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Application of OptiMOS™ Linear FET as protection
switch in battery-powered motor drive applications

About this document

Scope and purpose

This application note explains the advantages of OptiMOS™ Linear FET over standard MOSFET for inrush
current limiting and short-circuit protection in battery-powered applications. The test conditions for each
scenario are explained, and the test setups and experimental results are shown. To effectively use the
OptiMOS™ Linear FET in a single or parallel combination, guidance has been provided for the external Re-Cop
selection in the gate drive circuit for both turn-on (during inrush current conditions at start-up) and turn-off
(during short-circuit protection) transitions.

Intended audience

Power electronics engineers and component engineers; applicable to all battery-powered applications that use
parts where short-circuit protection and inrush current conditions at start-up influence the MOSFET selection
criteria.

Application Note Please read the Important Notice and Warnings at the end of this document V1.0
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1 Introduction

The development of modern power MOSFETs has focused on ultrafast switching and ultralow-ohmic devices,
leading to continuously decreasing Rosion), gate charge and output capacitances. But the requirements of
protection MOSFETSs in battery-powered motor drive applications such as e-bikes, power and gardening tools,
etc. differ significantly from those in normal switching MOSFETSs. These applications require protection
MOSFETSs to operate primarily in linear mode (high voltage and current applied at the same time). Therefore,
these applications require MOSFETs which have low Rops(on), high current-carrying capability (continuous and
pulsed Ip ratings), avalanche ruggedness (Exs), linear mode capability (wider safe operating area/SOA) and
better thermal performance (Zru/Rr). Typically, there is a tradeoff between the low-ohmic device technologies
and wider SOA capability due to increased transconductance of the MOSFET, as discussed in [1]. OptiMOS™
Linear FET was introduced as a revolutionary approach to avoid the linear mode vs. Rpsion) tradeoff by offering
the wider SOA of planar MOSFETs and low Rps(on) Of trench MOSFETSs.

Figure 1 shows a typical linear mode operating scenario. During the inrush current scenario, the MOSFET is
initially in the off-state, where it is blocking the entire battery voltage. Then it moves into linear mode
operation, where the MOSFET sees high voltage and high current being applied simultaneously, and then it
finally goes into the on-state, where it is conducting steady-state current and a low drain-to-source voltage
drop (Vos = Rosin) *Ip) across it. During the short-circuit scenario, the MOSFET starts in the on-state with a low Vps
while carrying the short-circuit current. After this it transitions into linear mode during the turn-off transient,
and then finally into the off-state, where the current is zero and it is blocking all the battery voltage.
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ST
T - ; \Vgs=4V
Vos [V] OFF @ 36V
Figure 1 Output characteristic of the MOSFET during one switching period

In protection mode circuits, the MOSFET operates in linear mode for a considerable amount of time (typically a
few hundred microseconds up to several milliseconds), which makes OptiMOS™ Linear FET a desirable option.
OptiMOS™ Linear FET offers a faster switching response compared to a standard MOSFET. It also provides lower
transconductance, which helps with equal current sharing when two or more Linear FETs are operating in
parallel. This helps limit the peak currents and improves the lifetime of bulk capacitors and battery packs.

In this application note we will discuss the differences between an OptiMOS™ Linear FET (IPTOOSNO6NM5LF)
and the equivalent standard MOSFET (IPTO07NO6N), which is optimized for low Ros(on), fast switching
applications. The turn-on and turn-off behaviors when an inrush current and short-circuit scenario are
introduced into the system, respectively, have been shown. The SOA calculations and comparisons for each
condition were performed to exhibit the advantages of Linear FET over standard MOSFET. Finally, Rs-Cep
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selection guidance for the gate drive circuit is provided to ensure the device does not avalanche and also stays
within the SOA limits.

This selection guidance can be used for the following devices:

Table1 Linear FET portfolio
Voltage (V) Part number
60 IPTOOSNOGNMSLF
80 IPTO13NOSNMSLF
IPBO17N10NSLF
100 IPBO20N1ONSLF
IPBO33N10ONSLF
150 IPBO48N15N5LF
IPBO83N15N5LF
200 IPB110N20N3LF
Application Note 40f34 V1.0
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2 Protection in battery-powered applications

2.1 Inrush current limiting

Figure 2 shows a typical battery-powered motor drive system with the bulk capacitors at the input. When the
system is first powered on, the input capacitors draw large amounts of inrush current and this can easily
exceed the nominal load current. The peak of the inrush current depends on the amount of input capacitance
installed, and can be several hundred amperes. A controlled charging of these capacitors is desirable to reduce
the peak inrush currents. High inrush currents can adversely affect the overall lifetime of the battery and the
input bulk capacitors. To help limit this current, Linear FET can be used as a protection switch, as it enables a
controlled inrush current profile and has larger SOA limits for linear mode robustness.

all System
Protection Switch
+
Vi — Input Bulk _|_ _|_
' T, Capacitors — | ]
Figure 2 Linear FET as a protection switch for inrush current limiting
2.2 Short-circuit protection

Generally, in battery-powered motor drive systems, short-circuit events happen due to several reasons, with
the most common being the inverter FETs failing or the motor winding getting shorted. When a short-circuit
occurs in the system, the battery terminals will also be shorted, which can result in very large currents being
drawn out of it. These large currents can damage the battery and other components in the system. During such
events, it isimportant to disconnect the battery from the system as quickly as possible, before it causes any
system damage, fire hazards or serious injuries. This can be achieved by using a Linear FET as a protection
switch between the battery and the inverter (as shown in Figure 3).

Protection Switch
+
Vin—=
[
Figure 3 Linear FET as a protection switch during short-circuit
Application Note 50f34 V1.0
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3 Importance of the safe operating area

The safe operating area (SOA) of a MOSFET defines the maximum allowable current and voltage range where a
power MOSFET can be safely operated. Figure 4 shows a typical SOA diagram for a MOSFET. The boundary of
the SOA consists of five limits, and within these limit-lines the green shaded area shows where the MOSFET can
be safely operated. The limit lines defining the SOA diagram are the Ros(on) limit, the package limit, the
maximum power limit, the thermal stability limit, and the breakdown voltage limit. During linear mode
operation, the most critical constraints are the maximum power limit and the thermal stability limit.

