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Abstract  
The reason to measure the ion current in a combustion engine is to extract 
combustion parameters in order to achieve closed loop control of the 
combustion i.e. control of the spark, fuel and air into the engine. By using the 
spark plug, in a spark-ignited engine, as a probe it is possible to measure the 
ion current.   

The purpose with this thesis is to improve an existing ion current interface. 

A ringing caused by the ignition coil will follow by the ion current signal. Now 
the need of energy in the spark increase. Since increased energy in the spark 
gives a longer burn time and a longer ringing the ringing will extend into the 
ion current signal. The problem with the old interface is that the ringing is not 
symmetrical which could cause problems when filtering the signal.  

The aim of this thesis is to achieve a symmetrical ringing and a interface that 
can handle an ion current amplitude from 0,1µA to 1mA.        
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1 INTRODUCTION 

This chapter contains a short background and a description of the problem with 
ringing. It is the ignition coil that causes the ringing, which occurs before the 
ion current signal as seen in Figure 1.  

 

Figure 1 Ion current signal 

1.1 Background 

Since 1987, the ion current has commercially been measured, when SAAB 
launched the first DI engine control system, developed by Mecel AB. The 
purpose with measuring the ion current is to extract combustion parameters, 
which is used to achieve a closed loop control of the combustion. 

When measuring an ion current, in the range from 0.1µA to 1mA, some 
problems will occur due to the ringing caused by the ignition coil. When 
measuring the signal with the present interface, the ringing is not symmetrical, 
due to the interface. 

The increased need of energy in the spark will increase the ringing and burn 
time and as a result the ion current signal will be further disturbed. 

To improve the circuit with attention to symmetrical and dynamic aspects, this 
thesis has been conducted in cooperation with Mecel AB. Mecel AB is a 
company placed in Åmål and Gothenburg Sweden. Mecel is a systems and 
software house focused on applications for vehicles and combustion engines. 
With unique know-how and patented innovations in software, electronics, data 
communication and Internet, Mecel provides systems engineering services to 
the leading manufacturers of vehicles and combustion engines and their 
suppliers. The sales also include products in niche areas within these fields of 
technology. The customers are mainly located in Europe and North America.  
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The thesis began in April 2005 and can be divided in two parts  
• Create a spice model of the present circuit with the ignition coil 

included. 
• Improve the interface with aspects on symmetry and dynamic. A 

symmetrical ringing is easier to reduce with a filter. 

1.2 Terminology 
The purpose with this chapter is to give the reader a short introduction of ion 
current to give a better understanding to the problem. For deeper description, 
refer to other literature, for example [4], [2]. 

1.2.1 Ion current  

A closed loop control of the combustion is desirable to achieve a better fuel 
consumption and lower emission. A way to do this is to measure the pressure in 
the cylinder, and extract the combustion parameters. A major disadvantage is 
that a pressure sensor is required. Since the environment in the cylinder is very 
harsh, the life time for a sensor will be too short, a pressure sensor is not a 
suitable solution [2]. 

In 1984 Mecel AB patented a solution on how to measure the ion current. The 
principal function to measure ion current is as follows: 

• At the same time as the spark is burning, i.e. the voltage over the spark 
plug is about 800V, a current is charging C1 to the zener voltage D1. 

• When the spark dies down, C1 drive a current in opposite direction 
through the spark plug. The size of the current depends on the ion 
content in the combustion chamber, therefore the name ion current. 
Notice Figure 2. 

 

 
Figure 2 Ion current [3] 
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The following combustion parameters can for example bee seen when studying 
the ion current: 

• Cylinder individual knock intensity, expressed as a higher frequency 
added to the ion current signal. 

• Cam-phase sensing. Determination on which stroke the cylinder is in. 

• Pre-ignition detection. Cylinder individual pre-ignition information. 

• Misfire. Cylinder individual misfire information. 

More combustion parameters appears in the ion current, the above mentioned 
parameters are the ones in production today [2]. 

A typical ion current signal is shown in Figure 3.  

• The ringing caused by the ignition coil is shown in the ignition phase. In 
this case the ringing ends just before the interesting part of the ion 
current signal. 

