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1. [bookmark: _Toc102373627]Introduction
Since the invention of the internal combustion engine (ICE), it has been a constant goal of engineers to improve engine performance, reliability and more recently emissions. This has been achieved through the updating of ignition systems from simple constant dwell systems to new modern day distributorless ignition systems (DIS), the change from carburettors to fuel injectors and the implementation of many sensors to be able to see how an engine is performing.
The aims and objectives of this report will be to explain the procedure of testing two separate engine management systems, specifically the Bosch Jetronic LE3 system and the Vauxhall Motronic system, using digital multimeters and oscilloscopes over a range of increasing temperatures. The resistance of separate components of the engine will also be tested, such as the air flow sensor. These results will then be compared to the manufacturers specification and reasons for any variance from the specification will be discussed.
This report will also investigate and explain how fuel injection on time varies under different operating conditions including:
a) Ignition on, engine not running.  b) engine cranking when cold.   c) Engine warm-up phase 
d) Acceleration.  e) Deceleration.  f) Engine idle when at operating temperature.
The final section of this report will discuss the various ways the Bosch Jetronic LE3 system could be modified to further improve the engines efficiency, performance and reliability.







2. [bookmark: _Toc102373628]Methodology
2.1 [bookmark: _Toc102373629]– Safety Precautions
Whilst both systems were being tested it was vital that all safety precautions were followed. This included wearing all the correct PPE (a dust coat and steel toe capped boots) and removing any metal accessories (such as rings) and hanging objects, for instance necklaces, so that they do not accidentally get caught in any moving components of the engine. Whilst the engine was running, it was important to have a suitable extraction system in place over the exhaust of the engine to prevent the build-up of exhaust gases in the workshop. It was also vital that when the engine was running that no student was to rest or lean on the engines as there are many moving parts, such as belts and pulleys, that a body part could get caught in and the engines also reach very high temperatures and leaning on them could burn the students.
2.2 [bookmark: _Toc102373630]– Vauxhall Motronic
The first system to be tested was the Vauxhall Motronic system. This system has a single engine control unit (ECU) for both ignition and fuel, unlike the LE3 system which has a separate ECU for fuel and ignition.
2.2.1 [bookmark: _Toc102373631]– Testing Voltage of Each Pin
1. First, connect the black lead of the multimeter to a suitable ground, for example the negative side of the battery.
2. Select a suitable DC voltage range on the multimeter.
3. Now whilst the ignition is turned off, insert the red leads into the pins 1-55 (excluding the pins that aren’t in use on this system) of the ECU. 33 Pins in total should be in use.
4. Record the voltage of each pin into a table.
5. After recording the value of each pin, switch on the ignition.
6. Repeat steps 3 and 4 with the ignition turned on.
2.2.2 [bookmark: _Toc102373632]– Component Resistance Testing
The following components on the engine were tested:
· Throttle Potentiometer
· Air flow sensor
· Idle speed control valve
· Fuel injectors
Testing the Throttle Potentiometer:
1. Set the multimeter to resistance (Ω) and place the wires of the multimeter on pins 1 & 2 (closed throttle) of the unplugged throttle potentiometer. Record the value given.
2. Place the wires of the multimeter on pins 1 & 3 (open throttle) of the unplugged throttle potentiometer. Record the given value.
Testing the airflow sensor:
1. Unplug the airflow sensor. Turn the dial of the multimeter to resistance (Ω) and place the wires on pins 2 & 4. Record the resistance.
2. Place the wires on pins 3 & 4 of the air flow sensor. Record the resistance value shown.
Testing the idle speed control valve:

2.2.3 [bookmark: _Toc102373633]– Engine Component Testing
Multiple components were tested during the warm-up phase of the engine between 20oC and 80oC in 10oC intervals. The following values for each component were tested:
· NTC2 resistance (Ω)
· NTC2 voltage (V)
· Fuel Injector on time (ms)
· Rotary Idle Valve percentage on (%)
· Tank Vent Valve (off/switching)
· Lambda Sensor (off/switching)

