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Abstract

This report is the basis for a Bachelor of Science thesis in
engineering done at Volvo Powertrain in Gothenburg.

The problem consisted of investigating a circuit with a PWM-
controlled MOSFET driving a DC-motor. The problem was to
investigate what caused the circuit to break the transistor. Finally
an improvement of the circuit is designed making the MOSFET
withstand the stressful conditions exposed to.

An overall description of the problems with switching an inductive
load using a MOSFET as switch is done. Some methods to protect
the MOSFET from failure are also discussed.

Finally a discussion is held to suggest what broke the MOSFET,
and an improved design is proposed.
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1 Introduction
1.1 Background

1.1.1 The Company

The work on the thesis has been done at Volvo Powertrain in
Gothenburg at department 24460, Engine Management Systems
(EMS). This department develop and design electronic control
system for Volvo's heavy duty diesel engines, i.e. engines with
between 4 and 16 liters cylinder displacement.

The specific responsibility of this department is to develop the
electronic control unit, which is the “brain” in the control system.
This includes development of electronic hardware, software, and
practical application and optimization for every engine's specific
needs and requirements. My specific work was performed within
department 24461 where the hardware to the EMS is being
developed.

1.1.2 Problem description

The problem consists of investigating what a MOSFET, acting as a
switch in a circuit with an inductive load, is exposed to. Further
more the problem consists of finding out why it would break down
and what case caused it. The second part of the problem is to
improve the robustness of the design, to make the transistor, and
the other components included, withstand the stressful condition
exposed to.

The solution with a freewheeling diode is not acceptable while the
response of the motor, when the set point is adjusted will be to
slow.

1.2 Purpose of this thesis

The purpose of this thesis is to examine how the MOSFET could be
protected. The reader of this report should also get an in-depth
understanding of the problem with switching MOSFETSs with
inductive loads, and what may happen.
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1.3 List of abbreviations

MOSFET Metal Oxide Semiconductor Field
Effect Transistor

PWM Pulse Width Modulation.

ASIC Application Specific Integrated Circuit.
ESD Electro Static Discharge.

EMS Engine Management Systems

EMF ElectroMotive Force

ECU Electronic Control Unit



1.4 Constraints

The thesis will only consider the specified circuit. The investigation
and redesign will only be based on this circuit.

The results from the circuit measurements, performed during
design verification, may not give sufficient information to proof
any specific cause of failure. The switching process is very fast and
high frequent, putting high demands on the measurement-
equipment to be able to pick up any harmful phenomenon.

Important simulation constraints are the high frequency switching
process in combination with limitations in the models. It is
therefore difficult to make the simulation act close to reality. The
motor, for example, was difficult to model because of its non-
linearity.

The power supply is specified for values between 10 to 30 Volts.
Supply voltages of 12 and 24 Volts are usual in vehicles. Due to the
generator output power, the above mentioned voltage range is
specified. A voltage level of 28V has been used in this thesis.






2 Theoretical background
2.1 The examined circuit

A simplified drawing of the circuit that has been investigated is
shown in figure 2.1.

—

28V
k< @ —
_

51V
10mQ D

Figure 2.1

The motor is charged by a spring and is PWM-controlled to
achieve the axis in right position, from 0 to 100 percent. See figure
2.2.

100 % 0%

Figure 2.2



2.1.1 Function-description of the circuit

The circuit is controlled by an ASIC that generates the PWM-
signal. The current through the resistor and the actual motor
position are two inputs to the ASIC. The software in the ASIC
propose a top current through the resistor, having the set point. The
actual current and the position are then measured, and the system
will adjust the motor position to the set point. The PWM-signal has
a frequency of 200Hz, which corresponds to a period of Sms.

v

Comparison

Figure 2.3 Feedback system



When measuring on the gate in a testbench, the pulse on the gate of
the MOSFET had a rise and falltime of about 60us. Figure 2.4
shows the pulse on the gate with 55 % motor position. The duty
cycle is about 32 %.

PWM-pulse on gate, Vgs
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Figure 2.4

When the PWM-signal is high, the MOSFET is conducting and the
motor is connected to ground. The motor starts and the current
through it increases while the MOSFET is on.