• The ion current signal starts in the flame front phase and ends in the post 
flame phase. 

 

Figure 3 Typical ion current signal [4] 
 

1.2.2 Burn Voltage 

In order to achieve a spark, it is necessary to first get a peak voltage up to 
35kV, this peak voltage starts a current to flow in the spark plug, after the peak  
voltage the voltages drops to a voltage about 800 to 2000Volt, as long as the 
energy in ignition coil is high enough and the spark is alive. This lower voltage 
is called burn voltage  
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2 PRESENT CIRCUIT 

This chapter contains a description and a simulation result of the present 
circuit. All simulation is made with Protel 99. 

The simulation model of the present circuit with its ignition model is shown in 
Figure 4, and the function of the circuit is: 

1. A trig pulse from the pulse source opens the IGBT transistor, so that the 
current charges the primary side of the ignition coil. 

2. The energy in the ignition coil is transformed to the secondary side 
when the IGBT close. A voltage peak then starts the spark in the spark 
plug. 

3. As long as the spark is alive the current charges C1 to the zener voltage 
Dz.  

4. When the spark dies, C1 drives a current in the opposite direction 
through the spark plug. The size of the current depends on the ion 
concentration in the combustion chamber. 

5. The current through R4 will build a voltage over R4, this voltage is 
amplified by the operational amplifier coupling.  

 

Figure 4 Present interface and ignition coil 
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2.1.1 Simulation Result from the present circuit  

A result from simulation of the present interface connected with a model of an 
ignition coil is shown in Figure 5, top to down: 

• Primary current in the ignition coil. Shows how the primary side of 
ignition coil is charged when the trig pulse is high. The current through 
Rp in Figure 4. 

• Secondary current in the ignition coil. The current in Rs in Figure 4. 
When the trig pulse ends, the energy is transformed to the secondary side 
and spark starts burning. As long as the energy in the ignition coil is high 
enough, there will be a voltage over the spark plug. In this simulation the 
spark plug is simulated by a varistor. 

• Voltage at the output from operation amplifier, Uout in Figure 4. 

• Ion current. The current through R4 in Figure 4. The figure shows that 
the signal is not symmetric. The aim is to reduce the cut to achieve 
symmetrical ringing. 

• Voltage over spark plug. The voltage is negative because lower voltage 
requirement with negative voltage.  

 
Figure 5 Simulation result of present interface 
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2.2 Simulation model of ignition system 

The Figure 6 shows the simulation model of the ignition system, it contains 3 
blocks: 

1. Ignition, control of the spark.  

2. Ignition coil 

3. Spark plug 
 

V_trig
VPULSE

trig

R3
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R1

1k

Q1
IRG4PH50S

Rp

0.570
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3000

LL1
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GND

R2
100

D6
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D5
ZY200

D4
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D3
ZY200
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GND
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22

3 3

4 4

U1A

VCVS

1
1

4
4

var1
V275L

GNDGND

V1
12

Ion Current Interface

Ignition coil

Ignition

Spark plug

1
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Figure 6 Simulation model of ignition system 

 7  



 

2.2.1 Ignition 

The ignition block consists of: 

• Q1, IGBT transistor, simulation model of IRG4PH50S. 

• D1-D5, zener diodes, simulation models of ZY200. 

• D6, diode, simulation model of 1N4148. 

• V_trig, Pulse source see Table 1.  

To simulate a trig signal, a pulse source with parameter according to Table 1 is 
connected to the IGBT transistor, The IGBT charge the coil when it is open. 
The diodes D1-D6, protects the transistor from transient voltage peaks that 
appears as the transistor is switched of. This circuit is used in several 
applications.  
 Value 
Initial value 0V 
Pulsed value 15V 
Time Delay 100µS 
Rise Time 20µS 
Fall Time 0.01µs 
Pulse Width 2mS 
Period 10mS 

Table 1 Trig pulse source 
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2.2.2 Ignition coil 

Available spice models of transformers could not simulate the ignition coil 
because of some of the parameters that should be changed was missing or 
couldn’t be changed. A model of the ignition coil was designed with help of 
[1]. The model is shown in Figure 7, and consists of inductors, resistors and 
one voltage controlled voltage source, VCVS.  

