a single dv/dt value was the initial
favorite because of its simplicity and the suspicion that
failures are predominantly dv/dt induced. This idea was
discarded for several reasons. First, devices do not fail
solely due to dv/dt. In fact, when failures occur, they are
rarely noted during peak dv/dt but are found later during
maximum voltage stress and reduced dv/dt. Second, dv/
dt varies considerably during reverse recovery and select-
ing a single representative value is difficult and too sim-
plistic. Third, dv/dt during commutation is a function of
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FIGURE 5-12 — COMMUTATING SAFE OPERATING AREA OF
THE MTP3055E IS MUCH BROADER THAN ITS PREDECESSORS

device characteristics and circuit conditions and is not
something that the user can easily control, except with
snubbers. Fourth, displacement current caused by diode
recovery dv/dt is dwarfed by reverse recovery current,
making the rate of extraction of stored charge much more
important. Finally, some intrinsic diodes are much snap-
pier than others (that is, the return of the diode current
from the reverse recovery peak to zero is very abrupt and
therise in Vpg to VR is very fast), and those diodes should
have to withstand the dv/dts that they inherently create.
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A High Voltage, High Speed
CSOA Test Fixture

Several CSOA test circuits have been built at Motorola.
One was targeted for high current, high speed testing; in
another the layout and associated slower switching
speeds were intended to be similar to those of a typical
motor control circuit; and a third was designed to handle
a wide range of voltages and currents. A fourth fixture,
the one described here, has as its strength the ability to
switch the DUT into voltages up to 450 V at very fast
commutation speeds.

This CSOA tester, whose schematic is shown in Figure
13, is designed to impart maximum DUT stress for a given
IFM, VR and di/dt. Circuit features include a well bipassed
reapplied voltage to allow maximum dv/dt and voltage
stress, a drive transistor with a very low Rpgon) for high
IRM, and a complementary emitter follower gate drive for
Q2 to reduce dv/dt effects on the driver when the diode
under test snaps off. (The drive transistor must support
a dv/dt of equal magnitude and opposite polarity of the
dv/dt that appears at the DUT. A drive transistor with a

high gate drive impedance will consequently limit voltage
during reverse recovery.)

An important assumption that influenced circuit design
is that test results are independent of duty cycle, or that
failures are caused by peak instantaneous stresses and
not by multiple exposures to lower levels of stress. (This
is not to say, however, that propensity for failure is inde-
pendent of T,.) If this assumption is true, and testing
indicates that it is, then circuit simplicity is vastly improved.
Also the layout can be much tighter and speeds much
faster if the Device Under Test, the DUT, requires very
little heatsinking.

The circuit's timing waveforms are aiso illustrated in
Figure 13, and circuit operation is as follows. Nor gates
A1 and A2 are connected as an astable multivibrator to
generate a relatively low clock frequency of 10 to 1000
Hz. The clock’s rising edge triggers two monostable mul-
tivibrators formed by A3 and A4 and B1 and B2. The signal
from A3 and A4 ultimately controls the on-time of the
MJE13009, which acts as a constant current source to
deliver the forward current, IFp, to the MOSFET's intrinsic
diode. IF)\ is set by varying R1.
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FIGURE 5-13 — SCHEMATIC AND TIMING WAVEFORMS OF A
HIGH VOLTAGE, HIGH SPEED CSOA TEST CIRCUIT
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The second monostable, B1 and B2, provides a delay
before Qg is turned on. Minimum delay is set to 10 us to
allow accumulation of stored charge in the diode’s junc-
tion. After that delay the monostable formed by B3 and
B4 sends a turn-on signal for 2 to 10 us. For the duration
of the turn-on pulse, Q2 applies reverse voltage to the
DUT's source-drain diode and forcefully extracts reverse
recovery charge. During reverse recovery the current bur-
den of Q2 includes the current delivered by the current
source. After Q2 turns off the current source is also gated
off and the system remains at rest until the next cycle.

A few circuit features make device testing easier. First,
the drain of the DUT is attached directly to the system
groundplane. This greatly simplifies monitoring Vpg and
improves measurement accuracy since using a differential
measurement technique or floating an oscilloscope is
unnecessary with this layout. Additionally, this method
allows use of a probe tip adaptor that provides an excellent
ground connection for the oscilloscope. These pains are
needed because the magnitude of Vpg is the most impor-
tant CSOA parameter and its rate of change can be
greater than 10 V/ns.

A second mundane but very necessary feature is the
capability of the circuit to withstand DUT failure. Current
surges at failure are principally limited by the rpg(on)
of the drive transistor Qo or its cut off current at the
gate-to-source voltage that is applied. In either case the
MOSFET’s ruggedness with respect to current surges
and the low duty cycle and limited on-time give the driver
the margin of safety it needs to survive.

Using the CSOA Specification

The CSOA format was chosen to make the rating easy
to relate to operating conditions in an application. The
designer must only maintain Vpg and I within specified
limits and remember that di/dt is specified as a maximum
allowable value. Pushing devices to their limit in a 1/2
bridge PWM DC motor controller produces failures that

track those seen in the CSOA testers. Therefore, the test
method and circuit are appropriate for simultating stress
in common applications. Nevertheless, designers should
be aware of how important circuit parameters can skew
the comparison.

Three other circuit parameters can degrade CSOA.
They are solely under the control of the design engineer
and are therefore difficult to include in a CSOA specifi-
cation. The first is the gate to source impedance of the
DUT. If Rgg or Lgs is high during reverse recovery, Vgs
can exceed VGS(”:? due to the large dv/dt that the intrinsic
diode generates. This dv/dt does not fully turn-on the
MOSFET but forces it into the active region and slows the
reverse recovery process, as seen in Figure 14. Since
operating in this mode increases commutation power
losses and clearly involves dv/dt turn-on (of the MOSFET,
not the parasitic BJT), decreasing Zgg is normally the
best approach. However, slowing reverse recovery with
higher gate-to-source impedance can reduce Vpg peaks
and may even keep the device from avalanching, which
is also shown in Figure 14.

Junction temperature is the second parameter that
degrades CSOA. Aithough one might intuitively suspect
that Ty has a first order effect on CSOA, test results to
date indicate that it does not. These results are easier to
believe when one recalls that RBSOA (Reversed Biased
Safe Operating Area) of bipolars is also relatively inde-
pendent of T . Another indication that T j has a secondary
effect is that DUT voltage and current waveforms are fairly
constant as Tj changes. Varying other more dominant
parameters often causes waveform changes that signal
impending DUT failure.

The final parameter over which the circuit designer has
strict control is the parasitic circuit inductance between
the positive and negative rails of the 1/2 bridge. This
inductance is unclamped and is likely to briefly avalanche
the DUT at very high commutation speeds. In all cases
this inductance should be minimized. The practical lower
limit is in the 100 to 200 nH range.
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FIGURE 5-14 — IF THE MOSFET OF THE REVERSE
RECOVERING RECTIFIER HAS A HIGH GATE-TO-SOURCE
IMPEDANCE, REVERSE RECOVERY TIME IS LONG AND PEAK
VOLTAGE STRESS IS LESS
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Relationship Between CSOA and UIS

It is tempting to believe that a UIS test (Unclamped
Inductive Switching) is an adequate substitute for a CSOA
test. The argument given is that the common cause of
device failure in the two modes is activation of the parasitic
bipolar transistor due to high Rgg, or base-emitter short-
ing resistance. Although this reasoning seems to make
sense, it is flawed in two ways.

The first is that some devices may pass a UIS test and
then fail in the commutating dv/dt mode due to device
deficiencies other than high Rgg. With its voltage termi-
nation rings, gate feeds, bonding pads and cell intercon-
nections, the power MOSFET is much more than a few
thousand paralleled cells. In some manufacturer's devices
itis clear that these secondary structural features can limit
performance in one test and not the other.

The second problem with correlation of UIS and CSOA
test results is caused by a flaw in the present UIS test
method. A study of UIS waveforms clarifies this point. As
evidenced by different voltage waveforms in Figure 15, a
device may react to overvoltage stress in at least three
ways. Some devices fail immediately in avalanche and
Vps collapses to about zero volts. Other MOSFETs can
maintain their V(BR)DSS during the entire transient — if
the current and pulse duration are not too great. In the
third case, the drain-to-source voltage of some devices
may collapse to a lower level. The lower voltage in ava-
lanche is associated with activation of the MOSFET's par-
asitic bipolar transistor. Thus, the magnitude of Vpg dur-
ing avalanche is the transistor's V(BR)CEO-

If the UIS supply voltage is increased above V(BR)CEO,
there is no mechanism to limit avalanche current and the

DUT normally fails. Therefore, the magnitude of the supply
voltage can have a great effect on a device’s energy han-
dling capability. Improving the present UIS test method to
detect devices that exhibit V(BR)CEQ snapback is rela-
tively simple. Instead of checking only for device failure,
the Vpg waveform in avalanche can be sampled to ensure
that it remains above the transistor's maximum Vpg
rating.

As switching speeds and test currents increase in the
commutating dv/dt mode, the device under test is likely
to see overvoltage transients. During the final phase of
reverse recovery the diode current is returning from its
negative peak toward zero. This current can be thought
of as decreasing drain current. If the diode recovers
abruptly, or snappily, the associated di/dt can be extremely
large, perhaps greater than 1000 A/us. These rates of
change in current are opposed by parasitic inductances,
and the polarity of the induced voltages is such that they
add to the reapplied voltage and increase the voltage
stress on the DUT.

Figure 16 shows the reverse recovery waveforms of a
10 A, 50 V device from manufacturer “A.” The effect of
the device’s V$BR)CEQ is clearly evident. The clipping of
the Vpg wavetorm at the device’s V(BR)CEQ (which cor-
responds to the value observed in UIS testing) and the
coincident drain current show that the device is in ava-
lanche. Even though the device passes this test, reliability
in this mode of operation is uncertain since the parasitic
bipolar is clearly being activated. If VR is increased to
greater than V(BR)CEO, failure is likely. Because of its
tendency to break back to a V(BR)CEOQ. this device could
fail in the commutating dv/dt mode, yet survive a UIS test.
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FIGURE 5-15 — A MOSFET CAN HAVE ONE OF THREE
RESPONSES TO AN OVERVOLTAGE TRANSIENT
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Chapter 6: Gate Drive Requirements

Power MOSFET Gate Drive
Requirements

Bipolar power transistors have been around for decades
— drive circuits for these devices abound. Power
MOSFETSs are new arrivals. They differ from their bipolar
counterparts especially in their input characteristics.
These differences and their implications must be under-
stood in order to insure that the MOSFET is operated in
an optimum fashion.

Driving a power MOSFET is tantamount to driving a
capacitive reactance network. Depending on the region
of operation, the input “sees” either Cjgg, the Common-
Source Input capacitance, or Crgg, the Common-Source
Reverse Transfer capacitance. Cigg is the sum of the
gate-to-source capacitance, Cgs, and the drain-to-gate
capacitance, Cdg. Cgs is made up of a voltage indepen-
dent capacitance between the gate structure and the
source metallization and a gate-to-channel capacitance
which varies significantly with operating conditions. Crgg
(Cdg) on the other hand, is mainly the MOS capacitance
between gate and drain regions. Its value increases
sharply during the latter stages of turn-on.

The device capacitances, especially the reverse trans-
fer capacitance, and the gate-drive source impedance
largely determine the device switching speed. Since the
MOSFET input capacitances vary significantly with the
die area, a given gate-drive will switch a smaller device
such as the MTP5N0O6 more rapidly than the larger
MTM15N40. However, two considerations complicate the
task of estimating switching times. First, since the mag-
nitude of the input capacitance, Cijgg, varies with Vpg,
the RC time constant determined by the gate-drive imped-
ance and Cjgg changes during the switching cycle. Con-
sequently, computation of the rise time of the gate voltage
by using a specific gate-drive impedance and input ca-
pacitance yields only a rough estimate. The second con-
sideration is the effect of the “Miller” capacitance, Cygg,
which is referred to as Cqq in the following discussion.
An example best explains why it influences switching
times.

When a high voitage device is “on,” Vpg is fairly small
and VGg is about 15 V. Cqg is charged to Vpg(on) —
V@GS, which is a small negative potential if the drain is
considered the positive electrode. When the drain is “off”
and is blocking a relatively high drain-to-source voltage,
Cdg is charged to quite a different potential. In this case
the voltage across Cdg is a high positive value since the
potential from gate-to-source is near or below zero volts
and Vpg is essentially the drain supply voltage.

During turn-on and turn-off, these large swings in gate-
to-drain voltage tax the current sourcing and sinking ca-
pabilities of the gate-drive. In addition to charging and
discharging Cgs, the gate-drive must also supply the dis-
placement current required by Cdg (igate = Cdg dVpg/
dt). Unless the gate-drive impedance is very low, the Vg
waveform commonly plateaus during rapid changes in the
drain-source voltage.

Input Capacitance

The traditional capacitance curves as shown in Figure
6-1 are somewhat meaningful, but they are not complete.
Unfortunately, because they are incomplete, they can also
be misleading. The fallacy of that presentation is that each
capacitance is shown as a function of Vpg and not as a
function of the voltage across that capacitor. For Cgpgs,
Figure 6-1 is correct as shown because the independent
voltage is Vpg with Vgg = 0 V. However, these curves
are normally used to determine input impedance, and for
Ciss and Cygg the curves omit important information. A
discussion of the variation of Cygg With Vpg best illus-
trates this point.
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FIGURE 6-1 — THIS TRADITIONAL REPRESENTATION
OF POWER MOSFET CAPACITANCES IS ACCURATE
BUT NOT COMPLETE.

The first step towards understanding the variation of
Crss with voltage is to study the change in Vpg during
the switching transition. When the device'is off, Vpg is
essentially at the drain supply voltage. At that same time
V@Gs is at or near zero volts, which means that Vpg is a
high positive value. When the device is in the “on” state,
a quite different situation occurs. Vgg is at roughly 10 V
and Vps is at Vpg(on). Therefore Vpg is equal to
VDS(on) — VGS(on), Which is normally a negative value.
It is this negative swing in Vpg that the traditional curves
do not address.

Now the importance of this additional information be-
comes evident. One possible presentation of the complete
curve is given in Figure 6-2. The variables plotted on the
abscissa (Vgs and Vpg) and the test conditions (Vpg
= 0 and Vgg = 0) reflect the common source test circuit
and the test conditions used to generate the two sections
of the curves. Consequently, this is the format shown on
Motorola’s data sheets. A Crgg (or Cigs) versus Vpg
curve is identical except that the voltage axis is simply
VDG, Where Vpg takes on negative values to the left of
zero and positive values to the right of zero. The dramatic
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FIGURE 6-2 — EXPANDING THE TRADITIONAL CAPACITANCE
CURVES TO SHOW THE VALUES OF Cjsg AND Cyss AS THE
MOSFET MOVES INTO THE “ON" STATE GIVES A COMPLETE
PICTURE OF THE CAPACITANCE VARIATION.

rise in Cygg of the MTHBNGO (Figure 6-2) from around 50
pF at positive voltages to about 3300 pF at negative volt-
ages simply cannot be ignored. This larger capacitance
dominates the input impedance during the latter stages
of turn-on and the first stages of turn-off.

Also it becomes apparent that the curves of Crgg and
Ciss as traditionally represented often lull the user into a
misconception. He might mistakenly assume that since
Vps never falls below Vpg(on) in his system, then Crss
never becomes greater than its value at a Vpg equal to
VDS(on)- Again, the problem with this reasoning is that
the voltage across Crgg When the device is “on” is not
VDS(on) but Vps(on) — VGs(on)-

Integrating the Crgg curve over the entire variation in
VpG to determine the amount of stored charge required
by Cysg is another convincing way to show the importance
of providing the complete capacitance curves. A rough
piece-wise linear approximation suffices to illustrate this
point. For the two regions above and below Vpg = 0V,
the charge required is roughly the change in Vpg times
the average value of Cygg in each region. For a 480 V
bus, for example, the charge to the right of zero is 24 nC

. Vps = 480V
18 Ip="6A
16 |— MTHBNGO
1 -

Vs, GATE-TO-SOURCE VOLTAGE (VOLTS)
3

o N B o ©
—~_

o

10 20 30 40 50 60 70 80
Qg, TOTAL GATE CHARGE (nC)

FIGURE 6-3 — INTEGRATING THE CAPACITANCE versus
VOLTAGE CURVES GIVES ACCURATE VALUES OF GATE
CHARGE

(480 V x 50 pF), and to the left the figure is 23 nC (7 V
x 3300 pF). In this case the traditional approach of only
specifying capacitances at positive voltages omits nearly
half of the required gate charge and can lead to under-
estimation of required gate drive.

Estimation of the amount of charge transferred to the
gate-to-source capacitance is also enlightening. In this
case A Vgs is roughly 10 V and Cgs (= Ciss — Crss)
is about 1100 pF. The charge in this instance is 11 nC (=
1100 pF x 10 V). Interestingly, even though Cgs is much
larger than Cygg at a Vpg of 25 V, Crgg under these
conditions requires about four times as much charge.
Also, integrating each of the two input capacitance curves
over the change in voltage that each one sees as the
MOSFET switches theoretically yields the required gate
charge. From the numbers computed above (24 + 23 +
11), the required Qg is 58 nC, which closely tracks with
the 10 V value (52 nC) shown in Figure 6-3.

One other problem area may arise when using capac-
itance measurements to compare input impedance of de-
vices from different manufacturers. Typically, Cisg and
Crgs are specified at a Vpg of 25 V, and comparisons at
that value may be a poor indication of the relative sizes
at other voltages. For instance, Figure 6-4 shows the Cygg
curves of two 500 V, 4.5 A devices from different manu-
facturers. At a Vpg of 25 V the device from manufacturer

10,000

—+ —t

5000 T+
Crgs versus Vpg for —f
2000 45 A, 500 V MOSFETs —
1000
S 50 RS
] A\ MANUFACTURER “B"
=
=200
2
5 100 =
S MANUFACTURER A"
50 NN
20 M—
10
-0 -5 0 5 10 15 2 25 30 35 40
VpG, DRAIN-TO-GATE VOLTAGE (VOLTS)
2000 ] l
1
1600 Crss versus Vpg for __|
4.5A, 500 V MOSFETs
o 1200
= =
5
5 N\
- \
= 800
=3
g \
S MANUFACTURER "B"
° a0 AN
0 | MANUFACTURER “A”

-1 -5 0 5 0 15 2 25 30 3B 4
VpG. DRAIN-TO-GATE VOLTAGE (VOLTS)

FIGURE 6-4 — SINCE CAPACITANCE CURVES OF DEVICES FROM
DIFFERENT MANUFACTURERS SOMETIMES CROSS, USING A
SINGLE VALUE OF CAPACITANCE TO COMPARE INPUT
IMPEDANCE IS NOT A GOOD IDEA. IN THESE TWO FIGURES
THE SAME INFORMATION IS SHOWN IN TWO DIFFERENT
FORMATS.
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“B” has a Cygg about 50% less than that of the device
from manufacturer “A”. However, the difference is actually
pretty insignificant when compared to the large differences
between values at other voltages. Note too that the curves
cross and that overall the device from manufacturer “A”
actually has the lower Cygs.

Photographs of switching times in Figure 6-5 confirm
what might be expected from a study of the complete

TURN-ON OF DEVICE A

Vps |
50 VDV |

capacitance curves — device “A” is the faster switch. The
gate charge waveforms shown in Figure 6-6 are a more
dependable means of judging relative switching speed.
For these reasons manufacturers are de-emphasizing the
importance of capacitance specifications at a single value
of Vps, namely 25 V. Circuits for testing the MOSFETs
inter-terminal capacitances are given in Chapter 12.

TURN-ON OF DEVICE B

Vbs
50 V/DIV

Ves !
2VDIV

FIGURE 6-5 — ALTHOUGH DEVICE “B"” HAS THE LOWER C,ss AT A Vpg OF 25 V, DEVICE “A” IS THE FASTER SWITCH
SINCE ITS CAPACITANCE IS LOWER AT OTHER VOLTAGES. Rgs = 25 Q,Ip = 5 A, Vpp = 300 V

VGs
2V/DV

5 us OR 5 nC/DIV

FIGURE 6-6 — GATE CHARGE WAVEFORMS ARE A MORE ACCURATE MEANS OF PREDICTING SWITCHING
SPEEDS THAN CAPACITANCE SPECIFICATIONS. Ip = 5 A, Vpp = 300V, Ig = 1 mA

Gate Charge Specifications

Another means of specifying the size of the input imped-
ance of a power MOSFET is to provide a gate charge
curve. As the name suggests, such a curve indicates the
amount of charge that must be supplied to the gate to
effect the various stages of turn-on. These curves and
the associated gate charge ratings are gradually replacing
input capacitance specifications because of their simple
format, ease of use, and the wealth of information they
contain.

