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1. [bookmark: _Toc101721021]Introduction
The following Tech report will cover the testing and comparison of two engines, the GM LE3 and Vauxhall Motronic. Both engines had each individual pin tested on their electronic control units. Current, resistance and voltage across the ECU sensors were measured in order to understand how the LE3 and Motronic fuelling systems behave based on a combination of the operating environment and the data processed by sensors and reacted to by the injectors. Spark plug on times were also measured to work out the amount they pulsed as the temperature of the engine increased.
2. [bookmark: _Toc101721022]Test procedure 
Two engines were placed on test benches, with their corresponding control circuits attached along with each pin labelled. A multimeter was used to check the resistance of each pin when the engines were initially off, then also with ignition on along with a reading of resistances across temperature range of each engine. The LE3 engine had its ECU probed whereas the Motronic pinouts were simplified and ordered on a custom board. All readings were recorded by hand onto tables with the data then taken home individually where it would be organised and appropriately labelled.
[bookmark: _Toc101721023]2.1 LE3
The LE3 engine was the older of the two engines, with a design incorporating two control units, one for spark advance and one for fuelling. The LE3 engine had its initial battery voltage checked first, after this all pins were tested for voltage across 10 pins on the fuel control module and 13 pins on the Spark advance unit with ignition off. The pins found on the Amplifier were also checked as the LE3 engine uses a distributer system to pulse its injectors as the technology preceded the wasted spark system. The ignition was then switched on with the pins checked once again, followed by taking a reading for the resistances of each injectors. The coolant temperature sensor, auxiliary air valve and throttle switch were also tested at each corresponding pin to work out each resistance. The engine temperature was initially measured by placing a probe in the oil via the dipstick, the engine was then cranked over with the ignition power supply monitored to give the amount of time in milliseconds for the cold crank duration. The injector reference pin on the fuel control module was monitored for the injector on time as the engine reached its operating temperature of 60°C taken between 20 to 60°C in intervals of 10°C. The NTC2 temperature sensor was also monitored as the engine reached operating temperature for both resistance and voltage from 20 to 60°C by cutting the ignition and monitoring the pins when the engine was off, the coolant temp sensor was also tested for resistance. 
[bookmark: _Toc101721024]2.2 Motronic
The Motronic engine was tested in a similar fashion to the LE3, the initial difference being a total of 33 live pins tested as opposed to the 25 functional pins on the LE3. The pins were tested across the entire ECU for voltage readings both with ignition on and off, along with the terminals for the throttle potentiometer, airflow sensor, injector resistances and idle control valve, the initial battery voltage was also taken. The engine was started, with readings taken from 20 to 80°C for every 10°C lapsed, the change in resistance and voltage for NTC2 was noted, along with the on time of the injectors based on pins 16 and 17. The rotary idle valve was also tested for on time at each temperature along with the actuation of the tank vent valve and lambda sensor output.
3. [bookmark: _Toc101721025]Test readings 
[bookmark: _Toc101721026]LE3 System
[image: Diagram
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[bookmark: _Toc101720309]Figure 1: LE3 wiring schematic
Figure 1 above shows the schematic for the electronic control module of the LE3 engine, 3 and 2 highlight the spark advance unit and fuel control module tested in figures 2 and 4 below, 1 shows the ignition feeding through to the injectors at 11, the amplifier data collected in figure ba is shown at 4, with the throttle switch at 8 connecting to pins 16 on the spark advance unit and 14 on the fuel control module. The results collected for the NTC 2 sensor is marked 7, connected to pin 8 on the Spark unit & grounded at 7. 13 marks the ignition coil linked to the distributer and 12 shows the revolution counter that relays the vehicle tachometer data. The crank angle sensor can be seen at 5 connected to pin 12 & grounded at 11 on the Spark unit. 6 shows the octane plug live going to pin 8 on the Spark unit & grounded at 10. 14 shows the auxiliary air valve going to pin 8 on the fuel control module tested at figure 5.
[image: Diagram, engineering drawing
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[bookmark: _Toc101720310]Figure 2: LE3 Spark advance unit
Figure 2 above shows an exploded schematic for the spark advance unit, with the corresponding units in red correlating to the red in markings in figure 1. The list and numbers label where each pin goes as stated on the full figure 1 schematic.