Rp

0.570

Rs

3000

LL1

0.0012

Lm

0.0002

LL2

0.675
Rm

50k

11

22

3 3

4 4

U?A

VCVS  

Figure 7 Model of ignition coil 
 

To find out which value on the included components to use, measurements was 
performed on a real ignition coil, by resonance frequency in the coupling in 
Figure 8. The ignition coil parameters was calculated with the formula 

L= ((1/(2*π*fr))^2)/C 

fr =resonance frequency 

 

Figure 8 Measure of ignition coil 

Both sides of the ignition coil (primary and secondary) was measured with both 
open and closed opposite side. The resistance was measured with a digital 
multimeter. The result is shown in Table 2.  

The values in model of ignition coil are modified in order to get more energy 
stored in the coil and thereby get a longer ringing with higher amplitude. 
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VCVS is an ideal voltage controlled voltage source whit gain 100 time i.e. 
Vout = Vin*100.  

 

 Resonance 
frequency 

Value on 
conductor 

Value on 
inductor 

Component in model 

Primary side open 
circuit 

75kHz 0.22uF 20uH Parallel inductor on 
primary side 

Primary closed circuit 30kHz 0,22uF 0,13mH Series conductor on 
primary side 

Secondary side open 
circuit 

136Hz 0,440uF 3,11H  

Secondary side 
closed circuit 

292Hz 0,440uF 0,675H Series Ind. On 
secondary side 

     
 Primary Secondary   
Resistance 0.57ohm 3kohm  Series resistance on 

primary / secondary side 

Table 2 Result of measure ignition coil 

 

2.2.3 Spark plug 

A widely used method to measure energy in the ignition coil is to replace the 
spark plug with a zener diode at around 800V. Simulation with zener diode 
gave strange result, since the zener diode behaved as a voltage source. Instead 
a varistor at 600V (littlefuse part no V275LA4) was used to replace spark plug 
in simulation 
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3 PRODUCT REQUIREMENTS 

This chapter contains a description of desired function and requirement 
specifications of the new circuit. 

3.1 Functional Requirements 

The requirements on the new circuit are: 

• Ringing in ion current Figure 5 Simulation result of present  is 
unsymmetrical it should be symmetrical i.e. 

The ringing shall oscillate around zero level. 
Integration of coil ringing should be equal to 0. 

• The circuit shall handle an ion current with an amplitude in the range 
from 0.1µA to 1 mA. 

• The circuit shall be build by as few components as possible. 

• Could handle a temperature up to +125°C. 

3.1.1 Mini mechanization 

To reach the specification, a mini mechanization was produced; it consists of 
the block in Figure 9.  

Igniton coil interface  I=>U BS Amp 4 to 20
1 2 3 4 5 6  

Figure 9 Mini mechanization 

1. Ignition coil is the simulation model of ignition coil. 

2. Interface is the circuit that picks up the ion current. 

3. I=>U transforms the current to a voltage with a gain, the gain shall be 
variable for different applications (ignition coils). 

4. BS Band Stop filter. Reduce the ringing from the signal. Cut off 
frequency shall be variable for different application.  

5. AMP Amplifier stage with variable gain to amplify the ion signal 
without ringing. 

6. 4-20 Current transmitter. A circuit that instead of transmitting the signal 
as a voltage, it transmits it as a current from 4 to 20 mA 

 11  



 

 12 



 

4 ENHANCED CIRCUIT 

This chapter contains a description of the new circuit and its simulation results. 
 

4.1 Description of the enhanced circuit 

The new circuit consists of five blocks were the intention is to implement it 
into the ignition coil, and connect it to a measure resistance placed in the 
engine control unit. The blocks are: 

• Interface. Is the circuit that creates a condition to make an ion current 
flow. 

• Current to Voltage. Transforms a current to a voltage. 

• Filter. Is optional see 4.1.4. 

• Amplification stage  

• 4-20 Transmitter. Transmits the signal as a current instead of voltage. 
 