10000

Package limited

Max Power limited
/' im0

100n
Ros(on) limited

Thermal Stability limited

<
2 100 / \
10
1
0.1 1 10 100
Vs (V)
Figure 4 SOA of a MOSFET

When the MOSFET is conducting, the current (Ip) is flowing through it, and the voltage drop across the MOSFET
(Vosion) can be expressed as the product of I and Rpson). In this case the MOSFET is operating in the Rpsion)-limited
part of the SOA. The Ros(on) helps to limit the maximum short-circuit current that can flow in the circuit. During
switching transients, the MOSFET sees both high current and high voltage across it. This corresponds to the
“maximum power limit” and “thermal stability limit” sections in the SOA. These operating regions will be the
main focus of this application note, to demonstrate the benefits of Linear FET, since they correspond to linear
mode operation of the MOSFET. OptiMOS™ Linear FET is a unique product in the Infineon portfolio, providing
high linear mode robustness as well as low conduction losses. This makes it a good choice for inrush current
limiting, because it has a controlled current profile compared to standard MOSFET. It is also a good choice for
short-circuit protection because of larger SOA at higher Vps, as explained in sections 5 and 6 in this application
note.
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4 Experimental setup

In this section, the experimental setup and schematic diagram for the inrush current and short-circuit scenarios
are described. The objective was to find the same gate drive circuit optimization for the Linear FET that could
be used for both the scenarios, and compare the performance with the corresponding standard MOSFET. All
the tests were conducted on the same PCB by replacing the MOSFETSs to eliminate differences caused by board-

to-board variations.

4.1 Inrush current limiting

To emulate the inrush current scenario, an application board (as shown in Figure 5) was developed. On this
board, the input capacitors of the typical system are emulated by the capacitor load, which is connected to the
power supply using a protection MOSFET (shown in Figure 2). The board had provision for multiple capacitors
to analyze and compare the inrush current limiting performance of the Linear FET to the standard MOSFET at
different inrush current levels. This board can also accommodate two MOSFETs in parallel to investigate
current sharing during inrush transients. For a single MOSFET, the capacitive load was varied from 1 x 470 pF to
3 x 470 uF, whereas for the two MOSFETSs in parallel, the capacitive load was varied from 1 x 470 uF to 5 x 470

UF.

Figure 5 shows the schematic for the inrush current limiting test setup. In this setup, 10 mQ current shunts
were used for measuring the individual MOSFET switching currents. For a single MOSFET, only Q: was
populated and the current was measured using Current Shunt 1. For two MOSFETSs in parallel, both Q; and Q.
were populated and the currents were measured using the respective current shunts. The gate drive circuit was
tuned to obtain a controlled inrush current with Linear FET. For the gate resistors, a 50 kQ resistor was selected
for Reon and a 5 kQ resistor was selected for Reoif for both Q; and Q.. An external Cep of 1 nF was used for both the
parallel MOSFETSs. The Rs-Cop selection is discussed in detail in section 7.

Fuse
Current Shunt 1 Current Shunt 2
(o]} E
Com == Canz = H
R — D — :
Dy Raowy E D2 Raonz ;\
Reorert Rooffz 2 | =eessssssssssssssssssssssssssssssssssssssssssn,
Vi —_—+
agy ==
I
Capacitor J_ J_ [ .
=~ TTTT
Figure 5 Schematic diagram for inrush current limiting setup
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SOA analysis and waveform comparisons were performed to understand and compare the linear mode and
current sharing capabilities of both the Linear FET and the corresponding standard MOSFETSs, and is discussed
in detail in sections 5.1 and 6.1.

4.2 Short-circuit protection

To emulate the short-circuit scenario, a 36 V battery was connected through an external resistor bank, Rexr (0 to
1 Q) to the input of the same application board used for inrush current limiting tests. This resistor bank was
used to vary the short-circuit current levels and understand the performance at each current level. On the
output side, the board has provision for connecting a contactor, which acts like the short in the system. The
contactor resistance is 50 mQ. For single MOSFET comparison, the short-circuit current was varied from 110 to
230 A. For two MOSFETSs in parallel, the short-circuit current was varied from 240 to 460 A to have similar short-
circuit current in each MOSFET as the single MOSFET test.

Figure 6 shows the schematic for short-circuit protection setup. In this setup, 10 mQ current shunts were used
for measuring the individual MOSFET switching currents. For a single MOSFET, only Q: was populated and the
current was measured using Current Shunt 1. For two MOSFETSs in parallel, both Q, and Q, were populated and
the currents were measured using the respective current shunts. The gate drive circuit was tuned to obtain a
controlled inrush current with Linear FET. For the gate resistors, a 50 kQ resistor was selected for Rson and a 5
kQ resistor was selected for Reorr for both Q; and Q.. An external Cep of 1 nF was used for both the parallel
MOSFETSs. The Rs-Cop selection is discussed in detail in section 7.

E Fuse
Rexr
Current Shunt 1 Current Shunt 2
Qy E Q; E
Con1 =& H Conz =& | B
— : o —d 2
D1 Rgomt E D2 Rgona \
" RaorF1 Riorr AR RN,
Vi —= H -
v =
)
j Contactor
Figure 6 Schematic diagram for short-circuit protection setup

SOA analysis and waveform comparisons were performed to understand and compare the linear mode and
current sharing capabilities of both the Linear FET and the corresponding standard MOSFETs and is discussed
in detail in sections 5.2 and 6.2.
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Experimental setup

4.3 SOA calculations

To perform the SOA calculations, the following parameters are required. These parameters can be obtained
using the switching waveforms. For example, peak power dissipation (Pmax) and total energy dissipation (Exo)
can be calculated from the scope functions by multiplying Vos and Ip and integrating the power curve over time,

respectively.