Understanding the gate charge test circuit aids in the
interpretation of the gate charge waveforms. All gate
charge test circuits, such as the one shown in Figure 6-
7, employ a constant current source to charge the
MOSFET’s input capacitance. A constant Ig ensures
that Cjgg is charged at a fixed rate (i = g/t). The Vgs
waveform then, is a representation of VGg versus gate
charge as well as Vgg versus time.
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FIGURE 6-7 — GATE CHARGE TEST CIRCUIT

A second current source is usually used in the drain to
set the desired drain test current. As will be discussed
shortly, using a current source as a load helps sharpen
the inflection points of the Vgg waveform. Gate charge
waveforms can be used to show turn-off behavior, but
they are normally used to describe turn-on characteristics.

Figure 6-8 shows the gate-to-source voltage, the drain-
to-source voltage and the drain current waveforms during
turn-on of the MTP15N06. In this instance, the gate drive
is a 1 mA current source and a 15 A current source is the
load in the drain.

Each inflection point on the gate charge waveform de-
fines the beginning or end of a distinct interval during the
turn-on process. The time required to deliver charge Q1
to the gate is the turn-on delay time. At Q2 the drain-to-
source voltage has fallen to Vpg(on) and all switching is
complete. When a charge equal to Q3 is supplied, the Qg, TOTAL GATE CHARGE (nC) OR TIME (us)
gate is charged to VGg(on) and no'more gate charge is
required. The magnitude of VGg(on) is somewhat arbi-
trary, but in this case a VGg(on) of 10 V requires 15.5
nC of gate charge. During turn-off the amount of time
required to remove Q3 minus Q2 is the delay time. Re-
moval of Q2 minus Q1 allows the drain-to-source voltage
to rise to the supply voltage, and discharging Q1 brings
Vs back to zero volts. Obviously, to satisfy conservation
of charge, the charge supplied to the gate during turn-on
is equal to and opposite that required for turn-off.

The slope of curve at any point can be interpreted as
being the reciprocal of the capacitance during that portion
of the switching interval (i = C dv/dt yields C = A Qg/A
V@s)- Even a brief look at a typical gate charge waveform
reveals that the slope or input capacitance takes on at )
least three different values. As Vgg rises from zero volts, SADV )
Ciss is relatively small, which makes charging rather easy.
During the next portion of the curve, the capacitance ap-
pears to be infinite since additional charge brings little, if
any, change in VGgs. When the plateau ends, Vgg is free

FIGURE 6-8 — GATE CHARGING WAVEFORMS ARE RIPE
WITH INFORMATION REGARDING MOSFET SWITCHING

to rise again, but not nearly as fast as it did during the TIME 2 us/DIV

first interval. The capacitance curves and a description of :

the change in Vpg during the switching transition aid in FIGURE 6-9 — AS VpG APPROACHES ZERO VOLTS,
explaining why there are three distinct slopes during the SWITCHING SLOWS CONSIDERABLY DUE TO A
switching interval. DRAMATIC INCREASE IN Cygs.

|
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The slopes of the gate charge waveform in the first and
third intervals can be directly related to capacitance values
shown on the capacitance curves. In the first interval the
slope of the gate charge curve indicates that Cjgg is equal
to 4 nC/7 V or about 570 pF. The similarity between this
value and the magnitude of Cjgg in Figure 6-10 at higher
voltages is not a coincidence. Until Vg rises beyond
VGS(th): the MOSFET remains off and Vpg remains con-
stant and equal to the supply voltage. Consequently, dur-
ing this interval Cjgg is also constant.

2000

1600

1200
N

CAPACITANCE (pF)

800 —
N Ciss

400

Crss

0
-1 -10 -5 0 5 0 15 2 25 30 3B
VpG. DRAIN-TO-GATE VOLTAGE (VOLTS)

FIGURE 6-10 — COMPLETE Ciss AND Crsg CURVES
OF THE MTP15N06

On the other side of the plateau, Cigg takes on a much
larger value. There the change in charge divided by the
change in Vgg yields a capacitance of around 1300 pF.
This corresponds to the value of Cjgg at drain-to-gate
voltages below —5 V. Therefore, for circuit modeling in
the first and third intervals of turn-on the magnitude of
Cijss can be estimated by measuring slopes of the gate
charge waveform or by selecting values of Cjgg from op-
posite ends of the capacitance curve.

. Estimation of Cjgg during the plateau is also possible.

Even though the slope of the curve is near zero, Cigg is
not infinite as it may first appear. In this region the delta
VGs is approximately zero, so no charge enters Cgs. All
the charge instead enters Cgg, which makes the mag-
nitude of Cygg and its variation with Vpg the parameters
of importance. The analysis is simplified somewhat if it is
recognized that since AVGgs = 0, AVpg = A Vps. That
allows computation of Cygg from A Q/A Vpg instead of A
Q/A VpG.

During the the Vgg plateau there is a distinct change
in the slope of the Vpg waveform as the voltage nears
VDS(on)- In the first portion of the plateau Cygg is approx-
imately 100 pF (4 nC/40 V), which appropriately corre-
sponds to the highest drain-to-gate voltage in Figure 6-
10. After that inflection point the turn-on process slows
considerably, hinting of a much larger capacitance.
Indeed, Crgg during the second portion of the plateau is
roughly 7 nC/10 V or 700 pF. That value corresponds to
a Vpg of around —5 V on the Cgg versus Vpg curve.
So although C;gg varies throughout its entire range during
the Vpg transition, it could be modeled as taking on only
a pair of values. One value would correspond to positive
drain-to-gate voltages and a second figure for negative
voltages.

The drain-to-gate voltage waveform associated with
Figure 6-8 is shown in Figure 6-9. This photograph clearly
shows that just before Vpg changes polarity the slope
changes and switching slows due to an abrupt increase
in Crss.

A look at the gate-to-source capacitance and its vari-
ation with Vg completes the analysis of how the input
impedance varies during the switching cycle. From Figure
6-10 and the equation Cgs = Ciss-Crss, Cgs is easily
determined. It is commonly assumed that Cgs is an in-
variant capacitor formed by the polysilicon gate and the
source metallization. This belief is supported by the tra-
ditional representation of the capacitance curves. How-
ever, for many devices a large portion of Cys is the ca-
pacitance between the gate and the channel, and this
capacitance varies considerably as the device turns on.

The now familiar pattern of modeling the capacitor with
two values reappears. From Figure 6-10 the value of Cgs
before and during turn-on is nearly 500 pF whereas after
turn-on it falls to less than 200 pF. As was previously
shown for the MTHBNE0, integrating these curves over
the correct voltage ranges yields gate charge figures that
are very close to data on gate charge curves.

There is some confusion regarding the slope of the VGg
waveform during the plateau region. It is often stated that
during the plateau the slope is an indication of the gain
of the device. This is true for resistive loads, but the re-
active nature of the load also strongly affects the mag-
nitude of the slope.

In many gate charge test circuits a MOSFET that is the
same device type as the device under test is used as a
constant current source in the drain. For an ideal current
source the turn-on load line is capacitive, that is, the drain
current reaches its steady state value just as the drain
voltage begins to fall. Except for the premature dip in Vpg
due to the MOSFET being an imperfect current source,
Figure 6-8 illustrates this phase relationship quite nicely.

Figure 6-8 also clearly shows that the slope of the VGgg
waveform in the plateau region is zero. This should be
expected from the load line shown in Figure 6-11. First
Ip rises to 15 A before any appreciable change in Vps.
Then during the entire Vpg transition Ip is constant, re-
quiring no change in VGgs.

Once the basic concepts of gate charge characteriza-
tion are mastered, understanding the effect of varying load

2
OUTPUT CHARACTERISTICS

16 — OF AN MTP15N0S
— 1
2 7 LOAD LINE DURING
£ SWITCHING OF A h
e ] CONSTANT CURRENT SOURCE \
w
o
e L
o
=
g
24

.
0
-0 10 20 30 a0

Vps, DRAIN-TO-SOURCE VOLTAGE (VOLTS)

FIGURE 6-11 — CURRENT SOURCE YIELDS A CAPACITIVE
LOAD LINE AT TURN-ON
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current and supply voltage is simple. As Ip increases, the
required gate-to-source voltage, which is dictated by the
transfer characteristics, also increases. As Figure 6-12
shows, this causes the plateau to occur at higher voltages.
Figure 6-13 shows the effect of changing Vpp. Varying
VpD changes the potential through which Crgg must be
charged. The increased charge requirements account for
the lengthening of the plateau at greater supply voltages.

VGs
2VIDIV
. MTPI5NOG
0,
. 2 us
(g, TOTAL GATE CHARGE (2 nC/DIV) OR TIME (2 us/DIV)
FIGURE 6-12 — INCREASING DRAIN CURRENT RAISES THE
HEIGHT OF THE PLATEAU
Ves

2VIDIV |

i

2 s
Qg, TOTAL GATE CHARGE (2 nC/DIV) OR TIME (2 us/DIV)

FIGURE 6-13 — INCREASING THE SUPPLY VOLTAGE CAUSES
THE PLATEAU TO LENGTHEN

Uses of Gate Charge Data

Sometimes gate charge is politely thought of as an in-
teresting, but not particularly useful, parameter. Often en-
gineers do not develop an interest in the parameter simply
because using gate charge is not the conventional method
of determining input impedance. Although using gate
charge may be-somewhat different from typical ap-
proaches, it is not difficult, and it certainly is a useful and
informative specification.

Of course, the most straightforward use of gate charge
data is to help determine the amount of charge that must
be supplied to the gate to fully turn-on a device. That
charge can be separated into three parts, each of which
coincides with the requirements of a portion of the switch-
ing interval. The first portion defines the charge needed
during the turn-on delay; the second indicates the charge
necessary to effect the rise or fall of Vpg; and the charge
in the third region is associated with the turn-off delay.
Also the curve clearly defines the penalty of additional
charge exacted for using an unnecessarily large gate-to-
source voltage.

Once the amount of charge is known, determining the
current required to obtain a desired switching speed is an
exercise in basic algebra (q = it). In Figure 6-8 the voltage
fall time occurs while a charge equal to Q2 — Q1, or 8
nC, is being supplied. Therefore, a.100 ns transition re-
quires an average Ig of 8 nC/100 ns, or 80 mA.

The major limitation of this type of analysis is that gate
drives are rarely constant current sources. Most are more
accurately represented as a voltage source in series with
a fixed internal resistance. Therefore, what is normally of
interest to a designer is the value of resistance required
for a given switching speed.

With a few reasonable assumptions, gate charge con-
cepts can be successfully applied in this instance, too.
The basic concepts here are (1) except for extraordinarily
fast switching speeds (<50 ns) the rise of the gate-to-
source voltage stalls in a plateau region, regardless of the
type of gate drive and (2) the drain-to-source voltage ex-
cursions occur during the plateau of Vgs.

When the gate voltage stalls during turn-on, the voltage
across the gate drive resistance is simply Vgg
—VGS(plateau) and IG is equal to this voltage drop di-
vided by the drive impedance (Figure 6-14c). The nearly
constant Ig during the fall of Vpg is shown in Figure 6-
14b. This provides the link to the use of gate charge data.

Suppose, for example, that the desired Vpg fall time
during turn-on of the MTP15N06 is 2 us. This time and
the 8 nC of required gate charge, which is the charge
during the plateau of Figure 6-12, fix the necessary gate
drive current at 4 mA (8 nC/2 us). For a 10 A load the
plateau occurs at a Vgg of 7.5 V, and with a 10 V gate
drive the potential across the gate drive internal imped-
ance is only 2.5 V. These figures yield a gate resistance
of 620 ohms (= 2.5 V/4 mA). As the oscilloscope wave-
forms of Figure 6-14 show, this method of selecting gate
drive impedance is fairly accurate. As expected, decreas-
ing the gate drive impedance by a factor of ten brings a
tenfold decrease in switching time.

It is also enlightening to pursue the reason for the more
rapid turn-off in Figure 6-14 even though the gate drive
impedance at turn-on and turn-off are the same. The an-
swer is simple; the gate current is greater due to a higher
potential across the internal impedance. The current dur-
ing the turn-off plateau is VGS(plateau) — VGS(off) di-
vided by Rg. In this case the numbers are (7.5 — 0 V)
+ 620 ohms, or about 12 mA, instead of the 4 mA at turn-
on. As it should be, the ratio of currents is proportional to
the switching speed.

The second major benefit of the concept of gate charge
is that it enhances understanding of the MOSFET’s
switching behavior. Three examples prove this point. First,
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understanding that the MOSFET is controlled by gate
charge helps in predicting the effect of the gate drive
impedance on switching speeds. Theoretically, halving the
impedance of the gate drive should double the rate of
charging and halve the switching times. This has been
shown to hold true over a five decade change in gate drive
current.

Second, the concepts reveal the weakness of using or
specifying only the values of capacitance at a single point
on the capacitance versus voltage curves. And third, they
show that even though Cgg is the larger of the input
capacitances at a Vpg of 25 V, Cygg has the greater effect
during most of the switching interval.

A more subtle benefit of the gate charge curve is that
it provides the data required for accurate device modeling.
As was shown earlier, the input impedance and the switch-
ing behavior of the MOSFET can be modeled by selecting
values of Crgg and Cgs from the slopes of the gate charge
waveform. Using these values yields results that are much
more meaningful than those obtained by using a smgle
value of each capacitor at Vpg of 25 V.

The trend towards the use of higher switching frequen-
cies in such applications as the series resonant power
supply make estimation of required gate charge and trans-
ferred energy of increasing importance. As operating fre-
quencies increase, the MOSFET’s “high input imped-
ance” eventually consumes substantial drive current.
Charging and discharging Cjgg (and Cggg) every cycle
can result in an energy loss large enough to affect overall
efficiency. In addition to its other more common uses, the
gate charge curve also helps in estimating the energy
consumed by the gate.

The familiar formulas, E = 1/2 CV2 and 1/2 QV, apply
only to fixed values of capacitance. For voltage dependent
capacitors such as the Cjgg of the power MOSFET, the
gate voltage versus gate charge curve must be integrated
between VGs(off) and VGS(on) to determine transferred
energy. This energy is stored in Cjgg during turn-on and
(b) GATE CURRENT is normally lost when the gate is clamped to the source
at turn-off. Multiplication of this energy by the switching
frequency gives the associated power loss.

For example, consider the energy stored in the input
capacitance of the MTM15N50. For a Vg of 10 V the |
area under the curve in Figure 6-15 is 0.625 uJ. This loss i

1 ps/DIV

(a) GATE-TO-SOURCE AND DRAIN-TO-SOURCE VOLTAGE
WAVEFORMS DURING RESISTIVE SWITCHING

1 psiDV

VGS(on) RL 16

Voo 2]
PULSE MTP L S
GENERATOR on R 15N06 - i
IMPEDANCE g
DRIVER +Vg— e
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= = 2
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g ENERGY STORED IN Cigg
(c) SWITCHING SPEED TEST CIRCUIT ] AND LOST DURING TURN-OFF
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FIGURE 6-14 — BECAUSE THE GATE-TO-SOURCE VOLTAGE Qu, TOTAL GATE CHARGE (1)
AND GATE CURRENT ARE RELATIVELY CONSTANT DURING 9
THE Vps EXCURSIONS, GATE CHA D
ESTIMATE GATE DRIVER IMPEDAz?:E ggg :EI)ggliE; ° FIGURE 6-15 — THE GATE CHARGE CURVE OF THE
SWITCHING SPEED. MTM15N50 GIVES INFORMATION REGARDING THE ENERGY

CONSUMED WHILE DRIVING THE MOSEFET's GATE.
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normally goes unnoticed even though this device is one
of the largest available. Even at a switching frequency of
1 MHz, the dissipated energy is only 0.625 watts. Note,
however, that if the gate is driven to a Vgg of 16 V then
the losses rise to 1.275 uJ and 1.275 W.

Yet to be included in this analysis of drive losses is the
energy consumed by the gate drive as it delivers the re-
quired gate charge. Figure 6-16 shows the equivalent cir-
cuit of an idealized gate drive network in which S1 com-
pletes the charging path and Sp controls discharging.

AV

Ron

51

Ciss A~ VGs

FIGURE 6-16 — IDEALIZED GATE DRIVE CIRCUIT

Regardiess of the magnitude of the equivalent resistance
and the rate of charging, the size of Cjss and VGS(on)
determine the energy transferred during turn-on and dis-
sipated at turn-off. Likewise, the energy dissipated in Rgp
is also independent of the size of Rop, and the gate drive
current. Again, integration of a Q versus V curve gives
energy, but this time the appropriate voltage is VGG —
V@Gs. This integration is equivalent to finding the area
between the gate charge curve and Vgs = VGG.

Now the picture of the gate drive losses is complete.
Total losses are simply VGS(on) times the required gate
charge.

Common Source Switching

TTL Gate-Drives

Driving a TMOS power transistor directly from a CMOS
or open-collector TTL device is possible, but this circuit
simplicity is obtained at the cost of slower switching
speeds due to the charging current required by the
MOSFET’s parasitic input capacitance and the limited
source and sink capabilities of these drivers.

A TTL device with a totem pole output and no additional
circuitry is generally not an acceptable gate-drive network.
In this case, the output voltage available is approximately
3.5 volts, which is insufficient to ensure the MOSFET will
be driven into the ohmic region. A slightly more promising
situation would be to use a pull-up resistor on the TTL
output to utilize the entire 5.0 V supply, but even the full
5.0 V on the gate would not guarantee the MOSFET will
conduct even half of its rated continuous drain current.

The open-collector TTL device, when used with a pull-
up resistor tied to a separate 10 to 15 V supply, can
guarantee rapid gate turn-off and ensure sufficient gate
voltage to turn the MOSFET fully on (Figure 6-17). Turn-
on is not as rapid because the pull-up resistor must be
sized to limit power dissipation in the lower TTL output
transistor. However, when concerned about dynamic
losses incurred while switching an inductive load, the gate
fall time is more critical than the rise time due to the phase
relationship between the drain current and drain-source
voltage. Figure 6-18 shows a configuration providing fast
turn-on, yet reducing power dissipation in the TTL device.

Vbp
+5.0V
+15V

Open
Collector
TTL

FIGURE 6-17 — DRIVING TMOS WITH OPEN COLLECTOR TTL

+15V

+5.0V

“AAA

Open
Collector
TTL

FIGURE 6-18 — OPEN COLLECTOR TTL-TMOS INTERFACE FOR
FASTER TURN-ON AND REDUCED POWER DISSIPATION

When the lower transistor in the TTL output stage is
turned on, shunting the MOSFET input capacitance to
ground, modeling the bipolar as a saturated device may
not be appropriate. The current sinking capabilities of TTL
devices in the low output state is limited by the beta of
the pull-down transistor and its available base current,
which varies with the product line and TTL family. Table
1 shows the current source and sink capabilities of various
TTL families.
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Although the TTL peak current sinking capability might
be twice the continuous rating, faster turn-off can be
achieved by using an outboard transistor to clamp the
gate-to-ground (Figure 6-19). In this configuration, the bi-
polars are operating as emitter followers. As such, they
are never driven into saturation and their associated stor-
age times do not significantly affect the switching fre-
quency limit.

Vv
15V oo

5.0V

Open
Collector <

3
TTL 1 j

FIGURE 6-19 — OPEN COLLECTOR TTL DRIVING
COMPLEMENTARY EMITTER FOLLOWER

CMOS Gate Drives

Driving the power MOSFET directly from CMOS pre-
sents a different set of advantages and disadvantages.
Perhaps most important, CMOS and power MOSFETs
can be operated from the same 10 to 15 volit supply. A
gate voltage of at least 10 volts will ensure the MOSFET
is operating in its ohmic region when conducting its rated
continuous current. This benefit allows the designer to
directly interface CMOS and TMOS without any additional
circuitry including external pull-up resistors. Again, how-
ever, circuit simplicity results in slower MOSFET switching
due to the limited current source and sink capabilities of
CMOS devices. Table 2 compares the output current ca-
pabilities of standard CMOS gates to that of the CMOS
buffers (MC14049, 14050). Note that while the current
sinking capacity of the buffers is improved significantly
over that of the standard CMOS gate, the current sourcing
capacity is not. The figures in Tables 1 and 2 indicate the
current at which the device can still maintain its output
voltage within the proper logic level for a given logic state.

TABLE 1 — TTL Output Current Source
and Sink Capabilities

Output Drive
Family High (Source) Low (Sink)
74LS00 0.4 mA 8.0 mA
7400 0.8 mA 16 mA
9000 0.8 mA 16 mA
74H00 1.0mA 20 mA
74S00 1.0 mA 20 mA

As an illustration, with a Vpg of 15 V, a standard CMOS
gate can typically source 8.8 mA in the HIGH state without
its output falling below 13.5 volts.

If the switching speeds of CMOS buffers are not rapid
enough, the discrete buffers suggested for use with TTL
devices (Figures 6-18 and 6-19) can also be used to in-
terface CMOS to TMOS. The only difference is the pull-
up resistors are unnecessary for CMOS. Another differ-
ence in the two technologies that may affect the maximum
switching frequency limit is that the TTL gates typically
have faster switching times.

Other Gate Drives

In certain situations pulse transformers are an effective
means of driving the gate of a power MOSFET. They
provide the isolation needed to drive bridge configurations
or to control an N-Channel MOSFET driving a grounded
load. One of the simplest examples of such a circuit is
the first circuit in Table 3 where the rise, fall, and delay
times for this and the other circuits to be discussed are
tabulated.