When the desired current through the resistor is reached the PMW-
signal goes low and turns the MOSFET off. The motor is however
charged with energy and the inducing current want’s to continue to
flow. That’s impossible, so the voltage is raised instead and when
the voltage reaches the voltage of the external zenerdiode, the
diode is forced to conduct. Now all current flows through the diode
while the drainvoltage is higher than the zenerdiodes breakdown
voltage.

-7 -



2.2 Model of the MOSFET

2.2.1 Parasitic capacitors

The layout of the MOSFET on silicon leads to a number of stray
capacitors between the layers. The most important capacitors to be
considered during switching can be seen in figure 2.5.

Cg P
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||
Figure 2.5 |

Cgs S

Cgs

This is the input capacitor that has to be charged and discharged
during switching.

Cdg

This capacitor is a feedback path from the output to the input of the
transistor. Care should be taken at high frequencies while it then
will act as short circuit between the output and input of the
MOSFET. It is also a nonlinear capacitor that decreases with
increasing voltage over it.

2.2.2 Integral diode

Some MOSFETSs have an intrinsic zenerdiode from drain-to-source.
This is forced in conduction to protect the MOSFET from
overvoltage. The value of the breakdown voltage is specified for
the device.



2.3 Unclamped inductive switching

2.3.1 Problem with inductive load during switching

Unclamped inductive switching is the case when for example
switching a MOSFET in a circuit with an inductive load.
Unclamped switching means that there is no freewheeling diode to
discharge the energy through when the device is turned off. Instead
all the energy is dissipated in the device, which in this case is a
MOSFET.

When the current through the inductance is quickly turned off the
magnetic field cannot instantaneously collapse, a counter
electromagnetic force is induced that can build up surprisingly high
potentials over the switch. The faster the current is turned off the
worse and higher this potential gets.

Mechanical switches often have spark-suppressions to protect the
switch. Also when transistors are used protection is needed. The
voltage transients that occur when switching off reach its maximum
when switching the highest level of current from the load.

2.3.2 Calculations on expected transient

If the size of the inductor, the switching speed and the amount of
current are known the equation below gives the expected potential.

V =L*di/dt +Vdd

L = the inductance (H)
di/dt = Switching speed
Vdd = Supply voltage

2.3.3 Reasons for MOSFET failure with inductive
load

If a MOSFET is used as a switch there are two main reasons why it

could break down. One is due to the stray capacitor from drain to

gate of the MOSFET. The other has to do with the MOSFETSs

capability to withstand energy, i.e. the thermal resistivity.



2.3.3.1 Gate oxide

The layers of the gate and the source of the transistor are separated
by a thin layer of oxide. This thin oxide is very sensitive to
overvoltages and is therefore easy to puncture. This is the case with
ESD when a high overvoltage is discharged through this layer. A
rule of thumb is that if the maximum gate to source voltage of the
MOSFET is exceeded by 2-3 times, the transistor is immediately
destroyed.

When switching an inductive load the EMF in the inductor could
produce high voltage transients when switched off. If the transient
is high frequent it could easily be coupled to the gate of the
transistor through the stray capacitor between drain and gate and
destroy it.

2.3.3.2 Avalanche capability

A power MOSFET usually have an energy rating to tell how much
energy they can withstand. Avalanching is the case when the
intrinsic zenerdiode of the MOSFET is conducting, then avalanche
current is flowing through the MOSFET. It’s not flowing through
the gate-enhanced channel as the drain current, however usually the
maximum avalanche current is set equal to the maximum drain
current. This is because the avalanche current will only decay from
the value of the drain current when turned off.

The energy to be dissipated during avalanche can exceed what the
device can withstand causing the device to fail. The factor that
causes the failure is the temperature on the chip, i.e. when the
MOSFET is subjected to repetitive energy the temperature rises
and the MOSFET could break.

-10 -



2.3.4 Protections

2.3.4.1 Diode clamping

To protect the transistor in harmful conditions there are some ways
to use diodes and zenerdiodes in different combinations.

Active
AN
j!g_i/:
e—
[E—
Figure 2.6 -

During turn off the zenerdiode clamps the drainvoltage at the
specified voltage leading to a raise of the gatevoltage of the
drainvoltage lowered by the zenervalue. This will turn the
MOSFET on and let the induced current continue to flow through
the MOSFET. The power dissipation in the MOSFET will be large
since the drain voltage is clamped at the zenervalue when the
current flows through the MOSFET.

