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Introduction to Automotive Ignition Systems

Introduction

As the cost of gasoline rises and environmental concerns
about vehicle exhaust attracts more and more attention, the
auto industry is accelerating research on development of new
power-train systems with less fuel consumption, higher
power density, and enhanced robustness. Being an important
part of the power-train system, the ignition system
contributes significantly to the system’s efficiency, exhaust
pollution reduction, and robustness.

In the early 1900s, the inductive ignition system was
developed for internal combustion engines. The system and
its variants have been in use since that time. In the early
days, the primary winding of the ignition coil was controlled
by mechanical switches, commonly called the breaker points,
which are seldom seen in modern ignition systems. The
breaker point inductive ignition system and distributor is
simple, low cost, and can be used in most vehicle
applications. However, the breaker points are prone to wear
out or deteriorate due to burns caused by arcing. Frequent
maintenance and replacement increases overall system cost.
Some inherent issues related to the mechanical switches and
the distributor may also cause the imprecise and/or improper
ignition timing. This results in improper fuel mixture burn,
causing increased pollution.

Thanks to the development of high-voltage high-current
power switches by the semiconductor industry, the
vulnerable mechanical switches have been replaced by more
reliable, high-power semiconductor devices. By using dual
tower coils’, the distributor can be removed. Using “on plug”
type coils, the high-voltage connection wires can be
eliminated. The most recent technology trends are integrating
the ignition Insulated-Gate Bipolar Transistor (IGBT) into
the ignition coil and integrating the IGBT’s control IC with
diagnosis and protection functions into the single igniter
module to make a more compact and simple ignition system.
Devices with high clamping voltages and high energy
density handling capability (in most cases IGBTS), are
desirable as increasing demand for better Miles-Per-Gallon
(MPG) engines operating at higher compression ratios need
higher sparking voltage and more energy to ignite a lean air-
and-fuel mixture.
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Evolution of the Ignition System

! Dual tower coil is the coil used in the waste spark distribution system, where one ignition coil serves for two cylinders, also known as “twin tower” coil.
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Compared to the mechanical ignition system, the modern
electronic ignition system has the following advantages:

= Lower Long-Term Cost through Reduced Maintenance
= Higher and More Consistent Ignition Energy

=  More Robust

= Less Volume and Weight

=  Precise Ignition Timing Control

= Flexibility for Diagnosis and Protection Schemes

=  Higher Reliability

Classic Ignition Systems

There are several classic ignition systems developed for
different applications. These can be classified into two
groups: Capacitor Discharge Ignition (CDI) systems and
Inductive Discharge Ignition (IDI) systems.

Capacitor Discharge Ignition (CDI) System

The CDI system has been widely used in motorcycles, lawn
mowers, and other small engines. Compared to the inductive
discharge mechanism in IDI systems, CDI system uses
capacitor discharge current to fire the spark plug. This gives
the CDI system the advantage of fast charging, which is
particularly suitable for high-speed engines. The basic
structure of CDI system is shown in Figure 2.

Most CDI systems are generally AC-CDI or DC-CDI,
depending on the input source. AC-CDI systems obtain
energy from the alternator through AC current. DC-CDI
systems are powered by the battery through a voltage
boosting DC-AC inverter and AC-DC rectifier. Basically, a
CDI system consists of a charging circuit, a triggering
circuit, an ignition coil, a spark plug, and the energy storage
unit (main capacitor).

The input source supplies 250-600 V for the CDI system.
This voltage charges the main capacitor, C, through the
charging circuit. The diode, D, inside the charging circuit
prevents capacitor C from discharging before the desired
ignition timing. When the triggering circuit turns on the
electronic switch (in most cases, thyristors), the energy
within capacitor C discharges into the ignition coil.

Generic Structure of Capacitor Discharge Ignition (CDI) System

Due to the limited energy stored in the capacitor and the
low-inductance ignition coil used in CDI systems, the spark
duration is relatively short compared to IDI systems. The
short spark duration may lead to incomplete combustion,
resulting in higher emissions, which excludes the CDI
system in applications where a long spark duration is
required for reliable ignition.