Table 2 SOA calculation parameters
Parameter Notation
Peak Power Dissipation Pmax
Total Energy Dissipation Etot
Pulse Width Toul
Ip at Peak Power Dissipation Ip max
Vs at Peak Power Dissipation Vbs max

The peak power point (Pmax) can be identified and the corresponding values of Ip at Pmax (Iomax) @nd Vps at Prmax
(Vosmax) can be found on the oscilloscope. This value of lomax and Vosmax can be used for generating an equivalent
square pulse for SOA and can be plotted on the SOA diagram. The pulse length (t,u) for the switching scenario
needs to be calculated as well. It can be calculated by dividing the total dissipated energy (Eot) by Pmax. This tou
will provide the boundary for SOA. If the peak power point (Vpsmasx, lomax) lies inside this boundary line, then the
device is operating safely.

Application Note 9 of 34 V1.0
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5 Single standard MOSFET vs. Linear FET

In this section, the single MOSFET performances for standard MOSFET and Linear FET are compared for both
inrush current and short-circuit scenarios.

5.1 Inrush current limiting

For inrush current limiting tests, the MOSFET performances from 1 x 470 uF to 3 x 470 uF capacitor load for
both standard MOSFET and Linear FET are compared. The calculation for 1 x 470 uF and 3 x 470 uF are shown

below. The SOA analysis for each condition is shown in Table 3 to understand the SOA capability of each
MOSFET.

Standard FET 1x470pF g ooy
Prax = 1.7 kW
Etor = 0.265] vds 10V/div Vecap 10V/div
tpwl = 156 ps
Ipmax = 61.2 A

VDSmax = 278 V

Figure 7 Inrush current for single standard MOSFET with 1 x 470 pF load

Standard FET 3x470uF s o

Poax = 4.15 kW

Vds 10V/div Vcap 10V/div
EtOt == 0735] == 17_9__7_A

tpul =177 us

Ipmax = 152.5 A Id 50A/div/

VDSmax = 272 V ~

P10 oM7) P11 P1211eq(C2)
_HD 200 T
12805

Figure 8 Inrush current for single standard MOSFET with 3 x 470 pF load
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Plotting these pulse lines on the SOA of the standard MOSFET will give the corresponding SOA boundaries for
each condition, as shown in Figure 9. Figure 9 shows that when the capacitor load is 1 x 470 uF (blue line) the
MOSFET is operating just inside the SOA boundary (blue point). When the load is increased to 3 x 470 uF (red
line), the MOSFET is well outside the SOA boundary (red point).

Standard FET SOA
10000

T NN Y
1000 — \\ 100 s ~
10 us\l
\ 27.2V,152.5A
I
100 = \\ 177 ps EEEE
_ N
< 27.8V,62.7A
< AN
10 \\\ 1ms
\10m5
1 N
DC \
0.1 \
0.1 1 10 100
Vs (V)
Figure 9 SOA analysis for single standard MOSFET for inrush current scenario

Performing the calculations for Linear FET for the same capacitor load conditions gives the following pulse
widths.

Pmax = 1.66 kW LinearFET 1x470uF o i
E,or = 0.260 ]
Vds 10V/div T —
tpul =157 us
Ipmax =539 A

VDSmax = 308 V

Figure 10 Inrush current for single standard MOSFET with 1 x 470 pF load

Application Note 11 0f 34 V1.0
2022-08-30



o~ _.
Application of OptiMOS™ Linear FET as protection switch in battery- ‘ |n f| neon

powered motor drive applications
Single standard MOSFET vs. Linear FET

LinearFET 3x470yF e
Prax = 337 kW
Vds 10V/div Vcap 10V/div
Eupr = 0.775] it
tpw = 230 ps
Ipmax = 1079 A
Id 50A/div
VDSmax = 312 V %
),;zzi ‘ 121V oy w055V L«H\': 778 :77‘0;;.;3 N = m—
Figure 11 Inrush current for single standard MOSFET with 3 x 470 pF load

Plotting these pulse lines on the SOA of the Linear FET will give the corresponding SOA boundary for each
condition, which is shown in Figure 12. Figure 12 shows that when the capacitor load is 1 x 470 uF (blue line)
the MOSFET is operating well inside the SOA boundary (blue point). When the load is increased to 3 x 470 uF
(red line), the MOSFET is operating on the SOA boundary (red point).

LinearFET SOA
10000
lus
000 NN N
10 ps
~
100 =
<
10
1
0.1 L .
0.1 1 10 100
Vs (V)
Figure 12 SOA analysis for a single Linear FET for inrush current scenario

The waveforms show that Linear FET has much better inrush current limiting capability. At 3 x 470 uF capacitive
load, Linear FET has 53 A (~30 percent) lower current peak than the standard MOSFET. Figure 9 and Figure 12
also show that Linear FET has better SOA performance and can support ~3 times larger capacitor load during
inrush.
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Table 3 shows the SOA parameter values and the operating points for both standard MOSFET and Linear FET at
all the test conditions.

Table 3 SOA analysis for single MOSFET during inrush current scenario
Part Load Pmax (KW) | Eiot (J) tou (KS) Iomax (A) | Vbsmax (V) | SOA operating point
1% Inside
470 uF 1.7 0.265 156 61.2 27.8
Standard 2 % Outside
MOSFET 470 uF 2.93 0.488 167 108.5 27
3 x Outside
470 uF 4.15 0.735 177 152.5 27.2
1x Inside
470 uF 1.66 0.26 156 53.9 30.8
. 2 x Inside
Linear FET 2.64 0.515 195 85.6 30.4
470 uF
3% Boundary
470 uF 3.37 0.775 230 107.8 31.2

From the above table, it is clear that at all load levels, Linear FET has better SOA performance compared to
standard MOSFET. This makes Linear FET a better choice for inrush current limiting as compared to standard
MOSFET.

5.2 Short-circuit protection

For short-circuit protection tests, the MOSFET performances were compared during the turn-off transient at
various short-circuit current levels from 110 to 230 A. The SOA calculations for 110 and 230 A conditions to
determine the SOA operating point are shown. The SOA analysis for each condition is shown in Table 4 to
understand the protection capability of each MOSFET.