1. Remove the dipstick from the engine and replace it with the oscilloscopes temperature gauge. This is required so that the engine temperature could be accurately measured in 10oC intervals so that the individual components could be tested.
2. Using the oscilloscope attach the black wire to ground and red wire to pin 16 to measure the fuel injector on time during the initial cold cranking of the engine. Crank the engine until it starts and stop the oscilloscope. Measure the fuel injector on time during the initial crank of the engine.
3. Run the engine until it the oscilloscope reads that the engine temperature is a couple of degrees from the target temperature and then switch the engine off, however leaving the ignition on. This is because the engine oil temperature will continue to rise slightly after the engine has been switched off.
4. Using the oscilloscope, attach the black wire to a suitable ground. Place the red wire on pin 44, then freezing the screen of the oscilloscope to obtain a suitable graph of NTC1’s voltage. Measure and record the maximum voltage of NTC1.
5. Repeat step 3 with:
· Pin 45 to measure NTC2’s voltage
· Pin 16 to measure the fuel injector on time (ms)
· Pin 4 to measure the rotary idle valve on time percentage (1ms = 1%)
· Pin 5 to see if the tank vent valve is switching
· Pin 28 to see if the lambda sensor is switching.
6. Using a digital multimeter, turn the dial to resistance and measure pin 45’s (NTC2) resistance.
7. Switch the engine back on and allow the engine to heat up by 10oC. Switch the engine back off, leaving the ignition on.
8. Repeat steps 4 to 6 until a maximum engine temperature of 80oC has been reached.
9. Repeat step 3, measuring NTC1’s voltage again and recording the result.
2.3 [bookmark: _Toc102373634]– Bosch Jetronic LE3
2.3.1 [bookmark: _Toc102373635]– Testing Voltage of Each Pin
The LE3 system has a separate ECU for ignition and for fuel unlike the Motronic. This means that when testing the voltage of the pins, you must remember to test both ECU’s.
1. Leaving the ignition turned off and setting the multimeter to voltage, test the voltage of each pin in use on both ECU’s and the amplifier, recording the results in a table.
2. Switch on the ignition and repeat step 1.
2.3.2 [bookmark: _Toc102373636]– Component Resistance Testing
The resistance of the following components on the LE3 system engine was tested:
· Throttle switch
· Auxiliary air valve
· Coolant temperature sensor
· Fuel injectors
       
 Testing the throttle switch:
1. Set the multimeter to measure resistance and place the multimeter wires onto pins 2 & 18. Record the reading on the multimeter.
2. Place the multimeter wires onto pins 3 & 18. Record the reading on the multimeter.
Testing other components (fuel injectors, auxiliary air valve, coolant temp. sensor):
Unplug the component and with the multimeter set in the correct resistance range, place the multimeter probe on the pins of the component and measure the resistance.
2.3.3 [bookmark: _Toc102373637]– Engine Component Testing
1. Remove the dipstick and insert the oscilloscopes temperature gauge into the oil sump.
2. Attach the ground wire of the oscilloscope to a suitable ground supply and the other wire to pin 3 of the fuel ECU. Crank over the engine and immediately as it begins to run, stop the oscilloscope. Measure the time that the injectors were pulsed for when the engine began to crank.
3. Run the engine until the oscilloscope screen reads just before 20oC. Switch off the engine, using the digital multimeter and oscilloscope measure the resistance of pin 8 on the ignition ECU, the voltage of pin 8 on the ignition ECU and the amount of time the fuel injectors were pulsed (pin 3 of the fuel ECU).
4. Repeat step 3 however increasing the temperature in 10oC increments until a maximum temperature of 60oC has been reached.




	


3. [bookmark: _Toc102373638]Results
[bookmark: _Toc102373639]3.1 – Motronic Results
Table 1 - Motronic System ECU Pin Voltages with Ignition on/off
	Unit
	Pin Number
	Description
	Ignition off (V)
	Ignition on (V)