Inductive Discharge Ignition (IDI) System

Without the “cross-fire”* issue that can occur in a CDI
system, and with much longer spark duration, IDI systems
are adopted in most of today’s cars. The IDI system operates
according to the rules of electromagnetism described by
Faraday's Law of Induction. High voltage is obtained by
causing an abrupt change of the magnetic flux in the
ignition coil.

A basic IDI system consists of an ignition coil, an ignition
IGBT, a drive circuit, a spark plug, and a control unit.
Normally, the control unit in an automobile is called the
Engine Control Unit (ECU), from which the ignition
command signal is created and sent to the ignition IGBT
driver. The ECU determines the ignition timing based on
the engine speed, temperature, and torque. It also adjusts
the exact timing of the spark to provide better power, fuel
economy, and emissions. The ECU sends this signal to an
IGBT driver, which amplifies the signal and turns on/off
the IGBT to control the energy to be charged into the
ignition coil and the instance of the spark. The high turns
ratio helps reduce the voltage reflected on the primary side
caused by the high voltage on the secondary side prior to
the sparking event. The general structure of an IDI system
is shown in Figure 3.

One ignition coil can be used with either one spark plug
(coil-on-plug system) or two spark plugs (distributor-less or
waste spark system). The one-coil-two-spark-plugs solution,
in which each side of the secondary winding is connected to
a spark plug, is more cost efficient than the coil-on-plug
system, but compromises performance and leads to faster
wear-out of the spark plug.

* Because of the high energy of CDI spark and the high dv/dt, it often fires
spark plug in other cylinders through the coupling capacitor between
adjacent spark plug leads.
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Basic Operations of Inductive
Discharge Ignition (IDI) System

The basic operational waveforms of ignition system are
shown in Figure 4 and Figure 5. In Figure 4, the waveforms
of the dwell portion (primary charging) of the cycle are
illustrated; however, the time span of “on command state”
depends on the engine speed and control strategy of the
ECU. As the command signal (red line) rises to high level,
the ignition IGBT is turned on and the current through the
primary winding of the ignition coil increases as determined
by the coil’s primary inductance. Since the coil’s secondary
side is an open circuit before arcing of the spark plug, the
energy is temporarily stored in the magnetic core of the coil.
Once detecting the proper time to fire the spark plug, the
command signal turns back to low level, which results in the
ignition IGBT been turned off. The fast change of the
primary current induces a high voltage spike across the
ignition IGBT as the coil’s leakage inductance is
discharged. Normally, ignitions IGBTs have a clamping
structure between the gate and collector, like Z1 in Figure 3.
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General Structure of Inductive Discharge Ignition (IDI) System
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Figure 5. Expanded Turn-Off Waveforms
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The clamping structure limits the spike voltage (i.e. to
300 V-600 V) to protect the IGBT and the coil isolation. In
Figure 5, the clamping voltage is 400 V, as shown by the
green trace. The energy in the leakage inductance builds the
voltage spike on the primary side, while the energy in the
magnetizing inductance builds the high voltage on the
secondary side that generates arcing across the air gap of
spark plug.

During the IGBT clamping period, a small current flow,
through the clamping structure towards the gate terminal,
builds a voltage across the resistor (R1 and R2 in Figure 3)
between gate and emitter (ground). This voltage keeps the
ignition IGBT operating in Linear Mode under gate control;
therefore most of the energy is dissipated in the IGBT
portion of the structure instead of the clamping structure.
Actually, almost all of energy stored in the leakage
inductance of ignition coil is dissipated in the ignition
IGBT. For this reason, Self-Clamped Inductive Switching
(SCIS) capability is an important parameter to consider
when choosing a proper ignition IGBT for a specific
ignition coil and is discussed later in this note.
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Ignition IGBTs

For different applications, the requirements of spark energy
and spark voltage vary, as well as the requirements of the
ignition IGBTSs.

