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[bookmark: _Toc100175737]Introduction
[bookmark: _Toc100175738]Aims
This report aims to show an understanding of the electrical systems, circuits and components present in vehicles, and demonstrate the methods in which these systems can be tested using computer software to provide aids in diagnosing and solving problems.
Covered in this report is the underlying concepts of the electrical systems present in automotive engines, the main body of the report details the testing procedure carried out and the results that were gained from the experiment. Scope patterns were obtained using the oscilloscope and diagnostic rig during the experiment, these patterns and results are analysed and explained as well.
Industry requires engineers to perform live testing to perform diagnostics. Diagnostics allow issues with the system to be found quickly and are a vital tool for an engineer.
[bookmark: _Toc100175739]Live testing
Performing tests first-hand provides details not readily available to an engineer who hasn’t had the benefit of being present. Recording the environments conditions, such as the noise of the testing environment affecting the scribes hearing, possibly resulting in data collection errors as an example. Live testing also allows any problems that occurred during the procedure to be noted and understood by the engineer, therefore taken into account when writing the analysis and concluding upon the results. Improvements to the procedure can be more easily understood if they become apparent in the testing phase.
[bookmark: _Toc100175740]Data variants
Testing such as diagnostics testing should be carried out multiple times in order to record accurate results. Taking only one set of results may result in anomalies, multiple result sets also reduce the likelihood of human error in results. In industry, the client may decide the number of tests they want to have carried out, or the company may have a number of repeat tests they run before suitable 
It is possible to suggest there are errors in the data due to lack of communication and management between the team whilst performing the tests. The team had not worked together previously and without the experience and practice of a cohesive team unit there is likely to be human error in the resulting measurements.
[bookmark: _Toc100175741]Literature Review
[bookmark: _Toc100175742]Adaptive strategies
Closed loop control automatically regulates systems without human interaction, closed-loop systems are only in place on the Motronic engine, the LE3 has none. Lambda control systems, idle control value & knock sensors are the three systems in place.
Knock sensors works by keeping the ignition timing as early as possible to increase engine output and improve the fuel economy. (Kaji et al., 1986) The lambda sensor provides a voltage output to adjust the air to fuel ratio by monitoring oxygen concentration using oxygen-ion conducting electrodes. (Dueker, Friese and Haecker, 1975) Idle control valves use data from the ignition and fuel injection systems for closed loop integration.
[bookmark: _Toc100175743]Control system advances
[bookmark: _Toc100175744]Throttle position sensor
One of the biggest improvements made for the Motronic was the throttle position sensor as opposed to the throttle switch used on the LE3 system. The throttle position sensor allows all throttle movement to be identified, the sensor provides more accurate measurements of load and idle allowing for ignition and fuelling to be adjusted accordingly. (Kasab, Chopade and Bhagat, 2019)
[bookmark: _Toc100175745]Catalytic converter
Another improvement between the two systems tested is the use of a catalytic converter for the Motronic engine, the LE3 instead uses a CO (carbon monoxide) adjuster. The CO adjuster is a potentiometer which sends a voltage to the ECU which monitors the output signal and altering the injection signal to make the mixture richer or leaner. The use of a catalytic converter provides more accurate readings by using an oxygen sensor close to the engine to monitor the exhaust gasses and therefore sending signals to the ECU to alter the mixture. The catalytic converter also provides the further reaction of exhaust gasses through the use of catalysts inside the converter. {Nice & Bryant, 2021)
[bookmark: _Toc100175746]Fuelling during phases
The engine phases are, ignition on, cold cranking, warm-up phase, snap acceleration, deceleration and idle. Ignition on-time changes to meet the requirements of these phases, the changes to the ignition timing allows the air/fuel ratio to alter therefore running the engine rich or lean. The stoichiometric ratio is 14.7/1 air/fuel and is the exact amount of air needed to achieve complete combustion. (Collins Dictionary, 2022) Advancing the ignition timing increases peak pressure in the combustion chamber whereas retarding it decreases the peak pressure. The benefit of this is retarding ignition can reduce the NOx emissions, however, it causes a loss a=of power and means an increased release temperature which is detrimental to the life expectancy of the exhaust. (Winterbone and Turan, 2015) These results show that under acceleration advancing the ignition timing is necessary to enrich the air/fuel ratio and allow more fuel into the combustion chamber. When idling stoichiometric ratio can be observed as complete combustion can take place, decelerating can have the ignition turn off as not to waste fuel. Cold cranking sees an increase in fuel by advancing the ignition timing in order to get the vehicle to start under non-ideal conditions.