The diode in Circuit 1 is present simply to limit the
flyback voltage appearing across the drive transistor Q1.
A transformer turns ratio of one-to-one was chosen to
provide an appropriate voltage at the secondary given the
15 volt primary supply voltage. A potential problem with
this circuit is that the duty cycle influences the magnitude
of Vgg because the volt-seconds produced during the on
and off intervals at the secondary must sum to zero. Fig-
ure 6-20 indicates that increasing the duty cycle de-
creases the maximum gate-source voltage. As the duty
cycle increases above 33%, for the given primary voltage
of 15 volts, the peak gate voltage falls below 10 volts and
may eventually drop to a point where the device is no
longer operating in the ohmic region. Increasing the pri-
mary voltage to 20 volts would increase the maximum
allowable duty cycle.

+13.5V ]
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FIGURE 6-20 — VARIATION OF Vgg WITH DUTY CYCLE
IN PULSE TRANSFORMER GATE-DRIVE

The basic pulse transformer topology of Circuit 1 also
has both maximum and minimum pulse width limitations
in addition to those imposed by the volt-seconds require-
ments. The current in the primary winding may ramp-up
to excessive levels due to magnetic saturation, especially
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TABLE 2 — CMOS Current Source and Sink Capabilities

B-Series Gates (MC14001CP) CMOS Buffers (MC14049, 14050CP)
Vob Min (mA) Typ (mA) Min (mA) Typ (mA)

Vou=25V 50V -2.1 -4.2 -1.25 -2.5
Current
Source Vou=95V 10V -1.1 -2.25 -1.25 -25
Capability

Vo =136V 15V -3.0 -8.8 -3.75 -10

VoL=04V 5.0V 0.44 0.88 3.2 6.0
Current
Sink VoL =05V Vv 1.1 225 8.0 16
Capability

VoL=15V 15V 3.0 8.8 24 40

in the smaller pulse transformers, if the pulse width is too
wide. On the other hand, very short pulse widths may
cause two different problems. First, transformer leakage
inductance may limit current sourcing capability during a
significant portion of the turn-on interval of a very small
pulse width. Second, the pulse width must be wide enough
to allow the magnetizing current (Iy,) to ramp-up signifi-
cantly, because the stored energy (defined by the current
in the magnetizing inductance) provides turn-off drive to
the MOSFET gate. To eliminate the problem of Iy, varying
with pulse width and to improve turn-off drive, the circuit
shown in Figure 6-21 may be used.

+15V

RL

AAA
VWA~

,
FIGURE 6-21 — CIRCUIT TO ELIMINATE THE VARYING OF Iy,
WITH PULSE WIDTH

A modification to the basic transformer gate-drive circuit
described above is the addition of a zener diode in series
with the clamping diode (Circuit 2). The zener allows ad-
ditional flyback voltage to appear across the primary ter-
minal, when Q1 is turned off. When this additional poten-
tial is induced across the secondary, it initially provides
greater reset voltage levels and, thus, more rapid gate
turn-off. Naturally, inherent in this circuit are the same duty
cycle, pulse width and frequency limitations that accom-
panied Circuit 1.

Circuit 3 is very similar to Circuit 1 except the gate
resistances are scaled upward and one is shunted by a

diode. The purpose of this configuration is to speed up
the MOSFET turn-on while leaving the turn-off slow in
comparison. While the MOSFET input capacitance can
charge rapidly through the diode, it must discharge
through the two relatively high impedance gate resis-
tances. This might be done to minimize inductive flyback
voltage or any other undesired phenomena occurring dur-
ing very rapid turn-off.

A variation of the push-pull converter is used to drive
the gate of the MOSFET in Circuit 4. When Q1 is turned
on, the 10 volts across the lower of the two primary wind-
ings induces the same potential in No. The voltage seen
at the secondary, due to the 2:1 step-down ratio (N{ +
N2/N3), equals the primary supply voltage. At turn-off, the
potential across No reverses and is clamped to the 10 V
supply by D1. Now N2 induces its voltage in N{ and the
potential appearing at the secondary reverses in polarity
but the magnitude is still 10 volts. If the pulse width is long
enough to generate sufficient magnetizing current, this
circuit yields good current sinking capabilities.

Two opto-coupled drive circuits are shown in Circuits 5
and 6. Circuit 5 is one of the most straightforward ways
of developing a low impedance gate-drive from the output
of the optocoupler. This circuit, however, is plagued by
long switching delays that limit the useful operating fre-
quency. These delays are inherent in the optocoupler and
their magnitudes are affected by the phototransistor’s out-
put load impedance. If this impedance is lowered, as ac-
complished with Circuit 6, the gate-drive turn-off delay is
significantly lower. Besides the complexity of these cir-
cuits, especially Circuit 6, the gate-drive’s bipolar output
transistor, Q2, must remain on the entire time that the
MOSFET is off. The energy dissipated in these two drivers
during low duty cycle operation may be critical if efficiency
is a major concern.

Circuits 7 and 8 are similar versions of a circuit that can
be used as a high performance gate-drive. The base cur-
rents for the bipolar drives must be push-pulled as shown
in Figure 6-22. MOSFET turn-on is initiated during a pos-
itive transition of the input pulse. Q1 is turned on, sup-
plying the required base current for Q3, which is Baker
clamped to minimize its turn-off storage time. Both circuits
have excellent turn-on times because of the low imped-
ance path provided between the supply and the gate of
the MOSFET.
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TABLE 3 — Switching SPeeds Gate Switching Times (ns) Drain Switching Times (ns)
of Various TMOS Gate Drives Turn-on Turn-on Turn-off Turn-off Turn-on Turn-on Turn-off Turn-off
Delay Rise Delay Fall Delay Fall Delay Rise
(Vin Vs Vq) Time (Vinvs Vq) Time (Vin vs Va) Time (Vinvs V2) Time
W
vi vz
Circuit 1
Simple Pulse 0 15 85 35 230 25 25 185 20
Transformer
W
Circuit 2 v2
Pulse
Transformer 15 90 25 190 30 25 125 35
w/Flyback
Zener
+V
With
Diode 30 95 220 1250 60 35 640 230
+ V1 D1
Circuit 3 Y _U vz
Pulse
Transformer 39k
w/Speed-up
Diode
Without
Diode 50 1500 280 1100 220 340 660 230
D1
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TABLE 3 — Switching Speeds Gate Switching Times (ns) Drain Switching Times (ns)
of vaﬂous TMOS Gate Drives (continued) Turn-on Turn-on Turn-off | Turn-off Turn-on Turn-on | Turn-off Turn-off
Delay Rise Delay Fall Delay Fall Delay Rise
(Vinvs Vq) Time (Vip vs Vq) Time (Vin vs V) Time | (V;,vsVj) Time
WV .
Circuit 4 vz
Quasi
Push-Pull 15 85 40 230 30 25 160 35
Transformer
Drive
Ve WV
Circuit 5 r vi
g‘andg“’ i 33k b va 3900 460 1600 140 4000 80 1750 20
pto-Coupling i
. . gL
Circuit v 4N25 %5 ﬁz 15k
750
+WV
Circuit 6 v2
g;ﬁ: %owu}: lng 3700 420 450 120 3800 75 520 20
Circuit
Circuit 7
High v2
Performance 20 60 25 30 30 20 45 15
Push-Pull
Circuit




€-9-1
Viva 134SON HIMOd SOWL VIOHOLOW

TABLE 3 — Switching Speeds

of Various TMOS Gate Drives (continued)

Gate Switching Times (ns)

Drain Switching Times (ns)

Turn-on
Delay
‘Vin vs V1)

Turn-on Turn-off
Rise Delay
Time (Vin vs V1)

Turn-off
Fall
Time

Turn-on
Delay
(Vinvs V2)

Turn-on
Fall
Time

Turn-off
Delay
(Vin vs Vz)

Turn-off
Rise
Time

Circuit 8
High
Performance
Push-Pull
Circuit

+15V

20

60 45

70

40

25

85

Circuit 9
Low Power
Schottky
L

110

5000 60

600

480

1000

375

150

Circuit 10
Paralleled
Low Power
Schottky
L

Jo
vi

45

1800 30

210

180

140

50

Circuit 11
Paralleled
SN7407
Buffers with
Pull-Up
Resistance

@V

2/6 SN7407

25

710 30

140

60

60

130

30




TABLE 3 — Switching Speeds Gate Switching Times (ns) Drain Switching Times (ns)
of Various TMOS Gate Drives (con“nued) Turn-on Turn-on Turn-off Turn-off Turn-on Turn-on Turn-off Turn-off
Delay Rise Delay Fall Delay Fall Delay Rise
(Vipvs Vq) Time (Vinvs V) Time (Vinvs V2) Time (Vin vs V2) Time
v o
® R1=20k 30 140 20 20 50 20 40 10
Circuit 12
SN7407 Buffer
Driving a v2
Complementary q
Emitter-Follower =
= SN7407 R1=5.1k 60 430 20 20 110 40 40 10
5 =
3
o
% N
o
g
> 6/6 MC14049
_| “10V
= Circuit 13
o
o Six Paralleled 200 v2
g; - CMOS Inverters Vin q 30 920 20 130 100 160 90 30
L Q (MC14049UB) L
B E Vi
m
p)
<
(]
[}
mn
m
—
JO> Circuit 14
T
N Dual
Peripheral
Driver 370 100 170 80 280 50 230 15
(MC1472)
*Transformer Specs:
Ferroxcube 3019P3CB
Ng =Ny =N3=10Turns
#19 Trifilar Wound
Lp~0.6 mH
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FIGURE 6-22 — PUSH-PULL BASE DRIVE FOR CIRCUITS 7 AND 8

Turn-off occurs when the falling edge of the input pulse
is differentiated by the series combination of R1 and C1,
thus turning on Q2. Base current is then free to flow into
Q4, clamping the gate-to-ground or a negative potential.
The duration of the clamping interval may be adjusted by
varying the RC network. Before the occurrence of another
input pulse, the MOSFET will remain off due to the 470 Q
gate-source resistance.

Circuits 9 through 12 are examples of how TTL devices
may interface with the TMOS power MOSFET. The first
of the circuits, number 9, has a very simple interface be-

tween the open collector, Low Power Schottky SN74LS05
hex inverter and the MTP12N10. Turn-off speed is fair,
considering the circuit simplicity, but turn-on speed is poor
because of the large value of R1 needed to protect the
inverter from excessive power dissipation when the TTL
output is low. Putting three such buffers in paraliel, Circuit
10, reduces all the associated switching times by a factor
of nearly two-thirds.

Another TTL device with an open collector output is
utilized in Circuit 11. Two of the six buffers in the SN7407

" operate in parallel with only a pull-up resistor and the gate

of the MOSFET connected to the collector of the high
voltage (30 volts) output transistors. The associated
switching times are quite respectable given the simplicity
of the drive circuit.

Another application of the SN7407, as mentioned ear-
lier, is to use it to drive a discrete complementary emitter-
follower buffer (Circuit 12). Lowering the pull-up resistor,
R1, increases the turn-on speed at the expense of in-
creasing gate turn-off power dissipation.

Figure 6-23 shows an MTM12N10 being driven by a
CMOS MC14050CL Hex Buffer. To obtain the maximum
output current source and sink capability, all six buffer
elements are paralleled.

While the pull-up resistor is not a necessity (as it is with
open-collector TTL devices), it does balance the current
source and sink capabilities of the CMOS buffer. Without
that resistor, one could expect siower turn-on but the drive
circuit would be more efficient because the CMOS device
no longer must sink the current drawn through R1 when
the CMOS outputs are low. Of course, fewer than the six
paralieled inverters could be used at the cost of slower
switching. Figure 6-24 shows the switching waveforms
without a pull-up resistor. For the six buffer elements in
parallef the peak lg during turn-on is about 350 mA and
900 mA during turn-off.

While not as fast as other more elaborate drive circuits,
the MC14050CL offers an inexpensive single power sup-
ply device that interfaces directly to CMOS and MHTL
circuitry.
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FIGURE 6-23 — MC14050CL HEX BUFFER AS A DRIVER
FOR POWER MOSFET
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Figure 6-25 shows the results of the MTM12N10 being
driven by a single MC14050CL buffer element. Note the
time scale has been doubled to allow Vgg to rise to its
upper rail. The gate current scale is a factor of four smaller:
peak gate currents of about 70 mA during turn-on and
240 mA during turn-off are seen.

Several ICs that were originally intended for other ap-
plications have been adopted by some circuit designers
looking for fast, yet simple and efficient MOSFET gate-
drive schemes. One such device is the MC1472, a dual
peripheral driver, designed to interface MOS logic to high
current loads such as relays, lamps and printer hammers.
Because each of the two output transistors can sink 300
mA, MOSFET turn-off times are short when this device
is used in a gate-drive network. Turn-on times are also
short in Circuit 14 because the value of R1 is so low that
it only minimally impedes the current during the charging
of the MOSFET input capacitances. The advantage of this
large current sourcing capability is once again offset by
the significant currents that will flow whenever the
MC1472 output is low to turn the MOSFET off. In fact, for
the 25 ohm pull-up resistor and a Vg of 15 volts, that

current approaches the combined sinking capabilities of
the two output transistors in that package.

The DS0026 Clock Driver has been designed to drive
high capacitance loads. It features a peak output current
of 1.5 A and transition times of about 30 ns when driving
capacitance loads equivalent to the Cjgg of a power
MOSFET. Input drive voltages for the DS0026 are com-
patible with Series 54/74 TTL devices, such as the
MC7405 Hex Inverter (OC). Detailed information regard-
ing transition times versus load capacitance and power
dissipation can be found in the DS0026 data sheet.

Figure 6-26 identifies the DS0026 driving an
MTM12N10. To illustrate the high peak gate currents that
can be sourced by the DS0026, no resistance was in-
cluded between driver output and MOSFET gate. It is
important to remember that, with gate current transitions
occurring in the low nanosecond range, any lead induct-
ance between driver and gate will add (L/Rg) delay to the
gate circuit. Keep the distance between driver output and
gate terminal as short as possible when fast switching
times are important.

MMHO0026CL

Veg=20V
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25V
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FIGURE 6-26 — DS0026 CLOCK DRIVER AS A
DRIVER FOR POWER MOSFET

Input/output waveforms of the MTM12N10 are shown
in Figure 6-27. Although not shown, the maximum drain
current was 5.8 A. Figure 6-27 shows that 1.2 A gate
current spike that occurs during the turn-on phase, and
the 1.5 A negative current pulse occurring during the turn-
off phase as Cqg is re-charged through the 3.7 ohm load
resistor by the 25 V supply. The high voltage pulse that
occurs as Vpg rises towards 25 V can be attributed to
the kick-back of the 3.7 ohm load resistor’s parasitic in-
ductance of about 90 nH. This drain voltage spike can be
limited by the insertion of an appropriately sized resistor
in series with the DS0026 and the gate of the MTM12N10,
to increase the RqCiss time constant, if the increase in
turn-on time is acceptable.

Other examples of ICs that are used to drive the gate
of a power MOSFET are the MC1555 timer, the TL494
pulse width modulation control circuit and the MC75451
peripheral driver. As power MOSFETSs gain in popularity,
more drivers specifically designed for MOSFETs will
appear. :

High Side Switching

In some situations, connecting the load to the negative
bus is either convenient or necessary. In such instances
the switching element must be referenced to the positive
rail as shown in Figure 6-28. As with PNP and NPN bi-
polars, both P-channel and N-channel power MOSFETs
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FIGURE 6-27 — POWER MOSFET SWITCHING WAVEFORMS
WITH DS0026 CLOCK DRIVER

can perform this switching function. The following discus-
sion of high side switching centers about the P-channel
in a common source configuration, and an N-channel
source follower as illustrated in Figures 6-29a and 6-29b.
All of the coneepts presented also apply to the upper
switch (or switches) in totem pole or bridge configurations.
Figure 6-29c shows that Q1 is essentially operating in a
source follower mode when Q2 is turned off and is effec-
tively out of the circuit.

P-Channel Power MOSFETs

To complement some of the N-channel devices,
Motorola also produces P-channel power MOSFETSs. Be-
cause current carriers in the P-channel devices are holes,

v+ vt

VWA~

~AAA,

‘V—O v~

FIGURE 6-28 — HIGH
SIDE SWITCHING

FIGURE 6-29a — P-CHANNEL IN
A COMMON SOURCE
CONFIGURATION

FIGURE 6-29b — N-CHANNEL
AS A SOURCE FOLLOWER

which have lower mobility than the electron carriers of the
N-channel devices, the rpg(on) of P-channel MOSFETs
is always greater for a given die size and drain-source
breakdown voltage. This impedes the development of truly
complementary -devices. For instance, if equal on-resis-
tances are desired, the unequal die dimensions will man-
date differences in all die area dependent parameters
such as capacitances, pulsed current ratings, thermal re-
sistance and safe operating areas.

The application will determine which of the device pa-
rameters — whether it be the on-resistance, drain-source
breakdown voltage, transconductance, etc. — need be
matched closely. Table 4 compares the pertinent electrical

— "

[~ ; |[<— ar
1
‘b
B3

| Q2

v-0 V-

FIGURE 6-29¢c — TOTEM POLE
NETWORK REQUIRES HIGH
SIDE SWITCHING
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parameters of the MTP8P10 with those of N-channel de-
vices that may be considered as device complements.
Besides showing the MTP8N10 is not always the best
choice for a complement to the MTP8P10, the table also
indicates the die area of a P-channel device must be
approximately doubled to achieve the on-resistance of an
N-channel device with the same V(BR)DSS rating.

P-channel power MOSFETSs can simplify certain circuit
configurations much in the same way that PNP bipolars
can. The circuit simplicity obtained when using P-channel
devices to switch a grounded load, for instance, may more
than offset the price differential between the N- and P-
channel devices.

In Figure 6-30 the source is connected to the positive
rail and the drain is attached to the load. As such, the
MOSFET is off when Vgg = 0 V and begins to turn on
as VGs (a negative quantity) rises in absolute magnitude
above the device threshold voltage. Current would then
be free to flow from the source-to-drain and into the load.
Still, a logic signal, which is normally referenced to ground,
must be used to control the gate. A level shifter, followed
by a discrete emitter-follower buffer can supply the proper
logic levels while at the same time provide rapid MOSFET
switching. The NPN-PNP buffer could be omitted if slower
switching is desired.

N-Channel High Side Switching

Instead of using a P-channel as the high side switch,
another choice is to use a less expensive N-channel
power MOSFET with the load placed in the source circuit
— a source follower.

Since there is no voltage gain in a source follower, the
gate voltage must equal the output voltage plus the gate-
source voltage at that particular load current. Also, for
efficient power transfer, the source voltage, when
switched on, should approach the positive rail (limited by
'DS(on))- Thus, the gate voltage should be well above the
positive rail, i.e., VG = VGS(on) + VS =~ VGS(on) +
Vpp. For hard gate turn-on, Vg should be greater than

P-Channel
TMOS

b

FIGURE 6-30 — LEVEL SHIFTER FOR P-CHANNEL MOSFET
DRIVING A GROUNDED LOAD

10 V. Consequently, the gate voltage for a 12 V system
could approach 22 V. This higher than Vpp supply gate
voltage can be achieved by several techniques:

1. A separate gate supply at least 10 V greater than
Vpp.

. Pulse Transformer

. Optoisolator

. Bootstrapping

. Voltage doubler

. Inductive (flyback)

oA WD

TABLE 4 — Complements of MTP8P10

P-Channel N-Channel Units
MTP8P10 | MTP8N10 | MTP12N10 | MTP20N10
Drain-Source Voltage (Max) 100 100 100 100 Vdc
Continuous 8.0 8.0 12 20 Adc
'o Pulsed 25 20 30 60 Adc
Max Power Dissipation 75 75 75 75 Watts
Threshold Voitage 20t045 | 20t04.5 | 20t045 | 20t0 4.5 Vdc
On-Resistance @ Ip/2 (Max) 0.4 0.5 0.18 0.15 ohms
Transconductance (Min) 2.0 1.5 3.0 6.0 mhos
Input Capacitance (Max) 1200 400 1200 1400 pF
Qutput Capacitance (Max) 600 350 " 500 1200 ‘ pF
Reverse Transfer Capacitance (Max) 180 150 250 400 pF
Fall Time (Max) 150 60 100 200 ns
Rise Time (Max) 150 120 150 450 ns
Normalized Die Area 1.0 0.45 0.66 1.0 —
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SEPARATE SUPPLY

The most straightfoward way to accomplish high side
switching with an N-channel MOSFET is to drive its gate
with a separate supply (Figure 6-31). The auxiliary supply
voltage must be from 10 to 20 volts greater than Vpp to
initiate turn-on. Inherent in the circuit simplicity is the ob-
vious disadvantage of the need of the second supply,
especially since its output must be greater than what is
commonly the system’s high voltage bus. Another con-
sideration is that turn-off switching speeds will be de-
graded due to the flyback voltage forward biasing the gate-
source unless the load inductance is clamped with a free-

wheeling diode.
VAaux ] Vbp

+10V

FIGURE 6-31 — HIGH SIDE SWITCHING USING
AN AUKXILIARY SUPPLY

PULSE TRANSFORMERS

Pulse transformers are a very popular and practical way

of driving an N-channel MOSFET serving as the upper
element in a bridge network or as any other high side
switch. The beauty of the transformer drive is that the
gate-drive signal is easily referenced to the source of the
MOSFET, as Figure 6-32 illustrates. Circuits 1 through 4,
(page 1-6-11 and 1-6-12) will perform just as well with the
load common to the source and the drain tied to the pos-
itive rail. Other considerations for pulse transformer gate-
drive design are also addressed in that section.