Ignition Coil - Before Choosing Ignition IGBT

Before choosing an ignition IGBT, there are several
parameters of ignition coils that need to be examined:
magnetizing inductance, leakage inductance, ESR of
primary winding, turns ratio, etc. The equivalent circuit of
an ignition coil is shown in Figure 6.

Ideal
Rs Ls Transformer
o_IVV\,_fWY\ o
1:N
V| Lm VO
[, 0
Figure 6. Equivalent Circuit of Ignition Coil

Ls and Rs are the leakage inductance and associated ESR.
L. is the magnetizing inductance. Normally, Ls is in the
range of hundreds of micro-henrys, Rs is in the range of 0.1
to 1 Q, and Lm is in the range of several milli-henrys. The
turns ratio of the ideal transformer is about 1:100. In most
cases, a several nano-farad capacitor is paralleled with L, in
the ignition coil model, but this capacitor doesn’t affect the
ignition operation much, so it is not discussed here. These
coil parameters may vary according to the design and
specific applications.

How to Choose a Basic Ignition IGBT

SCIS Capability

During regular operations, only the energy stored in leakage
inductance dissipates in the ignition IGBT. However, under
some fault conditions, the energy stored in both leakage and
magnetizing inductance is dissipated in the ignition IGBT.
A defective spark plug or loose secondary connection can
cause arcing across spark gap that does not occur with the
turn-off of the ignition IGBT. This is shown in Figure 7.
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APPLICATION NOTE

The SCIS capability of the ignition IGBT should withstand
at least the maximum energy in both the leakage and
magnetizing inductances of the ignition coil, together with
some energy from the battery, which is given by:

1 1
E= E (Lm + Ls)lz + EIVbat tclamp (1)

where | is the peak value of coil primary current, Vp is
the battery voltage, and tgam, is the time span of the
clamping period.

The second part of the equation is very small compared to
the first part, and some energy is also consumed in the ESR
of the primary winding, so the second part of Equation 1
could be eliminated, resulting in:

1
E~ E(Lm + L)I? v
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SCIS Capability of ISL9V3040

Since an open secondary situation can occur at any time, the
IGBT must be selected to handle this energy level at its
elevated operating junction temperature.

SCIS Curves valid for V., Voltages of < 430V

Figure 8.

Currently, ignition IGBTSs are available with SCIS ratings in
the range between 200 mJ to 500 mJ, at T,=25°C. These
capabilities decrease as the junction temperature increases,
lowering to about half these levels at T;=150°C.

As shown in Figure 8, the SCIS Safe Operating Area (SOA)
of a popular ignition IGBT, ISL9V3040, is on the bottom
left of current curves and bottom right of energy curves.

Clamping Voltage

On the IGBT die, an array of back-to-back poly diodes
provides active clamping between the collector and gate.
The clamping voltage protects the IGBT from entering the
Avalanche Mode of operation, which results in current
focusing and device failure.

To better understand how the clamping voltage works in
ignition systems, refer to Figure 7.

The green trace shows the collector-to-emitter voltage of the
IGBT in the open-secondary scenario. As the IGBT turns
off, the clamping structure limits the voltage spike caused
by leakage inductance to 400 V. A couple of micro-seconds
later, this voltage drops as no more energy is left in the
leakage inductance. At this point, the voltage across the
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IGBT is reflected from the secondary winding. In normal
operation, the reflected voltage shouldn’t exceed the
clamping voltage, so the IGBT won’t dissipate the energy in
magnetizing inductance. However, as shown in Figure 7,
energy that would have been delivered to the spark plug in
normal operation is reflected back and needs to be
dissipated in the IGBT.

In open-secondary condition, most energy is dissipated in
the IGBT no matter how high the clamping voltage.
However, in real applications, choosing a proper ignition
IGBT while avoiding unnecessary power loss caused by
insufficient clamping voltage requires the following items
be fully understood.