[bookmark: _Toc101721027]LE3 Static data
Figure 3 shows the voltage from the LE3 battery as 12.43 with ignition off, upon switching ignition on, we see the voltage drop to 12.17 due to the current being drawn through to the amplifier and fuel control modules shown in figure 5. 
[image: ]
[bookmark: _Toc101720311]Figure 3: LE3 battery readings
[image: Table
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[bookmark: _Toc101720312]Figure 4: Spark advance unit voltages
Figure 4 above shows the data collected from the LE3 Spark Advance Unit with a total of 12 pins in use. No voltage was recorded with ignition off; upon switching on the ignition the above voltages were noted. Earths were worked out at pin 1 shared with the amplifier, 2 for the NTC2 sensor, 8 for the octane plug and 11 for the crank angle sensor. Pin 3 gave a voltage of 11.96, the voltage measured was high as this was the pin that received power from the ignition. Pin 5 showed a voltage of 8.06, it connects to the Fuel Control Module at pin 1, the reason for the high voltage is likely due to it drawing its power via the Fuel Module, pin 15 also connects to the Fuel Module at pin 2, the low voltage and shielded wiring diagram shows that this acts as a ground to protect both control units. Pin 7 showed a voltage of 1.68 for the NTC2 sensor, this is about the amount of voltage that would be required for a coolant temperature sensor to function. A voltage of 0.95 was measured at pin 8 for the Octane Plug, which produces a voltage that causes the ECU to run a fuel map for unleaded fuel, the voltage reading would be lower should the Octane Plug have been removed, signalling the ECU to run a different map for leaded fuel which was common at the time of the engines use. Pin 11 shows a low voltage of 0.03 this pin connects to the crank angle sensor and is used to take a reference from it for the Spark Unit to respond to, Pin 12 had a slightly higher voltage of 0.06 which also went to the crank angle sensor as a live feed for it. Pin 13 showed a voltage of 0.13, being used as a reference from the amplifier for the Spark Unit. Pin 14 output 5 volts which can be traced to the first terminal of the throttle switch leading to the Fuel Control Module, being used to directly take data from the throttle closed position. Pin 6 also links to the throttle switch at terminal 2 for the open position signal for reference showing a voltage output of 0.02.
[image: ]
[bookmark: _Toc101720313]Figure 5: Fuel control module voltages
Figure 5 above shows the voltages measured across the pins on the Fuel Control Module, like the Spark Advance unit, no voltage is measured until the ignition is switched on. Pins 4 and 5 showed a low voltage of 0.02 and 0.03, when traced on the LE3 schematic they act as grounds for the Fuel Module. Pin 1 shows a voltage of 0.06, connecting to pin 5 of the Spark unit and providing it power. A large voltage of 12 volts was recorded at pin 2 as it links to and draws power from the ignition switch. Pin 3 showed no voltage, this is because it links to the injectors for reference, which were not pulsing as the engine was off. Pin 8 gave a reading of 1.3 volts, this goes to the auxiliary air valve however no ground returns to the Fuel Control Module for reference, this is because it is grounded at the throttle body, along with the Fuel Module consistently sends data in only one direction based on load calculated from temperature measured by the NTC2 and revolutions of the engine; as a result the auxiliary air valve acts as an actuator based solely on output to alter the throttles open position in relation to the gas pedal pressed, letting in less air at higher revolutions when the temperature is too high and advancing the ignition timing to reduce the operating temperature.
[image: ]
[bookmark: _Toc101720314]Figure 6: Amplifier voltages
Figure 6 above shows the voltage measured at the amplifier. Pin 1 shows a voltage of 11.97 which when traced goes to the revolution tachometer, this in turn provides power to the tachometer. Pin 2 shows a small voltage of 0.02, this is low as it is a ground for the amplifier shared with pin 1 of the spark advance unit. Pin 3 has the same amount of voltage as pin 1, it links to the ignition in order to draw power when cranking and relays power to the tachometer. Pin 4 shows a low voltage of 0.13, this is linked at the spark advance unit at pin 13 to be used as a reference for load management.
[image: ]
[bookmark: _Toc101720315]Figure 7: Throttle resistances