]
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FIGURE 6-32 — PULSE TRANSFORMER DRIVER

OPTOISOLATORS

A third way to drive a source follower is to reference
the gate-drive signal to the source of the MOSFET with
the aid of an optoisolator. Figure 6-33 is an example of
such a drive network. As long as the Vo2 supply and
the emitter of the optoisolator remain referenced to the
source, the load can be common to either the source or
the drain. The additional supply to power the output of the
optoisolator must be able to raise the gate voltage above
Vpp. Either the supply must be isolated from the Vpp
supply or must be generated from it with a bootstrapping
technique.
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FIGURE 6-33 — DRIVING A SOURCE FOLLOWER
WITH AN OPTOISOLATOR

BOOTSTRAPPING

The simplicity of bootstrapping makes that method the
one of choice if its limitations are inconsequential in the
specific application or they can somehow be circum-
vented. The bootstrapping circuit in Figure 6-34 generates
the required gate-to-source signal. One of the main prob-
lems with this topology is that the load cannot remain in

+V

?

o~

FIGURE 6-34 — BOOTSTRAPPING CIRCUIT TO DRIVE
A GROUNDED LOAD WITH N-CHANNEL TMOS
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FIGURE 6-35 — N-CHANNEL SOURCE FOLLOWER WITH
VOLTAGE DOUBLER DRIVE

the on state for an unlimited period of time because the
finite charge stored in C1 is eventually bled off. A second
problem is that this circuit cannot switch high voltages
since C1 will be charged to the system supply voltage
and then this potential will be impressed across the gate-
to-source. Fortunately, in applications that require
grounded loads, such as those in the automotive industry,
the supply voltages are often compatible with this method
of bootstrapping.

VOLTAGE DOUBLER

The gate voltage can be raised much higher than the
source or supply voltage by using a voltage doubler, as
shown in Figure 6-35. Voltage multipliers using diodes
and capacitors require an oscillator input of which a simple
and inexpensive method of obtaining this signal uses a
CMOS astable multivibrator, designed with a quad two-
input NOR gate MC14001. Gates G1 and G2 form the MV
and the parallel connected gates G3 and G4 serve as a
low output impedance buffer stage for driving the doubler

network. When these gates are powered with the same
VDD supply as the power MOSFET high side switch, the
output of the doubler (input to the FET gate) will approach
twice Vpp, due to the voltage doubling effect of diodes
D1-D3, capacitors C1, C2 and the input capacitance Cigg
of the FET switch. Obviously, Vpp cannot exceed the
maximum voltage of the CMOS (+18 V).

If greater switch output voltage is required with increas-
ing Vpp, the CMOS supply can be zenered and more
diode-capacitor stages cascaded to raise the gate voltage.

With the component values shown, the astable MV will
oscillate at about 350 kHz. This signal and, consequently,
the switch can be gated ON and OFF by applying the
indicated control voltage to the second input of gates G3
and G4. However, due to the low power output of the
CMOS IC, switching speeds are quite slow — tens of
milliseconds — limiting this circuit to slow switching ap-
plications. Turn-off time can be supstantially improved by
employing an input capacitance Cigg discharging clamp
transistor.

+15V
+15V 9
1Y MTP
. Bvo anes |
wH :
1N4934 1IN5362A | Q2 f—
MC14572 | S [ AP |
+15V 5
o 1 3303
— 0.1 uF
+16V \ =
| I R ¢
off | 3
250 3
on ov }
=
VCONTROL 100k -
= o
MTP3N12

f =~ 100 kHz

FIGURE 6-36 — N-CHANNEL SOURCE FOLLOWER WITH
FLYBACK CONVERTER DRIVE
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FLYBACK CONVERTER

Another circuit for raising the gate voltage well above
the supply voltage, one that uses a flyback converter, is
shown in Figure 6-36. The power switch used in this con-
verter, an MTP3N12 power MOSFET (Q1), is easily driven
by the CMOS, 100 kHz, astable multivibrator (MV). This
circuit uses two of the Hex Inverter MC14572 gates (G1
and G2) as the MV with the remaining four inverters, in
parallel, providing the gate-drive to the FET, about 25 mA
peak to charge Cijgs. When Q1 turns on, the drain current
ramps-up to about 0.8 A and upon turn-off, the flyback
voltage reaches about 60 V. This inductor stored energy
is then dumped into the diode-resistor-capacitor load cir-
cuit to provide the bias for the power FET switch Q2
(MTP12NO05), about 13 V gate-source (28 V gate-ground).
The series connected 15 V zener diode blocks the Vpp
supply from reaching the gate of Q2, when Q1 is off.

With this amount of gate-drive, the Vpg of Q2, under
a 6.0 A load, measured about 0.5 V, resulting in rpg(on)
of 0.08 Q. This calculates to about a 97% voltage transfer
(94% power transfer).

As in the previous source follower gate-drive circuit, the
power switch is enabled by a zero logic level to one input
of NOR Gate G1. For this circuit, however, turn-off switch-
ing speeds are much faster — about 0.15 ms — due to
the relatively higher power output of the converter gate-
drive.

This type of gate-drive can also be used in totem-pole
(half or full-bridge) configurations, where the upper switch
is also essentially a source follower. For details, see the
Motor Controller Section.
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Chapter 7: Paralleling Power MOSFETSs

Paralieling Power MOSFETSs in Switching Applications

In some applications, the most beneficial characteristic
of the power MOSFET is its ability to be paralleled to
increase current conduction and power switching capa-
bilities. Current sharing among devices is important in all
of the modes in which the MOSFET may conduct current.
These modes are:

1 — Fully “on” during static conditions.

2 — Switching applications including transient (turn-
on and turn-off) and pulsed conditions.

3 — Applications in which the drain-source diode will
conduct current.

4 — Linear applications.

Since the considerations for each case are quite dif-
ferent, each must be investigated independently before
the MOSFET can be regarded as a device that is easily
paralleled. The following sections show that the MOSFET
can be paralleled in each of the four modes provided
certain simple recommendations are followed.

Static Current Sharing Design
Considerations

Although increasing junction temperature raises the
on-resistance and the conduction losses of the power
MOSFET, definite benefits are attributable to the positive
temperature coefficient of rpg(on). If a portion of the chip
begins to hog current, the localized temperature will in-
crease, causing a corresponding increase in the rpg(on)
of that portion of the chip, and current will shift away to
the cooler, less active, portions of the die. This trait ac-
counts for the tendency of the device to share current
over the entire surface of the die’s active region. Because
current crowding and hotspotting are eliminated under
normal operating conditions, there is no need to derate
power MOSFETSs to guard against secondary breakdown.

The argument supporting current sharing within a de-
vice, due to the positive temperature coefficient of
DS(on)- is easily extended to the case of paralleled de-
vices. As within a single device with some imbalance in
DS(on) Over the die’s active area, an imbalance or mis-
match of rpg(on) between devices will cause an initial
current loading imbalance between devices. The resulting
rise in junction temperature and on-resistance of the de-
vice with the lowest rpg(on) will decrease that device's
drain current and will establish a more equal distribution
of the total load current in all paralleled devices.

While this tendency is definitely observable, its influ-
ence on the degree of current sharing is often over-
estimated. In the power MOSFET, the current sharing
mechanism is not triggered simply by high junction tem-
perature, but by the difference in T between the low and
high 'DS(on) devices. Due to the generally small thermal
coefficient of rpg(on). this difference in junction temper-
ature sometimes must be substantial to attain a high de-
gree of current sharing.

Since the ultimate concern is for optimum reliability, the
emphasis should not be placed on obtaining large deltas
in T to force a greater degree of current sharing. On the
contrary, the effort should be focused on decreasing T
of the hottest device. This is accomplished by close ther-
mal coupling of the paralleled devices, provided that the
total heat sinking capability is not compromised by doing
s0. This will tend to minimize the differences in both case
and junction temperature. Before a worst case example
of these concepts can be examined, some knowledge of
the range of the variation of rpg(on) Within production
devices must be obtained.

Unless devices are matched for identical on-
resistances, there will be at Ieast a slight mismatch in their
individual drain currents. The worst case situation is ob-
viously the paralleling of devices with the widest possible
variation in rpg(on). Two wafer lots of the MTP8N18 were
sampled to obtain some idea of the range of variation of
DS(on) Within the same wafer lot and between wafer lots.
In addition to information on rpg(on). Table 1 contains
data on the parameters important to dynamic current shar-
ing which will be addressed later. From this information,
one will have to design for a worst case rpg(on) mismatch
of 30%.

TABLE 1 — Variation of rpg(on), 9FS; and VGs(th)
in Two Wafer Lots of the MTP8N20*

'DS(on) grs VGS(th) | sample

Min | Max | Min | Max | Min | Max Size
Wafer Lot | 0.231)0.297 | 3.704 | 4.878 | 2.300 | 4.080 100
Wafer Lot Il |0.239 | 0.305 3.571}4.878 3.685 (3.910 50

*Data was taken on first generation TMOS devices. The most recent devices
may give different dispersions.

DS(on) is influenced by the magnitude of the drain
current and the junction temperature. Ip and T are, in
turn, a function of the power dissipation, which is strongly
dependent upon rpg(on). The quality of heat sinking and
thermal coupling between devices also affects Ip and T;.
These interdependent relationships make an analytical
attempt to determine the degree of current sharing be-
tween several devices with a given rpg(on) mismatch
rather complicated. An example of an iterative analytical
process used to accomplish this end follows. The esti-
mated Ip mismatch is somewhat dependent on the initial
assumptions.

Design requirements could include the following:

1. Maximum desired junction temperature is 125°C.

2. Sufficient heat sinking will be supplied to maintain a

90°C case temperature when Tp = 35°C during
maximum power dissipation.

3. Assume worst case rpg(on) Mmismatch for the

MTP8N20 is 0.230 to 0.400 ohms @ Ip = 4.0 A
and Ty = 25°C.
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From these conditions, the worst case variation in Ip,
Pp and Ty needs to be determined. First, the thermal
coefficient of rpg(on), CT, must be determined from the
on-resistance versus drain current curve (Figure 7-1).

& 08 v v
= Vgs = 10V
S
8
= 06
= =
2 Ty = 100°C L
&=
8 N e
g 04 T = 5 T
3 t ~
e Ty = —55% 1
£ 02
o
=)
8
w
£ 0
0 40 80 120 160

Ip, DRAIN CURRENT (AMPS)

FIGURE 7-1 — ON-RESISTANCE versus
DRAIN CURRENT — MTP8N18

TDS(on) - "DS(on) .
As Ty = 100°C Ty = 25°C
_ArpS(on) _
CT.'D=8«° ATTAT T 100°C-25C
047 - 0.32Q
= 7c - 0.002 Q/°C

In addition to assuming that Ct is invariant with tem-
perature and drain current, itis also supposed that thermal
coupling between device heat sinks is negligible. From
the maximum desired junction temperature (Ty = 125°C),
case temperature (Tc = 90°C), and the junction to case
thermal resistance (Rgyc = 1.67°C/W) of the MTP8N20,
the maximum power dissipation and case to ambient ther-
mal resistance are easily calculated.

_ Ty - Tc _ 125-90°C

PD = “H" = Terow ~ 209 W

Tc — Ta _ 90-35°C
PpD 2096 W

Reca = 2.62°C/W

Attention is then focused on the device with the lowest
IDS(on) since it will be dissipating the most power. At a
Ty of 125°C its rpg(on). drain current, and Vpg are:

DS(on) +(Ty — 25°C) Ct

— DS(on)
Ty = 125°C Ty = 25°C

0.230 + (125-25) .002
= 0430 Q

/ Pp /20.96
Ip = = [—— =698 = 7.0 Amp
D 'DS(on) 0.430

Vps = D * DS(on) = (7) * (0.430) = 3.0 Voits

To determine the operating conditions of a high resis-
tance device operated in parallel with a low resistance
device, an iterative technique must be employed. The
approach is to estimate the junction temperature of the
cooler device and from that, compute the rpg(on) at that
Ty, the current and power dissipated, and the new junction
temperature. The computations are then repeated until
the process converges on the correct solution.

The first iteration proceeds as follows:

For Ty = 100°C:

'DS(on - 'DS(on) _ oEo,
) Ty = 100°C Ty =25¢c ¥ (T4~ 25C) Cr
= 0.400 + (100-25) 0.002 = 0.550 Q
v2 3
=——— =" = 1636 W
DS(on)  0.550

ATyc = Pp * Rgyc = 16.36 * 1.67 = 27.33°C
ATCA = Pp " RgcA = 16.36 * 2.62 = 42.87°C
Ty = ATyc + ATCA + TA = 27.33 + 42.87 + 35 = 105.2°C

After two more iterations, the algorithm converges. The
results are tabulated for comparison with those of the low
resistance device in Tabie 2. In addition to the case of
negligible thermal coupling, the idealized situation of per-
fect thermal coupling of the cases is also included for
direct comparison. The performance trade-off between
the two examples is that little thermal coupling will achieve
a greater degree of current sharing at the expense of
higher junction temperature in the hottest device (119°C
versus 125°C). Since TJ(max) most directly influences
reliability, close thermal coupling of devices is encour-
aged. The manufacturer can best do this by paralleling
chips on a common heat sink.

TABLE 2 — Static Current Sharing Performance of
Mismatched MTP8N20

Negligible Thermal| Perfect Thermal
Case Coupling Case Coupling

'DS(on) | 'DS(on) | 'DS(on) | FDS(on)
Min Max

Min Max
Device | Device | Device | Device
DS(on) @ Ty = 25°C 0.230 0.400 0.230 0.400
(Ohms)

v |Ip (Amps) 7.00 5.38 7.14 5.24
Pp (Watts) 21.0 16.1 21.3 15.7
Steady State T, (°C) 125 104 119 110
DS(on) @ Steady 0.430 0.558 0.419 0.570
State Tj ()

A point essential to the above calculations is that the
steady state thermal resistance was employed to compute
the junction temperatures. For pulsed conditions Rgjyc
can vary significantly, and the transient thermal resistance
obtained from the thermal response curves must be used
to make this calculation. During switching transitions,
there is insufficient time to establish differences in junction
temperature and power MOSFETs may not current share
in the same manner.

MOTOROLA TMOS POWER MOSFET DATA

1-7-2



Dynamic Current Sharing Design
Considerations

The term “dynamic” is broadened here to include not
only current during turn-on and turn-off, but also peak
current during narrow pulses and small duty cycles. Under
these conditions, not enough RMS current is present to
cause differential heating of the junctions which triggers
the tendencies of the devices to share current. Since the
argument supporting current sharing under static condi-
tions is based on differences in junction temperature due
to an imbalance of power dissipation and drain currents,
that reasoning does not support the concept of current
sharing during dynamic conditions. However, even without
the benefit of the positive temperature coefficient, power
MOSFETSs can current share reasonably well with simple
and efficient gate-drive circuitry.

The issues of greatest concern to those interested in
dynamic current sharing of paralleled MOSFETSs are listed
and described in order below.

1. Device parameters that influence dynamic current
sharing.

2. Variation of pertinent device parameters from lot to
lot.

3. Required device parameter matching to achieve
safe levels of current distribution.

4. The effects of switching speed on dynamic current
sharing.

5. The requirements and effects of circuit layout.

6. The possibility of self-induced oscillations.

Device Parameters That Influence Dynamic
Current Sharing

The device parameters that influence the degree of dy-
namic current sharing are the transconductance (gfs),
gate-source threshold voltage [VGS(th)]: input capaci-
tance, and the on-resistance rpg(on). However, the de-
vice characteristic that most accurately predicts how well
paralleled MOSFETSs will current share during turn-on or
turn-off is the transconductance curve, i.e., the relation-
ship between the drain current and the gate-source volt-
age. To obtain optimum current distribution during turn-
on and turn-off, the ideal situation is to have all gate-
source voltages rising (or falling) simultaneously on de-
vices with identical transconductance curves. This com-
bination would ensure that as the devices switch through
the active region, none would be overstressed by a current
imbalance. Figures 7-2a, 7-2b and 7-2c show the nearly
perfect degree of current sharing obtainable solely by
matching the gfg curves. The current probe used induced
a 20 ns delay in the current waveform in the oscillograms
shown.

Since plotting the entire g¢g curve of each device is very
time consuming, matching VGs(th) or gFs at some drain
current has been suggested as a simpler criterion for
matching paralleled MOSFETs. While much of the liter-
ature suggests the importance of matching VGs(th),
which is normally defined as the minimum gate voltage
at which a small drain current (usually specified as 1.0
mA) begins to flow, this does not accurately indicate the
shape of the Ip versus Vgg curve at higher currents.

Ip of Devices
#35, #52, #53, and #70

Ip
2.0 Aldiv
Vas Vgsof I
S | E
50 ns/div

FIGURE 7-2a — PARALLELED TURN-ON
Ip
20 Aldiv
VGs
10 Vidiv

Vs of
Each Device

50 ns/div

FIGURE 7-2b — PARALLELED TURN-OFF

D = o Devices
2.0 Aidiv 8 #35, #52, #53, and #70

20 psldiv

FIGURE 7-2c — COMPOSITE Ip WAVEFORM FOR
TURN-ON AND TURN-OFF

FIGURE 7-2 — INDIVIDUAL Ip WAVEFORMS OF
FOUR PARALLELED MTP8N18 WITH MATCHED
TRANSCONDUCTANCE CURVES —
RESISTIVE LOAD (DRAIN CURRENT WAVEFORMS
ARE DELAYED 20 ns)
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Devices with 1.0 mA thresholds that vary by as much as
2.0 volts do not usually, but can, have nearly identical
transconductance curves above 100 mA. Conversely,
those devices out of a group of one hundred MTP8N20
found to have the widest variation of gFg curves had
thresholds that varied by only 4%. Therefore, for optimum
current sharing, the ideal solution is to use devices with
identical curves, and comparing thresholds may not be
the best way to achieve this.

Another simple, yet more consistent, method is to match
devices by comparing the maximum drain current they will
conduct at a gate voltage higher than VGgqth). For ex-
ample, all four devices shown in Figure 7-2 conduct an
Ip of 4.0 A at a Vgg of 6.0 volts and were found to have
nearly identical grg curves (Figure 7-3). Though similar
to matching thresholds, this method matches points on
the gfs curve that are more germane to the intended ap-
plication of the devices.

Variation of Pertinent Device Parameters
from Lot to Lot

Before any definitive statement may be made concern-
ing the degree or type of matching required for safe
dynamic current sharing, the variation of pertinent device
parameters from lot to lot must be known. Two wafer lots
of the MTP8N20, with sample sizes of 100 and 50 units
respectively, were characterized for this pupose. The
maximum and minimum values of threshold voltage,
transconductance, and on-resistance are shown in Table
1. Figure 7-4 illustrates the widest variation in grg curves
within Wafer Lot | and is similar to the results obtained
from Wafer Lot II.

20 T
Vpg = 15V

Pulse Width = 80 us

18 Ty = 25 -

14 /
12 /
10

}/ Curves for Devices

80 #35, #52, #53, and #70 are
/ nearly identical

6.0

40

Ip. DRAIN CURRENT (AMPS)

20

7

4.0 5.0 6.0 70 8.0 9.0 10 "
Vs, GATE-TO-SOURCE VOLTAGE (VOLTS)

FIGURE 7-3 — TRANSCONDUCTANCE CURVES OF
MATCHED MTP8N20
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40 5.0 6.0 7.0 8.0 9.0 10 "
Vs, GATE-TO-SOURCE VOLTAGE (VOLTS)

FIGURE 7-4 — WIDEST VARIATION IN TRANSCONDUCTANCE
CURVES FOUND IN WAFER LOT |

Obviously, the possibility of larger than expected vari-
ations in these pertinent parameters diminishes as the
number of sampled wafer lots increases. To get an ade-
quate sampling of available devices, the user could char-
acterize devices with different date codes or obtain units
from several distributors.

Required Matching for Safe Levels of Current
Distribution

After characterization and determining the degree of
variation possible, the effects of matching or mismatching
the critical device characteristics can be observed. The
circuit used for this study is shown in Figure 7-5. Some
of the possible modifications of the circuit include adding
resistors in series with the gate to slow the turn-on and
turn-off, and a second MOSFET may be included to clamp
the gate bus to ground to observe the effects of very rapid
turn-off.

In this discussion of resistive switching, Figure 7-2 will
serve as a standard for comparisons since matching tran-
sconductance curves has achieved such good perfor-
mance. Extreme care was taken to provide as pure a
resistive load as possible. The 1.6 ohm load was con-
structed from 39, 62-ohm carbon composition resistors
connected in parallel between two copper plates. Though
the drain wiring and load inductances were very small,
during rapid turn-on, the L/R time constant of the circuit
may be the factor that limits the current rise times and not
the switching speed of the MOSFETs.

