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The aim of this report is to discuss and analyse different engine management systems on two engines that differ slightly in terms of the systems they use. I will discuss the live data we collected and I and interpret some data into graphs to be understood more clearly and to see any patterns to evaluate which system is better and how both can be improved. Using the said data, I will also discuss how injection on-time is met in both systems during the following conditions:
-Ignition on, engine not running                                        -Engine cranking (from cold_
-Engine warm-up                         -Acceleration                   -Deceleration 
-Idle speed (Engine at operating speed)
Both engines were 2.0L Vauxhall/Opel engines, one with an LE3 fuel system, and the other a motronic management system. The LE3 has 2 ECU’s, one for the ignition and the other for the fuel system, whereas the motronic is a single ECU for both ignition and fuel, implemented by Bosch.
This report will focus on procedure adopted when carrying out the report, the equipment we used and the safe working practices we followed when carrying out the procedure. I will also discuss the live test readings and recorded waveforms to compare to manufacturer specifications. Next, I will compare the main system operational differences and analyse and evaluate the signal waveforms. Lastly, I will discuss and justify any improvements and modifications I would make to either system.
The test we carried out on both systems were live tests. Simulation tests are extremely useful and are used much more often in the automotive industry due to live tests costing more (Justin Cunningham, Materials for engineering, Physical vs Virtual testing (materialsforengineering.co.uk)) and easier to perform since all the data is shown to you on a screen and you can tweak certain variables. Therefore, if simulation tests are easier and more cost efficient than live tests, why perform live tests at all? There are multiple reasons live tests are important instead of simulation tests, such as independent variables like something going wrong on the engine, causing an anomaly in the data or having a slight yet effective negative impact on the data collected, which might not happen on a simulation, so when cars are released to the public to be bought, things can go wrong that you wouldn’t have known about, so it’s good to practice and perform live tests since they are an inevitable part of engineering a car. 

Methodology
Before and during when we carried out the test, there were multiple safe practices we must perform to ensure nobody sustains an injury. The obvious is getting fitted with our PPE, which includes our safety boots in case something on the engine/rig, or anything in the workshop were to fall on our feet. A dustcoat to protect our clothing from being torn or any substance getting on our clothes. The dustcoat should be buttoned up also to prevent any loose clothing being pulled into the engine such as when we turn on the fan for one of the engines conditions or getting stuck in any other machine or piece of equipment. We also had safety goggles to prevent anything injuring our eyes is something were to break such as a piece of metal or perhaps fuel injectors breaking and fuel spraying into someone’s eyes, which not only would cause damage because of the chemicals, but due to the pressure the fuel is injected at could pierce the eyes easily. Besides PPE, other safety practices would include making sure everyone was clear of the engine when we turned it on to ensure nobody was reaching in or taking measurements somewhere where there could be moving pieces. 
The first task we performed was taking measurements on the ECU on our given engine, the LE3, using a multi meter. 
We first measured the ignition ECU and connected the earth wire to the intake manifold because we knew it was an acceptable earth. We measured pin 1 to 15 with the ignition off and then measured the fuel ECU, with the same earth on the manifold, and measured pin 1 to 15. We then repeated this process again with the ignition on. Once we had measured the ECU’s, we disconnected the earth and switched from voltage reading to resistance reading using the multi meter and we measured resistance on the four sensors on the engine, the fuel injection, throttle resistance, water temperature sensor and the auxiliary air valve. After we had measured everything, we set up the oscilloscope to measure the warmup phase from room temperature, 20°C, through 30°C, 40°C and 50°C up to operating temperature, 60°C while measuring pin 8 (NTC2) and pin 3 (Injection on time). 