-11 -



Passive

Figure 2.7

When the drain voltage reaches the voltage of the zenerdiode, it’s
forced to conduct. As long as the voltage stays at that level the
current from the load continues to flow through the diode. The
diode might have to be a power zenerdiode to deal with the power
from the load. It’s also of interest to use a fast diode, because
elsewhere the MOSFET could get hurt during the time before the
diode starts to act.
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2.3.4.2 Snubber

—
J’e
[—

Figure 2.8

A RC-snubber can also be used to clamp the overvoltage. Note
however that it absorbs energy during the whole switching period,
not only at the end of it. Therefore it’s less efficient than a true
voltage-clamping device.

2.3.5 Advantages and disadvantages with the
protections

To compare the different protections, the purpose with the
protection must be known. They work in different ways and must
be chosen in consideration to the situation.

-13 -
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3 Investigation

3.1 Simulations

Instead of calculating how the induced voltage looks like, some
simulations of the circuit were performed.

The PWM signal during the simulations was set to worst case,

32 % pulsewidth (55 % motor position), where the motor affects
the circuit the most. This has been shown during practical tests and
measurements done on the motor used.

3.1.1 Limitations with simulating

Simulations differ from the reality. For example the components
don’t “break” during simulation even if they should have done that
in reality. The models used in the simulation can never behave
exactly like a real component. Furthermore to make the simulations
realistic all parasitic inductors, capacitors and also wire resistance
have to be included.

3.1.2 Purpose

Simulation was made as a complement to measurements on the real
circuit. During measurements no suspect observance was done that
could prove the cause of failure.

3.1.3 Models

Models were searched for that would react as close to the used
components and the reality as possible.

3.1.3.1 The transistor

At International Rectifier’s website, the manufacture of the used n-
channel MOSFET, a Spice model of the transistor was found.

-15 -



3.1.3.2 DC-motor

This one was hard to model. The motors behavior changes during
the different phases of the switching period. Due to this
nonlinearity it was difficult to set up a good model. However, in the
datasheet over the used motor some data were found. Just an
inductance and a resistor in series arranged a decent model. Those
values were found like the anchors resistance, 4.10hm and the
inductance 6mH.

To refine the model the current through the motor in earlier design
were measured and the model adjusted to have the same current
during simulation. This was of course done with similar inputs to
the MOSFET. The model turned out to match the motor best with
values according to the figure

8mH

|

Figure 3.1
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3.1.4 Simulating programs

3.1.4.1 Pspice

The first program used was a studentversion of Pspice from
Cadence.

The circuit with a standard MOSFET (without intrinsic zenerdiode)
and without external protection was simulated.

A transient analysis showed a large voltage transient of about
1.2kV to 2kV just as the MOSFET switches off.

With increasing falltime of the PWM-pulse the transient’s voltage
decreased and with a falltime of 1ms the voltagelevel of the
transient was down to about 300V. This because the MOSFET
turns off slower leading to less energy in the motor when there is
no channel through the MOSFET anymore.

With the external zenerdiode this transient was totally clamped.
Also with the model of the real MOSFET the transient was
clamped. Several other simulations with different protections were
also made, but due to the limitations with simulations, no harmful
effects of interest were observed during the switching process.
However, some strange oscillations occurred that will be clarified
in the next chapter.

-17 -



3.1.4.2 Multisim

In Multisim 2001 from Electronic workbench, the same simulations
were performed as in Pspice, and with the same models. The results
of these simulations were similar to those in Pspice. Some strange

oscillations, similar to those in Psipce occurred after the zenerdiode

stopped working.

Transient Analysis

VorA

1] 25m S0m
Time (31

Figure 3.2

These are due to oscillations between the
inductive load and the stray capacitors in the
circuit. This is more or less a consequence of
the simulations differing from reality, where
you for example have resistance in the wires.
To damp these oscillations during the
simulation a snubbing resistor in parallel with
the load is efficient. To dimension the resistor
the following relationship is used,

R = 2*pi*f. During the simulations a resistor
of 5kQ was used.