One of the worst case situations is to parallel devices
with greatly mismatched grg curves. Representing the
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FIGURE 7-5 — DYNAMIC CURRENT SHARING TEST CIRCUIT

matched devices in the given circuit poses no significant
reliability hazard.

Matching the 1.0 mA thresholds does not guarantee the
nearly perfect results of matching the grg curves, as
shown in Figure 7-7. Although their thresholds were

widest variation in the grg curves in Wafer Lot I, Figure
7-4 shows the curve of a device that will begin to turn on
with a rising Vgg slightly sooner than the other three
devices. It may be expected that device #33 will turn on
first and possibly fail due to current overload. However,

since the variation in the Ip versus Vgg curves of these
mismatched devices is small, the failure will not occur. As
shown in Figure 7-6, parallel operation of these mis-

Ip
2.0 Aldiv

Ip of Devices

50 ns/div
FIGURE 7-6a — PARALLELED TURN-ON

matched to within 2%, these devices exhibited a fairly wide
variation in grg curves (Figure 7-8) which resulted in
device #45 beginning its turn-off slightly sooner than the

Ip ]
2.0 Aldiv |

Ip of Devices
#33, #78, #64, and #55 |

50 ns/div
FIGURE 7-6b — PARALLELED TURN-OFF

FIGURE 7-6 — INDIVIDUAL Ip WAVEFORMS OF FOUR PARALLELED
MTP8N18 WITH MISMATCHED TRANSCONDUCTANCE CURVES
— RESISTIVE LOAD
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1-7 Because the MTP8N20 of the two wafer lots were so

D of Devices
#2, #82, and #25
i

Ip ] | : | 0
5.0 Aidiv ; ; Ip of Devices b ) s
#2, #82, #25, and #45. | 5.0 A/div
: . ; Ip of
| - Device #45

100 ns/div 100 ns/div

FIGURE 7-7a — PARALLELED TURN-ON FIGURE 7-7b — PARALLELED TURN-OFF

FIGURE 7-7 — INDIVIDUAL Ip WAVEFORM OF FOUR PARALLELED
MTP8N18 WITH MATCHED THRESHOLD VOLTAGES
— RESISTIVE LOAD
Waveform/Curve Relations

Note: The order of the device numbers shown in all the current waveforms is important. The first number indicates the upper current waveform
in each group with succeeding curves corresponding to the following device numbers. The order of waveforms is identified to enable the reader
to correlate the devices’ performance in the current waveforms to the devices’ grg curves provided.

rest. The waveform photos again indicate that the per-
formance of this group is also quite adequate. For com-
parison, the devices in Figures 7-9 and 7-10 have fairly

similar gpg curves even though their 1.0 mA threshold ' et j !
voltages vary by as much as 33%. Turn-on times for this . | 4
group are almost simultaneous while the turn-off is just ) . : i E

short of ideal. 5.0 A/div

close in characteristics, the worst conceivable mismatch

that might occur could not be found. In order to study the Ygeldiv
effects of such a wide disparity between parameters, an
MTP12N10 was paired with three closely matched 0
50 ns/div
Device #82 Device #25
VGs(th) = 3.955V /Z VGsith) = 3885V FIGURE 7-9a — PARALLELED TURN-ON
* Y/
Device #2 Device #45
12 VGsith) = 3915V LAEL Vgg(h) = 3955V —

10 | v | Ip of Devices
/ ! 1 #1
/ b
80 // 5.0 A/div £
Vas
80 / 5.0 Vidiv
40 .

/ Vpg = 15V 0
Pulse Width = 80 us |

20 B
0 1 t 50 ns/div

4 &0 80 70 81 30 10 FIGURE 7-9b — PARALLELED TURN-OFF
Vs, GATE-TO-SOURCE VOLTAGE (VOLTS)

Ip. DRAIN CURRENT (AMPS)

FIGURE 7-9 — INDIVIDUAL Ip WAVEFORMS OF FOUR MTP8N20 WITH
FIGURE 7-8 — TRANSCONDUCTANCE CURVES OF MTP8N20 WITH MATCHED TRANSCONDUCTANCE CURVES AND MISMATCHED
MATCHED THRESHOLD VOLTAGES : THRESHOLD VOLTAGES

MOTOROLA TMOS POWER MOSFET DATA
1-7-6



TABLE 3 — Parameter Comparison of One MTP12N10 and Three MTP8N20s

9fs
. rDS(on) VGS(th) Ip=40A

Device Device |D =4.0A lD = 1.0 mA VGS =15V Crss ciss COSS

Number Type (Ohm) (Volts) (Volts) (pF) (pF) (pF)

#122 MTP12N10 0.145 3.600 4.300 90 685 395
#52 MTP8N20 0.238 3.955 4.762 45 700 220 !
#53 MTP8N20 0.256 3.900 4.444 45 700 245 i
#70 MTP8N20 0.255 3.930 4.444 45 700 235 J
|

|
MTP8N20. The MTP12N10 is a 12 A, 100 V device with |
the same die dimensions as the MTP8N20. Table 3 and :
Figure 7-11 compare the different device characteristics. |
The result of paralleling these four devices is shown in ﬁ
|
|
1

Figure 7-12.

The MTP12N10 is the last device to begin turn-on even
though its transconductance curve rises earlier than those
of the MTP8N20. This is due to the larger Crgg (reverse
transfer or gate-drain capacitance) which is effectively }
multiplied in value by the device gain due to the Miller |
effect. Although not completely simultaneous, the turn-off i

3
>

Ip, DRAIN CURRENT (AMPS)
[
o

Vpg = 15V
60 paie Width = 80 us | is smooth. By the time the MTP8N20 have completely
Ty =2 switched off, the MTP12N10 has moved well into the
w0 L [ active or constant current region. At that time, the total
© = Device #108 Vggth) = 3750V
20 | X Device #117 Vggjth) = 3800V |
g A = Device #118 VGg(th) = 3825V
I

Device #130 Vgg(th) = 3470V

0 _A{ [ B

40 5.0 6.0 80 9.0 10
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FIGURE 7-10 — TRANSCONDUCTANCE CURVES OF MTP8N20 WITH
THRESHOLD VOLTAGE VGg(th) MISMATCH
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MTP12N10
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Vas
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500 ns/div
FIGURE 7-13a — PARALLELED TURN-ON

2.0 Aldiv

VGs
5.0 Vidiv

500 ns/div-
FIGURE 7-13b — PARALLELED TURN-OFF

FIGURE 7-13 — INDIVIDUAL Ip WAVEFORMS OF AN MTP12N10
PARALLELED WITH THREE MTP8N20 — RESISTIVE LOAD —
SLOW SWITCHING

load current has been substantially reduced and the
slightly unsynchronized turn-off poses no threat to the
MTP12N10 at these switching speeds.

It is apparent that for this specific application, i.e., resis-
tive switching at moderate switching speed, device match-
ing improves paralleled performance but is not necessary
for safe operation. This recommendation will be extended
to include both fast and slow switching speeds for both
resistive and inductive loads provided certain circuit layout
criteria are met.

Effects of Switching Speed on Dynamic
Current Sharing

The gate-drive circuit used to switch the MTP12N10
and the three MTP8N20 was altered to either increase or
decrease the switching speed. The four 0.02 uF speed-
up capacitors were removed to determine the quality of
current sharing as the gate-source voltages rise or fall at
speeds that are fairly slow for power MOSFETs. The
MTP12N10 is the first to turn on and the last to turn off
(Figure 7-13) due to the differences in the devices’ grg
curves. During slow switching, the Ip versus Vgg curves
can be used to accurately predict the Ip curves. For
instance, the MTP12N10 begins to turn on when the com-

posite gate-source voltage waveform reaches 4.0 volts,

but the MTP8N20 hesitate until Vgg reaches 4.5 volts.
Since the Ip waveforms are easily related via the grs
curves to the rising or falling gate voltages and the vari-
ation in the grg curves over a product line are fairly small,
slow switching of unmatched TMOS power MOSFETs can
be a safe undertaking. -

To judge the effects of rapid turn-off, a second MOSFET
was added to clamp the gate-to-ground. This method
achieves the 20 ns current fall times depicted in Figure
7-14. During such rapid switching, the Vgg and gfs
curves can no longer be used to accurately predict device
performance due to package and lead parasitics such as
the package source inductance. Once again however,
these mismatched devices performed well as they were
switched very rapidly through the active region. Although

not quite as predictable, rapid resistive switching also ap-
pears safe.

A comparison of Figures 7-12, 7-13, and 7-14 indicates
that faster switching tends to improve dynamic current
sharing. This is in part a consequence of switching the
devices through the active region at a much faster rate
and correspondingly decreasing any difference in switch-
ing speeds. The parasitic source inductance also plays
an important role as discussed below.

Dynamic Current Sharing With Inductive Loads

The investigation of the effects of current sharing with
inductive loads was conducted using a fast recovery diode
(40 A, 400 V) placed in parallel with a 135 uH inductor
as a load. The diode was included not so much to protect
the MOSFET against flyback voltages, but to test the par-
alleled transistors’ ability to conduct the large peak re-
verse recovery current required by the diode. The stan-
dard of performance is again set by devices with matched
gFs curves and shown in Figure 7-15.

2.0 Adiv

Ves {0
10 Vidiv i

20 ns/div

FIGURE 7-14 — INDIVIDUAL Ip WAVEFORMS OF AN MTP12N10
PARALLELED WITH THREE MTP8N20 — RESISTIVE LOAD — RAPID
TURN-OFF
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To obtain a larger sample size for the worst case in-
ductive testing, 250 additional MTP8N20 of unknown wa-
fer origin were characterized for their widest variation in
gFs curves. The mismatched transconductance curves
are shown in Figure 7-16. Figure 7-17 depicts both rapid
and slow inductive turn-on and turn-off. This group of fig-
ures represents the greatest current imbalance seen in
any set of mismatched MTP8N20 under any load condi-
tions. While there are obvious current mismatches, they
require only a small amount of derating to guardband
against possible harmful situations. The keys to success
are: 1) that pertinent device characteristics do not vary
widely; and, 2) strict attention is given to the symmetry of
the circuit layout.

2.0 Ardiv

VG6s
5.0 Vidiv

200 nsfdiv Circuit Layout — A Critical Concern

FIGURE 7-15a — PARALLELED TURN-ON Even with identically matched devices, dynamic current
sharing between MOSFETs will be poor if an asymmetrical
circuit layout is used. Obviously, if the gate-drives are
different, unequal rates of gate-source voltage rise and
fall can cause unsynchronized switching and even device
failure in extreme cases. As the switching speeds of these
devices are increased, the designer’s perception as to
what may constitute an important parasitic circuit element
must change. When approaching the maximum switching
speeds of power MOSFETSs, even small variations in lead
length may influence their paralleled switching perfor-
mance. Unequal source wiring inductances are especially
deleterious.

Figures 7-18a and 7-18b illustrate the effects of an im-
balance in source wiring inductance. The devices and
circuit layout are both closely matched except that an
additional source lead inductance of 50 nH (1.5 inches of
#22 wire formed into a 1-1/2 turn loop) was added to one
device. As can be seen in the photographs, any source
lead or wiring inductance will degenerate both the turn-

)
2,0 Aldiv 188

10 psidiv on and turn-off speeds. Fortunately, perhaps the most
FIGURE 7-15b — COMPOSITE TURN-ON AND TURN-OFF important consideration for successful operation of par-
WAVEFORM alleled MOSFETSs is completely within easy control of the

circuit designer. The circuit should be free from parasitics
and as symmetrical as possible, especially for higher
switching speeds.

Another obvious consideration is that the output imped-
ance of the gate-drive circuits must be matched. Mis-
matched gate-drives will cause unsynchronized charging

et - A s or discharging of the input capacitances, forcing the de-
]2?0 Adiv vices to begin switching at different times and rates.

The Benefit of Parasitic Source Inductance
Provided that the circuit layout is symmetrical, espe-
Vas cially with respect to the source wiring inductance, faster
5.0 V/div . | switching can actually benefit the degree of current shar-
ing between paralleled MOSFETs. During switching tran-
m— sitions of less than 100 ns, the source package inductance
(approximately 7.0 nH) plays an important part in deter-
mining the shape of the rising and falling drain current
waveform. The following example assumes the wiring in-

20 nsfdiv ductance is negligible and relates only the effect of the

FIGURE 7-15c — PARALLELED TURN-OFF source package inductance. The intent of this illustration

FIGURE 7-15 — INDIVIDUAL Iy WAVEFORMS OF MATCHED is to show the significance of the package inductance and
15 — D . A

MTP8N20 SWITCHING AN INDUCTIVE LOAD — by exter.lsl,lon.relate the importance of the usually much
DEVICES #35, #52, #53, and #70 larger wiring inductance.

|
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FIGURE 7-16 — WIDEST VARIATION IN TRANSCONDUCTANCE
CURVES OF 250 ADDITIONAL MTP8N20

)
2.0 Aldiv
VGs
10 Vidiv
0
S "~ 100ns/div
FIGURE 7-17a — RAPID TURN-ON SUPPLYING REVERSE
RECOVERY CURRENT OF FREEWHEELING DIODE
Ip
2.0 Aidiv
Vs
5.0 Vidiv g

Vs of
0 Each Device

20ns/div
FIGURE 7-17c — RAPID INDUCTIVE TURN-OFF

Assuming a very rapid turn-off accompanied by a di/dt
of 8.0 A/50 ns, the voltage appearing across the parasitic
lead inductance is approximately 1.1 volts (v = L di/dt =
7.0 nH x 8.0 A/50 ns). This inductive drop must be added
to the voltage appearing across the gate-source terminals
to reveal the potential impressed at the chip. A difference
in gate voltage of this size makes a significant difference
in the magnitude of the drain current as the device
switches through the active region. Therefore, equal
source inductances will tend to equalize the rate of the
rise and fall of the individual drain currents during rapid
switching of paralleled MOSFETSs. In effect, source bal-
lasting is achieved during rapid switching.

Protecting the Circuit From Self-Induced
Oscillations :

Two of the most highly esteemed characteristics of the
power MOSFET can combine to cause a problem in par-
alleled devices. Their high input impedance and very high

. frequency response may cause parasitic oscillations at

frequencies greater than 100 MHz. This problem occurs
when all gates are driven directly from a common node
as in the circuit in Figure 7-19. Without individual gate

_lpof Devices
D : ' ’ #108, #102,
2.0 Addiv £

Vas
5.0 Vidiv

R

SBuy R
200ns/div
FIGURE 7-17b — SLOW TURN-ON SUPPLYING REVERSE
RECOVERY CURRENT OF FREEWHEELING DIODE

Ip
2.0 Aidiv
Vs
5.0 V/div

Vs o
0 Each Device

200ns/div
FIGURE 7-17d — SLOW INDUCTIVE TURN-OFF

FIGURE 7-17 — INDIVIDUAL Ip WAVEFORMS OF MISMATCHED
MTP8N20 SWITCHING AN INDUCTIVE LOAD
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50 ns/div
FIGURE 7-18a — TURN-ON

Ip of
Ip Mismatched
: Lg Device

2,0 Adiv

VGs
5.0 Vidiv

50 ns/div
FIGURE 7-18b — TURN-OFF

FIGURE 7-18 — EFFECTS OF IMBALANCED SOURCE INDUCTANCES ON
PARALLELED PERFORMANCE

resistances a high-Q network (Figure 7-20) is established
that may cause the device to oscillate when operating in
oor switching through the active region. The device trans-
conductance, gate-to-drain parasitic capacitance, and
drain and gate parasitic inductances have all been shown
to influence the stability of the circuit.

Although potentially serious, this problem is easily
averted. By decoupling the gates of each device with lossy
elements such as resistors or ferrite beads, the Q of the
circuit can be sufficiently degraded to the point that os-
cillations are no longer possible (note dotted resistors
shown in Figure 7-19). For the maximum switching
speeds, the value of gate decoupling resistors should be
kept as low as safely allowable. A value in the range of
10 to 20 ohms is generally sufficient.

A Practical Application — An Inductive
Load

To show the feasibility of paralleling power MOSFETs
in an application that imposes stresses typical of an in-
ductive load, four MTP8N20’s were paralieled in the circuit

Gate
Drive
Input

FIGURE 7-19 — METHOD FOR DRIVING PARALLELED MOSFETs
USING GATE DECOUPLING RESISTORS

shown in Figure 7-21. At a 50% duty cycle and a Vpp of
44 V, the MOSFETSs delivered about 450 W to the RC
load. To minimize the power that the drain-source zener
clamp must dissipate, MOSFET turn-off speed was limited
by the placement of an 82 () resistor in series with each
gate.

Again, the performance of interest is that of mismatched
devices. In this case, fifty units from a newly designed
mask set were tested for the widest variation in on-
resistance (0.255 Q to 0.230 ). The three highest
'DS(on) devices were grouped with the lowest rpg(on)
unit. Since a low rpg(on) usually indicates a high grs,
the transconductance curves of these devices were also
mismatched.

The degree of current sharing among these four units
was well within safe operating limits. As expected, the
lowest rpg(on) device carried the greatest on-state cur-
rent. For clarity, only the on-state currents of the lowest
and highest rpg(on) units are shown in Figure 7-22. The
currents of the other two devices were nearly identical to
device #8. As Figure 7-23 shows, the drain current of the
lowest 'DS(on) device, #11, peaked slightly due to its
different grg curve.

Drain Bus

@

:

Source Bus

FIGURE 7-20 — PARASITIC HIGH-Q EQUIVALENT CIRCUIT
OF PARALLELED MOSFETs WITHOUT GATE DECOUPLING
RESISTORS
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FIGURE 7-21 — CURRENT SHARING TEST CIRCUIT WITH AN INDUCTIVE LOAD

Each device was mounted on a separate heat sink, and
the case temperatures were monitored to detect any ther-
mal imbalances. Because of its low rpg(on), theory pre-
dicts that the case temperature of device #11 will be
higher than the others. However, since the operating fre-
quency was fairly high (40 kHz), the difference in switching
losses may have also influenced the temperature com-
parison. Whether it was due to a variation in rpg(on) or
gfs curves, the temperature difference was very small
(54.3°C for device #11 and 52.3°C for device #8) and did
not significantly affect device performance, i.e., the degree
of current sharing.

The following is a summary of recommendations and
findings concerning static and dynamic current, sharing
in paralleled power MOSFETSs.

Vps £ 4
50 V/div | pemmnemacd

Ip
2.0 Ardiv |

5.0 us

FIGURE 7-22 — Ip WAVEFORMS OF LOW AND HIGH
rDS(on) DEVICES — INDUCTIVE LOAD

1.

For static current sharing, the current mismatches
are determined by the rpg(on) mismatch. A small
degree of guardbanding or rpg(on) Matching will
ensure safe operation.

. For dynamic current sharing, the turn-on and turn-

off waveforms are largely determined by the tran-
sconductance curves. If matching is deemed nec-
essary in a particular application, selecting devices
by comparing gfg curves is the most accurate ap-
proach. A simple, yet adequate, substitute is to
match a single point on the grg curves at which the
devices conduct significant drain currents.

. Increasing the switching speeds in symmetrical cir-

cuits tends to equalize the rate of current rise and

100 ns

FIGURE 7-23 — Ip TURN-OFF WAVEFORMS OF LOW
AND HIGH rpg(on) DEVICES — INDUCTIVE LOAD
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fall in paralleled devices due to the ballasting effect
of the parasitic source inductance.

4. The circuit layout should be as symmetrical as pos-
sible with respect to the gate-drive and the source,
gate, and drain parasitic inductances.

5. In all applications, the gates should be decoupled
with small resistors or ferrite beads to eliminate par-
asitic oscillations.

Drain-to-Source Diodes

The previous text on paralleling power MOSFETs has
shown the effects of parameter matching (or unmatching)
on the degree of current sharing when the FETs are op-
erating in either switching or linear applications. However,
it has not described the effects on the paralleled drain-
source diodes when these diodes are used as clamp or
free-wheeling diodes in practical applications. These
diodes can be used in multi-MOSFET switching applica-
tions (see Chapter 12 on characterizing D-S Diodes) when
the diode switching speeds are commensurate with the
application. In a half bridge, as an example, the diode of
one FET protects the drain-source of the second FET and,
conversely, the diode of the second FET protects the first
FET. Whatever the circuit configuration, the equivalent
circuit reduces to that of a clamped inductive load,
whereby the drain-source diode is effectively across the
load inductance (Figure 7-24).

When power MOSFETSs are paralleled in switching ap-
plications, the question arises as to how well their intrinsic
diodes share the clamped current. To determine this, three
MOSFETSs were paralleled in the circuit shown in Figure
7-25. The test circuit (a complete schematic is shown in
Figures 12-19 of Chapter 12) was duty cycle controlled
to produce a continuous load current; thus, the commu-
tated diode current indicated both the reverse recovery
time tr and turn-on time to. The individual and total diode
currents, as well as the driver drain current, were
monitored.