For the motronic engine, the process would’ve been the same, except for measuring 2 ECUs for the ignition and fuel, the motronic management system combine the 2 systems into 1 ECU, so the group on the motronic had to measure 55 pins for the voltage, with an earth on the manifold. After measuring the ECU, the next task was to measure the sensors. After measuring the sensors, it was time to use the oscilloscope on the motronic engine too. We measured pin 45 for voltage and resistance, pin 16 and 17 for time, pin 4 for on time, and pin 5 and 26 for actuation. We measured these pins as the engine increased in temperature, from 10°C to 80°C.



Analysis/Discussion
ECU Measurements:
[image: Table
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(Figure 1 = LE3 ECU pin data and Sensor data)
When the ignition off, there is no power, so no readings were expected, however as shown (Figure 1) some pins had no wires, such as pin 9 and 4 not showing a reading on the ignition, and pin 6, 7, 9 and 13 on the fuel ECU. When the ignition was on however, we had our readings. Starting with the ignition ECU, Pins 1 and 13 were connected to the Amplifier and pin 2 was connected to the coolant temperature sensor, both showing the same value. Pin 3 was connected to the battery, since it was a 12v battery system, a reading close to 12v was to be expected. Pin 5 was connected to the fuel ECU in terminal 1 acting as an earth, therefore a low voltage was to be expected, as well as with pin 15 which was connected to the second terminal of the fuel ECU. Pins 6 and 14 were connected to the throttle switch. Pin 7 was also connected to the coolant temperature sensor. Pins 8 and 10 were connected to the octane plug. Pins 11 and 12 were connected to the crank angle sensor.  
As for the fuel ECU, pins 1 and 10 were connected to terminal 1 and 2 on the ignition ECU, respectively, therefore the similar voltage as pin 5 and 15 of the ignition was to be expected. Pins 2 and 12 were connected to control unit. Pin 3 was connected to the Injectors, however since the engine had only the ignition on and not running, the injectors would’ve had an open circuit and not been on, therefore no voltage was to be expected. Pin 4 was an earth therefore a small reading was to be expected. 
We also measured 4 different sensors on the LE3, fuel injector resistance, throttle resistance, water temperature sensor, and auxiliary air valve. We gained all the manufacturer specs from the auto data fuel injection book (Autodata fuel injection 2 vehicles introduced between 1987 and 1990)
The readings we took for the injectors included were all 15.8v for all four, however the multi-meter we used for all sensor tests where we tested voltage, added a resistance of roughly 0.2v, therefore the real readings were corrected to be 15.6. The manufacturer specs said each injector should be between 15-17 ohms, therefore we had safe readings.
For throttle resistance we measured 0.2 ohms on the throttle resistance which seemed correct, however for pin 3 we measured 1, which meant an infinite reading.
For the water temperature sensor, we measured 2690°C, and the manufacture specs were between 2600 and 2800°C for room temperature (20°C) therefore it’s an accurate reading.
Lastly, for the auxiliary air valve, we measured 45.9 ohms. 
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(Figure 2 = LE3 Warm- up phase)
When we ran the engine, we increased the engine from 20°C to 60°C. which is operating temperature. We found that as the temperature increases, so does resistance decreases, as well as voltage, however injection on time increases until it reaches optimum temperature in which it decreases. Injection on time increases as more fuel is needed at higher RPM’s.
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(Figure 3 = Vauxhall_Motronic.pdf)
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(Figure 4 = Vauxhall_Motronic.pdf)
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(Figure 5 = Vauxhall_Motronic.pdf)
These images show Pins 1-25, 26-47 and 48-55 for the motronic engine management system. Pins 2, 10, 19, 24, 26, 42, and 55 are earth, therefore a very low voltage reading is expected when the ignition is on except for pin 55. Pin 47 is an earth too however will only show a reading for 4-wheel drive vehicles, and we only had the engine alone on the rig therefore no reading was to be expected. Pins 8, 11, 15, 23, 25, 29, 30, 31, 33, 35, 38, 39, 50, 52 and 54 have no use, therefore no reading was taken for them. Pin 18 showed a reading of 12.4 and 12.1, ignition off and then on, respectively, as it’s the permanent live should show a reading with a value close to the battery, and the battery is a 12v system, therefore that reading was to be expected. Similarly, Pin 37 showed a reading close to battery value as it’s a supply, only while the ignition was on, as well as pin 27 being an ignition feed.