Figure 7 above shows the expected and actual resistance of the throttle switch when ignition is on. Pins 2 and 16 show no resistance, as power from the ignition goes to the Fuel Control Module at pin 2 but cuts out at pin 16 due to the closed throttle position leaving an open line. When comparing pin 3, we look at the voltage coming from the injectors post ignition to the throttle switch, showing infinite resistance 
[image: ]
[bookmark: _Toc101720316]Figure 8: Auxiliary air valve resistance
Figure 8 above shows the expected and actual resistances of the Auxiliary air valve, as it was noted when revieing data from figure 5, the pin tested sent power towards the valve to actuate it in order to control the amount of fuel burnt in the combustion cycle of the engine, 40Ω was expected however a reading of 6Ω higher was recorded, potentially causing the valve to be less efficient in its role of altering the idle via the throttle body.
[image: ]
[bookmark: _Toc101720317]Figure 9: Resistances of the injectors
Figure 9 above shows the resistances of the injectors found when probed. It can be seen that the resistance increases from 16 at each injector until decreasing at the final one, the injectors should all be receiving the same initial amount of power from the ignition; however resistance slightly varies due to injector 4 receiving the power closest to the ignition, with the other injectors connecting to the loom after, injector 3 however seems to slightly deviate against this pattern, potentially due to a bad reading.
[bookmark: _Toc101721028]LE3 Dynamic data
[image: ]
[bookmark: _Toc101720318]Figure 10: Initial engine temperature W/ cold crank time
Figure 10 above shows the initial engine temperature measured before starting the engine at 18°C, the cold crank time was measured at pin 3 with an oscilloscope giving us 65.3 milliseconds. This would have been the overall time taken for the fuel to begin properly combusting at the correct flow rate from a standstill.
[image: ]
[bookmark: _Toc101720319]Figure 11: Coolant temperature sensor resistance
Figure 11 above shows the resistance measured in Ω of the coolant temperature sensor across 5 temperature conditions. The resistance at 20°C gave a reading of 1824Ω, dropping to 1058Ω at 30°C, eventually reading a resistance of 387Ω at 60°C. The rate of change in resistance abated as the temperature came closer to operating temps, this is likely due to the LE3 system being designed to be most efficient at operating temperature where it would ideally spend most of its lifecycle. The voltage at NTC2 is also found to have dropped at a similar rate to resistance, likely due to less data needing to be processed as the temperatures stabilise within a far smaller range.
[image: ]
[bookmark: _Toc101720320]Figure 12: Injector on time
Figure 12 above shows the injector on time measured by the oscilloscope across a number of temperatures. At 20°C we see a duration of 3.6ms across the injectors, this drops to 3.2ms at 30°C and continues to degrease down to 2.7ms at 60°C, the longer initial duration of the injectors would be from the engine making up for the low temperature, more fuel is mapped when temperature is lower to ensure that the combustion cycle can begin, as the operating temperature is approached, the amount of fuel is retarded shown by the decrease in injector on time.
[bookmark: _Toc101721029]Motronic
[image: Diagram, schematic
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[bookmark: _Toc101720321]Figure 13: Schematic for ECU module of the Motronic engine
The schematic in figure 13 shows the ECU module of the Motronic engine. Unlike the LE3 the fuel and spark are all controlled within one module. The top right labelled Y33 shows us the wasted spark unit connecting to the coil packs, the system does away with a distributer and amplifier. The schematic also shows a throttle potentiometer as opposed to a throttle switch marked at P34 in the middle left of the diagram. The Motronic ECU has far more pins that the control modules of the LE3, allowing for more sensors and features to be added to the system.
[bookmark: _Toc101721030]Motronic Static Data
[image: ]
[bookmark: _Toc101720322]Figure 14: Motronic system voltages