	Battery
	 
	 
	12.37
	 

	Ignition ECU
	1
	Negative side of coil
	0
	12.06

	 
	2
	Earth
	0
	0.02

	 
	3
	Control circuit for fuel pump
	0
	12.02

	 
	4
	Pulsed side of Rotary Idle Valve
	0
	9.7

	 
	5
	Pulsed side of Tank Vent Valve
	0
	12

	 
	6
	4WD ECU - A/T ECU -Fuel tell-tale lamp
	0
	11.3

	 
	7
	Load signal output from air-flow meter
	0
	0.3

	 
	10
	Earth
	0
	0

	 
	12
	5V Supply to air-flow meter
 & throttle potentiometer
	0
	5.04

	 
	13
	Diagnostic socket supply
	0
	10.09

	 
	14
	Earth
	0
	0.02

	 
	16
	Pulsed side of Injectors (1)
	0
	12

	 
	17
	Pulsed side of Injectors (2)
	0
	12

	 
	18
	Permanent live (memory)
	12.37
	12.01

	 
	19
	Earth
	0
	0.02

	 
	22
	Engine tell-tale warning light
	0
	0.9

	 
	24
	Earth
	0
	0.02

	 
	26
	Earth
	0
	0.05

	 
	27
	Ignition feed
	0
	12.07

	 
	28
	Output from Lambda Sensor
	0
	0.45

	 
	32
	Output to on board computer
	0
	11.3

	 
	36
	Control circuit for supply to 
auxiliaries and ECU
	12.04
	0.29

	 
	37
	Supply to ECU and on-board computer
	0
	12.02

	 
	40
	Air Conditioning
	0
	0.05

	 
	41
	Air Conditioning
	0
	0.05

	 
	42
	Earth for manual transmission
	0
	0.02

	 
	44
	NTC1 Output
	0
	3.7

	 
	45
	NTC2 Output
	0
	3.66

	 
	46
	Octane Plug input
	0
	0.1

	 
	48
	Output from crankshaft sensor
	0
	0.05

	 
	49
	Output from crankshaft sensor
	0
	0.09

	 
	53
	Output from throttle potentiometer
	0
	0.02

	 
	55
	Earth for diagnostic socket
	0
	11


As seen in table 1, pins 2, 10, 14, 19, 24, 26, 42 and 55 are all earths and therefore they have a voltage reading of 0 when the ignition is turned off and a voltage reading slightly above 0 when the ignition is turned on. As there is a wire between the oscilloscope ground and the measuring point, when current flows through the wire a small voltage is developed.
Pins 1, 3, 5, 16, 17, 18, 27, 36 and 37 all have a direct feed from the battery. This means that when the ignition of the engine is switched on, each of these pins receives 12V directly from the battery. All other pins come out of the ECU and do not receive a direct current from the battery and therefore receive a different voltage that each component requires.
As pin 18 is the ECU’s permanent memory to store information about the car (for example, the car’s mileage), it receives a continuous supply of 12V from the battery even when the ignition is switched off. When the ignition is switched on there is a slight drop in voltage as current is being drawn from the battery to other components.
Pin 37 is the supply feed for the ECU itself. It has a direct feed from the battery to power the ECU, as without this feed the ECU would not function and therefore all other components that are connected to the ECU and receive voltage through the ECU would not function either.
[bookmark: _Toc102373640]3.1.2 – Component Resistance Testing Results
Throttle Potentiometer Results:
Table 2 - Motronic Throttle Potentiometer Resistance
	Throttle
Position
	Manufacturer Stated 
Resistance (Ω)
	Test
Resistance (Ω)

	Throttle
Closed (Terminals 1 & 2)
	1000-2000
	2000

	Throttle
Open (Terminals 1 & 3)
	1000-2000
	2500







Airflow Sensor Results:
Table 3 - Motronic Airflow Sensor Resistance
	Pins
	Manufacturer 
Resistance (Ω)
	Test
Resistance (Ω)

	2 & 4
	 8-2500
	32.9

	3 & 4
	300-550
	560



Idle Speed Control Valve Results:
	Manufacturer 
Resistance (Ω)
	Test
Resistance (Ω)

	 8-2500
	32.9


Table 4 - Motronic Idle Speed Control Valve Resistance



Fuel Injector Results:
Table 5 - Motronic Fuel Injector Resistances
	Fuel Injectors
	Manufacturer 
Resistance (Ω)
	Test
Resistance (Ω)

	1
	15-17
	16.6

	2
	15-17
	16.5

	3
	15-17
	16.5

	4
	15-17
	16.5



Table 2 shows the results of the resistance testing done on the throttle potentiometer when the throttle was closed and open. The throttle potentiometer is a component that measures the opening angle of the throttle valve and how quickly the throttle valve has been opened (for example, under snap acceleration). This information is then used by the ECU to adjust different parameters such as ignition timing and fuel injector on time (Ditex, 2020). As the throttle is opened, the resistance in the throttle potentiometer increases. When the throttle is closed, whilst the resistance is high it is still within range of the expected resistance stated in the manufacturers manual. However, when the throttle is opened the resistance is 500ohms over the manufacturers expected limit. This could be due to an incorrectly fitted wire, leading to an increase in resistance or a faulty potentiometer. However, as stated by Ditex (2020), the resistance of the potentiometer being within the manufacturers limits is not as important as the potentiometer operating smoothly and properly.
Between terminals 2 and 4 of the load sensor, the resistance was well within the manufacturers expected resistance. However, between terminals 3 and 4, the resistance is 50ohms greater than the upper limit of the manufacturers quoted resistance. 
[bookmark: _Toc102373641]3.1.3 – Engine Component Testing Results
Table 6 – Motronic Engine Component Testing Results
	Temp
 (C)
	Pin 45
NTC 2  Resistance (Ω)
	Pin 45
NTC2 Voltage (V)
	Pin 44
NTC1 Voltage (V)
	Pin 16
Injector on time (ms)
	Pin 4
Rotary Idle Valve (%)
	Pin 5
Tank Vent Valve
	Pin 28
Lambda Sensor