? Voo

2 Vbb

FIGURE 7-24 — INTRINSIC D-S DIODE
CLAMPING AN INDUCTIVE LOAD

To obtain some indication of a worst case condition, a
modest sample (20 pieces) of MTM20N15 were charac-
terized for parameters that affect their paralleled perfor-
mance. The forward on-voltage of the diodes at 10 A
ranged from 1.05 to 1.20 volts, and t;, varied from 0.25
to 0.32 us. Devices with the widest mismatch in param-
eters were grouped and tested in the circuit shown in Figure
7-25.

Testing indicated that current mismatches were small,
even in devices with the greatest difference in D-S diode
on-voltage. Figure 7-26 shows the current waveforms of

=

= -
o~ & ||<—
— F—

T

T S

~

(b2
i B

ITotal  'D1

D2 Ip3

FIGURE 7-26 — TEST CIRCUIT TO OBSERVE
CURRENT SHARING OF PARALLELED D-S DIODES
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5.0 us/div

FIGURE 7-26 — DRAIN-SOURCE DIODE ON
CHARACTERISTICS OF THREE MTM20N15
WITH MISMATCHED D-S DIODE ON-VOLTAGES

three paralleled diodes and the expected mild mismatch.
Also shown is a representation of ITQTAL, Which is some-
what distorted due to the saturation of the current trans-
former that was used.

Current waveforms of devices with the widest variation
in tyy are shown in Figure 7-27. Again, even though the
diodes are mismatched, the synchronized turn-on and
turn-off transitions illustrate the high degree of current
sharing that occurs as the load current is commutated
between the freewheeling diodes and the drive transistor.

[ , )
5?0'0,351,, Devices
A #19,14,12

05 ps/div

FIGURE 7-27 — PARALLELED DIODE TURN-ON AND
TURN-OFF OF MTM15N20 WITH MISMATCHED t;y

Paralleling Power MOSFETSs in
Linear Applications

Often lauded for their efficient high frequency switching
capability, power MOSFETs are ideally suited for a myriad
of switching applications. However, some of their other
less renowned characteristics also make them attractive
to designers of linear systems. Often the reason cited for
their use is the inherent ruggedness of the MOSFET as
evidenced by the lack of a second breakdown derating.
Another characteristic that is appealing is the high input
impedance that results in simplified gate-drive circuitry.
Also, the transconductance is nearly linear over a wide
operating range and its variation among devices in a given
product line is small.

Although these benefits are significant, a method of
predicting and stabilizing the operating point is necessary
before linear operation can be successful. In the following
sections a product line is characterized for the parameters
pertinent to Q-point variation in the linear mode. The ef-
fects of a source resistor on the operating point and the
small-signal transconductance are then discussed for sin-
gle device operation. Finally, these concepts are extended
to include the case of paralleled devices with special at-
tention paid to the degree of current sharing.

Device Characteristics Important for Operating
Point Stability

When developing a system that operates in the linear
mode, it is often either desirable or imperative to accu-
rately fix the system quiescent operating point (Q-point).
The most pertinent graphs describing the operation of
TMOS Power MOSFETSs in the linear mode are those
showing the output characteristics (Figure 7-28) and the
transfer characteristics, or transconductance curves (Fig-
ure 7-29). However, since these are typical curves, they

16
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FIGURE 7-28 — TYPICAL OUTPUT CHARACTERISTICS
OF AN MTP8N20

relate no information concerning how the operating point
may vary within a given product line. For example, on the
transfer characteristics curve a desired quiescent drain
current of 4.0 amps may correspond to a gate-source
voltage of 5.75 volts in a typical device. This gate voltage
applied to an atypical device of the same product line may
result in a drain current that ranges from 2.5 to 4.5 A.
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Matching device parameters is often proposed as a
means of ensuring some minimum variation in the Q-point.
This approach, especially using the threshold voltage, is
not the optimum solution. The gate-threshold voltage is
defined as the minimum gate-source voltage at which the
MOSFET conducts some small drain current, usually
specified as 1.0 mA. On the scale that the transfer char-
acteristics are usually drawn, this 1.0 mA drain current is
very small and the exact threshold voltage is indiscern-
able. It is not difficult to find two devices with nearly iden-
tical transfer characteristics that have thresholds that vary
by nearly 2.0 volts. Conversely, devices with matched
thresholds can have significantly different transfer curves,
usually due to a grpg mismatch. Attempting to match de-
vices by comparing transconductance or on-resistance
also gives little assurance that the transfer curves will be
similar.

If component screening is desired, the most direct
method is to actually compare each Ip versus VGgg curve.
Since this is often impractical, one of two other courses
may be taken. The criteria for matching could be the drain
current at the gate voltage that is typical of the desired
quiescent current. Referring back to the previous exam-
ple, one may select devices on the basis of Ip at a Vgs
of 5.75 volts. The other solution, which completely elim-
inates any device screening, involves the use of source
resistors and is detailed in the next section.

Junction temperature is another important variable that
influences the quiescent operation point. Figure 6-25
shows that the gfrg curve of the MOSFET can be divided
into two regions. Below a Vgg of 6.1 volts, an increase
in Ty increases Ip. This is due to the negative temperature
coefficient of VGsi(th) dominating the positive coefficient
of rpg(on)- As T rises, the threshold voltage falls and Ip
increases despite an increase in rpg(on)-

16 T
Vps= 10V L / /
t 4
Ty = -55°C /
" } 1/ A 1o0ec
25°C 7 /

" Vi

ip. DRAIN CURRENT (AMPS)

4
0 20 40 6.0 8.0 10
VS, GATE-TO-SOURCE VOLTAGE (VOLTS)

FIGURE 7-29 — TYPICAL TRANSCONDUCTANCE
CURVES OF AN MTP8N20

At gate-to-source voltages greater than 6.1 volts, the
temperature dependence of rpg(on) governs the change
in Ip. Even though VGg(th) is falling as T rises, the effect
of the increase in rpg(on) begins to dominate, causing
Ip to decrease. The temperature dependence of Ip ne-
cessitates the consideration of the effect that T has on
the Q-point, especially at low drain currents where the
percentage change in Ip is high.

Using a Source Resistor to Stabilize the Q-Point

Operating point stability can be improved without pre- 1
selecting devices by using a source resistor. The place-
ment of such a resistor provides degenerative feedback
to the gate by decreasing Vg by an amount proportional
to the drain current (Figure 7-30). Equations for the small-
signal transconductance and voltage gain with and without
the source resistor are derived in Table 4.

Determining the effect of a source resistor on the op-
erating point of a power MOSFET is a simple geometric
exercise. The first step is to obtain, usually with a curve
tracer, the transconductance curve of the device in ques-
tion. With no source resistance (Rg = 0 ), a vertical

w3 10

ves
Rs 2 VR = IpRg

VGs = VGG - IDRs

FIGURE 7-30 — SOURCE RESISTOR SUPPLIES NEGATIVE
FEEDBACK TO THE GATE

TABLE 4 — Equations for the Small-Signal
Transconductance and Voltage Gain With and
Without a Source Resistor

With No With A
Source Resistor Source Resistor
_ A
gFS = AVgs
VGG —AlpRg) = Al
Small-Signal oFs = Alp 9FS (AVGG ~AlDRs) = Alp
Transconductance AVgs 9Fs AVGG = Alp(l+Rggrg)
) Alp 9FS
9IFS =3V~ TTRe on
AVGe '+Rsg'rs
A, =—AVDs A'v=—grsRL
v=
) Avgs _
Small-Signal _—RL9Fs
Voltage - —Alp Ry I+grg Rg
Gain Alp/grs
LA =_ilL__
Av=-grs RL “7 V7 ligrs +Rg

) ‘} Vob }R
RL L
Circuits VGG:V(j,S_Iq Ve J
+

vGs-
Primed r bers indi the eff values for the MOSFET and
source resistor combination.

Rs

line through the gFg curve will indicate the drain current
at a given Vgs. For instance, the device depicted in Fig-
ure 7-31 will conduct 0.375 A at a Vgg of 4.7 volts.

L _________________________________________________________________________|]
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If a source resistor is included, the abscissa represents
the gate-to-ground voltage (Vgg). The relationship be-
tween Vg and Ip is determined by an Rg load line
through a given Vg with a slope of —1/Rg. Figure 7-31
shows that for an Rg of 2.0 Q and a Vgg of 545 V,
the Q-point is fixed so that Ip is still 0.375 A. The effects
of varying the gate-to-ground voltage can be determined
by constructing parallel lines through the gate voltages of
interest. Changing the slope of the line graphically models
changes in Rg.

To use the technique of employing a source resistor to
improve Q-point stability, the worst case variation in the
gFs curves needs to be determined for the product line
in question. For this study, 350 MTP8N18’s from the same
wafer lot were checked for the greatest difference in trans-
conductance curves. The results are shown in Figure
7-32. With these curves, actually sizing Rg and deter-
mining the gate voltage for a desired operating point (with
a defined allowable variation) is a very simple geometric
exercise.

Assume that the desired conditions are as follows:

Ip quiescent = 0.4 A

Allowable Ipq variation from 0.4 A is 0.05 A

Ty = 100°C

An Rg load line drawn through points A and B and
extending down to the gate voltage axis determines both
the required magnitude of Rg and the quiescent gate
voltage. The figure could also be used to show the effects
of swinging the gate voltage above and below the quies-
cent Vgg. The dashed curves in Figure 7-32 represent
the transfer characteristics at a junction temperature of
25°C. Obviously, the curves vary enough to influence the
selection of Rg if the device experiences large swings in
Ty.
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FIGURE 7-31 — GRAPHICAL METHOD OF
PREDICTING THE EFFECT OF A SOURCE RESISTOR
ON THE QUIESCENT OPERATING POINT
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FIGURE 7-32 — USING A SOURCE RESISTOR
TO STABILIZE THE QUIESCENT OPERATING POINT

Paralleling MOSFETs in the Linear Mode

In many applications using MOSFETs in the linear
mode, the quest is to obtain large swings in the load
voltage and utilize as much of the maximum drain-to-
source voltage rating as possible. With a large quiescent
drain voltage, Ipq must be fairly small to keep the
MOSFET power dissipation within manageable levels.

Unfortunately, paralleling in the linear mode at a low
Ipq and a high Vpgq is not as straightforward as par-
alleling in switching applications, for instance. Since this
is the most difficult and most common case of paralleling
in the linear mode, it is the one that is addressed here.

One probiem is that at low currents the potential Ip
mismatches, as a percent of the total load current are
much greater. As an illustration, one device may conduct
0.3 A at a Vg of 5.0 V, whereas a second device may
conduct 1.25 A at the same Vgs. If these two devices
are operated in parallel in the linear mode, the second
would dissipate far more power than the first. Unlike
MOSFETs that are paralleled in switching applications,
the difference in junction temperature forces an even
greater disparity in the amount of current each device
conducts.

As explained earlier, at low drain currents the temper-
ature dependence of the drain current is dominated by
the negative temperature coefficient of VGgqth) rather
than the positive coefficient of rpg(on). Consequently, the
device that is dissipating the most power will heat up,
carry more current and dissipate even more power.

Although the situation appears to be hopeless — very
wide variations in ggg curves causing even greater dif-
ferences in power dissipation — the use of source resis-
tors can minimize the differences and dramatically im-
prove the chance of success.
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Using a source resistor to stabilize the operating point
of devices with widely differing grg curves is also appli-
cable to improving current sharing among MOSFETs op-
erated in the linear mode. If the Q-points are closely
matched, then the paralleled devices will, by definition,
carry nearly the same drain currents and incur approxi-
mately the same power dissipation.

In this study, the devices with widest variation in grg
curves were paralleled in the circuit shown in Figure
7-33. Individual source resistances of 3.3 £} were chosen
as a good compromise between a stable Q-point and the
lower system gain are poorer efficiency attributable to an
increase in Rg. Table 5 establishes the equations for gig
and small signal voltage gain of paralleled MOSFETSs with
and without source resistors.

Figure 7-34 shows the results of pairing the devices
with the widest mismatch in grg curves. Note how the
drain currents can be predicted by relating the gFg curves
(Figure 7-35) to the instantaneous gate voltage. Case

VGsQ Adjust

temperatures were also monitored, but the difference was
not as great as expected. While the device that carried
the most current ran hotter, it did so by only a couple of
degrees (83 versus 85°C). A difference of 5 to 10°C was
expected but did not materialize, most likely due to slight
variations in the heat sinks. The MOSFETs were mounted
on separate heat sinks, again to simulate a worst case
condition. Close thermal coupling by placing units on the
same heat sink is recommended to minimize variations in
Tc and T and therefore decrease any thermally induced
differences in gFg curves.

The benefits of device matching are shown in Figure
7-36. The nearly identical drain currents were obtained
by matching devices by comparing the drain currents they
would conduct at a VGg of 4.7 volts and a junction tem-
perature of 25°C. The slight mismatch at higher drain cur-
rents is mainly due to a small difference in grg curves at
a Ty of 100°C. The case temperatures of these two de-
vices were essentially identical. The 20 () gate resistors

Vpp = 110V

62.5 O
100 W

330

FIGURE 7-33 — CIRCUIT TO TEST CURRENT SHARING IN PARALLELED
MOSFETs OPERATING IN THE LINEAR MODE

TABLE 5 — Equations for the Small-Signal Transconductance and Voltage Gain of Two
Paralleled MOSFETs With and Without Individual Source Resistances.

With No
Source Resistors

With Individual Source
Resistors, Rg

Alpy = TS N, = FS2

b1 AVGs AVGs

9FS1+ 9FS2

Small-Signal Alp1 + Alp2 = T/Es__
Transconductance An 5 A

D1 D2

OFS1+9FS2 = — v
AVGs

-~ 9FST= 9FS1+ 9FS2

9Fs1(AVGs1) = Alp1.9rs2(AVGs2) = Alp2
grS1(AVGG — Alp1 Rg) + 9FS2(AVGG — Alp2 Rs) =
Alpq + Alp

gFS1(AVGG) +9FS2 (AVGG) = Alp1 (1 +9FS1Rg)
+ Alpz (1.0 +9FS2Rg)

(9Fs1+9Fs2)(AVGG) =(Alp1 + Alp2)(1.0 +gFg Rs)
gFsS1+ gFS2
2

where grg =
AlT . 9FS1 +9FS2

~gFST= AVGg 1.0 +grsRs

Small-Signal _ A?DS‘I' RL
Voltage Gain =
AlpT/grsT

~AVT = ~9FST R

Ayt = —9'FST RL
_ —RLIgFs1 + 9Fs2)
1.0 +grs Rs

Primed variables indicate the effective value for the MOSFET and source resistor combination.

Subscript “T" indicates the total value for all MOSFETs in parallel.

e ______________________________________________________________|]
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FIGURE 7-34 — VGG, Ip AND Vpg WAVEFORMS OF MISMATCHED
MTP8N20 PARALLED IN THE LINEAR MODE Rg = 3.3 Q
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FIGURE 7-35 — TRANSFER CHARACTERISTICS AND
Rg LOADLINE OF MISMATCHED MTP8N18

in Figure 7-33 serve an important function. The high input
impedance and high frequency capabilities of the
MOSFET present the possibility of self-induced oscilla-
tions in paralleled devices. Inserting small resistances in
series with each gate defuses the problem by degrading
the Q of the LC network formed by the gate-and-drain
inductances and the MOSFETs gate-to-drain capaci-
tance. The magnitude of Rg necessary to allow trouble-
free operation depends on the value of each of the circuit
parasitics. The circuit in Figure 7-33 oscillated with series
gate resistances of 10 (), but stabilized with 20 Q. In-
creasing Rg results in a more stable circuit at the expense
of lower bandwidth.

In conclusion, the same method used to stabilize the
operating quiescent point of small signal MOSFETSs can
be easily extended to linear applications of power
MOSFETs. After sampling a product line to obtain the
widest expected variation in gFg curves, asimple graphical
technique can be used to accurately predict the Q-point asso-
ciated with a given source resistor and gate-to-ground voltage.

Since small variations in Q-point limit possible variations
in drain current, successful paralleling is also achievable
with this same method. The only additional consideration
is the need to limit potential self-induced oscillations with
individual gate suppression resistors.

V66
1.0 Vidiv &89

Ip
0.1 Aldiv

Vps
20 Vidiv |

20 pus

FIGURE 7-36 — VGG, D AND Vpg WAVEFORMS OF MATCHED
MTP8N20 PARALLELED IN THE LINEAR MODE Rg = 3.3 @

Applications of Paralleling MOSFETs

Paralleling Power MOSFETSs in a Very Fast, High
Voltage High Current Switch

There are many applications requiring an extremely fast
high voltage, high current semiconductor switch, espe-
cially for device characterization, where the switch must
be much faster than the device under test (DUT). Power
MOSFETSs serve this function extremely well, but they are
presently limited in current capability. However, they can
be readily paralleled to increase the current, without using
current sharing ballast resistors, due to the inherent pos-
itive temperature coefficient of the drain-source ON-re-
sistance rpg(on)- For example, if the transconductance
gFs of the FETs are unmatched, the FET with the highest
gFs would tend to take initially the largest drain current,
but due to the greater dissipation (Ip fDS(on)) and re-
sultingtemperaturerise, rpg(on) wouldincrease, thus, self-
limiting the current. This process tends to equalize the
drain currents of the respective devices.
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A circuit for generating this fast pulse is shown in Figure
7-38. It uses 15 N-Channel power MOSFETSs in garallel
as the output power switch to achieve the system capa-
bility of 150 A of peak, pulsed current. The FETs used
were unmatched TO-220 MTP5N40(2.7 V < VGg(th) <
3.9 V) with 400 V blocking capability V(BR)DSS. 5.0 A
continuous drain current rating (10 A pulsed) and specified
'DS(on) of 1.0 & max. The TO-220 devices lend them-
selves to efficient circuit layout and packaging (Figure
7-37).

SOURCE BUS

The particular application for which this circuit was de-
signed required the DUT to be referenced to ground (drain
circuit); consequently, the switch is powered with a neg-
ative, high voltage supply (—Vgg) tied to the FETs
sources. Thus, the ground referenced pulse generator
output must be level translated to this negative supply.
For fast switching, this translator must have the current
drive capability for quickly charging the power MOSFETs
input capacitances Cjgg and reverse transfer capacitance
Crss. To accomplish this, two P-Channel MTP2P45’s are

LOAD RESISTOR

PARALLELED MOSFETs

FIGURE 7-37 — BREADBOARD LAYOUT OF THE SWITCH
ILLUSTRATING TIGHT PACKAGING CONCEPTS

-50

220 _l
S RL
DUT
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D

||'-—
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470
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—=001
20V s]Qis
1.0W :] 20V
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20w 090
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FIGURE 7-38 — PARALLELED POWER MOSFETs 150 A SWITCH
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configured as a parallel connected, series switch. These
FETs are turned on by the negative going input pulse
derived from a 50 V, 10 ns rise time pulse generator. A
20 V zener diode is used to protect the gate-source and
still allows adequate gate-drive for rapid switching of the
drain circuit. Connected to the drain is a current limiting
resistor R2 (with speed-up capacitor C2) feeding the 15
respective gate circuits (only circuits 1 and 15 are shown);
each circuit consists of a direct-coupled resistor, speed-
up capacitor and protection zener diodes. The zener
diodes come into operation when high Vgg (—160 V) is
used. When Vgg is reduced to as low as 40 V, the gate-
drive voltage dividers still provide adequate drive. For low
duty cycles (< 1.0%), the resistors can be relatively low
wattage. The circuit can be operated within the blocking
voltage capability of the FETs (to 400 V), but the passive
circuit elements should be scaled up accordingly.

To improve the turn-off switching times of the power
switch, the FET capacitance must be quickly discharged.
This is accomplished by the N-channel FET clamp Q18
which, when turned on, supplies the reverse gate voltage
to the power switch through the voltage storing effect of
C3 across R3. FET Q18 is turned on coincident with the
trailing edge of the input pulse by means of the differ-
entiating network C1-R1, the derived positive-going pulse
supplying the gate-drive and duration for the clamp action.

The complete pulse-width voltage and current wave-
forms are shown in Figure 7-38 with the time expanded
turn-on and turn-off waveforms shown in Figures 7-39 and
7-40.

For these test conditions (Vgg = ~ 160V, R1 =~ 0.93 ),
approximately 150 A at 140 V (21 kW peak) was switched
in extremely fast times; the voltage turn-on time was less
than 10 ns and the current rise time being circuit induc-
tance limited to about 250 ns.

Without the turn-off clamp circuit of Q18 the drain volt-
age (and resistive load drain current) turn-off time was
about 1.0 us (Figure 7-41a) due to the time required to
discharge the FET’s capacitances.

With the clamp, this time can be substantially reduced
(0.2 us) as shown in the photos of Figures 7-41b and
7-41c, the capacitance discharge limiting resistance Rp
being 10 Q) and 5.0 Q) respectively. As this resistor value
is decreased, the FET will turn-off faster, but consequently
be subjected to greater switching perturbations (Figure
7-40, Rp = 0). Thus, the turn-off characteristics can be
somewhat tailored to the requirements.