 
 

Figure 10 Enhanced circuit 
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4.1.1 Interface 

The reason for the non-symmetrical ringing is that when a current flows trough 
R4, it generates a voltage higher then diode voltage, 0.6 volt. And the diode D7 
opens and the current will flow to ground and cut the signal. 

 

Figure 11 Enhanced interface 

Input is inserted at the port named ignition coil and when the spark is burning 
the conductor C1 is charged to the zener voltage Dz. The spark current peak is 
lead to ground via D7. 

In this solution, to keep a symmetrical ringing a virtual ground is connected to 
the port named interface and the resistor R4 is shortened, see 4.1.2. 

A second diode D8 will be mounted in parallel and in opposite direction with 
D7 to secure the symmetrical requirement. This is due to the operational 
amplifiers in the next stage, if the slew rate is to low it can’t keep the virtual 
ground.   
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4.1.2 Current to voltage 
To achieve a virtual ground at the input named interface an operational 
amplifier is used, the operational amplifier aims to keep the same potential on 
both inputs. Because of the Kirchoff current law, KCL, the current trough R5, 
Ir5 will be a negative copy of the current from interface (current through R4 in 
Figure 11, Ir4). 
Ir5 = -Ir4 => 

Uout = -Ir4 * R5 

GND

12V

-12V

R5

1
2

3

8
4

Amp
Interface

 

Figure 12 Current to voltage amplifier 

The gain of Uout occurs with R5, larger value will give a larger gain, until the 
maximum output voltage will be reached. To reach the requirement with large 
signal range, the transform factor should be variable, this can be done with a 
variable resistance instead of R5. 

Requirements of the current to voltage operational amplifier:  
• Slew Rate, SR. To get a virtual ground the SR must be larger then the  
      maximum derivate of the signal * transform factor.  
• Offset. Smaller then the smallest ion current amplitude that is detectable 

* transform factor * gain. 
• +/- 15V supply. 
• It should handle temperature to +125°C. 
• At least 20mA output. 
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4.1.3 The result of simulation of the enhanced interface and current 
to voltage amplifier 

The result of simulation is shown in Figure 13, from top to down. 

• The output voltage from operational amplifier. Label AMP in Figure 12. 

• The current in measure resistance R4 (Ir4). The figure shows that the 
ringing is symmetrical. 

• The current in R5 (Ir5). In this simulation the current reference direction 
is reversed to show Ir5=Ir4. The simulation also shows that the 
operational amplifier is saturated when the spark is alive, this is not a 
problem due to the interesting ion current is placed after the spark 
current. 

• Voltage over conductor C10. 

• The current in D7 shows when spark current is by passed to ground by 
D7. 

• Voltage over D7.  

 
Figure 13 Result of simulation of the enhanced circuit 
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4.1.4 Filter 

To receive as large Signal to Noise Ratio (SNR) as possible, the ion current 
signal shall preferable be amplified with ringing as reduced as possible. One 
way to achieve this is to use a filter to reduce the ringing before amplifying the 
ion current signal. 

Due to the shape of the signal, see figure 13 the output voltage from the op, the 
signal has a step that causes a step/impulse response when a filter is introduced. 
Figure 14 and 15 shows step and impulse response of an 8th order Cauer filter.   

 

Figure 14 Step response 

 

Figure 15 Impulse response 

The simulation below shows a recorded signal filtered by the filter above. The 
signal was recorded by a oscilloscope by measuring the voltage over the spark 
plug and then exported to Protel 

• On top, the signal before the filter.  
• On bottom, the signal after the filter.  

In this case it is showed that the ringing is shorter than the filter step/impulse 
response. The filter introduces more problems than it solves. 

 

Figure 16 Filter simulation recorded signal 
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By using the simulated signal instead of the recorded one, Figure 17, it can be 
seen that the ringing is longer then the filter response and also that the filter 
reduce a lot of the ringing. 

 

Figure 17 Filter simulation simulated signal 

 

These two simulations shows that if we have a long ringing we can use a filter 
to reduce the  ringing, but if the ringing is short we introduce more problem 
then before the filter. 

The example above uses an 8th order Cauer low pass filter, Chebychew and 
Butterworth filter gives a similar step/impulse response. Also a band stop filter 
gives the same problem.   