	20
	1730
	3.2
	 3.7
	3.3
	43
	off
	Off

	30
	970
	2.5
	 
	3.3
	43
	off
	switching

	40
	662
	2.1
	 
	3
	44
	off
	 

	50
	398
	1.5
	 
	3
	44
	Switching
	 

	60
	302
	1.2
	 
	2.8
	43
	 
	 

	70
	245
	1
	 
	3.3
	44
	 
	 

	80
	261
	1.1
	 3.4
	2.8
	44
	 
	 




Table 7 - Cold Cranking Fuel Injection on time
	Measurement
	Fuel Injection Time during cold cranking at 17.9oC (ms)

	1
	24.3

	2

	18.5

	3
	19

	4
	20

	Average
	20.45


	
Table 6 shows the results obtained when testing the Motronic system during its warmup phase.
The results for both 70oC and 80oC are highlighted in red as the engine fan had switched on at these temperatures, potentially affecting the results. At 80oC it was noted that engine coolant was being circulated around the system.
The general trend of this table is that as the engine temperature increases, the NTC2 (the engine coolant temperature sensor) resistance decreases as seen in Figure 1.


	Figure 1 - NTC2 Resistance vs Temperature

 The reason NTC2’s resistance decreases as the temperature is increased is because a Negative Temperature Coefficient (NTC) thermistor is made of certain transition metals in a crystal structure that act as a semiconductor. As the temperature is increased, electrons occupy the conduction band of this structure, leading to greater conduction and therefore less resistance (Park, K., 2005). However, there is an anomalous result when at 80oC the resistance of NTC2 begins to increase. This occurs because the indicated temperature on the oscilloscope is the temperature taken from the oil in the oil sump. However, NTC2 measures the engine coolant temperature. As stated before, at 70oC the fan is turned on and at 80oC engine coolant is being circulated around the system. The radiator fan being turned on cools down the coolant and therefore cools down the NTC2 sensor, causing an increase in resistance.
Since voltage is a product of current and resistance, NTC2’s voltage follows the same general trend as NTC2’s resistance.
As engine temperature increases, the fuel injector on time decreases from 3.3ms at 20oC to 2.8ms at 80oC. The reasons why this occurs will be discussed later in the report. However, at 70oC there is an anomalous result when the fuel injector on time increases, going against the general trend of the results. This is more clearly visible in Figure 2.Figure 2 - Fuel Injector on Time (ms) vs Engine Temperature Graph



This result could have occurred due to the radiator fan being switched on at 70oC, however the NTC2 resistance was still decreasing at 70oC and only increased at 80oC, or there could have been a mistake in the testing procedure, leading to incorrect results.
As seen in Table 7 when the engine is cold cranking, the fuel injectors are switched on for significantly longer than under normal idling conditions, averaging an injection on time of 20.45ms compared to the 20oC idling injector on time of 3.3ms. There are multiple reasons why so much fuel must be injected into the combustion chamber during cold cranking, this will be discussed further on in this report.
As stated by PicoAuto (2022) is to control the engine idle speed under various temperatures when the throttle is closed. This is useful when the engine has just been cranked and is in its warm-up phase as the ECU can control how much air to let into the combustion chamber. When the engine is cold, the rotary idle valve will be open more, allowing more air into the combustion chamber so more fuel can be injected, therefore increasing the RPM of the engine. This assists the engine to reach operating temperature faster and prevent stalling. However, as seen in the results of the test the rotary idle valve does not change position much as the temperature increases.
When the engine reaches 50oC the tank vent valve begins switching. The reason it begins to switch at this temperature is because as the engine gets hotter, the fuel in the tank will also begin to heat up and evaporate. This evaporated fuel is stored temporarily in a charcoal cannister to prevent it from escaping to the atmosphere and when certain conditions are met (for example, the engine reaching a certain temperature), the valve will open and the evaporated fuel is used for combustion in the engine (Samarins, 2021). If the evaporated fuel wasn’t allowed to escape from the tank, it would cause in an increase of pressure in the tank and possibly cause the tank to bulge.
The lambda sensor is an oxygen sensor located on the exhaust that measures the remaining amount of oxygen in exhaust emissions. This information is then used by the ECU to adjust the air-fuel mixture for the engine to help increase the efficiency of the engine (Li z. et al, 2018). In the test, the lambda sensor began switching at 30oC.