Care should be exercised in the layout of the fifteen
parallel FET’s, especially with the gate-source drive cir-
cuitry. The fifteen FET's are mounted side-by-side with
the gates and sources tied to their two respective, parallel
run busses (Figure 7-37). Device lead lengths should be
made as short as possible and the source buss should
be RF by-passed at several points along its length to
minimize reactive effects.

Obtaining high power resistive loads with low induct-
ance is a problem. For a pulsed current of 150 A and a
low resistance of about 0.93 (), the peak power would be
about 21 kW. Obviously, the duty cycle has to be very low
for this application to avoid overheating the load resistor.
This resistor was fashioned with 216,200 (), 2.0 W, metal
oxide resistors sandwiched in parallel. This resulted in a
load resistor of approximately 430 W capability. Therefore,

50V
Div

5.0 us/Div

FIGURE 7-38 — SWITCHED VOLTAGE AND CURRENT

Vp ‘
50V
Div

o}
50 A
Div

50 ns/Div

FIGURE 7-39 — TURN-ON DRAIN VOLTAGE AND CURRENT

50 ns/Div

FIGURE 7-40 — TURN-OFF WITH CLAMP, Rp = 0
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FIGURE 7-41a — TURN-OFF DRAIN VOLTAGE Rp = =

Vert. = 500 V/Div
Horiz = 600 ns/Div

FIGURE 7-41¢ — TURN-OFF DRAIN VOLTAGE Rp = 5.0 Q

duty cycles of less than 1.0% should be used to ensure
operation within the load rating while still offering good
oscilloscope viewing.

Fast, Complementary Power MOSFET
Switch

Many present day semiconductors require test circuits
that can supply large pulsed currents and fast voltage
transitions.

In today’s real world circuits, rectifiers are vital com-
ponents in motor controls and in switching power supplies
as the operating frequency and power level increases.
Rectifier characteristics and selection can be critical for
these applications.

Due to its fast switching speed, the complementary
power FET switch, shown in Figure 7-42, is useful in mea-
suring forward (tf) and reverse (i) recovery times of fast
recovery rectifiers, as well as for general uses requiring
a complementary power signal.

The internal collector-emitter diode in power Darlington
transistors and the drain-source diode in power FETs can
be of great interest to the circuit designer. Rectifier op-
eration is dependent on several conditions, two of which
are the turn-off rate (di/dt) of forward current and the rate
of rise (dv/dt) of the reapplied blocking voltage.

In some switching power supplies, a designed-in dead
time is required between the switching transistors to avoid
simultaneous conduction. The duration of the dead time
and the dv/dt of the reapplied blocking voltage can be

critical, especially for some power MOSFETSs. This com-
plementary switch, with dv/dt adjustment and control of
the dead time, can help determine the capability of power
FETs in circuits when the above conditions are important.

Circuit Configuration and Operation

Two CMOS Quad 2 input NOR gates (MC14001) are
used for pulse generation and signal delay. Gates A1 and
A2 are configured as an astable multivibrator (MV), clock-
ing the respective delay and pulse width monostable
MV’s. The turn-on pulse is frequency (R1) and width ad-
justable (R4) whose output feeds, in order, cascaded
bipolar transistors Q5, Q6, power FET Q7 and the N-
Channel output switch Q8.

Pulse delay (R2) and width control (R3) for the P-
Channel switch (Q4) are obtained with Gates B1, B2, B3
and B4 which drives two cascaded bipolar transistors Q1,
Q2 and power FET Q3.

Transistor Q9 drives power FET Q10 as an optional
clamp to turn-off Q8 rapidly by discharging gate capaci-
tance through a low impedance path. Duration of the
clamp interval is dictated by the RC differentiating circuit
in the base of Q9.

The complementary output FETs Q4 and Q8 consist of
four P-Channel (MTP8P10’s) in parallel and four N-
Channel (MTP20N10’s) in parallel. A limiting resistor Rp
is shown in the drain of Q8 but may be in the drain of Q4
or in both drains. The external load may be a test rectifier
or any other load requiring the unique drive characteristics
of this tester: fast, adjustable, complementary waveforms.
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The negative output switch Q8 (N-Channel) is capable of
switching at least 100 A, whereas the positive switch Q4
(P-Channel) is limited to about 50 A due to the differences
in the respective on-resistances. Additional devices can
be paralleled for either switch for higher currents, if so
required. Also, power FETs with higher Vpgg ratings may
be used.

Output Waveforms

The negative and positive switched output waveforms
are shown in Figures 7-43a and 7-43b, with the positive
voltage delayed about 2.0 us, in Figure 7-43a. The ex-
ternal load resistor R_is about 2.0 ohms, with the switched
voltages of about = 42 volts.

In Figure 7-43a, the switched negative and positive volt-
ages have very fast leading edges (about 10 ns) and slow

ot}

5.0 ps/div

FIGURE 7-43a — FAST LEADING EDGE

trailing edges (about 3.0 us and 1.0 us, respectively).
Figure 7-43b shows the same switched voltages but with
the clamp transistor (Q10) switched on. This discharges
Q8 gates through a low impedance path and speeds up

the trailing edge of the negative voltage to about 25 ns

instead of 3.0 us.

In Figure 7-45, a MR821 fast recovery rectififer is shown
as the load, with IFp = 40 A, di/dt = 300 A/us, and the
dv/dt of the applied blocking voltage about 2500 V/us.

Adjustment of dv/dt is accomplished with R5 for the
positive switched voltage and with R6 for the negative
voltage.

Figure 7-44 shows the transition time of about 35 ns
between the negative and positive voltages, with both the
clamp on and with Q4 diverting current from Q8.

Q4

Vout
20V
div

08

5.0 ws/div

FIGURE 7-43b — FAST TRAILING EDGE, NEG.
VOLTAGE, TURN-OFF CLAMP Q10 “ON”"

FIGURE 7-43 — NEGATIVE AND POSITIVE SWITCHED OUTPUT VOLTAGE
WITH R — 2.0 Q, V~ AND V+ ~ 42V, DRAIN Q8

50 ns/div

FIGURE 7-44 — NEGATIVE AND POSITIVE
TRANSITION, DRAIN Q8,
TURN-OFF CLAMP Q10 “ON”

50 ns/div

FIGURE 7-45 — REVERSE RECOVERY (t;)
OF MR821 FAST RECOVERY RECTIFIER
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Chapter 8: TMOS Applications

100 kHz Switch Mode Power
Supply

Power FETs have proven themselves to be perfor-
mance competitive and cost effective in flyback regulators
operating at 100 kHz to 200 kHz.

The circuit described here proves the point. It is a
60 W 100 kHz FET switcher with four output voltages
+ 5.0 Vand = 12 V. It operates from 120 Vac, has an
efficiency of 75% and the total parts cost is approximately
$35.

Components unique to this high frequency design in-
clude the following:

® Motorola’'s MTP5N40 power FET. This 5.0 A, 400 V
device has only one ohm of on-resistance and is
driven directly from a linear IC. It not only switches
in less than 50 ns but has enough RBSOA to elimi-
nate the need for snubbers.

® Pulse Engineering’s PE63133 power transformer.
This is a continuous mode flyback transformer which
is ideally suited to high frequency operation. Zener
clamps are not required because the clamp winding
is interleaved with primary halves. Regulation of the
auxillary outputs is within = 10% under varying con-
ditions of line and load.

® Motorola’s MC34060 Switchmode control IC, 4N27
optoisolator, and MC1723 linear regulator. These
devices are used in a practical demonstration of a
low-cost, three-chip control system. The MC1723 is
the error amplifier, the MC34060 is a fixed frequency
PWM, and the 4N27 couples the feedback signal
from the MC1723 to the MC34060.

® Motorola’s MBR1035 (TO-220) Schottky rectifier was
used to rectify the +5.0 V output at half the cost of
a comparable DO-4. Similar cost savings result from
using the TO-220 fast recovery rectifiers, i.e., the
MURSO05 in the = 12 V outputs.

® Mepco/Electra’s 3428 series of output capacitors.

These high frequency electrolytics feature low ESR
and high RMS current ratings. Only 50 to 70 mV (PP)

of ripple occurs at the outputs. Power loss is less
than 0.5 W.

Circuit Design

The goal of most low-power flyback designs is for re-
duced parts count (or size) and reduced cost. The 60 W
100 kHz switcher shown schematically in Figure 8-1, met
these requirements. At 100 kHz, the transformer size and
cost are reduced by about 30% compared with a 20 kHz
design. Also, at 100 kHz, a FET can be driven directly
from logic circuits (100 to 200 mA) and still switch very
efficiently. This eliminates the need for drive interface cir-
cuits. The output caps used are about 50% smaller and
they cost less as well. Finally, a relatively new three-chip
control system is used. It replaces an expensive and per-
formance limited drive transformer with a lower-cost
optocoupler.

The FET is the control element for the flyback trans-
former and is directly driven from the MC34060 linear IC.
A rather standard off line starter circuit is used to initially
power the control circuit and this is also lower in cost than
the filament transformer supply which is often used to
power a single-chip system. The design procedure fol-
lowed here was:

1. Design and test the power stage.
2. Add and stabilize the control loop.
3. Change from dc to ac power.

The FET waveforms obtained with the design are
shown in Figure 8-2. The exceptional switching speed of
the FET can be varified here (less than 50 ns) and ringing
on the current waveform is due to the layout which in-
cludes a current-sense loop and noise pickup on the
scope probe.

The input capacitor does not reduce in size like the
outputs because it is needed for energy storage which
still occurs at 60 Hz. Noise filters used here include a
toroid from PE and the economical 41GS series of tan-

Bridge Flyback
+ Transformer
!——‘———L 160 Vdc ° +12V
H T
! |
120
Vac T : E: : N
| | Start °
: | Circuit
l —
: >—-K l =
! i +50v| Mc1723
| | L o ® ., E
t T T 1€ >t fror - “!
Il o [
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VT 4 MC34060| |
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|
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e 4N27 e — e e 4
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FIGURE 8-1 — REGULATOR BLOCK DIAGRAM
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talum capacitor from M/E. The 12 V output rectifiers were
Motorola’s MURB05 ultrafast recovery button rectifiers
which are housed in a TO-220 package. They were ideally
suited to this relatively high current (10-15 A peak) ap-
plication because the correct amount of heat sinking was
easily attained by simply bolting a fin to the tab.

The relatively new MBR1035 TO-220 Schottky rectifier
is the best choice for rectifying the 5.0 V output. It is about
half the cost of the equivalent DO-4 version, a 1N6095.

The overall efficiency of this regulator (including the
control circuits) is 75%. As usual, most of the losses are
associated with the power handling components as noted
in Table 1.

TABLE 1 — Efficiency Data

1. Input Power

Vin lin PPRMS Pa P
160 Vdc 0.6 A 96 96 100%
120 Vac 14A 170 95* 56%
*Note using Clark-Hess wattmeter.

2. Output Power

Winding 5.0 -5.0 +12.0 -12.0
Load (ohms) 1.0 10.0 8.0 8.0
Voltage 5.1 5.1 13.2 13.3
Power 25 2.6 215 22.0
3. Efficiency

Eff. = Po/Pin = 72W/95 W = 75%

4. Estimated Losses

FET 4.0 W Fast Recovery (both) 8.0wW
Schottky 40W Misc. 50W
Transformer 20W

The control loop contains three chips as noted earlier.
The functional diagram of this arrangement is shown in

Ip
(1.0 ADIV)

Vps
(100 V/DIV)

0.5 ADIV

50 V/DIV

Vps —

Figure 8-3. The first chip is an MC1723 linear regulator.
It is used here to provide a 5.0 V reference and an error
amplifier. It is powered from the +12 V output winding
and receives feedback or control signal from the +5.0 V
output. The MC1723 drives the second chip, a 4N27 op-
tocoupler. The coupler maintains isolation between the
primary and secondary windings and couples the dc con-
trol signal to the input of the third chip, a MC34060. The
MC34060 performs a fixed frequency pulse width mod-
ulator (PWM) function and is used to directly drive the
FET power switch which is connected to the primary or
energy storage winding.

The key regulating blocks are the 0 to 3.0 V sawtooth
oscillator and the feedback comparator. As the feedback
signal is raised from 0 to 3.0 V, it gradually narrows the
on time of output pulse coming from the comparator. Dur-
ing start up, the feedback is missing and resistor divider
network controls the second or dead-time comparator to
ensure that on time cannot exceed 45%. This, and the
soft start capacitor, prevents transformer saturation prob-
lems during start-up. Pull down of the gate voltage is
accomplished as shown in Figure 8-3 with the addition of
a low cost TO-92 PNP transistor (Q3). In this design, the
MC34060 is started off line with the addition of a 200 V
transistor (Q2) and 12 V zener as shown in Figure 8-4. It
ultimately (at normal line voltage) runs off the 12 V aux-
iliary winding which back biases this transistor. Because
it and the FET gate draw so little current from the line,
about 20 mA, undervoltage inhibiting common to bipolar
designs was not required here and this current becomes
functional and runs safely when the input reaches 40 Vac.

The performance of this 100 kHz switcher is similar to
most others. ltis relatively easy to keep output ripple, both

Ip
(1.0 ADIV)
Vps
{100 VIDIV)

VGs
(5.0 VIDIV)

Vps
(100 VIDIV)

Ib
{10 ADIV)

Vs
(5.0 VIDIV)

FIGURE 8-2 — FET WAVEFORMS — 120 Vac, FULL LOAD
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FIGURE 8-4 — 100 kHz FET REGULATOR
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FIGURE 8-5 — 20 kHz SWITCHING POWER SUPPLY USING A BIPOLAR SWITCH

Al resistors are 12 W

All capacitors rated 25 V

Transformer Data

Internal power supply transformer for switching regulator
TRAID F90X Primary — Black-red and black green. Secondary — Blue and green

Collector current sense transformer Coilcraft D1870

Core:

Windings: Primary

Ferroxcube 768T183-3C8

— 1 turn, #26 Awg. lead from primary of T3 looped through
center of T2, note dots.

Secondary — 100 turns, #28 Awg.

High frequency output transformer

Core:
Bobbin:

Windings: Primary

Secondary — 5.0 V, 6 turns, #16 Awg.

Base drive inductor
Core: None

Bobbin:
Winding: 39 turns,

5.0 Volt output filter inductor
Coilcraft 27156, 15 uH at 5.0 A

Ferroxcube 1408F1D

Coilcraft 11-464-16, 0.025 gap in each leg.
Coilcraft 37-573

— 2 windings 75 turns each, #26 Awg, bifilar wound.
One winding is connected to the MJE13005 and
the second is connected to the 1N4937, note dots.

12 V, 14 turns, #22 Awg, bifilar wound.

u1

#28 Awg., 10.5 puH

12 V output filter inductors

Coilcraft 27257, 25 uH at 1.0 A
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60 Hz and 100 kHz, below 100 mV on all outputs. (See
Table 2.) Line regulation here was excellent, less than
0.1%, but load reg (2.0%) could have been better. Nor-
mally tight layouts and higher loop gain can get this down
to 0.1 to 0.5% as well. Efficiency (75%) and cross regu-
lation (=10%) are also similar to other multiple output
switcher designs.

TABLE 2 — Output Data

1. Ripple Voltages (120 Vac, Full Load)

Winding +5.0 -5.0 +12 -12
100 k Ripple (PP) 60mV [300mV | 70mV | 50 mV
60 Hz Ripple (PP) 20mV | 50mV | 70mV | 60 mV
Noise Spikes (PP) 20V 20V 20V 20V
2. +5.0 V Regulation

Line 100 Vac | 100 Vac | 130 Vac | 130 Vac
Load Full Half* Full Half
Voltage 5.10 5.21 5.10 5.21

*Note: +5.0 V Load increased to 2.0 ohms and ~12 V load removed.
Load Reg. = AVg/Vg = 0.11/5.1 = 2.2%.
Line Reg. AVg/Vg = 0.005/5.1 = 1.0%.

20 kHz Switcher

A less novel 20 kHz flyback switcher provides a good
illustration of the interchangeability of FETs and bipolar
transistors. The 35 watt supply shown in Figure 8-5 was
originally designed around the MJE13005 bipolar output
transistor. With the bipolar, crossover time and case tem-
perature rise were measured with Vi, at 160 Vdc and
outputs fully loaded.

A view of the crossover waveforms is shown in Figure
8-7. At the full load case temperature of 71°C, the
MJE13005 is turning on in a crossover time of slightly
under one microsecond, (46°C case temperature rise),

Vce = 50 V/Div
Ic = 0.5 ADiv
= 200 ns/Div

FIGURE 8-7 — BIPOLAR CROSSOVER TIME

providing a good relative measure of its efficiency as a
switching element.

When an MTP4N50 FET is substituted for the bipolar
transistor, the drive circuit is greatly simplified as illus-
trated in Figure 8-7. Now the MC34060 control circuit is
capable of directly driving the FET, eliminating the com-
plex base drive circuitry required for the bipolar. The end
result is that the FET can be substituted for the bipolar
by removing five components and changing one resistor
value. Thus, the FET substitution results in a reduced
components count.

Performance wise, the FET is the better choice, with a
considerably improved crossover time, Figure 8-8, and a
case temperature rise of only 18°C.

Automotive DC-DC Converter

In the previous example, FET drive circuitry was max-
imally simplified. The penalty for this simplification is that
turn-on gate-source voltage, applied across a relatively
low gate-source resistor, draws approximately as much
drive power as a bipolar would. This example illustrates
how the FET's low drive power requirements can be used
advantageously. The circuit, shown in Figure 8-9, is a 25
watt DC-DC converter that is designed for automotive use.
It uses the same control IC as the previous example. The
significant difference is the addition of Q1, D3, & D6 to
the drive loop. This arrangement provides a low imped-
ance loop for fast turn-off, while drawing a negligible
amount of current from the IC after the FET is turned-on.

The FET and this circuit work well together. Efficiency
was measured at 78% with Vj, at 13.6 volts, load regu-
lation at 0.4%/Amp., and line regulation at 0.01%/volt.
In general, the comparatively low rpg(on) of FETs with
100 V (or less) ratings makes the FET a particularly good
choice for this type of application.

Vpg = 50 VIDiv
Ip = 0.5 ADiv

t = 200 ns/Div

FIGURE 8-8 — FET CROSSOVER TIME
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09V 23 3T 6
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| 1.35V
>
318k 0k & 3 L S
470| uF 0.1
T
T1: CORE = FERROXCUBE 3019-L00-3C8 L1: COILCRAFT 27156, 15 uH
BOBBIN = FERROXCUBE 3019F-1D L2: COILCRAFT 27157, 25 uH
GAP = 0.015"
T2: COILCRAFT D1871 CURRENT SENSE XFMR.
T3: CORE = COILCRAFT 11-464-41 EE-19

BOBBIN = COILCRAFT 37-612-001

GAP = 0.0075"

FIGURE 8-9 — AUTOMOTIVE DC-DC CONVERTER

High Voltage Flyback Converter

The advantages of power MOSFETSs over bipolars —
high input impedance (low drive power), fast switching,
freedom from second breakdown — have been cited
many times and can clearly be shown when the two tech-
nologies are used in the same application. Such is the
case when a HV flyback converter, initially designed with
a bipolar, was redesigned for the power MOSFET.

The first design used a Switchmode high-voltage bipolar
MJ8505 output transistor in a PWM flyback converter,

Figure 8-10c. This transistor has breakdown voltage rat-
ings VCEO(sus) and Vcgy of 800 V and 1400 V, re-
spectively, and a continuous collector current of 10 A. But,
most important, it has a reverse bias safe operating area
(RBSOA) curve, shown in Figure 8-11a, which allows a
peak ﬂybac“k voltage of about 700 V, generated by a peak
collector current in the 3.0 to 4.0 A range.

To achieve this RBSOA capability an off-bias voltage,
VBE(off), of about —5.0 V is required. Also, since there
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is a trade-off of B with high-voltage transistors (Bmin =
7.5atlc = 1.5 A), alow forced beta B of about 2.5 (g
=~ 1.5 A) was chosen to ensure device saturation. To
produce clean, monotonic, relatively fast clamped induc-
tive turn-off waveforms, the Baker Clamp network of
diodes (D2-D4) is suggested. Consequently, a power am-
plifier consisting of an Ig) forward base current circuit
(transistors Q1 and Q2) and an off-bias circuit (transistors

Q3 and Q4) is required to interface the low level PWM
with the MJ8505. The PWM (U1), for this example, need
only provide a +5.0 V pulse to the power Amp with about
20 mA sourcing and sinking capability.