= Required maximum sparking voltage in normal
operation (Vspark_max) depends on the engine design.
Leaner air gas mixture or turbo-charged engines need
higher ignition voltages.

= There is a trade-off of the ignition coil’s turns ratio
(Traio). A higher turns ratio helps reduce the
requirement on ignition IGBT’s clamping voltage, but
complicates the coil design, compromises the coil’s
performance, and possibly increases the cost of the coil.

= The spark is not ignited by the clamping voltage. Even
though the appropriate clamping voltage should be
higher than Vspark max / Trio, the sparking voltage
could be much lower than Vciame * Traio- During
normal operation, the clamping of ignition IGBT at
turn-off is mostly caused by the energy stored in the
leakage inductance of coil, which isn’t transferred to
the secondary side in any case.

Collector Current vs. Saturation Voltage

Like most punch-through' devices, at low currents, the
ignition IGBT shows negative temperature coefficient
(Vce(on) decreases with temperature at given current). While
entering the medium and high current zone, it shows
positive temperature coefficient (Vcgony increases with
temperature at given current).
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Figure 9. Typical Ignition IGBT Vceon) Temperature

Characteristic

" Punch-through IGBTSs have an extra N+ buffer layer, which minimizes
the leakage current and Vsar, while maximizing breakdown voltage and
quickly absorbs trapped holes during turn-off.

APPLICATION NOTE

The typical temperature characteristic of an ignition IGBT is
shown in Figure 9.

The use of the IGBT as the primary switch in an ignition
system requires that it be on for a reasonable period of the
overall two revolutions of the classic four-stroke engine
operation. This is the “dwell” period in which the coil’s
primary magnetizing inductance is being charged. During this
period, the heat produced by the IGBT’s conduction loss must
be dissipated, so that the IGBT’s maximum junction
temperature is not exceeded. To minimize this power
dissipation, the IGBT should have as low Vcgony OF Vsar
(collector-to-emitter on-state or saturation voltage level) as
possible. The EcoSPARK® family offers a good tradeoff
between SCIS capability and Vceony performance. Recently,
process enhancements and device modeling simulation have
enabled the development of the next generation of
EcoSPARK® technology that lowers the Vcgon) even
further, while maintaining the industry-leading SCIS
performance per unit area of silicon. This performance
enhancement is shown in Figure 10.
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Figure 10. EcoSPARK®2 vs. ECOSPARK® Vcgon)

Smart Ignition Coil Driver Functions

As the development of ignition systems progressed, more
and more functions were added. New features added
diagnostics of the system, provided the ability to obtain the
status of the fuel mixture burn during combustion, enhanced
reliability, and reduced the emissions of the engine. A
frequently requested feature of a smart ignition coil driver is
the ability to obtain information about the coil’s primary
current during the dwell time and limit that current to a
specific level. This requires the Smart Ignition IGBT to
monitor the collector current flowing through it.

Current Sensing

One method of current sensing used in smart ignition coil
drivers is a “current-sense IGBT” (refer to the datasheet of
FGBS3040CS), in which on the IGBT a die-level sense
channel is built. This is sometimes referred to as a “piloted”
IGBT. In this device, the additional emitter sense lead
outputs a current proportional to the main collector current.
The device schematic is shown in Figure 11.
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Figure 12. Current Sense IGBT Application Circuit

The simplest way to monitor the current through the sense
section is to place a resistor on the emitter sense lead and
measure the voltage developed across this resistor. This
voltage can be then amplified with an op-amp stage, as
shown in Figure 12.

A second method of current sensing is utilizing a high-
power, low—value, current-sense resistor or even the bond
wire in the emitter current path (outside of IGBT die, but
within the package). The monitoring of the current is then
obtained by measuring the voltage across the sense resistor
or bond wire, as shown in Figure 13.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Command [H
i Control IC

= Current

Sense Pin §

Figure 13. Current Sense using High Current Sense

Resistor or Bond Wire

APPLICATION NOTE

Current-sense IGBTSs are a cost effective solution, compared
to using high-power current-sense resistors, but the sense
ratio varies with the sense resistance and collector current,
compromising the accuracy.