Figure 14 above shows the active pins measured for voltage on the Motronic system. When ignition was Pins 18 and 36 were the only two to show a voltage. 18 is a permanent live that stores telemetry such as milage and fuel efficiency that can be referenced when the engine is switched on, a permanent live was not present in the LE3, as the engine did not keep any data in memory. Pin 36 is the control circuit for engine auxiliaries and the ECU, it’s important for this pin to always remain powered as it contains load tables and map data needed for the ecu to run the correct level of fuel throughout its revolution and temperature range. Upon ignition on, the permanent live only loses a slight amount of voltage likely being sent to the other auxiliaries, pin 36 however drops to 0.29V, likely because it only needs to be kept on after the engine has referenced data such as octane used and temperatures upon start-up. Ignition on shows the remainder of the voltages measured. Pins 2, 10, 14, 19, 24, 26 and 55 are earths for the ECU, 26 travels via the ECU and 55 is found on the diagnostic socket, a much higher voltage of 11V is seen here as this port is used to monitor the ECU, when a diagnostic tool is plugged in grounding the pin. Pin 12 shows 5.04v, this pin is used for the air flow meter and throttle potentiometer when viewing the Motronic schematic, air flow being something that the LE3 engine also lacks. The throttle potentiometer in the Motronic system shows the full actuation of the throttle as opposed to open or closed in the LE3, allowing for finer measurement of air and fuel being used. Pins 16 and 17 show the pulsed side of injectors 2 measured from 16 and 2 from 17, each pair receives power from 1 of 2 coil pack, both show 12 volts of power which is the expected constant voltage they should receive, any lower would point to excess resistance in the wire that must be traced. Pin 22 showed a voltage of 0.9, this is used as the engine management light in the event of any issues flagged up from auxiliary signals missing or showing above or below the expected thresholds. Pin 27 gave a voltage of 12.04, this being the ignition feed we see the maximum voltage ready to be distributed across the Motronic system. Pin 28 showed a voltage of 0.45, this voltage was a reading from the lambda sensor, a component not found in the LE3 system. The lambda sensor monitors the toxicity emitted through the catalytic converter on the exhaust of the Motronic system. Pin 32 measured 11.3 volts, used for outputting data from the ECU to the on-board computer. On pin 37 a slightly higher voltage of 12.02 was measured, this was the power supply going to the ECU and computer. Pins 40 and 41 registered a low reading of 0.05V each, these pins controlled the air conditioning unit in the Motronic vehicle. Pins 44 and 45 were the NTC1 and 2 on the Motronic both reading 3.7V, whereas the LE3 engine had one NTC2 temperature sensor, the Motronic has an additional NTC1 that sends the engine temperature directly to the gauge cluster whilst NTC2 send data to the ECU. Pin 46 gave a reading of 0.1V, like the LE3 this was for an octane plug socket to work out the octane level being run by the vehicle. Pins 48 and 29 showed 0.05 and 0.09 volts respectively, this was the voltage drawn by the crankshaft sensor output. Pin 53 measured 0.62V and acted as the throttle potentiometer. 
[image: ]
[bookmark: _Toc101720323]Figure 15: Battery voltages with ignition off and on
Figure 15 above shows the voltage of the battery with ignition off, the voltage is similar to the LE3 system in terms of the amount of power stored and both lose a similar amount of voltage, in the case of the Motronic there is far more ancillaries and sensors to power, yet the power draw remains on par with the LE3, likely due to the older distributer system drawing more voltage. 
[image: ]
[bookmark: _Toc101720324]Figure 16: Resistances across injectors
Figure 16 above shows the resistances across all 4 injectors, unlike the LE3 the resistance is almost identical across all 4 due to the power supplied being linked directly from two coil packs, creating a more linear route.
[image: ]
[bookmark: _Toc101720325]Figure 17: Throttle potentiometer resistance and voltage
Figure 17 shows the throttle potentiometer resistance and voltage, the resistance was found to be 500Ω higher when the throttle was open, this may be due to a faulty potentiometer on the system. When looking at the voltage, between 0.12 to 1.22 volts was found to range across the throttle when closed, this could be from the actuator moving the idle on the throttle, a higher voltage when open was when the accelerator pedal was moving the actuator towards full throttle, we can see the full 5 volts almost being achieved.