[bookmark: _Toc102373642]3.2 – LE3 Results
[bookmark: _Toc102373643]3.2.1 – Pin Voltage Testing Results
Table 8 - Pin Voltage Testing Results
	Unit
	Pin Number
	Description
	Ignition off (V)
	Ignition on (V)

	Battery
	 
	 
	12.43
	12.17

	Ignition ECU
	1
	Earth
	0
	0.03

	 
	2
	Octane Plug Return
	0
	0.03

	 
	3
	Supply
	0
	11.96

	 
	5
	Fuel ECU Terminal 1
	0
	8.06

	 
	6
	Throttle Switch Terminal 2
	0
	0.02

	 
	7
	Octane Plug Supply
	0
	1.68

	 
	8
	NTC2 Supply
	0
	0.95

	 
	10
	NTC2 Return
	0
	0.03

	 
	11
	Crankshaft Sensor
	0
	0.03

	 
	12
	Crankshaft Sensor
	0
	0.06

	 
	13
	Spark Advance Signal to Amp.
	0
	0.13

	 
	14
	Throttle Switch Terminal 3
	0
	5

	 
	15
	Fuel ECU Terminal 10
	0
	0.15

	Fuel ECU
	1
	Ignition ECU Terminal 5
	0
	0.06

	 
	2
	Supply
	0
	12

	 
	3
	Pulsed Side of Injectors
	0
	0

	 
	4
	Earth
	0
	0.02

	 
	5
	Earth
	0
	0.03

	 
	8
	Coolant Temperature Probe
	0
	1.3

	 
	10
	Ignition ECU Terminal 15
	0
	0.01

	 
	12
	Supply
	0
	12.06

	 
	14
	Throttle Switch Terminal 3
	0
	5

	 
	15
	Throttle Switch Terminal 6
	0
	0.02

	Amplifier
	1
	Ignition Primary
	0
	11.97

	 
	2
	Earth
	0
	0.02

	 
	3
	Supply
	0
	11.97

	 
	4
	Spark Advance Signal
	0
	0.13



[image: Diagram, engineering drawing

Description automatically generated]As seen in Table 8, pin 1 on the ignition ECU, pins 4 and 5 on the fuel ecu and pin 2 on the amplifier are all earths, therefore giving a voltage reading of almost 0 when the ignition is switched on. When the ignition is switched on, the voltage of the battery drops slightly as there is a slight amount of resistance in the battery when current is being drawn out of it. Ignition ECU pin 2, fuel ECU pins 2 & 12 and amplifier pin 3 are all direct switch supplies, as seen in figure 3. These are the pins that connect directly to the battery to provide a 12V supply to each component. As the fuel injectors (pin 3 fuel ECU) are not pulsing when the ignition is switched on without the engine running, the pulsed side of the injectors read 0V.Figure 3 - Vauxhall LE3 Ignition Schematic (Gibson, 2022)



[bookmark: _Toc102373644]3.2.2 – Component Resistance Testing Results
Throttle Switch:
Table 9 - Throttle Switch Resistance Table
	Throttle
Position
	Manufacturer 
Resistance (Ω)
	Test
Resistance (Ω)

	Throttle
Closed
	0
	0

	Throttle
Open
	Infinite
	Infinite



Auxiliary Air Valve:
Table 10 - Auxiliary Air Valve Resistance
	Manufacturer 
Resistance (Ω)
	Test
Resistance (Ω)

	40
	46



Fuel Injectors:
Table 11 - Fuel Injectors Resistance
	Fuel Injectors
	Manufacturer 
Resistance (Ω)
	Test
Resistance (Ω)

	1
	15-17
	16

	2
	15-17
	15.9

	3
	15-17
	16.2

	4
	15-17
	16.4




Table 9 shows the resistance of the throttle switch on the LE3 system. The major downside of the throttle switch is that it can only determine when the throttle is closed, partially open or wide open, but not to what degree the throttle is open. This therefore makes it a less accurate component than the throttle potentiometer, as the ECU can’t adjust the air/fuel mixture depending on the opening angle of the throttle.
Table 10 shows that the tested resistance of the auxiliary air valve is slightly higher than the manufacturer quoted resistance in the engines manual. This could be to corroded parts of the component causing an increase in resistance or a faulty connection.
Table 11 shows that the resistance of all the fuel injectors are within the range of resistance quoted by the manufacturer, so they should therefore be working correctly as there shouldn’t be any poor connections or corrosion.
[bookmark: _Toc102373645]3.2.3 – Engine Component Testing Results
Table 12 - Engine Component Testing
	Temp (C)
	Pin 8
NTC2 Resistance (Ω)
	Pin 8
NTC2 Voltage
(V)
	Pin 3
Fuel Injector on time (ms)