Standard FET - 110A

Poax = 1.22 kW
Vds 10V/div

E,or = 0.0705 ]

tpur = 58 s 108A
Id 50A/div

Ipmax = 51.2 4

VDSmax = 238 V

Measure (3 c3 Cc1)
value 0V
status
e

100Vidv] 500 mVidy

30,000 V| 15000 V|

Figure 13 Short-circuit protection with single standard MOSFET at 110 A
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Standard FET - 230A i T
Prax = 2.91 kW Id 50A/div
Vds 10V/div
Eipr = 0.152]
tpul =52 us

Ipmax = 119.9 4

VDSmax = 243 V

Figure 14

Plotting these pulse lines on the SOA of the standard MOSFET will give the corresponding SOA boundary for
each condition, which is shown in Figure 15.

Standard FET SOA

10000

< N

1000
~ 100 s Q
\ 203V,119.97 @

100 o N .

23.8v,

m N

ID (A)

0.1

0.1 10 100

-

Vs (V)

Figure 15 SOA analysis for single standard MOSFET during short-circuit scenario

Figure 15 shows that for both 110 A short-circuit current (blue line) and 230 A short-circuit current (red line),
the MOSFET is operating inside the SOA.

Performing the calculations for Linear FET for the same conditions gives the following pulse widths.
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Linear FET - 110A

Py = 141 kW
Vds 10V/div

Ep = 0.0216]

tpur = 15 s 108A

Id 50A/div \

Ipmax = 62.7 A y

VDSmax = 225 V

10 5
30,000 V| 15000 V]

Figure 16 SCP with single Linear FET at 110 A

Linear FET - 230A g~ T
P, =39kW
max Id 50A/div 230A
\ La Vds 10V/div
E;or = 0.0405 ] \
Ipmax = 141.1 A \
P &
Vpsmax = 27.6V
% 5000 o 5000 / [HOW Timebase 0 q;;:]l 2

Figure 17 SCP with single Linear FET at 230 A

Plotting these pulse lines on the SOA of the Linear FET will give the corresponding SOA boundary for each
condition, shown in Figure 18. It can be seen that for both 110 A short-circuit current (blue line) and 230 A
short-circuit current (red line), the MOSFET is operating inside the SOA.

Table 4 shows the SOA parameter values and the operating points for both standard MOSFET and Linear FET at
all the test conditions during short-circuit scenarios.
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LinearFET SOA

10000

o0 < O\ Y\ N
N 15us \
o & 7.6V, 141.1A \
_ \V 62.7A
g \
10 \ 10 ms
\
N
1
0‘10‘1 1 10 100
Vos (V)
Figure 18 SOA analysis for single Linear FET during a short-circuit scenario
Table 4 SOA analysis for single MOSFET during a short-circuit scenario
Part Current (A) | Pmax (KW)| Eiot (J) tou (US) | lomax (A) | Vbsmax (V) | SOA operating point

110 1.22 0.0705 58 51.2 23.8 Inside
Standard 150 1.71 0.0959 56 73.5 23.3 Inside
MOSFET 180 2.15 0.116 54 92.8 23.2 Inside
230 2.91 0.152 52 119.9 24.3 Inside
110 1.41 0.0216 15 62.7 22.5 Inside
Linear FET 150 2.09 0.0268 13 89.5 23.4 Inside
180 2.72 0.0314 12 108.2 25.1 Inside
230 3.9 0.0405 10 141.1 27.6 Inside

Table 4 shows that Linear FET turns off much faster than standard MOSFET. It spends 80 percent less time in
linear mode compared to standard MOSFET at all current levels without avalanching. This makes Linear FET a
better choice for battery protection in the event of a short-circuit as compared to standard MOSFET.

Application Note 16 of 34 V1.0
2022-08-30



powered motor drive applications
Parallel standard MOSFET vs. Linear FET

o~ _.
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6 Parallel standard MOSFET vs. Linear FET

In this section, the parallel MOSFET performances for standard MOSFET and Linear FET are compared for both
inrush current and short-circuit scenarios. The current sharing between the parallel FETs during the turn-on
and turn-off switching periods is also monitored to understand if the system can be scaled to higher load levels.

6.1 Inrush current limiting

For inrush current limiting tests, the MOSFET performances from 1 x 470 uF to 5 x 470 uF capacitor load for
both standard MOSFET and Linear FET are compared. The calculations for 1 x 470 uF and 5 x 470 uF are shown
below. The SOA analysis for Q; and Q, for each condition is shown in Table 5 to understand the SOA capability
of each MOSFET and current sharing between parallel FETs.

Standard FET - 1x470uF o e oo
Pmale = 123 kW
Etoth = 0188]
tpuigr = 153 s vds 10V/div Veap 10V/div
Ipmaxg1 = 45.7 A
VDSmaXQl = 269V

Vgs Q2 5V/div
PmaxQZ = 0.52 kW

Etotgz = 0.076] Id Q1 50A/div
tpuigz = 146 us a
Ipmaxg2 = 19.14 Id Q2 50A/div

VDSmaXQZ = 272V

PO max(F3) PTmax(C5) P8 max(F4) PO maxifs) P10 max(F6)

Figure 19 Inrush current for parallel standard MOSFETs with 1 x 470 puF load

Standard FET - 5x470pF ol s

PmaXQl =3.83 kW
Etoth = 0686] -
touigr = 179 us Vds 10V/div N ——

Ipmaxg1 = 148.6 A

Vpsmaxo1 = 258V y

Vgs Q2 5V/div

EtOtQZ = 0519]
tpule =180 us
IDmaXQZ =11214
VDSmaXQZ = 258 V

SEHOME Toase 200 s

Figure 20 Inrush current for parallel standard MOSFETs with 5 x 470 puF load
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Plotting the highest pulse widths from each condition, which will give the worst-case SOA, and peak power
points for both Q; and Q. on the standard MOSFET SOA will give the SOA performance for MOSFET
parallelization. This is shown in Figure 21.

Standard FET SOA

10000
1ps
1000 — ~ ﬁ
10 us\l
\ Q1:25.8V,148.6A
1 I
100 {80 us Q2:25.8V,112.1A
= \ Q1:26.9V,45.7A @ Ny 153ks
= N N
- Q2:27.2V,19.1A @
10 \ \\
\ \ 1ms
\ 10 ms
1 AN AN
DC \
0.1 \
0.1 1 10 100
Vos (V)
Figure 21 SOA analysis for parallel standard MOSFETs during inrush current scenario

Figure 21 shows that when the capacitor load is 1 x 470 uF (blue line) the FETs are operating inside the SOA
boundary (Q:: blue point, Q.: light-blue point). When the load is increased to 5 x 470 uF (red line), both FETs are
well outside the SOA boundary (Q:: red point, Q.: light-red point).