-18 -
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4 Discussion and results

4.1 What caused the failure

4.1.1 Discussion

In this chapter a discussion will be held to indicate what caused the
failure of the MOSFET in the investigated circuit. Conclusions will
be drawn from the earlier chapters and no further explanations will
be carried out here.

The first conclusion is the fact that when cutting the current
through an inductance you will have to deal with the energy stored
in it at that moment. This situation appears in every switching
period when the PWM-signal goes low and the MOSFET turns off.

The only measurement that shows some indications of voltage
transients from the load during turn off is this graph. It shows
average waveforms of the measured voltages and currents during
verification of the design. In the figure one can see a sign of a

voltage transient at turn off, see “Vmosrer’ trace.

Averaged waveforms showing signs of voltage transient.
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High frequency switching process could be one reason to no clear
observance of a transient during measurements. The oscilloscopes
sample frequency may not be high enough to deal with the
transients. Two samples could then be placed on each side of the
transient. On average waveforms, like the one in figure 4.1, this
shows like a hunch.

During simulation with a standard MOSFET in Pspice a voltage
transient of about 2kV appeared on the drain side of the MOSFET
during switch off, see chapter 5.1.4.1. In reality it may not have
been that large, but a transient of that size would easily break an
unprotected transistor, if it were coupled to the gate.

The MOSFET is not completely unprotected, except during the
short moment before the induced current is forced through the
zenerdiode. That means that the external zenerdiode is dissipation
nearly all the energy from the load, so that is not the factor causing
the MOSFET to break down. The average power dissipation in the
MOSFET was measured to 0.5W, which also contradicts that cause
of failure.

The straycapacitor from drain to gate of the MOSFET is as
described in chapter 4.2.1 a nonlinear capacitor that decreases with
increasing voltage.

For the used MOSFET the size is about 150pF. With a high
frequent transient on the drainside of the MOSFET this capacitor
acts as short-circuit and the potential on the gate equals the
potential of the gate for a short moment.

The thin oxidelayer (chapter 4.3.3.1) between the layers of the gate
and source is very sensitive to overvoltage. The used n-channel
MOSFET is rated for gate-source voltages of £16V. A transient
from drain coupled through the drain-gate capacitor would exceed
this limit with a factor depending on voltage level of the transient.

-20 -



4.1.2 Result

The result of the investigation point to the high frequency voltage
spikes as causing factor to failure.

The discussion and the following list is what support this theory of
failure.

e The resistance between gate and source turned out to be low
impedance (~17Q) when measured on the broken
MOSFET. This indicates a punctured oxide layer.

e The graph in figure 6.1showing the indication of transients
from the load during turn off.

¢ Simulating results from Pspice with the high voltage spike
when the MOSFET turned off.

-21 -
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5 Remodeling of the circuit

The things to be kept in mind is that the PWM controlled N-
channel MOSFET needs to be protected against the transients from
the inductive motor, and the energy has to be dissipated somewhere
when the MOSFET is no longer conducting.

This can be done in different ways. Either by make sure the
problem doesn’t appear at all, making it less pronounced and/or by
taking care of the inducted energy.

Without external protection, all the energy from the load will be
dissipated in the MOSFET. The average power dissipation is the
causing factor to rising temperature and an eventual failure.

The power must be moved from the n-channel MOSFET also in the
new design and it is of interest to lower the total power dissipation
in the circuit as much as possible.

The n-channel MOSFET must in some way be protected against

transients from the load. See chapter 4.3.4.1.1, where the principles
of active voltage clamping are discussed.

-23 -



5.1 Recirculation to the power supply

The redesign that will be considered here will let the inducted
current circulate back to the power supply. The idea is to turn on a
P-channel MOSFET when the N-channel MOSFET switches of, to
let the current flow through the P-channel MOSFET back into the
power supply.

—— 28V
1
g 2
1kOh 7
v | nomm

—
k— & 100V Wi
[ Ejf 100V

@ D 10mOhm YS sy

Figure 5.1 Wiring diagram of the new circuit.
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5.1.1 Function of the new circuit

The phase in the switching process when the n-channel MSOFET is
on, the circuit acts the same as before.