	20
	1824
	1.6
	3.6

	30
	1058
	1.1
	3.2

	40
	780
	0.9
	3

	50
	526
	0.7
	2.8

	60
	387
	0.5
	2.7



Table 13 - Cold Cranking Fuel Injector on time
	Engine temp (oC)
	18

	Cold crank time (ms)
	65.3



Table 12 shows the same general trend as Table 6 for the Motronic system. As the temperature is increased, NTC2’s resistance (and therefore voltage) decreases. 
Figure 4 shows that NTC2 has an exponential relationship with temperature. When temperature is initially increased there is a significant decrease in NTC2’s resistance, however when the temperature is continually increased in 10oC increments, the difference in NTC2 resistance between temperatures begins to decrease. If the temperature was to be increased past 60oC, the line of the graph would seem to become almost parallel with the x axis.Figure 4 - NTC2 Resistance vs Temperature

As temperature is increased, the fuel injector on time decreases steadily. Unlike with the Motronic system, there were no anomalies within these results. The reasons why fuel injector on time decreases as temperature is increased will be discussed further on in this report.
3.3 [bookmark: _Toc102373646]– NTC2 Graph ComparisonFigure 5 - NTC2 Resistance vs Temperature Graph


As seen in Figure 5, as temperature increases both systems NTC2 resistance decreases (ignoring the Motronics resistance reading at 80oC). However, over the entire temperature range the LE3’s NTC2 resistance was slightly higher than the Motronic system.

4. [bookmark: _Toc102373647]Main System Differences and Signal Waveforms
Whilst the two systems had some similarities in how they operated, there are some important differences in how they work. These differences can be observed through comparing the two systems signal waveforms.
[image: Chart

Description automatically generated with medium confidence][image: Chart, box and whisker chart

Description automatically generated]Crankshaft Sensor:Figure 7 - Motronic Crankshaft Sensr Waveform
Figure 6 - LE3 Crankshaft Sensor Waveform


[image: Diagram, engineering drawing

Description automatically generated]As seen in figures 6 and 7, both systems use an inductive speed and crankshaft position sensor. These systems work by placing a sensor opposite a toothed gear, with a certain number of teeth missing to determine TDC position, as seen in Figure 8 (Exxotest, 2015). When the gear rotates in front of the sensor, due to the teeth a variance in the magnetic field is created, producing an alternating current (AC) as seen in figures 6 and 7.Figure 8 - Inductive Crankshaft Sensor (Exxotest, 2015)

The primary difference between the two systems is that the LE3 system only has one tooth to determine TDC position. It is more beneficial to have multiple teeth, like the Motronic system has, as it is much more accurate in determining the angle of rotation of the crankshaft.
[image: Diagram

Description automatically generated]Ignition Coil Primary Waveform:Figure 9 - Motronic Primary Coil Waveform
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Description automatically generated]  5
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Figure 10 - LE3 Primary Coil Waveform

1 = Beginning of dwell time (input to coil is grounded)
2 = End of dwell time (Coil is disconnected). During the dwell time, current builds up in the primary coil.
3 = Back EMF due to current in primary coil (spark initiation). Primary is disconnected from ground but because current is flowing, a large voltage develops.
4 = End of spark (3 -4 = spark duration).
5 = Coil oscillations
The primary coil waveform of both systems have essentially the same characteristics. However, it depends on what conditions these waveforms were taken (eg. Engine temp, engine load, engine speed).








[image: Diagram

Description automatically generated with low confidence]Secondary Waveform:Figure 11 - Motronic Secondary Coil Waveform
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Description automatically generated]4
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Figure 12 - LE3 Secondary Coil Waveform

1 = Dwell Time 
2 = Firing Line
3 = Spark Duration
4 = Coil and condenser oscillations from primary coil
The primary and secondary waveforms look very similar, however the voltage in the secondary coil is much greater than that in the primary coil. As both are constant energy systems, as the engine speed is increased the dwell angle will increase to keep a constant dwell time. 

Supply and Earth:
[image: A picture containing diagram
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Description automatically generated]                                                  Figure 14 - LE3 Supply and Earth Waveforms
Figure 13 - Motronic Supply and Earth Waveforms


Figures 13 and 14 show the supply voltages to the ECU (Motronic) and the amplifier (LE3). When the primary coil is grounded, the current in the primary coil steadily increases which causes the supply voltage to drop due to internal battery and wiring resistance.
The earth variation is the inverse of the ECU/amplifier supply voltage. This is likely due to resistance between the measuring point and the oscilloscope grounding point creating a voltage due to the increasing primary current.