[image: ]
[bookmark: _Toc101720326]Figure 18: Airflow sensor and idle speed control valve
Figure 18 above shows the expected and measure resistances for the airflow sensor and idle speed control valve. When checking the airflow sensor with the throttle open, a resistance between 8-2500Ω was expected, the range was wide due to the throttle providing readings across its entire actuation from slightly opened to full throttle, unlike the LE3 that gave an infinite voltage for the open position. 32.9Ω of resistance was measured, fitting into the expected range. When closed the airflow sensor had a much smaller range of expected resistance, 300 to 550Ω was expected with a higher resistance of 560Ω read due to a potential fault with the throttle position sensor. The idle speed control valve gave a reading of 0.3Ω higher than the expected 8, meaning there was more strain on the component potentially from the faulty throttle sensor.
[image: ]
[bookmark: _Toc101720327]Figure 19: Temperature sensor voltages
[bookmark: _Hlk101719656]Figure 19 above shows the voltage at pin 44, the temperature sensor, at start and operating temperature. The voltage initially shows 3.7V, dropping down to 3.4 when reaching its running temp. Like the LE3 system, the drop in voltage may be caused by the temperature remaining at a specific smaller range as opposed to picking up more constantly moving data as the engine warms up.



[bookmark: _Toc101721031]Motronic Dynamic Data
[image: ]
[bookmark: _Toc101720328]Figure 20: Motronic dynamic data
Figure 20 above shows the dynamic data obtained from the Motronic system, measured in intervals of 10°C. Starting with pin 45, the temperature sensor, both the resistance and voltage drops rapidly from 20, 30 and 40°C, after this there is a gradual drop until resistance had gone from 1730Ω at 20°C to 261Ω at 80, voltage dropped from 3.2 volts at 20°C to 1.1 at 80, the drops would have been for the same reason as that seen in the NTC1, less fluctuation in the temperature being monitored. Pins 16 & 17 for the injectors showed the on time in milliseconds measured. An on time of 3.3ms was recorded at 20 and 30°C, this would have been the warming up period where less fuel was injected, the on time went down to 3ms at 40 and 50°C, dropping to 2.8ms at 60°C, the injector on time increased to 3.3ms at 70°C, as opposed to going down further, then dropped back to 2.8ms at 80°C, this discrepancy may have been due to the faulty throttle potentiometer, communicating the volume of air inaccurately with the ECU causing less fuel to be mixed in at 70°C. When checking the on time of the rotary idle valve from pin 4 at 20°C, we see that it is active for 43% of the time tested. The rotary idle valve controls the idle of the engine when the throttle is closed and accelerator is not pressed, based on the engine temperature and load. The on time fluctuates between 44 and 43% on time as the temperature of the engine reaches 60°C. The on time remains at 44% at 70 and 80°C, however this may be linked to the discrepancy produced from the faulty throttle potentiometer, causing it to actuate and increase or decrease idle more than required. Monitoring the tank vent valve at Pin 5 shows that it remains closed until there is actuation between 40 to 53°C, where it remains open. The tank vent valve sends excess vapours through to a charcoal canister that collects any harmful gasses and recirculates these gasses back into the engine. The reason the tank vent valve opens towards 50°C is due to the system waiting for the catalytic converter to warm up at a point that it can operate enough to stop the fumes from the charcoal canister from being released into the atmosphere. Pin 28 links to the lambda sensor, it began to work between 20 to 34°C, as the catalytic converter must first warm up to around 350°C before it can operate.
4. [bookmark: _Toc101721032]Signal Waveforms with comparison
The following signal waveforms were collected when the LE3 engine was tested on an oscilloscope.
[image: Graphical user interface
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[bookmark: _Toc101720329]Figure 21: LE3 ignition coil secondary voltage
Figure 21 shows the ignition coil secondary voltage, this scope pattern can help with determining the condition of the components found in the ignition system. The scope shows the moment that the secondary coil is grounded. The initial voltage drop at the start of the pattern marks the dwell, where the energy from the primary winding of the ignition coil charges the secondary coil, we see the voltage slightly increase over a period of about 3ms until a spike occurs from 0 to 12 kilovolts and drops over 0.7ms to about 3Kv, caused as the coil discharges and a spark is sent from one spark plug to the next. The peak of the spike increases when there is more resistance between the electrodes passing between each spark plug. The air and fuel within the combustion chamber are components that act as resistors between the spark plugs and as the cylinder pressure increases as does the fuel mixture which requires a greater amount of energy to fire the plugs. The point after the spike drop-off is identified as the burn, this is the period of combustion in the cylinder. The oscillations that occur represents the energy left in the coil after the fuel has burned. An ideal burn line should show a constant decreasing slope at idle, which can be seen here albeit at a very slow decline. The oscillations shown in figure 21 show that a lot of excess energy is used as the distributor spins leading to a less efficient engine.
[image: ]
[bookmark: _Toc101720330]Figure 22: Motronic ignition coil secondary voltage
Figure 22 above shows the Secondary Wave Scope Pattern on the Motronic system. The spike in this pattern occurs at the very beginning, reaching a peak of 6.63Kv, almost half the voltage reached by the LE3 system. The burn proceeding the spike is more gradual, uniformly dropping as opposed to the bounce halfway through in the LE3 system, there is also far less oscillation going into a longer burn period. One of the key differences between the Motronic and LE3 is that the Motronic does away with a distributor system instead using a wasted spark system incorporating a coil pack with HT leads going into each injector. The higher energy seen in the LE3 system is likely due to the amplifier producing high amounts of energy to ensure the entire distributer system receives sufficient power to give to the spark plugs, the Motronic system does not need to compensate as it has got a far less restrictive path to ground. Another by-product of the higher voltage distributer system may be that all the power is going to each spark plug causing more energy to be seen in the coil as opposed to the LE3 which has some of the voltage sent to a cylinder in its exhaust phase.
[image: Chart, box and whisker chart
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[bookmark: _Toc101720331]Figure 23: LE3 crank signal
Figure 23 above shows the waveform for the LE3 crank signal. An inductive crank sensor is used to sense each tooth of the crankshaft as it rotates, each voltage spike of 13V is produced when a tooth is detected roughly every 35 milliseconds, followed by a drop in voltage caused by back emf during a break between teeth. 
[image: Diagram, schematic