Current Limiting

In case of malfunctions of the ECU or anything on the
command signal path, the control IC in a smart ignition coil
driver usually includes a current-limit function to protect the
ignition IGBT, ignition coil, and related components by
limiting the charging current to a given level.
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Figure 14. Current Limit Waveforms

The current limit level can be fixed in some smart IGBTS, as
well as programmable through IC peripheral components in
some devices.

Figure 14 shows typical waveforms of current limiting
operation. Initially, the gate voltage (pink line) that switches
from LOW to HIGH, turns on the IGBT to charge the coil.
While collector current (green line) approaches the setting
level, the control IC regulates the gate voltage to operate the
IGBT in Linear Mode, and thereby limits the current
through the ignition IGBT and the coil. The yellow line is
the sensed voltage across the emitter current sense resistor.

Soft Shutdown (SSD) & “Max-Dwell” Time

The soft shutdown (SSD) and max-dwell functions are
another kind of protection strategy, preventing the devices
and components in the power path from getting overheated
by an unexpected long charging pulse and avoiding an
unwanted spark at turn off. The “max-dwell” is a function of
the smart ignition IGBT that sets a maximum time allowed
after charging is detected before the I1C shuts off the IGBT.
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Figure 16. Max-Dwell Waveforms
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Current: Pink; Battery Voltage: Green; IGBT
Collector-to-Emitter Voltage: Yellow)

Typical soft shutdown waveforms are shown in Figure 15.
The command signal (blue line) keeps a high level once
turned on. After the IGBT is turned on, the gate signal (pink
line) drops slowly, reducing the collector current smoothly
from current limit value until the IGBT totally turns off. The
device is inhibited from reactivating the IGBT during the
soft shutdown period. This feature normally occurs after a
so called “max-dwell” time limit is reached.

The max-dwell function also shuts down the IGBT after a
max-dwell time limit is exceeded. However, in this case, the
function turns off the IGBT sharply. The waveforms in
Figure 16 show the max-dwell operation. A resistive load
used in this test shows that the control IC limits the current
immediately when the IGBT is turned on. The current drops
because of the heating effect of resistive load.

The soft-shutdown current decay rate and the max-dwell
time can be fixed within the control IC or programmable
with external passive components. The max-dwell function
can be designed such that the max-dwell time reduces as the
battery voltage increases to prevent the extra energy
dissipation in the ignition IGBT, which may be caused by
the increased battery voltage.

APPLICATION NOTE

Input Diagnosis
In some smart ignition coil driver circuits, an input
diagnosis function is provided, as shown in Figure 17.

Y
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Figure 17. Input Diagnosis Waveforms

The input pin of control IC is designed as a current sink. As
the current flowing through the IGBT exceeds a defined
value, the input pin current (light blue line) changes. The
input current levels and the triggering IGBT current are
programmable to be compatible with the engine control unit
driver stage employed.

Other Features

In smart ignition applications, other features, like control
input buffer, input spike filtering, and over/under-voltage
protection, can be designed into the control IC driving the
IGBT if needed.

Challenges

The demand of high-MPG vehicles drives the need to
develop more efficient engines and advanced ignition
systems. The future gasoline engine will feature high
compression ratios and lean air gas mixtures. To spark the
lean air gas mixture, higher arcing voltage and energy will
be required. As a consequence, the ignition IGBTs need to
have higher breakdown voltage and sustain higher SCIS
energy. High breakdown voltage usually increases cost, but
must be solved as power switch technology develops.

One method to provide higher SCIS capability is developing
more SCIS-capable IGBTs, an ongoing effort among
semiconductor device manufacturers. Another method is
using multi-IGBTs, either direct paralleling (low-cost
solution) or using interleaved systems (high performance
applications), like the dual-coil ignition systems.!

Multi-spark systems® ™ may also be a possible solution,
but put more challenges on the whole system design rather
than the ignition IGBT itself.
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