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Using Trench Power MOSFETs
in Linear Mode
If we think about applications for modern Power MOSFETs using trench technology, running them in linear
mode may not be top of the priority list. Yet there are multiple uses for Trench Power MOSFETs in linear
mode. In fact, even turning the device on and off in switching applications is a form of linear operation.
Also, these components can be run in linear mode to protect the device against voltage surges. This article
will illustrate the factors that need to be considered for linear operation and show how Trench Power
MOSFETs are suited to it. Felix Hüning, Principal Engineer Automotive Business Group, Renesas
Electronics Europe, Düssedorf, Germany
Modern Trench Power MOSFETs are mainly
used in switching applications such as
DC/DC converters and motor control using
pulse width modulation (PWM). In other
words, the Power MOSFET is alternately
switched on and then switched off
completely. To maximize efficiency and
minimize losses when the components are
switching, the technology needs to be
optimized to cope with static and dynamic
power dissipation. This is why
development of new technologies focuses
on parameters like on-resistance (RDS(on)),
gate charge (QG) and capacities (Ciss, Coss,
Crss).
Requirements for linear mode
operation
But how can modern Trench Power
MOSFETs be used in linear mode? What
we mean by linear in this context is a
mode of operation in which the Power
MOSFETs are neither completely switched
on nor completely switched off. Small
changes to the gate-source voltage (VGS)
can have a significant effect on the drain

current (ID) and higher drain-to- source
voltages (VDS) might coincide with large
drain currents.
Many Power MOSFET datasheets show
diagrams indicating the safe operating area
(SOA) and these are very helpful when
deciding whether or not linear mode is
feasible. Figure 1 shows an example of the
maximum drain voltage (ID) in relation to
the drain source voltage (VDS), when the
Power MOSFET is run in linear mode (in
this case, DC). Trench Power MOSFETs can
operate below the SOA curve with no
constraints, as long as the curve’s limiting
factors have been correctly indicated in the
datasheet parameters as shown below:
1. On-resistance limit (RDS(on) limit): the
maximum current for the relevant VDS
is limited by the component’s RDS(on), so
its intrinsic properties will stop it from
exceeding this limit.
2. Package limit (ID(DC)): the maximum
current is limited by package constraints.
3. Power dissipation limit: the
PowerMOSFET’s maximum channel
temperature (usually 175°C) must not
Figure1: DC SOA of
the NP109N04PUJ
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be exceeded. As the power dissipation
causes an increase in the channel
temperature, it should be kept in check
to ensure that the temperature does not
rise above this level.
4. Hotspot, also known as the Spirito limit
(secondary breakdown limit): tiny flaws,
like inhomogeneities in the chip’s cell
structure or small solder cavities, can
cause an uneven distribution of the
current over the chip. As a result, some
of the chip’s cells may carry more
current and become hotter than the
surrounding cells. This thermal instability
can lead to the temperature of the
affected cells increasing to well above
the maximum permitted channel
temperature level, which in turn will
destroy the component. This is known
as the Spirito effect [1] and can occur in
larger ID/VDS combinations. It is vital to
take this into account when putting
together the SOA. The Spirito effect can
occur at levels above the line, but no
hotspots will occur below it, avoiding
thermal instability and the destruction of
the component.
5. Breakdown voltage: this is the
component’s specified breakdown
voltage.
There are additional parameters that
have a major influence on the SOA curve,
including the time that the component is
operating in linear mode and the ambient
temperature (TA).
The left side of Figure 2 shows the
whole SOA diagram of the NP109N04PUJ
Trench Power MOSFET at room
temperature and for various linear mode
timescales. It is clear from the diagram that
the SOA increases for short periods,
allowing for higher ID-VDS combinations. As
a result, the package can tolerate short
pulses of higher currents in Region 2, and
short pulses shift the power dissipation
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Figure 2: Whole SOA of the NP109N04PUJ at room temperature (left) and at 125°C (right)