[image: Chart

Description automatically generated]          Throttle Potentiometer and Air Flow          Figure 15 - Motronic Throttle Potentiometer and Air Flow Sensor Waveform


Figure 15 shows the throttle potentiometer scope (bottom) and the air flow scope (top) of the Motronic system. Figure 15 shows that there is a direct correlation between the throttle being opened/closed and the air flow increasing/decreasing. Because there is no load on the engine, the engine speed, and therefore airflow, will change almost instantaneously with the throttle position.
[image: Chart

Description automatically generated with medium confidence]Rotary Idle Valve:Figure 16 - Motronic Rotary Idle Valve Waveform

 Figure 16 shows the scope pattern of the rotary idle valve of the Motronic system. The valve is open when the measured voltage is 0V. As seen in the results of the test, as temperature increases the opening time of the rotary idle valve doesn’t change much, staying open around 43-44% of the time.
As one side of the valve is connected to a power supply, the other side drops to 0v to activate it as seen in Figure 16.


5. [bookmark: _Toc102373648]Factors that affect fuel injection on-time
In this section of the report, it will be discussed how fuel injection on-time varies under multiple different operating conditions.
Ignition on, engine not running:
When the ignition is switched on but the engine is not running, the fuel injectors do not pulse. This is because the crankshaft is not rotating and therefore no fuel is required to be injected. It would also be a safety hazard if fuel was being pumped into an engine that is not running.
Cold Engine Cranking:
As seen in tables 7 and 13, the injectors are pulsed for much longer during cold cranking than when an engine is idling. As stated by Deng, K. et al. (2013), there are many reasons why so much fuel must be injected during cold cranking. When an engine is cold cranking, the volumetric efficiency of the engine is very low and during the first few cycles of the engine the manifold absolute pressure (MAP) is also very low, only just above atmospheric pressure. Another reason cold cranking requires so much fuel is because the intake port, intake valves and the combustion chamber is cold. This causes the fuel to condense on surfaces, rather than evaporate. This, on top of the fuel creating a film in the intake port, causes the fuel to atomize very poorly. To counteract this, more fuel must be injected. This however causes the engines emissions to be extremely poor, causing particulate matter and CO emissions to be as high as 30x more than when the engine is hot (Ding Pi et al, 2022).	
Engine warm-up:
Tables 6 and 12 show that as engine temperature is increased, the fuel injectors pulse for shorter periods of time. Ding Pi et al. (2022) state that when fuel is injected at low engine temperature, more of the fuel is still in its liquid phase when combustion begins to occur. This results in poorer mixing of the fuel with air, and therefore more fuel must be injected to reach the desired air/fuel mixture. Hu R. et al. (2017) also state that as temperature increases, fuel injector on time decreases. As the temperature of fuel increases, it becomes less viscous and therefore flows more easily. Ding Pi et al. (2022) also state that one way to increase the efficiency of engines is as engine temperature increases, the injectors can be pulsed multiple times for shorter periods. This results in greater fuel atomisation and therefore a better homogenous air/fuel mixture, so less fuel needs to be injected.

[image: Diagram

Description automatically generated]Idle (Warming up and Operating Temp.):Figure 17 - Motronic Fuel Injector Scope Pattern at Idle
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Description automatically generated]Figure 18 - LE3 Fuel Injector Scope Pattern at Idle

 As seen in figures 17 and 18, as well as tables 6 and 12, when an engine is idling at operating temperature or during warm up, the fuel injector on time ranges between 3-4ms. As the engine warms up, the fuel injector on time is decreased. The engine is under no load as the throttle is closed and the engine is not in overrun, so therefore only the required amount of fuel to keep the engine at a specific idling RPM is required.

Acceleration:
[image: Chart
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Description automatically generated]As seen in Figures 19 and 20, when an engine is accelerating, the fuel injectors are pulsed for much longer than when the engine is idling. This is because the ECU gets information from the throttle switch/potentiometer and volume sensor and predicts that the engine is going to be under significantly higher load and therefore injects a much greater amount of fuel into the combustion chamber.Figure 20 - LE3 Fuel Injector Scope Pattern During Acceleration
Figure 19 - Motronic Fuel Injector Scope Pattern During Acceleration
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Description automatically generated with medium confidence]Deceleration:Figure 22 - LE3 Fuel Injector Scope Pattern During Deceleration
Figure 21 - Motronic Fuel Injector Scope Pattern During Deceleration

Figures 21 and 22 show that after accelerating, when the throttle is closed the fuel injectors begin to continually pulse for shorter periods of time. After a certain amount of time after the throttle has been released, the ECU will stop pulsing the fuel injectors as the car is in overrun (the RPM is above idle RPM, however there is no throttle input). This occurs when a vehicle is rolling down a hill or decelerating and therefore no fuel is required. Once the car reaches a certain RPM around idle, the fuel injectors will begin to pulse again to prevent the engine from stalling (Trombley et al., 1991).