An alternative to Cauer is a Bessel filter which gives a smaller response but it 
requires much higher order to meet the same specification as a Cauer filter. 
Another alternative is to use a software filter but it would be difficult to 
implement in ignition coil due to the harsh environment.  

Hence the choice of using a filter or not depends on the ignition coil.  
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4.1.5 Amplifier stage 

The block consists of an inverting operational amplifier circuit with gain 

- (R10 / R9) 

Uout = - (Uin*(R10 / R9)) 

To reach the requirement with large signal range the gain should be variable; 
this can be done with a variable resistance instead of R9 or R10.  
 

-12V
GND

1
2

3

8
4

R9

12V

R10

4-20
Amp

 

Figure 18 Amplifier stage 
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4.1.6 4-20 transmitter 

4-20 transmitters is used to transmit signals with a low interference. In this case 
it is used to transmit the ion current signal from the ignition coil to the engine 
control unit. The function is that a current is sent in a loop via a measure 
resistance in the engine control unit, and the signal is read by measuring the 
voltage over the resistance.  

The reason why it is not sensitive to interference is that it’s a current used as a 
medium to transmit the signal. A signal at 0V is transmitted in this case with 
12mA and a signal of +/- 12volt is transmitted as 20mA/4mA. 

Requirements on the 4-20 operational amplifier:  
• It should handle temperature to +125°C. 
• It should handle an input as vary from –12V to +12V. 
• At least 20mA output. 
• +/- 15V supply. 

12V

-12V

R16

R15

GND

1
2

3

8
4

R14

Measure resistance

4-20 Transmitter

4-20

 

Figure 19 4-20 Transmitter 

The function of the circuit is as follows. The input signal comes from the input 
labeled 4-20, and vary from approx. -12V to +12V, depending on the choice of 
operational amplifier and supply voltage. A “current add up coupling” has been 
used to summarize the two currents in R14 and R15.The output should vary 
around 12mA with +/-8mA giving the values of R14 and R15.  

R14 = maximum input / vary of current = 12V / 8mA = 1,5kΩ 
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R15 = supply voltage / current reference = 12V / 12mA = 1 kΩ 

To get a stable current reference, in this case 12mA it’s required that the 
positive supply voltage is stable on +12V. When it is a risk for variations in 
supply voltage a possible solution is to connect R15 to reference voltage 
instead of supply voltage to achieve a stable current reference. 

An operational amplifier can be considered as ideal when no current flows into 
the inputs, then  

Ir14 +Ir15 = -Ir16 

This is the current in the measuring resistance.  

Very often the engine control unit works with an internal supply voltage at 5V 
and to not override that voltage, the maximum value on R16 can be calculated.  

R16max = Vmax / Ir16max = 5V / 20mA = 250Ω 

With the component values and signal level above the voltage over R16 vary 
from 1 to 5 volt. To increase the dynamic in the circuit, instead of using a 4-
20mA transmitter a  0-20mA transmitter can be used, where a signal on 0 Volt 
is transmitted as 10 mA and a signal at +/-12V transmits as 20/0mA. A solution 
like that will give a signal variation from 0 to 5volt with a measure resistance 
on 250Ω. 
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5 EXPERIMENT COUPLING 

A prototype of the enhanced circuit with discrete components on a experiment 
card is shown in Figure 21. The gain can be changed with help of dipswitch, 
they correspond to switch transistors in an implementation. 

 

Figure 20 Experiment coupling 

Connections 

1 The signal from ignition coil 

2 Negative power supply 

3 GND 

4 Positive Power supply 

5 The current transmitter loop 
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6 CONCLUSION 

The enhanced circuit consists of the following five stages 
1. Interface, creates a condition to make an ion current flow. 
2. I=>U, transforms current to voltage. 
3. Filter, reduce the ringing 
4. Amplifier 
5. 4-20 transmit the signal as a current instead of voltage 

The enhanced circuit meets the requirements with respect to symmetry and 
dynamic range. 

Stage one is the interface. The difference from the present interface is that the 
new interface includes a diode mounted in parallel and in reversed direction. 