and Spirito limits to higher levels.
Conversely, the SOA becomes smaller at
higher sorrounding temperatures because
the maximum power dissipation level
decreases as the temperature increases.
This effect is shown in Figure 2 (right) for a
temperature (TA) of 125°C. The maximum
power dissipation limit shifts the curves
down to lower levels.
Time and temperatures are decisive
factors for operation in linear mode, and
the following examples (switching, active
clamp and linear regulator) include a
variety of timescales and temperatures.
Switching application
Switching is by far the most common
application for Power MOSFETs, which are
used in DC/DC converters as well as in
PWMs for motor controllers. Strictly
speaking, the Power MOSFET is running in
linear mode when it is being switched on
as well as off. The switching times vary
from a few hundred ns up to the ms range

or even longer. The left diagram in Figure 3
shows a typical switch-on procedure with a
PWM at 20 kHz, often used for the control
of brushless DC (BLDC) motors. Within
about 1 µs, the ID increases to the
maximum level of 70 A, while the VDS
decreases to the on-state value
VDS=RDS(on)xID=120 mV. The right-hand
diagram in Figure 3 shows that the currentvoltage characteristic of this switching
operation has been added to the roomtemperature SOA of the NP109N04PUJ.
Here we can see clearly that the data
values are located above the DC curve but
still well within the SOA for short periods.
As a result, this type of switching operation
is feasible with no constraints.
Active clamp operation
During switching of inductive loads, high
voltage peaks occur during the Power
MOSFET’s switch-off process because the
inductance is trying to maintain the flow of
current. The active clamp operation is used

to stop the Power MOSFET from
avalanching (see Figures 4/5/6). This
involves using a Zener diode and a
conventional diode between the drain and
gate connectors, where the Zener voltage
is lower than the Power MOSFET’s
breakdown voltage. If there is a voltage
peak at the drain, the Zener diode will
maintain the Zener voltage and the gate
potential will be increased, putting the
Power MOSFET into linear mode. In this
way, the inductive energy can be
dissipated safely. In the example shown
below, the drain current (ID) of 5 A is
switched off. The Zener diode limits the
drain voltage to about 30 V and the Power
MOSFET goes into linear mode (VGS ~4 V).
The duration of this linear operation is
about 0.4 ms and the current-voltage
characteristic is still below the 1 ms curve.
Linear voltage regulator
Along with DC/DC converters - which are
increasingly being used as voltage

Figure 3: Activation process of the NP109N04PUJ, showing drain-source voltage VDS (green) and drain current ID (red) on the left. On the right, the SOA diagram with ID crossing over VDS
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Figure 4: Simplified circuit for active clamp
operation

converters due to their high efficiency levels
- linear voltage regulators are also being
used in automotive applications. Here, the
PowerMOSFET is used to transfer the input
voltage into a lower output voltage. By
varying the gate voltage, the voltage drop
VDS can be regulated, putting the Power
MOSFET into DC linear mode.
With a surrounding temperature of
125°C, the exemplary linear regulator
changes the input voltage of 6.5 V to 1.2
V, providing output current of 5 A.
Accordingly, the drain-to-source voltage VDS
is 5.3 V. Figure 7 shows the SOA diagram
at 125°C, demonstrating that the
NP109N04PUJ can be used as a linear
regulator with no constraints because the
current/voltage levels are all below the
125°C DC curve.
Conclusion
There is nothing to stop using Trench
Power MOSFETs in applications with linear
operation, they are also suitable for DC
applications. To decide whether or not a
component can be used in a specific use
case, the SOA diagrams provided in the
Power MOSFETs’ datasheets should
indicate all limiting factors and the Spirito
effect, in particular, must be taken into
account. In the SOA curves of Renesas’
Trench Power MOSFETs, all factors are
indicated, enabling customers to make an
accurate judgement as to whether the
Power MOSFETs can be used for linear
operation.

Figure 5: Active clamp time response of the drain current ID (green), drain-to-source voltage VDS (red)
and the gate-source voltage VGS (blue)

Figure 6: Active
clamp SOA with the
pulse’s VDS/ID
combination

Figure 7: Operating
parameters of a
linear regulator from
6.3 V -> 1.2 V, 5 A at
a surrounding
temperature of 125°C
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