Description automatically generated]
[bookmark: _Toc101720332]Figure 24: Motronic crank signal
Figure 24 above shows the scope pattern of the Motronic systems inductive crank sensor, unlike the LE3 the voltage moves from 10 to -10 constantly. A reading is taken for every millisecond potentially due to the Motronic having more teeth on its crankshaft pulley. At 27ms a drop is seen, indicating the start of a new rotation of the crank where no teeth are present.
Ignition Primary Wave
[image: Graphical user interface, chart
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[bookmark: _Toc101720333]Figure 25: LE3 primary waveform voltage
Figure 25 above shows the LE3 primary waveform voltage measured. The graph starts with a line that initially descends between -8 and -4ms, this is caused when the primary current for the distributer coil is activated, creating a magnetic field. At 0ms we see a spike in voltage to 160; this is the amount required to ignite the air fuel mixture in the spark plug gap. Just after the spike a short drop represents the dwell period. The duration of the voltage is seen between the spike though to the cup and handle pattern, the small oscillations that take place after are from the remaining energy from the extinguished spark. Figure 26 below also shows the voltage measured at the spark advance unit in blue, which switches on with distributer coil. The voltage slowly increases until the spark occurs, dropping back to zero until the next spark primes.
 [image: A picture containing graphical user interface
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[bookmark: _Toc101720334]Figure 26: LE3 primary waveform voltage with spark advance
[image: ]
[bookmark: _Toc101720335]Figure 27: Motronic Primary Wave Scope Pattern
Figure 27 above shows the primary scope pattern for the Motronic system, a similar pattern is seen to the wave scope of the LE3, in this instance the drop in voltage comes from the built in 2 channel ignition amplifier, with a lower voltage of 130 required to combust the air fuel mixture. The proceeding dwell time is far shorter than that of the distributer system with a voltage that fluctuates far less during its spark duration. There is far less oscillation after the spark extinguishes, likely to a lower back emf as a smaller amplifier is sending power than the single larger unit on the LE3.
Injection on Time (Accelerating)
[image: Chart
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[bookmark: _Toc101720336]Figure 28: LE3 injector on time when accelerating
Figure 28 shows the LE3 injector on time when accelerating, we can see from the first increase how the initial voltage preceding it slowly increases until the coil discharges and sends a spark into the cylinders, this is followed by a burn, the process then repeats, showing the frequency of injector pulsation every 18ms. 
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[bookmark: _Toc101720337]Figure 29: Motronic injector on time when accelerating
Figure 29 above shows the pulsation of the Motronic system, which follows the same pattern however this shows less back EMF at the end of the burn from its smaller amplification. 
Injection on Time (Decelerating)
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[bookmark: _Toc101720338]Figure 30: LE3 injector pulse rate under deceleration
Figure 30 above shows the injector pulse rate under deceleration on the LE3 engine, the burn period can be seen to be much shorter, requiring 55 volts to ignite the fuel. The secondary coil is grounded for a far shorter amount of time between spikes for about 2ms. This process occurs due to the engine needing to use fuel to keep the crank turning to avoid stalling. The injectors are shut off during overrun which occurs at 0ms.
[image: Diagram
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[bookmark: _Toc101720339]Figure 31: Motronic injector pulse rate under deceleration
Figure 31 above shows the Motronic deceleration on-time, in this instance the coil is grounded for a longer period, likely due to the smaller amp in the coil packs as opposed to the distributer. The Motronic pulses at a less frequent rate, likely due to a more efficient fuel map compared to the LE3 from its greater number of sensors.
Injection on Time (Idle)
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[bookmark: _Toc101720340]Figure 32: LE3 injector idle
Figure 32 above shows the injector on time as the LE3 engine idles. The voltage spikes at a slightly slower rate to 60V and falls off over a longer period of time 0 to 6ms due to the engine burning a small amount of fuel to maintain a base idle. 
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[bookmark: _Toc101720341]Figure 33: Motronic injector idle
Figure 33 above shows a similar waveform to the LE3 system on the Motronic, with a lower voltage being used to maintain idle.
Rotary Idle Valve 
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[bookmark: _Toc101720342]Figure 34: Motronic rotary idle scope pattern
Figure 34 above shows the rotary idle to switch on every 5ms to allow air to enter the engine in order to maintain a steady idle, the secondary is grounded until letting off 15volts, a small amount of back EMF can be seen at the spike, then for about 5ms it can be seen that the rotary idle valve is keeping the throttle slightly open. A drop to 0 volts shows the idle valve closing to avoid adding to much air in the system.
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[bookmark: _Toc101720343]Figure 35: LE3 speed reference for fuel control module
The LE3 data from figure 35 above shows the data represented as a digital signal, this is used to reference the speed of the LE3 engine for the fuel control module linked from the spark advance unit. The spark advance unit converts the crank signal to a 12.5 volt digital signal for the fuel control module to reference.
Air Flow & Throttle Potentiometer Signals 
[image: Diagram
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[bookmark: _Toc101720344]Figure 36: Motronic throttle potentiometer
Figure 36 above shows the scope pattern obtained from the Motronic throttle potentiometer, unlike the LE3 the data is processed as an analogue signal enabling the ECU to read precisely how much the throttle is open based on how high the voltage is measured. A large amount of oscillation can be seen as the throttle actuation paired with the rotary idle is constantly controlling the amount of air travelling to the combustion chamber.
[image: ]
[bookmark: _Toc101720345]Figure 37: LE3 supply and earth
Figure 37 above shows the supply and earth in the LE3 system, the supply above goes down from 12V to 11, indicating that power is being sent to the spark advance unit and fuel control module, as power stops being distributed voltage moves back up to 12.25 with a small spike of back EMF noticeable before remaining at 12.25V. The earth shown below in red mirrors the drop in voltage with an increase from 1 to 3 volts, as the supply to the LE3 system is grounded to create a path for the electrons to flow, when the ground is open the voltage above in blue returns to normal and the ground shows a spike below 0V from the back EMF caused. The power is supplied approximately every 30ms.