Performing the calculations for parallel Linear FET for the same conditions gives the following pulse widths and
operating points.

LinearFET - 1x470pF alkias

Paxo1 = 0.93 kW
Erorgr = 0127
tpuigr = 137 us Vds 10V/div Vecap 10V/div

Ipmaxor = 30.8 4

Vpsmaxg1 = 302V

Pmaxgz = 0.93 kW Vgs Q2 5V/div

Etotgz = 0.133]
toulgz = 143 us "
Ipmaxgz = 3094
Vpsmaxgz = 30.1V

aaaaa

P max(C3) P2maxiC1) 4C2)

Figure 22 Inrush current for parallel Linear FETs with 1 x 470 uF load
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LinearFET - 5x470uF e s
PmaxQ1 = 3.04 kW
Etotg1 = 0.606]
fpuior = 199 s Vds 10V/div Vcap 10V/div
Ipmaxg1 = 103.3 4

Vbsmaxq1 = 294V
Prax gz = 3.04 kW Vgs Q2 5V/div
Etotg2 = 0.602]
touigz = 198 ps
Ipmaxgz = 103.5 4
Vbpsmaxgz = 294V

P10max(Fs) Pit P12teq(C2)
43694
SHOW Toase 200 ys [T
N 295V)
[

Figure 23 Inrush current for parallel Linear FETs with 5 x 470 pF load

Plotting the highest pulse widths from each condition, which will give the worst-case SOA, and peak power
points for both Q; and Q. on the Linear FET SOA will give the SOA performance for MOSFET parallelization. This
is shown in Figure 24. Since both the FETs have very similar peak power points, they can’t be distinguished on
the SOA.

LinearFET SOA

10000

1lps

/

=
1000 ,/\ 100 ps \

S~

10 ps

S
S

10
ms ~U

100 p = Q1:29.4V,103.3A
\. Q2:29.4v,103.5A N
N

N
Q1:30.2v,3084

/

S

=

/
/

Io (A)

10 Q2:30.1V,30.9A

N

S/
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0.1 100

[
[y
o

Vs (V)

Figure 24 SOA analysis for parallel Linear FETs during inrush current scenario

Figure 24 shows that when the capacitor load is 1 x 470 uF (blue line) the FETs are operating inside the SOA
boundary (Q:: blue point, Q.: light-blue point). When the load is increased to 5 x 470 uF (red line), both FETs are
well on the SOA boundary (Q:: red point, Q: light-red point).
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Table 5 shows the SOA parameter values and the operating points for both standard MOSFET and Linear FET at
all the test conditions.

Table5 SOA analysis for parallel FETs during inrush current scenario
Part Load | MOSFET]| lpeak (A))  Pmax Etot (J) | tou (1S)| lomax (A)| Vosmax (V)| SOA operating point
(kw)
1x Q 50.2 123 | 0.188 | 153 45.7 26.9 Inside
470 pF Q 20.9 0.52 0.076 | 146 19.1 27.2 Inside
2 x Q 100.6 | 2.42 | 0.381 | 157 88.9 27.2 Outside
470 uF Q 36.5 0.82 0.127 | 155 29.9 27.4 Inside
Standard 3 x Q: 119.2 2.78 | 0.467 | 168 | 102.9 27 Outside
MOSFET | 470 uF Q. 78 1.73 | 0.288 | 166 63.4 27.3 Inside
4 x Q 146.2 | 3.33 | 0583 | 175 | 128.8 25.9 Outside
470 uF Q. 108.6 | 236 | 0.412 | 175 91.2 25.9 Outside
5 x Q: 1725 | 3.83 | 0.686 | 179 | 148.6 25.8 Outside
470 uF Q 135.4 2.89 0.519 | 180 112.1 25.8 Outside
1x Q 34.2 0.93 | 0.127 | 137 30.8 30.2 Inside
470 uF Q. 36.7 093 | 0.133 | 143 30.9 30.1 Inside
2 x Q 60.5 1.60 | 0.245 | 153 55.6 28.8 Inside
470 uF Q 65 1.64 0.255 | 156 56.9 28.8 Inside
3 x Q. 82.9 220 | 0.366 | 166 73.9 29.8 Inside
Linear | 470uF Q 86 2.18 0.351 | 161 73.2 29.8 Inside
FET 4 x Q 97.5 2.62 0.481 | 184 89.8 29.2 Inside
470 uF Q 105.5 2.70 0.49 181 92.7 29.1 Inside
5 x Q. 1114 | 3.04 | 0.606 | 199 | 103.3 29.4 Boundary
470 uF Q 1204 | 3.04 | 0.602 | 198 | 103.5 29.4 Boundary
6 x Q. 121.7 | 330 | 0.724 | 219 | 110.6 29.8 Outside
470 uF Q 133 343 | 0.745 | 217 115 29.8 Outside

Table 5 shows that parallelization of Linear FET has better SOA performance for both Q; and Q, as compared to
standard MOSFET. Comparing this to Table 3, it can be concluded that adding multiple Linear FETs in parallel
helps scale the maximum capacitive load capability because of equal current sharing. Meanwhile, having
multiple parallel standard MOSFETs does not scale, as one MOSFET is operating outside the SOA due to highly
unequal current sharing. This makes Linear FET a better choice for high inrush current scenarios, as it can be
scaled up by adding multiple FETs in parallel, which is not possible for standard MOSFET.