Stage two is a current to voltage converter. The current is measured, 
transformed to a voltage and amplified with a variable transform factor by an 
operational amplifier. 

Stage three is optional, depending on the characteristics of the ignition coil. 
The filter can reduce the coil ringing but in some cases the result is not 
satisfying due to the step/impulse response of the filter. 

Stage four is an amplifier with variable gain. 

Stage five is a 4-20 mA transmitter in order to transmit the signal with as high 
Signal to Noise Ratio as possible. The signal is transmitted as a current in a 4-
20 transmitter loop to the engine control unit.  

To meet the requirements it is necessary to use dual power supply and also 
more components than in the present circuit is required. 
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APPENDIX COMPONENT LIST 

The circuit with variable transform factor and gain is shown in Figure 21. The 
variable resistance is a resistor ladder network and switch transistor. 

 

Figure 21 Circuit with variable gain 

Table 3 Component list 
Reference name Component Value Part number / Explanation 
Operational amplifier Quad op amp  LT1365CN 
Dz Zener diode 47V BZX85/C47 
D7 D8 Diode  1N4148 
C10 Capacitance 470nF  
R4  Shorten  
R5  1MΩ  
R6  1MΩ  
R7  500kΩ  
R8  1.5kΩ  
R9  1kΩ  
R10  10kΩ  
R11  10kΩ  
R12  5kΩ  
R13  2.5kΩ  
R14  1.5kΩ Signal variation 8mA  
R15  1kΩ Gives 12mA reference current 
R16 Measure resistance 250Ω  
Q1-Q6 Switch transistor  Mos transistor without the 

parasite diode 
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S1-S6 Control signals   

 
With the component values in Table 3 the resulting transform factor /gain is 
presented below 
Control signal S1-S3 Transform factor stage 

I=>U 
 

000 1MΩ 1µA =1V 
100 500kΩ   
110 250kΩ  
111 1,5kΩ 1mA=1,5V 
 
Control signals S4-S6 Gain Amplifier Stage  
000 10 times  
100 5 times  
110 2,5 times  
111 1.25 times  
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På svenska 
 
Detta dokument hålls tillgängligt på Internet – eller dess framtida ersättare – 
under en längre tid från publiceringsdatum under förutsättning att inga extra-
ordinära omständigheter uppstår. 

Tillgång till dokumentet innebär tillstånd för var och en att läsa, ladda ner, 
skriva ut enstaka kopior för enskilt bruk och att använda det oförändrat för 
ickekommersiell forskning och för undervisning. Överföring av upphovsrätten 
vid en senare tidpunkt kan inte upphäva detta tillstånd. All annan användning 
av dokumentet kräver upphovsmannens medgivande. För att garantera 
äktheten, säkerheten och tillgängligheten finns det lösningar av teknisk och 
administrativ art. 

Upphovsmannens ideella rätt innefattar rätt att bli nämnd som upphovsman 
i den omfattning som god sed kräver vid användning av dokumentet på ovan 
beskrivna sätt samt skydd mot att dokumentet ändras eller presenteras i sådan 
form eller i sådant sammanhang som är kränkande för upphovsmannens 
litterära eller konstnärliga anseende eller egenart. 

För ytterligare information om Linköping University Electronic Press se 
förlagets hemsida http://www.ep.liu.se/
 
 
In English 
 
The publishers will keep this document online on the Internet - or its possible 
replacement - for a considerable time from the date of publication barring 
exceptional circumstances. 

The online availability of the document implies a permanent permission for 
anyone to read, to download, to print out single copies for your own use and to 
use it unchanged for any non-commercial research and educational purpose. 
Subsequent transfers of copyright cannot revoke this permission. All other uses 
of the document are conditional on the consent of the copyright owner. The 
publisher has taken technical and administrative measures to assure 
authenticity, security and accessibility. 

According to intellectual property law the author has the right to be 
mentioned when his/her work is accessed as described above and to be 
protected against infringement. 

For additional information about the Linköping University Electronic Press 
and its procedures for publication and for assurance of document integrity, 
please refer to its WWW home page: http://www.ep.liu.se/
 
© [Morgan Johansson] 
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