Motronic 12v Supply and Earth
[image: Diagram
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[bookmark: _Toc101720346]Figure 38: Motronic supply and earth
Figure 38 shows the supply and earth on the Motronic, which is also a 12v system. Similar to the LE3, it can be seen when the voltage from the ignition is grounded to produce a path to the Motronic system. In the instance of the Motronic, 12V decreases to 11V when the earth switches and raises from 0 to 0.4V, however no back emf is detected on the earth as it switches back to open and the ignition as it raises back to 12 volts, the scope pattern between power is longer at around 34ms with far less oscillation, this is likely due to the Motronic not using a distributer system that produces a strong magnetic force.


Injectors (Simultaneous)
[image: Diagram
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[bookmark: _Toc101720347]Figure 39: Motronic injector banks
Figure 39 shows the scope pattern obtained from the Motronic injector banks, the two injectors are grounded at the same time, with pins 17 and 16 registering a reading of 10 volts for ignition, with a proceeding burn over 60ms until the next ignition occurs. Fuel is being sent to both banks as the Motronic is a wasted spark system, one of the injectors at pin 17 will be in its combustion phase whilst spark going to pin 16 is unused in the exhaust phase.









Lambda Sensor
[image: Diagram, schematic
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[bookmark: _Toc101720348]Figure 40: Motronic lambda sensor
Figure 40 above shows the scope pattern of the Motronic lambda sensor, this is an analogue reading that fluctuates based on the volume of unburned hydrocarbons that are leaving the engine. The voltage increases to around 0.7 volts when unburnt fuel is detected, with oscillations showing the amount unburned increasing and decreasing as the vehicle is applying throttle to the engine. Drops to 0.2 volts indicate that far less fuel is detected, likely due to no more throttle being applied, 0 volts is not reached as small amounts of fuel will still be detected while the engine is running due to idle and residue remaining in the downpipe. The scope pattern may increase before reaching 0.2 volts, due to the throttle being applied soon after being closed. The fluctuations are also correlated with the ECU taking the lambda data and reducing the volume of fuel to air.





5. [bookmark: _Toc101721033]LE3 Recommended Modifications
Taking the LE3 engine into account, several modifications can be made to improve the efficiency of the engine.
Electric control unit: By installing a more modern ecu, there is no longer a need to have two separate control units. One single unit allows for a system that can be monitored and reviewed in a faster and more efficient manner. A sole ECU would also allow for a lambda sensor to be installed to the LE3 system along with other auxiliaries that would be incompatible with the regular spark advance unit and fuel control module.
Lambda sensor: A lambda sensor is a device that is placed at the downpipe after the engine that measures the number of unburnt hydrocarbons, the lambda would allow the ECU to better manage the amount of fuel being burnt if it detects that there is not enough fuel being burnt, leading to a more efficient running engine.
Mass airflow sensor: A mass airflow sensor can be incorporated to enable the LE3 system to read the precise amount of air that is entering the engine, this in turn would allow for a finer mixture of fuel to air as the vehicle is warming up and accelerating through the revolution range. The mass airflow sensor incorporates an air temperature sensor and hot wire, which produces data from the wind flowing past and cooling it to calculate how much air is entering the system. The system would communicate with the tachometer to produce a more efficient idle and system in general.
Oil temperature sensor: An oil temperature sensor can be added to the engine to improve the accuracy of the temperature recorded, by reading the temperature of the oil alongside that of the coolant, the control unit can finer tune the amount of air that is entered into the manifold. 
Camshaft sensor: Adding a camshaft sensor would enable the LE3 system to know the precise location of the crankshaft, this enables the ecu to know when cylinder 1 is at top dead centre. The crankshaft sensor would enable the LE3 to inject fuel in accordance with the engine speed, leading to more efficiency when accelerating and decelerating. The camshaft sensor works using a hall sensor by scanning a ring gear on the camshaft, as the ring gear rotates the hall voltage of the hall IC in the sensor head does so to, converting the voltage into data for the ECU to use.
6. [bookmark: _Toc101721034]Conclusion  
The data obtained from testing the LE3 and Motronic system enabled the group to understand how power is stored, managed, and distributed across a vehicles engine. In the case of the older engine, two control modules were required to manage the spark and fuel. As more modern systems were implemented, and computational power became more affordable, electronic control units could store and manage both spark and fuel whilst also managing more advanced fuel and spark distribution systems. Modern engines allow for far more sensors to be implemented, enabling better readings and in response, a more efficient distribution and use of fuel.
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image5.emf
Initial battery voltage  12.43

Battery voltage ignition on 12.17


image6.png
‘spark advance Unit (A4)

pinno. | ignition OFF (v) [ Ignition ON (v) Purpose
1 o 0.03 Earth return shared with AMP pin 2
2 o 0.03 INTC2 sensor Earth
3 o 1196 |Power supply from ignition
a - - N/A
B o 8.06 |Connects to Fuel ECU Terminal 1
6 o 0.02 |Connects to throttle switch terminal 2
7 o 168 INTC2 sensor Live
8 o 095 Octane plug Live
5 B N N/A
10 o 0.03 Octane plug Earth
11 o 0.03 |crank angle sensor refrence
12 o 0.06 |crank angle sensor Live
13 o 013 [Amplifier reference
1 o B [Throttle switch Terminal 1
15 ) 015 |Connects to fuel Ecu pin 10





image7.emf
Pin no. Ignition OFF (V) Ignition ON (V)