[bookmark: _Toc100175747]Methodology
[bookmark: _Toc100175748]Health & safety
[bookmark: _Toc100175749]Risk assessment
Risk assessments should be carried out before working on vehicles, the following areas are relevant to the experiment carried out:
· Exhaust gasses, extraction systems must be in place when engines are running in enclosed spaces such as buildings, carbon monoxide is among the harmful gasses emitted from the exhaust, breathing carbon monoxide in could lead to death. 
· Electric shock, insulated tools must be used when working with HT (high tension) circuits, as much as 25000V could be circulating, also circuits that use windings could have over 100V after the engine is switched off due to back-EMF.
· Trip hazards, the ventilation system and leads trail on the floor, therefore it is important to be mindful of where the trip hazards are and remove them from causing an obstacle in the working environment.
· Running engines, when the engine is running there are moving parts such as drive belts, make sure to know where these parts are and avoid wearing loose clothing.
· Skin problems, use a suitable barrier cream and wear latex gloves to work on engines if necessary.
(Denton, 2006)
[bookmark: _Toc100175750]Precautions
PPE must be worn when in the workshop, dust coats and steel toe cap boots need to be worn at all times to reduce the risk of chemical contact on skin and to reduce the risk of broken toes and feet from dropping heavy objects. Eye protection must be worn when using power tools and if there is risk of material being thrown into the air, or if working with chemicals. Barrier cream should be used to protect hands from chemicals and liquids also. During the testing, the carbon monoxide (CO) level in the air is monitored as CO cannot be detected through smell. (COSHH, 2002)
[bookmark: _Toc100175751]Equipment 
Equipment required to carry out the testing included a dedicated diagnostic centre and a digital multi-meter, hand tools such as screwdrivers, allen keys and socket sets could have been required to remove outer casings.

Digital systems were used during this investigation as analogue readings must be converted to digital which requires time, this could be nanoseconds however delays in readings could amount to errors in the results. Systematic errors could be recorded should analogue to digital calculations need to be carried out by the software. (Zangeneh-Nejad et al., 2020)
[bookmark: _Toc100175752]Process
Live data was collected during the six different phases of engine operation; ignition on (engine not cranking), engine cranking (cold), engine warm-up, acceleration, deceleration, idle speed (at operating temperature). The pins of the ECU were tested ignition on and ignition off, the resistance, voltage and spark duration time were measured at 10degree Celsius intervals until the engine reached operating temperature. 
[bookmark: _Toc100175753]Discussion
The Motronic engine is newer than the LE3 and in turn has more advanced systems in place. The Motronic engine replaces the throttle switch with a throttle position sensor, it uses a catalytic converter instead of a carbon monoxide adjuster and has one ECU for all the systems instead of three separate ECUs for fuelling, ignition and the amplifier. 
Neither of the two engines have a knock sensor which are advantageous to the efficiency and overall running of an engine. Knock sensors monitor the ignition angle to alter the ignition timing, they provide a signal to the ECU which relates to the combustion knock. (BOSCH, 2022a) The ECU uses the signal to figure out which cylinder is knocking and with this information can therefore retard the ignition. The knock sensors reduce the ignition angle by 3° every time there is knocking, as this is quite a large alteration, the ignition angle is increased by 0.3-0.5° constantly until knocking is present again. This is a closed loop cycle. (Sanderson, 2018) 
The LE3 engine has two internal ECUs for the fuelling and ignition, the amplifier ECU is external; the external amplifier ECU is an advantage for the LE3 engine because it breaks down more frequently than the other ECU’s therefore allowing it to be changed individually saving on cost of replacing the entire ECU. The amplifier ECU breaks down more frequently due to the high voltage causing heating.