The sensors that were measured on the motronic included the throttle potentiometer, air flow sensor, injectors and idle speed control valve. (Following data for the motronic sensors have been taken from another group)
For the throttle potentiometer, we measured 2560 ohms whereas the manufacturer spec was 1900-2000 ohms and 2000 when opened, manufacturer spec being 1000-2000
For the air flow sensors, we measured 340 ohms for pin 2 and 4, specs being 8-2500, 560 ohms for pin 3 and 4, specs being 300-550 and nothing for pin 1 and 4 due to no pin 1 being present.
For the injectors we measured 16.4 ohms for injector 1 and 4, 16.3 ohms for injector 2 and 16 ohms for injector 3. The specs for all injectors are 15-17 ohms.
The measurements taken for the idle speed control valve was 8 ohms whilst the manufacturer spec was also 8 ohms.
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(Figure 6 = Motronic Warm-up phase, Vauxhall_motronic.pdf)
The warm- up phase on the motronic showed us that as the temperature increases:
-The resistance and voltage of NTC2 decreases up 70°C where it increases slightly as temperature increases 80. 
-Injection on time decreases
-Pulsed side of tank vent valve begins working at 50 and is fully switched on at 70 and above
-Output from lambda sensor begins to work at 30 and is fully switched on at 50 and above.
-NTC1 decreases as at room temperature it is 3.6v whereas at 80 it is 3.3v.
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(Figure 7 = LE3 Secondary Voltage pattern)
The secondary voltage represents the spark time. The horizontal voltage line is near steady at 0kV but begins to step downwards to roughly 1 – 2kV and oscillates, the initial step down is caused by the ignition circuit turning on and oscillates back towards 0kV. The voltage then immediately spikes to roughly 11kV for a split second, this is the back EMF for when the circuit is closed off. It then drops down to 3 – 4kV and rises a small amount before dropping again and oscillating to a steady 0kV and beginning the next spark. The duration between the first spike and the second small spike before oscillating is the spark, which lasts 0.7ms.
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(Figure 8 = Motronic secondary voltage) 
The secondary voltage for the motronic is similar, however unlike the LE3 reaching 11kV, the back EMF on the motronic only reaches 6kV before immediately dropping down to roughly 2.5kV, and decreasing before rising slightly and dropping to below 0kV, and oscillating back to a steady 0v value before the circuit opens again which is seen is seen in the steady drop at the end of the waveform. The only notable difference between the two waveforms is that the value of both spikes reach, this could be due to the LE3 needing a higher voltage to create a spark whereas the motronic is only needs a value of 6kV to create a spark.
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(Figure 9 = Motronic crankshaft signal)
The crankshaft sensor is very important and crucial in determining spark time and injection on time. The crankshaft sensor is fitted next to the crankshaft, or next to the camshaft belt. The way the sensor works is as followed, when the crankshaft rotates, metal pins that are fitted to the crankshaft at specific intervals to create a magnetic field that are close to a strong magnet that is also fitted and creates a steady magnetic field, therefore when the pins rotate past the magnet, it causes the magnetic field to fluctuate, in turn causing an alternating current in the crankshaft sensor (How a Crankshaft Position Sensor Works | DoItYourself.com), which is what we see on the waveform (Figure 7). Therefore, as we can see on the waveform, the voltage fluctuates in response to the magnetic field, at a range of 20v, and rotates roughly 8 times in 10ms.
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(Figure 10 = LE3 Spark advance signal PIN 4 and primary PIN 1 comparison)
This waveform shows the comparison of the spark advance signal (blue) and the primary voltage (red). The Spark signal represents how long the spark is held for. As we can see, ii immediately spikes from 0v to 2.5v when primary circuit opens. After the initial spike, it begins to slowly increase and level out until the primary circuit closes causing the spark (red line spike) and then immediately drops back to 0v, therefore as we can see the spark is controlled and activated only when the primary circuit is open. 