1 0 0.06

2 0 12

3 0 0

4 0 0.02

5 0 0.03

6 - -

7 - -

8 0 1.3

9 - -

10 0 0.01

11 - -

12 0 12.06

13 - -

14 0 5

16 0 0.02

N/A

Throttle switch terminal 1 & load refrence for SAU pin 14

Throttle switch terminal 2 & load reference for SAU pin 6

Purpose

Fuel Control Module

Connects to pin 5 on spark advance unit

Connects to ignition switch pin 8 for power supply

Connects to injectors

Earth

Earth

N/A

N/A

Auxiliary air valve

N/A

Connects to spark advance unit at pin 15

N/A

Connects to ignition switch pin 9 for power supply


image8.emf
Pin no. Ignition OFF (V) Ignition ON (V) Purpose

1 0 11.97 Provides power to rev tachometer

2 0 0.02 Earth return shared with spark advance unit pin 1

3 0 11.97 Power supply from ignition

4 - 0.13 Spark advance unit reference

Amplifier
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Throttle Switch Expected resistance Actual resistance

2 & 16 0 0

3 & 16 Infinite Infinite
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Expected restistance Actual resistance

40 46

Auxiliary air valve
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Injector Injector resistance

1 16

2 15.9

3 16.2

4 16.4
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18

65.3ms

Engine temp degrees

Cold crank on time


image13.emf
NTC2 Pin 8 Resistance Pin 8 Voltage

20 1824 1.6

30 1058 1.1

40 780 0.9

50 526 0.7

60 387 0.5


image14.emf
Temp  pin monitored Duration (ms)

20 3 3.6

30 3 3.2

40 3 3

50 3 2.8

60 3 2.7

Injector on time - running
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image16.emf
Pin no. Ignition OFF (V) Ignition ON (V) Purpose

1 0 12.06 Negative side of coil

2 0 0.02 Earth

3 0 12.02 Control circuit for fuel pump 

4 0 9.7 Pulsed side of Rotary Idle Valve

5 0 12 Pulsed side of Tank Vent Valve

6 0 11.3 4WD ECU – Unused Pin – Fuel Tell-Tale lamp

7 0 0.3 Load signal output from air-low meter

10 0 0 Earth

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

13 0 10.9 Diagnostic socket supply

14 0 0.02 Earth

16 0 12 Pulsed side of 2 injectors 

17 0 12 Pulsed side of other 2 injectors 

18 12.37 12.1 Permanent live 

19 0 0 Earth

22 0 0.9 Engine tell-tale warning light

24 0 0.02 Earth

26 0 0.05 Earth via ECU

27 0 12.04 Ignition feed

28 0 0.45 Output from Lambda sensor

32 0 11.3 Output to on-board computer

36 12.04 0.29 Control circuit for auxiliaries & ECU

37 0 12.02 Supply to ECU & to on-board computer

40 0 0.05 Aircon

41 0 0.05 Aircon

42 0 0.02 Manual transmission earth

44 0 3.7 Output from NTC 1

45 0 3.7 Output from NTC 2

46 0 0.1 Octane plug input

48 0 0.05 Output from crankshaft sensor

49 0 0.09 Output from crankshaft sensor

53 0 0.62 Output from throttle potentiometer

55 0 11 Earth for diagnostic socket
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12.37

12.16

Initial battery voltage 

Battery voltage ignition on
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Injector Injector resistance

1 16.6

2 16.5

3 16.5

4 16.5


image19.emf
Terminals  Resistance expected Resistance

1 & 2 closed 1000 - 2000 2000

1 & 3 open 1000 - 2000 2500

Voltage

2 & Earth closed 0.12 - 1.22

2 & Earth open 3.9 - 4.95

Throttle potentiometer


image20.emf
Air flow sensor Resistance expectedResistance

4 & 2  8 - 2500 32.9

4 & 3 300 - 550 560

Idle Speed control valve 8 8.3
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Temp (°C) Pin 44 (V)

20 3.7

80 3.4


image22.emf
Engine Temp 

(°C)

Pin 45 (ohms, 

Ω)

Pin 45 

(volts, V)

Pin 16/17 

(time, ms)

Pin 4 (on 

time, %)

Pin 5 (actuation) Pin 28 (actuation) Comments

20 1730 3.2 3.3 43 OFF OFF

30 970 2.5 3.3 43 OFF 20 to 34°C

40 662 2.1 3 44 OFF ON

50 398 1.5 3 44 40 to 53°C ON

60 302 1.2 2.8 43 ON

70 245 1 3.3 44 ON ON Fan ON

80 261 1.1 2.8 44 ON ON Coolant warm

Yellow highlights discrepencies
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