6.2 Short-circuit protection

For short-circuit protection tests, the MOSFET performances were compared during the turn-off transient at
various short-circuit current levels from 240 to 460 A. The SOA calculations for 240 and 460 A conditions to
determine the SOA operating point are shown. The SOA analysis for Q; and Q, for each condition is shown in
Table 6 to understand the SOA capability of each MOSFET and current sharing between two parallel MOSFETSs.
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Standard FET - 240A R o

Praxo1 = 1.53 kW |
Etotgr = 0.0792] - Vds 10V/div
tpuigr = 52 ps
Ipmaxo1 = 685 A
Vpsmaxg1 = 223V

Vgs Q2 5V/div 1d Q1 50A/div  ~p=c--f--|133.3A
Id Q2 50ANJiv

Praxgz = 1.35 kW
Etorgz = 0.0705] -
tpulgz = S2 s
Ipmaxgz = 52.14
Vpsmaxgz = 259V

5 max(F } PT-max(C5) Pamax(Fe) POmaxiFs)
924V 1180V 135V 7050V

Figure 25 Short-circuit protection with parallel standard MOSFETs at 240 A

Standard FET - 460A F——
Prnaxq1 = 3.57 kW
Etoror = 0.17] Id Q1 50A/div

touipr = 48 us Id Q2 50A/div
IDmale - 139314
VDSmaXQl = 256 V

Vds 10V/div

Vgs Q2 5V/div

Praxg2 = 3.33 kW
Etorg2 = 0.159]
toulgz = 48 s -

Ipmaxgz = 117.1 A

Vbpsmaxgz = 284V

ovidv] 500 mVidiv
Vi 1.50

Figure 26 Short-circuit protection with parallel standard MOSFETs at 460 A

Figure 25 and Figure 26 show that there is significant difference between the currents in Q; and Q, when they
are turning off.

By plotting the pulse widths and peak power points for both Q; and Q. from each condition on the standard
MOSFET SOA, we can evaluate the MOSFET performance during parallelization. This is shown in Figure 27.

Figure 27 shows that for both short-circuit current levels 240 A (blue line) and 460 A (red line) the FETs are
operating inside the SOA boundary (Q:: blue point, Q.: light-blue point for 240 A and Q:: red point, Q,: light-red
point for 460 A).
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Figure 27

SOA analysis for parallel standard MOSFETs during short-circuit scenario

Performing the calculations for two Linear FETs in parallel for the same short-circuit conditions gives the
following pulse widths and operating points.

Praxo1 = 1.73 kW
Etorg1 = 0.0282 ]
touipr = 16 us
Ipmaxg1 = 76.6 A
Vbpsmaxq1 = 22.6V

Praxg2z = 1.85 kW
Etorgz = 0.0325]
toulgz = 18 us
Ipmaxgz = 81.24
Vbpsmaxgz = 22.8V

LinearFET - 240A

Vgs Q2 5V/div_ |4 Q1 50A/div

Vds 10V/div

Id Q2 50A/div

Figure 28
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g Tz ooy
LinearFET - 460A
Pmale = 4.75kW
Etoro1 = 0.0657
tpuigr = 14 ps Id Q1 50A/div
Ipmaxo1 = 1445 4 Id Q2 50A/div Vds 10V/div

VDSmale 329V

Vgs Q2 5V/div

Prax gz = 5.00 kW
Etotg2 = 0.0718]
tpuigz = 14 ps
Ipmaxgz = 152.6 A
Vbsmaxqz = 32.8V

Figure 29 Short-circuit protection with parallel Linear FETs at 460 A

Figure 28 and Figure 29 show that the currents in Q; and Q, when they are turning off are very similar for Linear
FETs.

By plotting the pulse widths and peak power points for both Q; and Q. from each condition on the Linear FET
SOA we can evaluate the Linear FET performance during parallelization. This is shown in Figure 30.

Figure 30 shows that for both short-circuit current levels 240 A (blue line) and 460 A (red line) the FETs are
operating inside the SOA boundary (Q:: blue point, Q.: light-blue point for 240 A and Q.: red point, Q,: light-red
point for 460 A).

LinearFET SOA
10000

1000 100 ps
\ 10 ps

18 us
14 s
Q2: 32 8V,152.6A
Ql:32.9V.144.5A
100 Q2:22.8V,82.1A ———>

\ Ql 22.6V,76.6A

///'

10 10 ms

0.1

0.1 1 10 100
Vos (V)
Figure 30 SOA analysis for parallel Linear FETs during a short-circuit scenario
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Table 6 shows the SOA parameter values and the operating points for both standard MOSFET and Linear FET at

all the test conditions.

Table 6 SOA analysis for parallel FETs during a short-circuit scenario
Part | Current (A)| MOSFET] lpeak (A)| Pmax Etot (J) |  tou | lomax (A)| Vosmax (V)|  SOA operating

(kw) (ms) point
240 Q: 133.3 1.53 0.0792 52 68.5 22.3 Inside
Q: 100 1.35 0.0705 52 52.1 25.9 Inside
280 Q: 154.8 1.85 0.0948 51 85 21.8 Inside
Q. 120.3 1.66 0.0848 51 66.3 25 Inside
Standard Q: 185.9 2.38 0.118 50 102.8 23.2 Inside
MOSFET 340 Q 150.2 | 2.17 | 0.107 | 49 88.7 24.5 Inside
400 Q: 214.6 291 0.143 49 127.1 22.9 Inside
Q2 177.6 2.69 0.133 49 107.3 25.1 Inside
460 Q 2479 3.57 0.17 48 139.3 25.6 Inside
Q. 207.6 3.33 0.159 48 117.1 28.4 Inside
240 Q: 112 1.73 0.0282 16 76.6 22.6 Inside
Q2 118.6 1.85 0.0325 18 81.2 22.8 Inside
Q: 132.8 2.19 0.0353 16 80.1 27.3 Inside

280 00397 :
Q. 141.3 2.37 17 86.7 27.3 Inside
Linear 340 Q. 170.7 2.93 0.0391 13 105.2 27.8 Inside
FET Q 1612 | 3.14 [0.0435| 14 | 1125 27.9 Inside
400 Q. 191.3 3.70 0.0491 13 123.2 30 Inside
Q2 201.3 3.93 0.0542 14 130.6 30.1 Inside
460 Q. 216 4,75 0.0657 14 1445 32.9 Inside
Q. 230.8 5.00 0.0718 14 152.6 32.8 Inside

Table 6 shows that parallelization of Linear FET has better SOA performance for both Q; and Q, as compared to
standard MOSFET. Linear FETs also turn off much faster than standard MOSFETs and spend 70 percent less
time in linear mode compared to standard MOSFETSs at all current levels without avalanching. The similar
current sharing exhibited by Linear FET is further compared below to understand why Linear FET is better than

standard MOSFET.