If, however, the output device is a comparably rated
power MOSFET, MTM2N90 the drive circuitry can be
greatly simplified, with the resulting savings in cost and
improved reliability. Moreover, the faster switching

<36V +V L2 = 20 mH
v oo 100T #20
+VDD Pot Core: 42293CB
? L1 = 1.6 mH L2 Gap: 65 mil
100T #24
0.1 uF . MR510
500 uF L 1 Pot Core: 3019P3B7 D1 oVo
50V ] T L1 o
T MR510 Ql—r_—l_—] Cl7R SR
D1 y Q2
(o]
= 30 k
= Q1 b 0 Vo T
+15 68 =
T | Cl " 3RL
0.5 uF
68 Tow . 1.0k L L
T eok U1 Po
u1 1.0k = T =
. 0.1 uF
MTM2N9O 10 by PWM
PWM
FIGURE 8-10a — SINGLE MOSFET OUTPUT FIGURE 8-10b — TWO PARALLEL MOSFET OUTPUT
+5.0V
Power
Amp
2203
] Q2
100 MJE210 +Vee
3
150 pF %W
I
LN Q1 2.0 L2
9
PWM u1 VVv 2N 5.0 W 1N4007 MR510
47k S 2222 D2 b y
0.01 uF A= b3 = hl o Vo
= Q5 T~ 3 RL
270:; MJE c1
9 2N2905 200 _L 60 k
Qa3 Q4 =
27 (2)
1N4933

-50V

FIGURE 8-10c — DRIVER WITH BIPOLAR OUTPUT

FIGURE 8-10 — HIGH VOLTAGE FLYBACK CONVERTER WITH POWER MOSFET & BIPOLAR OUTPUTS
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FIGURE 8-11a — RBSOA, REVERSE BIAS SWITCHING
SAFE OPERATING AREA

MOSFET improves system efficiency and as subse-
quently described, greater RBSOA or turn-off switching
SOA is achieved (see Figure 8-11 for comparison of the
MTM2N90 with the MJ8505).

The PWM can be any of the 15 V powered I.C.’s with
source and sink capability in the 100 mA range. This cur-
rent level is amendable to driving power MOSFETSs at a
relatively fast switching speed, the current sourcing,
charging up the FET input capacitance Cjgg and the sink-
ing, discharging the capacitance for fast turn-off switching.
Also, the near 15 V PWM output ensures that the FET is
well turned on.

This is exactly what was done for the second version
of the high voltage Switchmode power supply; the PWM
directly drives the FET gate. Using a single N-channel,
high-voltage TMOS MTM2N90 transistor V(BR)DSS =
900 V, Ip = 2.0 A), a high-voltage output of 750 V peak,
capable of driving a 60 k load was achieved. With the
illustrated load inductor L1 and switching frequency, the
peak drain current was about 2.5 A (limited by the mag-
netic saturation of the inductor) and the flyback voltage
was about 750 V.

Atlhough this current exceeds the continuous 2.0 A
drain current rating of the device, it is well within the
7.0 A pulsed current rating. But, of even greater interest,
since the FET has no second breakdown limitations —
as do bipolars — it can sustain simultaneous high switch-
ing voltages and currents. Thus, the 750 V, 2.5 A load
line is well within the SOA rating.

To produce even higher output power levels, two par-
allel connected power MOSFETSs can be driven, as illus-
trated in Figure 8-10b. Using a larger inductor L2, the
circuit was capable of easily producing an 800 V output
into a 30 k load. The total peak drain current was 3.5 A
with each driver sharing current inversely proportional to
its rpS(ony: i-e., matched on-resistance of 5.0 Q) produced
about equal values of Ip of 1.75 A, unmatched 5.0 and
8.0 Q, about 2.1 A and 1.4 A respectively. Reducing the
load resistance even further, resulted in greater power
output, with the individual device drain current being well
within spec limits, as shown in Table 3:

!
= 60
3 MTM2N8S
£ 7)< 1505C MTP2NgS
2 a0 }
g MTM2N90
s MTP2N90
2 29
0 A
0 700 %00 500 800 1000
Vps. DRAIN-TO-SOURCE VOLTAGE (VOLTS)
FIGURE 8-11b — MAXIMUM RATED SWITCHING
SAFE OPERATING AREA
TABLE 3
Total
RL Vpp Vo ID(pk) Po
30 k 28V 800 V 3.6 A 213 W
25k 31V 800 V 3.8A 256 W
21 k 34V 800 V 42 A 305 W

And finally, to make a direct comparison between the
two devices, the loads and the stored energy inductor
should be the same. Since the bipolar originally was tested
with the larger inductor and a 30 k load to produce as
great as a 700 V output from a peak collector current of
3.2 A, the single TMOS was also tested to these condi-
tions. Not only did the power MOSFET reach this energy
level, it also reached 800 V at 3.6 A. To achieve the
required inductor stored energy and power output for this
application, the switching frequency was about 1.7 kHz.
Even at this low frequency, the relatively high static losses
[VDS(on) = 'DS(on) ID = 8.0 Q (max) (3.2 A) = 25 V]
contributed little to the total device loss.

Admittedly, power MOSFETSs are still more expensive
than a comparably die sized bipolar, but, as progression
along the learning curve is achieved, the FET will become
more cost competitive. Nevertheless; it has been shown
that the single power FET circuit is much simpler and cost
effective to drive in this example than the bipolar and offers
the second breakdown free rectangular SOA curve that
allows full V(BR)DSS: ID switching capabilities.

SWITCHMODE Power Supply
(SMPS) Configurations

The implementation of switching power supplies by the
non-specialist is becoming increasingly easy due to the
availability of power devices and control ICs especially
developed for this purpose by the semiconductor manu-
facturer. :

This section is meant to help in the preliminary selection
of the devices required for the implementation of the listed
switching power supplies.
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Flyback Switching Power Supplies:

50 W to 250 W
® Input line variation: Vi + 10%, — 20% o Maximum FET working voltage:
e Converter efficiency: n = 80% VDsw = 2.0 * Vin(max) * V20
e Output regulation by duty cycle () variation: ® Minimum FET drain-source voltage:
dmax = —0.4 Vpsg = 1.2+ Vpsw
o Maximum MOSFET working current: e Working frequency: f = 20 to 200 kHz :‘
2.0 Poyt _ 5.5 Pout :

W = s Vin(min) < V2.0 Vin

Output
Rectifier
L] ﬁ —0
; g -~ DC Output ,1
P 0 i
Power |
Y Inverter 54
Line O > 1 . / |
Input ‘ T yd w
Inpu.t " Control l
Rectifier = F: L———B | E_ Circuitry i
|
FIGURE 8-12 — BASIC FLYBACK CONFIGURATION !
TABLE 4 — Flyback Semiconductor Selection Chart
Output Power 50 W 100 W 175 W 250 W
Input Line Voltage, Vin 120 V 220 V 120 V 220 V 120V 220 V 120V
or or or
240 V 240 V 240 V
MOSFET Requirements
- Max Working Current, Iy 225 A 1.2A 40A 25A 8.0A 44 A 114 A i
Max Working Voltage, Vpsw 380 V 750 V 380 V 750 V 380 V 750 V 380 V ;
Power MOSFETs Recommended ‘
Metal (TO-204AA) (TO-3) MTM4N45  MTM2N90 | MTM4N45 | MTM2N90 | MTM7N45 |MTM4N90| MTM15N45
Plastic (TO-220AB) MTP4N45 | MTP2N90 | MTP4N45 | MTP2N90 — — — }
Plastic (TO-218AC) — — — — MTH7N45 — —
Input Rectifiers
Max Working Current, Ipc 04 A 0.25A 0.4 A 05A 235A 1.25 A 46 A
Recommended Types MDA104A | MDA106A | MDA206 | MDA210 | MDA970 | MDA210 MDA3506
Output Rectifiers
Recommended types for
Output Voltage of: 5.0 V MBR3035PT MBR3035PT MBR12035CT MBR20035CT
10V MURS3010PT MURB010PT MUR10010CT MUR10010CT
2V MUR1615CT MUR1615CT MURS3015PT MUR10015CT
50V MUR1615CT MUR1615CT MUR1615CT MUR3015PT
100 V MUR440, MUR840A MURB840A MUR840A MURB840A
Recommended Control Circuits SG1525A, SG1526, TL494; Inverter Control Circuit
MC3423, MC3424; Overvoltage Detector
Error Amplifier: SINGLE TL431; DUAL-MC3438, LM358;
QUAD — MC3403, LM324, LM2902
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Push-Pull Switching Power Supplies:
100 W to 500 W

@ Input line variation: Vin + 10%, — 20%

o Converter efficiency: n = 80%

e Output regulation by duty cycle () variation:

® Maximum FET working voltage:
VDSW =20-° Vm(max) *\V2.0
o Minimum FET drain-source voltage:

dmax = 0.8 Vps = 1.2+ Vpsw
o Maximum MOSFET working current: ® Working frequency: f = 20 to 200 kHz
w = Pout _ 1.4 Pout
n* 8max * Vin(min) * V2.0 Vin
Output
Filter
Py YN Yo 0
|
Outp:'t | = | DC Output
Rectifier LT _ 1 T
*- O

A
»| % AWL
1 F

Line
Input . ;”: I I ;"t Control
Circuitry
Input
Rectifier Power
inverter
FIGURE 8-13 — BASIC PUSH-PULL CONFIGURATION
TABLE 5 — Push-Pull Semiconductor Selection Chart
Output Power 100 W 250 W 500 W
Input Line Voltage, Vin 120 V 220 V 120 V 220V 120V 220V
240 V 240 V 240V
MOSFET Requirements
Max Working Current, ly 1.2A 06 A 29A 16 A 57A 31A
Max Working Voltage, Vpsw 380 V 750 V 380 V 750 V 380 V 750 V
Power MOSFETs Recommended
Metal (TO-204AA) (TO-3) MTM2N50 | MTM2NS0 | MTM4N45 | MTM2N90 | MTM7N45 | MTM4N90
Plastic (TO-220AB) MTP2N45 | MTP2N90 | MTP4N45 | MTP2N94 — —
Plastic (TO-218AC) — — — — MTH7N45 —
Input Rectifiers
Max Working Current, Ipc 09A 05A 235A 1.25A 46 A 25A
Recommended Types MDA206 MDA210 | MDA970-5 | MDA210 MDA3506 | MDA3510
Output Rectifiers:
Recommended types
for output voltages of: 5.0 V MBR3035PT MBR12035CT MBR20035CT
0V MBR3045PT MUR10010CT MUR10010CT
MUR3010PT
2V MUR1615CT MURS3015PT MUR10015CT
50V MUR1615CT MUR1615CT MUR3015PT
100 V MURB840A, MUR440 MURS840A MURB840A
Recommended Control Circuits See Table 4
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Half-Bridge Switching Power Supplies:

100 W to 500 W
® Input line variation: Vip + 10%, — 20% ® Maximum FET working voltage:
e Converter efficiency: n = 80% VDSW = Vin(max) * V2.0
e Qutput regulation by duty cycle (8) variation: ® Minimum FET drain-source voltage:
dmax = 0.8 Vps = 1.2+ Vpsw
o Maximum MOSFET working current: o Working frequency: f = 20 to 200 kHz
20 Pout - 28 POut

w = n* 8max * Vifi{min) * V2.0 Vin

A~ 7o)
| Output
Output | R I B Filter
Rectifier L_lE _15 3 ' T DE Output
O
==~
| |
|
= : I I
o |
Line S 1 == | | Control
Input >+ T | : Circuitry
Input A Power : |
Rectifier T Inverter | p | : I__3|E—-——
,J | [
v = _
FIGURE 8-14 — BASIC HALF-BRIDGE CONFIGURATION
TABLE 6 — Half-Bridge Semiconductor Selection Chart
Output Power 100 W 350 W 500 W
Input Voltage, Vi 120V 220V 120 V 220V 120 vV 220V
240 V 240V 240 V
MOSFET Requirements
Max Working Current, Iy 23A 1.25 A 57A 31A 115A 6.25 A
Max Working Voltage, Vpsw 190 V 380 V 190 V 380 V 190 V 380 V
Power MOSFETs Recommended
Metal (TO-204AA) (TO-3) MTM5N35 | MTM2N45 | MTM8N40 | MTM4N45 | MTM10N25 | MTM7N45
Plastic (TO-220AB) MTP3N40 | MTP2N45 — MTP4N45 | MTP10N25 -
Plastic (TO-218AC) — — MTH8N40 — — MTH7N45
Input Rectifiers
Max Working Current, ipc 09 A 05A 23A 1.25A 46 A 25A
Recommended Types MDA206 MDA210 | MDA970-5 | MDA210 | MDA3506 | MDA3510
Output Rectifiers:
Recommended types
for output voltage of: 50V MBR3035PT MBR12035CT MBR20035CT
iov MBR3045PT MUR10010CT MUR10010CT
MUR3010PT
20V MUR1615CT MURS3015PT MUR10015CT
50 V MUR1615CT MUR1615CT MUR3015PT
100 V MURB840A, MUR440 MURB840A MURB840A
Recommended Control Circuits See Table 4
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1 Full-Bridge Switching Power Supplies:
500 W to 1000 W
® Input line variation: Vi + 10%, — 20%
o Converter efficiency: n = 80%
o Output regulation by duty cycle (6) variation:
Smax = 0.8
® Maximum MOSFET working current:

Wy = Pout _ 14 Pout
n°* dmax * Vin(min) * V2.0 Vin

® Maximum MOSFET working voltage:
VDSW = Vin(max) * V2.0

o Minimum FET drain-source voltage:
Vps = 1.2+ Vpsw

o Working frequency: f = 20 to 200 kHz

Output
Filter
SYY YN —O0
Outg;{t ~ ' i _1‘ ;L DC Output
Rectifier [ . |
Y
CAAAAN
g_l L l Y4 N~ [ 41‘ )I( Control
[jl L —IC ! J1C Circuitry
Line ] | — — — | l
i | T
Pt o —* Power
Input Inverter
Rectifier -——-3! q F:: lE“—d
FIGURE 8-15 — BASIC FULL-BRIDGE CONFIGURATION
1-8 TABLE 7 — Full Bridge Semiconductor Selection Chart
Output Power 500 W 750 W 1000 W
Input Voltage, Vin 120V 220V 120V 220 V 120V 220V
240 V 240 V 240 V
MOSFET Requirements
. Max Working Current, ly, 57A 3.1A 86 A 47 A 11.5A 6.25 A
Max Working Voltage, Vpsw 190 V 380 V 190 V 380 V 190 V 380 V
Power MOSFETs Recommended .
Metal (TO-204AA) (TO-3) MTM8N20 | MTM4N45 | MTM10N25 | MTM7N45 | MTM15N20 | MTM7N45
Plastic (TO-220AB) MTP8N20 | MTP4N45 | MTP10N25 | MTP4N45 | MTP12N20 —
Plastic (TO-218AC) — — — MTH7N45 | MTH15N20 | MTH7N45
Input Rectifiers '
Max Working Current, Ipc 46 A 25A 70A 38A 9.25 A 50A
Recommended Types MDA3506 | MDA3510
Output Rectifiers:
Recommended types
for output voltages of: 5.0V MBR20035CT MBR30035CT MBR30035CT*
0V MUR10010CT MUR10010CT* MUR10010CT*
20V MUR10015CT MUR10015CT MUR10015CT*
50 V MUR3015PT MUR3015PT* MUR10015CT
100 V MURB8B04PT MUR3040PT* MUR3040PT
Recommended Control Circuits See Table 4

*More than one device per leg, matched.
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Motor Controls

Power MOSFETSs are interesting devices for motor drive
applications. The advantages and disadvantages are sim-
ilar to those discussed for switching power supplies. With
motor drives, however, there is more of a distinction.
Whereas FETSs are not yet a match for bipolar Darlingtons
in off-line multiple horsepower drives, they are an excel-
lent choice for fractional horsepower drives and drives
that are operated off busses less than 100 V.

Three examples are illustrated. They include a stepping
motor drive, a high efficiency H bridge, and a one-
transistor PM motor speed control.

Using Power MOSFETSs in Stepping
Motor Control

Stepping motors are used extensively in electro-
mechanical positioning systems. Applications range from
printers to tape drivers, floppy disk drives, numerically
controlled machinery and other digitally controlled posi-
tioning systems. The task of the stepping motor controller
is to drive the rotation generating sequential current flows
in the field winding of the motor on command from an
external device.

The use of TMOS Power MOSFETs and CMOS logic
simplifies the drive circuitry while allowing considerable
flexibility of control. This section describes several types
of stepping motor control circuits including an 88.0% ef-
ficient switching drive. Stepping motor logic sequencing,
power requirements and dynamics are briefly examined.

DRIVE TECHNIQUES

Stepping Motor Characteristics

A basic understanding of stepping motors is desirable.
A permanent magnet stepping motor consists of a series
of permanent magnets distributed radially on a rotor shaft
surrounded by electromagnets attached to the stationary
housing. Energizing the electromagnets with the proper
polarities generates a magnetic field pattern to which the

FIGURE 8-16 — SIMPLIFIED STEPPING MOTOR

*Colors are for Superior Electric
SLO-SYN dc Stepping Motors

motor magnets try to align producing torque. A simplified
representation of a stepping motor is shown in Figure
8-16. Initially, Poles A and B are both energized with north
up, drawing the rotor's south pole to the up position. Re-
versing the polarity of Pole A draws the rotor 90° clockwise
to its final position; this is known as a full step. If pole A
had been turned off instead of reversed, the rotor would
have rotated only 45° clockwise to line up with the field
created by Pole B; this is known as a half step. Stepping
motors obtain small angle step increments by using large
numbers of poles. Stator pole reversal can be accom-
plished by reversing the current flow direction in the wind-
ing or by using alternate halves of a center-tapped
winding.

An external block diagram of a center-tapped stepping
motor plus control switches, inductive clamp diodes, re-
sistive current limiting and power supply is shown in Figure
8-17. Pole A, for instance, can be energized to one polarity
by turning Switch 1 on and Switch 2 off; the opposite
polarity is generated by turning Switch 1 off and Switch
2on.

It follows that the proper magnetic polarity sequence
for stepping can be generated by controlling Switches
1-4. Clamp diodes prevent the voltage across the induc-
tive winding from flying up and destroying the switches
as they are turned off. The required switching sequences
for full and half step operation are shown in Figure 8-18.
Reversing the sequences of Figure 8-18 will reverse the
direction of motor rotation.

Rapid stepping requires high di/dt in the motor windings.
Since di/dt is a function of supply voltage, a high supply
voltage is desirable. The average winding current is lim-
ited by the motor manufacturer’s specification. As an ex-
ample, Superior Electric’s SLO-SYN model M093-FC07
has a current rating of 3.5 amps/winding with 1.23 Q/
winding resistance and 7.94 mH/winding inductance. The
recommended power supply is 24 volts; currents are lim-
ited to the maximum rating by a 6.5 Q, 100 W resistor/
winding. This yields a dc current of about 3.0 A and an
L/R time constant of 1.0 ms. Higher supply voltages and
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FIGURE 8-17 — SIMPLIFIED STEPPING MOTOR AND CONTROL
BLOCK DIAGRAM*
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the resulting larger current limiting resistor will decrease
L/R and increase the obtainable stepping rate.

Depending on rotor inertia, torque requirements and
winding currents, a stepping motor may exhibit oscillatory
behavior including vibration, lost steps and/or stalling near
self-resonant stepping frequencies. Oscillatory behavior
may be lessened or eliminated by adjusting winding cur-
rents, by adjusting interial and/or torque loading or by the
use of mechanical dampers.

A Full Step Center-Tapped Drive

Figure 8-19 illustrates a full step center-tapped stepping
motor controller using one CMOS 4-bit presettable shift
register to drive four N-Channel TMOS Power FETs. Ex-
amining the full-step sequence of Figure 8-18, shows that
the sequences for the various gate signals are the same
except for a phase shift. Therefore, the desired control
sequence of two on-time periods followed by two off-time
periods may be preset into the 4-bit shift register
(MC14194) of Figure 8-19. The required phasings are
obtained by tapping the appropriate shift register outputs.

Clockwise stepping is obtained by right shifting the
MC14194; left shifting yields counterclockwise stepping.
Control signals SO and S1 plus a clock line control step-
ping. On power-up, the MC14194 requires a preset ob-
tained by setting SO, S1 = 1,1 and supplying a leading
edge clock; this puts the logic in a known state. The re-
mainder of the control functions are illustrated in the con-
trol table of Figure 8-19; stepping occurs in a leading edge
clock. Diodes 1-4 prevent the inductive turn-off spike from
avalanching the TMOS Power FETs. Resistor R3 creates
a back voltage which halts winding current rapidly on turn-
off. R3 is selected to limit the voltage spike to the TMOS
S-D voltage rating. TMOS power FETs switch extremely
fast, and the turn-on delay of the diodes may not be short
enough to prevent S-D avalanche. A small capacitor (0.01
to 0.1 uF) placed across the motor winding will usually
lower dv/dt sufficiently to prevent S-D avalanche. Resis-
tors R1 and R2 limit motor winding currents.

A Full or Half Step Center-Tapped Drive

Figure 8-20 illustrates a full or half step controller. As
in the full step sequence, the gate control signals for the
half step sequence are identical except for a phase shift.
Similarly, the desired pattern of three on-time periods fol-
lowed by five off-time periods can be preset on a leading
edge clock into an eight-bit shift register formed by two
MC14194’s. The full step sequence can be generated by
setting the half step line high and performing a preset.
Right shifting and left shifting control the motor shaft’'s
direction of rotation as before. A full step will be executed
for every two rising clock pulses independent of stepping
sequence. Piodes D1-D4 and resistor R3 form the over-
voltage protection f