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(Figure 11 = LE3 Primary PIN 1)
This figure shows the primary waveform, which at first is a circuit without an earth activated, so it is off, and is at roughly 12v as when the circuit is closed on a distributor ignition system like the LE3, the voltage is the same as the coil supply or close to the battery voltage (Primary igniton circuits - How to test - Pico Technology (picoauto.com)) and since both systems on the engines are 12v systems, that should be expected on the primary waveform. The steady 12v line drops down to 0v and begins to rise slowly for roughly 6ms. The primary circuit is then switched off again which causes the voltage to spike to well above 150v. The primary circuit mirrors the secondary voltage, as seen in Figure 7. The voltage then drops to roughly 20 – 30 volts and decreases and increases again to roughly 40 – 50 volts, and then drops down to 0v again and oscillating back to the coil supply or close to the battery voltage, over the duration of roughly 2ms.
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(Figure 12 = Motronic Primary waveform)
Like the LE3, the Primary waveform is steady at roughly 12v for a 12v system and drops to 0v as the circuit is switched on and begins to oscillate upwards to when the circuit is switched off again, causing a spike to 129.2v, much less when compared to the LE3. The voltage then drops to 20- 30v drops down again to 0v and oscillates back to coil supply or batter voltage, mirroring the secondary voltage pattern. The spark duration 1.47 ms, shorter than the LE3 spark time which lasted for roughly 2ms. Therefore, the Motronic has a shorted back EMF and shorter spark time.
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(Figure 13 = LE3 Acceleration PIN 3)
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(Figure 14 = Motronic injection on-time whilst accelerating)
These two waveforms (Figure 11 and 12) show the injection on-time while accelerating in both the LE3 and Motronic engines, respectively. Both voltages are steady at roughly 12v when the injectors are off, this is due to the switched earth side of the injectors causing the reading to show battery voltage. The engine control module provides an earth, which causes the drop in voltage to 0v, marking the beginning of the injection. The injection lasts roughly just under 10ms on the LE3 and roughly 15ms on the motronic, before both injections are switched off causing a voltage spike at roughly 55v on the LE3 and 65v on the motronic. Both voltages drop back down towards the battery level indicating the injection is off and the earth is disconnected. Unlike a vehicle with a uniform speed, the injection time is longer, making the mixture in the combustion chamber richer, causing a higher power output.
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(Figure 15 = LE3 De-acceleration PIN 3)
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(Figure 16 = Motronic Injection on-time De-accelerating)
Both figure 13 and 14 show the injection on-time whilst de-accelerating. Both begin at 12v where the injection is switched off, and drops to 0v when switched on, however unlike an engine at a steady speed, the time of injection (from the initial drop from 12v to 0v, to the spike) is a lot smaller than a uniform speed or acceleration, this means less fuel is injected into the mixture, making a leaner mixture in the combustion chamber. The reason for this is the leaner the fuel, the less power output there is to the engine.
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(Figure 17 = LE3 Injector Idle PIN 3)
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(Figure 18 = Motronic Injection on-time)
Figure 15 and 16 shows the injection on time when there is no load and at minimum engine speed. Similarly, to the other injection waveforms, the voltage is steady at 12v and drops to 0v when the circuit is switched on, however unlike figure 11/12 and 13/14, the injection duration is somewhat in the middle, it does need to inject extra fuel or too little for leaner or richer output, instead it is engineered to achieve the optimum air/fuel ratio, also known as the stoichiometric ratio (Air fuel ratio – x-engineer.org), which is 14.7:1 of air to fuel, respectively.