Figure 31 compares the current sharing between Linear FET and standard MOSFET during an inrush current
scenario with 5 x 470 uF capacitor load. Figure 32 compares the current sharing between Linear FET and
standard MOSFET during a short-circuit scenario at 460 A total short-circuit current.
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LinearFET - 5x470uF - Inrush ok Standard FET - 5x470uF - Inrush P

Vds 10V/div Vcap 10V/div Vds 10V/div Vcap 10V/div

Id Q1 50A/div/ X,
Vgs Q2 5V/div . i/

Id

TR el etETTTetEeT 0 et
Figure 31 Current-sharing comparison for Linear FET and standard MOSFET during inrush
LinearFET - 460A P Standard FET - 460A ok
Id Q1 50A/div _ [ 230.8A LSO div caihclate g e
Id Q2 50A/div - \;{FEZISA vds 10V/div 1Q250ivd 207.¢ /k __Vds 10V/diy
Vgs Q2 5V/div “\\ Vgs Q2 5V/div ‘\_
M M
e e e = e
Figure 32 Current-sharing comparison for Linear FET and standard MOSFET during short-circuit

Transfer Characteristics Comparison
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Figure 33 Transfer characteristics comparison

The slope of the curve in Figure 33 is the transconductance (gs) of the MOSFET. Higher g can cause significant
differences in current sharing between parallel FETs, since there would be a significant change in drain current
Ip for a small difference in Vss. It can be seen that for standard MOSFET the gz is very high, which would result in
unequal current sharing between parallel FETs if there is slight difference in Ves. Whereas, since Linear FET has

much smaller g, it helps in equal current sharing between parallel FETs.
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Thus, it can be concluded that Linear FET has better performance for both inrush current limiting and short-
circuit protection than standard MOSFET. It can also be parallelized more easily, which will help scale the

system for higher current-carrying capabilities. This makes Linear FET a much better choice as a 7" MOSFET for
battery protection.
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7 Gate driver/Rq-Cop selection guidance

To optimize the external Reon, Cop and Reorr Values for turn-on and turn-off, respectively, detailed calculations are
required (see Figure 34). All of the information needed here is either available from the circuit design, e.g., total
capacitive load to be charged, etc., or mentioned in the product datasheet, such as the maximum current
capability in linear mode, available in the transfer characteristics and/or SOA diagram in the datasheet.
Calculations are split into three sections. Section | focuses on the total gate current requirements based on the
capacitive load to be charged under controlled current. Section Il focuses on external Rgon, Cop @and Reo
optimization to achieve the controlled load current turn on and turn off. This ensures the maximum product
specifications mentioned in the datasheet are not violated. Section Ill describes the external Rgon, Cep and Reoff
boundary conditions. All three sections are described with illustration of the optimization for IPTOO8NO6NM5LF,
whichisa 60V Linear FET in a TOLL package with 0.8 mQ Rpson) 10 V max.

i Fuse

Rer

Current Shunt 1 Current Shunt 2

Vin

Figure 34 External Reon, Reor and CGD along with the antiparallel Schottky diode in the Reoi loop

Section I: In this section we calculate the maximum gate drive current required in order to charge the
capacitive load when Linear FET is used as the 7" MOSFET for inrush protection or as a discharge MOSFET in the
BMS socket.

A. Calculate maximum drain current, Ip (in Amperes) for the product from the transfer
characteristics (Diagram 7 in the DS) at gate plateau voltage (Ves plateau). Vs plateau voltage is
provided in Table 7 Vpiareau. For IPT0O08 this value is 8.7 V. Hence the maximum drain current Ip
at this gate voltage at 150°C is 259 A as per the DS transfer curve.

B. Total capacitance values or load, Croap in Farads. In this example we are assuming three 470 puF
capacitors in parallel, which is 1.41 mF total capacitance to be charged.

C. Maximum battery voltage. In this example we are using a lithium-ion battery with 4.2V
maximum per cell. With 10 cells in series, maximum battery voltage, Vinis 42 V.

D. Based on the formula for a parallel plate capacitor Q = C*V, where Q is the charge on the
capacitor in Coulombs, C is the capacitance value in Farads and V is the voltage in Volts, total
charge can be calculated. In our example Qvoap is 59.2 mC.
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E. Time required to charge this load capacitance knowing the total drain current available, T=Q/Ip
from (I.Aand D), we get TroraL 229 ps.

F. Forthe MOSFET IPT008, total switching charge is Qsw = Qss + Qep = 161 nC from Table 7. In
theory switching charge is Qep + Qss2; however, in this case since Qgs is small - only 6 nC - we
approximated it to be Qgp + Qss. For most Linear FET products, it is sufficient to use Qgs instead
of QGSZ-

G. Basedon|=Q/T wherelisthe currentin Amperes, Q is the charge in Coulombs and T is time in
seconds, we get maximum gate drive current, lonmax (from E and F) of 704 pA.

Section II: This section will focus on the selection of external Reon, Cop and Reoft for both turn-on and turn-off. To
control the load current during turn-on and to ensure safe turn-off during discharge or short on the inverter
side, a combination of external Rg and Cep optimization is required. During turn-on, we focus on the load
capacity to be charged and optimize the Reon to achieve controlled drain current charging. During turn-off focus
is on the maximum dVps/dT and peak Vps voltage such that the MOSFET will not go into avalanche, while
ensuring faster turn-off to minimize power dissipation in linear mode.

A. Maximum Vps peak is kept below 80 percent of rated breakdown voltage. For the example given,
as we are using a 60 V N-channel MOSFET, Vpsmax is ~48 V.

B. Maximum (dVps/dTmax) is 0.7 V/us. This value is assumed based on the gate charge, internal gate
resistance, charge ratio (Qep/Qss) and capacitance ratio (Ciss/Crss at 0 Vos). The objective in this
case is to keep the dVps/dT sufficiently low, so that the accidental induced turn-on due to
C*dVos/dT during MOSFET turn-off is avoided.