6. [bookmark: _Toc102373649]Improvements for LE3 System
Over the years, many new components have been developed to improve the efficiency, reliability and overall performance of engines. In this section of the report, some modifications will be suggested to improve the LE3 system.
Distributorless Ignition Systems (DIS):
The LE3 system uses a rotor arm distributor to distribute current to each spark plug and to advance the ignition. This system however is now outdated to modern standards as there are many drawbacks to using this type of distributor as it is a mechanical system. Over time it will wear out, leading to it not working correctly or possibly even breaking completely and needing replacing. 
[image: Diagram, schematic

Description automatically generated]This system should be replaced by a DIS, such as the wasted spark system, as seen in Figure 23, or a coil-on-plug system. One of the primary benefits of DIS systems is that they are not mechanical, and therefore are much more reliable than the traditional distributor system. Figure 23 - DIS Wasted Spark Ignition System (Denton T., 2004)


The LE3 system should be modified with the coil-on-plug system, as one large benefit of this system is that it can produce extremely high voltage sparks, up to over 40kV. This therefore creates a very high-quality spark which can assist in efficient combustion under cold starting conditions alongside with many other benefits (Denton T., 2004).


On-board Diagnostics (OBD):
Whilst the Motronic system had the first generation of OBD, the LE3 system does not have any. OBD systems are useful in helping to quickly diagnose faults with your vehicle, for example whether it is a fault with a sensor or if your brake light is not working. The vehicles ECU monitors data from the vehicles sensors and compares these values stored within its memory. If any of the monitored values are outside of the range of values stored by the ECU, a warning will flash up on the dashboard.
Modern OBD systems are universal and therefore any garage/workshop should have the equipment to assist fixing your car. However, OBD’s should be used only as a source of finding the rough area of the fault and carry out further testing on that specific component. For example, an OBD might suggest the ECU is faulty and needs replacing when in reality the ECU may be working perfectly but the supply wire is faulty and needs replacing.
Hot-film Air-mass Meter:
The primary benefit of a hot-film air-mass meter over a traditional volume sensor is that it is far more accurate in measuring the amount of air being drawn into the engine. Combining this with modern fuel injectors means that air and fuel can be mixed more accurately to create the 14.7:1 air:fuel stoichiometric ratio. 
Knock Sensor:
Knock sensors are an important component of modern-day engine as they help prevent combustion knock occurring and damaging the engine. Detonation (engine knock) is caused by over-advanced ignition, however theoretically engines are at their most efficient when ignition is advanced as far as possible. Ignition is advanced by 1o over a set number of engine revolutions, however when detonation is detected by the knock sensor it will retard the ignition by 2o every engine cycle until knock is no longer detected.
Throttle Potentiometer:
As discussed earlier, the throttle potentiometer is a much more accurate way of measuring throttle opening than with the throttle switch that is on the LE3 system. This will allow the ECU to make more accurate adjustments to the air/fuel ratio.


7. [bookmark: _Toc102373650]Conclusion
Over the last few decades, there have been many improvements to engine control systems as technology is improved, moving away from traditional mechanical devices to more reliable, accurate and faster electronic systems. This, alongside improved engine component design, has significantly improved modern day engine’s reliability, efficiency and emissions.
In modern day vehicles there aren’t many parameters that are not measured by the vehicles sensors so it is difficult to say what future improvements may be of the ICE. As engine efficiency has slowly improved over time, the rate at which it improves has been decreasing. This asks the question whether the efficiency of engines designed for the road can be improved much more in the future as internal combustion engines are inherently not very efficient considering even F1 engines are only just pushing 50% thermal efficiency.
However, as governments move further towards electric powertrains for the future, it is unclear what the future is for the internal combustion engine. It is not known whether older engines can be retrofitted with newer modern-day components as discussed in section 6 to improve their efficiency, or whether they will be written off for good.
Nevertheless, no matter whether the future is in electric powertrains or internal combustion, electrical control systems will have a vital role in both. Sensors will continue to be improved upon and fitted to vehicles to monitor every aspect of them to make them as reliable and as safe as possible.
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Motronic System NTC 2  Resistance (Ω) vs Temperature (oC)
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