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(Figure 19 = PIN 3 supply PIN 2 Earth)
This waveform shows the timing comparison between the supply and earth, showing us that a full circuit is made and closed, allowing a current. The supply (red) begins at 12v, since there isn’t an earth to complete the circuit, this reading is to be expected. As the earth is connected and increases in voltage, the supply drops in voltage. Once the earth is closed off, is drops in voltage causing a spike on the both the earth and in the supply, until both oscillate a couple times and returns to normal.
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(Figure 20 = Rotary Idle Valve, idle at 80°)
This waveform shows the voltage level of the rotary idle valve. The steady voltage line at 0v represents when the valve is closed and so no power is being used, for roughly 4.5ms, however the voltage then suddenly spikes to roughly 17v, which is when the valve is opened, the line then decreases to steady line at just below 15v for roughly 5ms before dropping back down to a negative value before quickly returning back to 0v.
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(Figure 21 = supply from ignition, earth return)
This waveform shows us the supply to the ignition and the earth return, essentially showing us that it does make a full circuit, similarly, to figure 20. The supply begins on a voltage of roughly 12v, battery voltage, until the earth is connected, in which it drops in voltage whereas the earth voltage increases. The circuit is opened again and the earth decreases, both spike and oscillate until they return to normal.
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(Figure 22 = Air flow and Throttle Potentiometer signals)
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(Figure 23 = Injectors Simultaneous)
This waveform shows us the injection on time of simultaneous injectors, proving that they are switched on at the same time and turn off the same time leading to the spike occurring the same time.
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(Figure 24 = Lambda Sensor)
The lambda sensor, or o2 sensor, is used to maintain the stoichiometric air/fuel ratio by performing closed loop control of engine fuelling. The O2 sensor present is a titania O2 sensor, which has low resistance during low O2 levels and high resistance during high O2 levels. The sensor’s circuit opens and closes very quickly in order to perform closed loop performances.

NTC2 graphs:
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(Figure 25 = LE3 NTC2 graph)
[image: Chart, line chart

Description automatically generated]
(Figure 26 = Motronic NTC2 Graph)
These 2 graphs show us that as the temperature increases in both systems, the NTC2 value begins to decrease.
Improvements:
Some improvements can be made to both systems, these improvements include: 
-zirconium lambda/ oxygen sensor. The reason this could be better than the titania oxygen sensor is because the zirconium one has vents in the side to allow better reading and compare the exhaust gasses with surrounding air. However, one fault of this could be false readings through exhaust gasses from vehicles in front seeping inro the engine bay and causing an inaccurate comparison.
-Adaptive strategies, such as sensors for altitude. This could be helpful for vehicles that are driven in areas with extreme landscapes such as high hills and mountains where altitude will increase, and less oxygen is available for then engine. However, this will only be helpful in extreme locations, not in regular cities or country sides where there is relatively steady altitude.
-Some sort of cover on the crankshaft sensor, to prevent dirt or oil getting on the sensor which is known to cause signal errors and could prevent wrong readings. However some covers could possibly cause inaccurate readings if it were to somehow interact with the magnetic field, such as a metal cover.
-Perhaps a better engine coolant temperature sensor could be good improvements, especially for the motronic since there were some errors with the NTC2. ETC sensors are very prone to faults and breaking since there are very sensitive to high resistances, which would make them prone to breaking at low engine temperatures where there is more resistance, but also poor circuits. ETC assists in injection timing and engine speeds, therefore it’s an important sensor. Therefore at least regular checking of the sensor could be required however an improvement such as better circuits and wiring or back up wires could be helpful.





Conclusion
To conclude, we have discussed the voltage values of the pins on both systems and the explanation for most of their values while the ignition was off and on. We analysed the warmup phases and the data we measured for the sensors and compared them to the manufacture specifications. I have explained scope patterns we retrieved from the warmup phase and explained each voltage reading and to why they look the way they do, whilst comparing them to their counterparts on the other engines and how they differ or why they are similar. I have also thought of a few improvements which could benefit both systems and specifically one.
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