C. Maximum gate drive voltage, Vorie is 15 V. Most of the OptiMOS™ technologies have +/- 20 Vs
absolute maximum ratings.

D. Gate plateau voltage, Veareau Of 8.7 V as already mentioned in section I.A.
E. MOSFET internal gate resistance is required. In the current examples, as per the DS, Remr is 70 Q.

F. Internalresistance of the gate driver, based on the choice of gate driver used. In our case we
used IR4427S with a gate driver resistance of ~8.7 Q. In many gate drivers, sink and source
resistances are different. For simplicity, please use the minimum gate drive resistance,
Reareoriver, Which in most cases is for the sink path.

G. MOSFET input capacitance or C;ss at gate drive voltage (Step 3). For IPT008 this value is 0.8 nF at
a gate drive voltage of 15 V.

H. Maximum gate drive current for turn-off, loremax can be calculated from Step I.F, Il.LAand 11.B

(Qgs + Qgp) * (dggs) max

VDSMAX

lorr Max =

In the current example based on the above equation, loremax is 2.35 mA.

I.  To calculate the turn-on gate drive current, time-constant of the gate loop, Tgate100p is calculated
with the following equation (Steps I.G I1.C, 11.D and 11.G)

_ (Vorive — Vprareav) * 1.3 * Ciss
Tgate loop —

ION MAX
In this example Tgate 100p IS 9.31 ps. A factor of 1.3*Ciss is used to account for the datasheet typical
to a maximum of 30 percent.
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J.  The maximum number of time-constants required to fully charge a capacitor is 5. From Il.I we
get time to charge, Tcuaree Of 46.53 s.

Section IlI: In section Il we calculated the turn-off time and also the time-constant for the turn-on time. In this
section we will define the boundary conditions for the selection of Reon, Cop and Reof Values.

A. Maximum external on-resistance, Reonmax Can be calculated as follows:

TCHARGE

RGon MAX — C
ISS

Tcrarce is derived in the previous section I.J and Css is noted in II.G. In the current example the
value of Reonmax is 58.16 kQ.

B. Recofrequivacent Will be calculated next. As shown and discussed previously at the start of this
section, Reoff has a Schottky diode in series. When the gate drive voltage is pulled to 0 V during
MOSFET turn-off, the two resistors Reon and Reoi are in parallel, as the Schottky diode is forward-
biased. Hence, we calculate the equivalent Reor Value, Reoffequivatent.

VPLATE AU

Reoff EQUIVALENT = R¢ — RGaTEDRIVER

IOFF MAX

Values of Veiateau, lorrmax, Re and Rearepriver have already been discussed in sections LA, II.H, II.E
and II.F. For this current example the calculated value of Reoftequivatent is 3.63 kQ.

C. Minimum external off-resistance, Reoftmi, iS calculated as follows. Reonmax and ReoffequivaLent Were
already calculated in sections Ill.A and B.

Rgon max * Reoff EQuIVALENT

Rg MIN =
orf Rgon max — Reo ff EQUIVALENT

For the current example, Reoftmin is 3.8 kQ.

D. To simplify the design and considering that the external Cep will be contributing to the Cep/Ces
ratio (important for the C*dVps/dT immunity), external Cep is chosen equal to the input
capacitance Ciss of the MOSFET. For the current calculations, Cepmn is 0.8 NF as discussed in
section |I.G.

E. We can now calculate the minimum switch-on time, Ton as Reonmax multiplied by Ceprorat. Reon max
was already discussed in lll.A. Ceprora. Will be a parallel combination of Cgp internal and Cep
external. Typically, Cop internal is much smaller than Cep external, hence we only considered Cep
external, calculated in section III.D. For the current example this value is 46.53 ps.

F.  Minimum turn-off time, Toes, is calculated using the formula Reoftequivaent multiplied by Ceop
external. Reoffequivaient is calculated in section 111.B and Cgp is discussed in section I11.D. For the
current example this results in Toremn 0f 2.9 s.

We have used these calculations to verify the performance of various 60 to 200 V Linear FETs in both inrush and
BMS (charge/discharge MOSFET) sockets. The results of those have already been shown in previous sections
with 60 V TOLL FETs. The external Reon, Reorr and Cep are required for each of the MOSFETs when multiple
MOSFETSs are connected in parallel. The turn-on time and turn-off time are explicitly mentioned as minimum
Ton and Torr in sections I11.E and F. If exact component values for Reon and Reorr are not available, it is suggested
that the designer use the closest component values (+10 percent of recommended values). For Cep, the designer
should choose greater than or equal to the Ciss value of the MOSFET. These components (Reon, Reorr and Cop)
should be chosen to satisfy the Ton and Torr times shown in l1I.E and F. A simple Excel file can be created for
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sections | to lll to calculate the required component values as shown in Table 7 for the example covered in this
section.

Table 7 Re-Cep Selection guidance
Section Point Parameters Value Units
A I 259 A
B Ciop 1.41 mF
C Vin 42 v
I D Quomo 59.2 mC
E Trora 229 us
F Qsw 161 nC
G lon max 704 PA
A Vbs max 48 v
B dVps/dT max. 0.7 V/us
C Vorive 15 \"
D VeLateau 8.7 \"
I E Raint 70 Q
F Rearteoriver 8.7 Q
G Ciss 0.8 nF
H loFF MaX 2.35 mA
I Tgate loop 9.31 us
J T charee 46.53 Hs
A Raon max 58.16 kQ
B Reorr equivaLenT 3.63 kQ
" C Reorr min 3.8 kQ
D Copmin 0.8 nF
E Ton 46.53 Us
F Torr 2.9 Us
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8 Conclusion

In this application note we have discussed the advantages of OptiMOS™ Linear FET versus a standard MOSFET
used as an inrush and short-circuit protection switch and/or a charge/discharge MOSFET in a battery
management system. The experimental results for both turn on and turn off have been shown, with varying
load conditions for a single MOSFET and two MOSFETSs in parallel. Corresponding power and energy
calculations based on waveforms have been demonstrated, along with mapping these onto the SOA diagram.
This approach ensures MOSFET operation within the SOA limits specified on the datasheet. Choosing the right
Reon, Reoff @and Cep values for the controlled turn on and turn off is critical, and has been fully described with the
corresponding calculations with boundary conditions.
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