When the n-channel MOSFET turns off, the voltage will be
clamped to 46 V over the inserted zenerdiode. The source voltage
of the p-channel MOSFET will rise to 51 V and the source-gate
voltage will be clamped to 5 V. The p-channel MOSFET turns on
and the current flows through the MOSFET into the power supply.
The characteristics of the motor will be maintained if the voltage is
raised to 51V, as in the earlier design, before the P-channel
MOSFET is switched on.

The inserted 1kQ resistor forces the current to flow through the p-
channel MOSFET.

5.1.2 Simulation and verification

Simulations were performed in Multisim, and the waveforms
matched the expected. They were compared to those from the
simulation of the investigated design.

The design was tested in a test bench at Volvo Powertrain, and
some measurements were performed to make sure that the circuit
worked out as planned. The control of the P-channel MOSFET,
power dissipation over the two MOSFET’s and the characteristic of
the motor were monitored. Observing the waveform for the current
through the motor checked the characteristic.

The equipment consisting the new design were running in
testbench for about 2 hours with 55 % motor position (see chapter
3.1) with good results.

The design works with different power supply voltages without
changing the functionality of the circuit. The control of the p-
channel MOSFET is only dependent on voltages that are not
affected by changes in the supply voltage.

-25-



5.1.3 P-channel MOSFET control

A p-channel MOSFET is turned in conduction when the gate-
source voltage is pulled down to -5 V, i.e. the opposite in
comparison to an n-channel MOSFET. This is achieved in the
design by clamping the gate voltage to 46 V, the source-gate
voltage is then clamped to 5V as the source voltage is increased
above 51 V. The measurements on the circuit showed these
characteristics on the gate and the source voltage.

Voltages on gate and source of the pMos
55 T T T T T T T T
gate

| — source |
50 " 4

45F

Veltage(\V)
=
S

6.5 7 7.5 -] 85 2
Time(s) %107

Figure 5.2
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The voltage on the gate of the p-channel MOSFET will be drawn
down to -5V only when the sourcevoltage is raised to 51V. The
source-drain voltage is shown in figure 5.3.

Source-gate voltage on pMos
T T T

a

Veltage(V)

Time(s) %107

Figure 5.3

As long as the source voltage is 5 volt higher than the source
voltage, a channel will be present through the MOSFET, and the
current will flow through it. The 1kOhm’s resistor will force the
current not to flow through the zenerdiode to ground.
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5.1.4 Power dissipation

In earlier designs the power dissipation over the n-channel
MOSFET has been as high as 10W in average without any external
protection but active clamping of the gate. This caused the
MOSFET to break due to high thermal resistance.

In the examined design the power dissipation over the n-channel
MOSFET was 0.5W in average. The power was there moved to an
external power zenerdiode instead.

With this improved design the power over the n-channel MOSFET
is still 0.5W in average. The power over inserted p-channel
MOSFET has been measured to be as low as around 3.8W in
average, see figure 5.4. This because the voltage over the p-channel
MOSFET is the voltage over the power zenerdiode, lowered by the
voltage level of the power supply. In the performed measurements
the power supply is set at 28V.

Power dissipation over p-channel Mosfet
3

Pmean = 3.8818 W

" | | |

05 | | |
-5

Figure 5.4
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5.1.5 The characteristic of the motor

If the current through the motor during switching is the same as in
the earlier design, the characteristics of the motor are unchanged.
To check this, the waveform of the current in the new design was
compared with the previous design. Figure 5.5.

The PWM signal was set to be the same in both tests.

A slight difference can be caused by variations in temperature
and/or components and should be of no concern. The tests were
performed immediately after each other with the same motor and
no difference can be observed.

Comparison of the current through motor

T T T T T ] T
Ref. Current
m— New design

! 1 L 1 1 1
4.5 5 5.5 6 6.5 7 7.5 g 8.5
Time(s) x10°

Figure 5.5
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5.1.6 The final result

The circuit was wired together on a breadboard to facilitate the
tests. The 46V zenerdiode consists of two zenerdiodes in serie with
values of 30 and 16V respectively, because no zenerdiode of 46V
was available at the moment.

Power supply

Ground

#

il

Figure 5.6

The total power dissipation in the new design has been reduced to
about the half, which is a great advantage.
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