[bookmark: _Toc100175754]Results
[bookmark: _Toc100175755]Bosch LE3
Cold crank:
Engine temperature = 19.3°C 	Spark duration = 75.3ms
Throttle switch tech data:
Pins 2 & 18 when throttle is closed = 0 Ω
Pins 3 & 18 when throttle closed = infinity Ω
Coolant temperature sensor tech data:
Temperature - °C – Resistance – Ohms
-10 = 7000 – 11600
20 = 2100 – 2900
80 = 270 – 390
Aux air valve tech data:
Resistance between terminals = 40 ohms 
Injector valves tech data:
Resistance between terminals = 15 - 17 ohms
Measured data = – 0.2 ohms per value 
Throttle switch:
Pins 2 & 18 = 0.2 ohms
Pins 3 & 18 = infinity  
Aux Air Valve:
1 = 45.7 ohms
Injector Valves:
1 = 15.7		2 = 15.6		3 = 15.6		4 = 15.7 ohms
(Autodata, 1990)
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Table 1 - LE3 battery ECU
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Table 2 - LE3 spark advance ECU
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Table 3 – LE3 amplifier ECU
	Temperature (°C)
	Resistance (ohms)
	Voltage (V)
	Time (milliseconds)

	
	Pin 8
	Pin 8
	Pin 3

	20
	1940
	1.7
	3.7

	30
	1018
	1.2
	3.1

	40
	762
	0.9
	3.0

	50
	500
	0.7
	2.7

	60
	375
	0.5
	2.6


Table 4 - LE3 engine testing

Figure 5 - Voltage & spark duration vs LE3 temperature

Figure 6 - Resistance against LE3 temperature


[bookmark: _Toc100175756]Motronic 
Cold crank:	Temperature = 18.2°C	Spark duration = 25.8ms
Throttle Potentiometer tech data:
Terminals – Resistance/Ohms
1 & 2, Throttle closed = 1900 - 2000
1 & 5, Throttle open = 1000 – 2000
Terminal – Voltage
2 & earth, throttle closed = 0.12 – 1.22
2 & earth, throttle fully open = 3.90 – 4.95
Measured Data:
1 & 2 = 2000
1 & 3 = 2580
Air Flow Sensor Tech Data:
Terminals – Resistance/ohms
4 & 2, 8 – 2500
4 & 3, 300 – 550
4 & 1, 270 – 520
Measured Data: 
4 & 3 = 560
4 & 2 = 33.8
Coolant temperature sensor tech data:
Temperature °C – Resistance/ohms
0 = 4800 – 6600
20 = 2200 – 2800
40 = 1000 – 1400
80 = 270 – 280
Air temperature sensor tech data:
Temperature °C – Resistance/ohms
15 – 30 = 1500 – 3300
80 = 280 – 360
Idle speed control valve tech data:
Resistance between terminals = 8 Ohms
Injector valve tech data:
Resistance between terminals = 15 – 17 Ohms
Lambda sensor tech data:
Voltage between terminals = 0.4 – 0.5 volts
Rotary Idle Valve = 8.2
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Table 7 - Motronic injector resistance
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Table 8 - Motronic engine testing

The NTC2 output is the negative temperature coefficient, which show that when the temperature increases the voltage decreases and in turn so too does the resistance values of the thermistors. (Frank, 2021) The NTC2 sensors measure the temperatures of air and gas inlets of automotive vehicles. They have very fast response time which improves the engine performance. (kasensors, 2021)
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Table 9 - Motronic pin 44
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Table 10 - Motronic ECU testing
[bookmark: _Toc100175757]Analysis
[bookmark: _Toc100175758]Motronic scope patterns
[bookmark: _Toc100175759]Lambda
[image: Figure 1]
Figure 11 - Lambda scope pattern (Motronic)
Part of the closed-loop adaptive measures. It is switching between 700 and 100mV. This is mid-throttle hence the frequent pulsing. This voltage tells the ECU to change the ignition angle accordingly in order to adjust the air: fuel ratio, or the timing of the pulse generators to alternate between rich and lean fuelling. The lambda sensor changes its resistive pathway in order to send a different voltage to the ECU.  During testing, the lambda of the Motronic engine (pin 28) had 0V when the ignition wasn’t turned on. When the ignition turned on the lambda received 0.45V which is the reference signal voltage.
[bookmark: _Toc100175760]Ignition primary wave
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The ignition primary wave is where the spark plug produces a current flow as the coil is primed during the compression stroke. (Smog Tech, 2016) The dwell time is around 6ms and the spark duration is 1.47ms this suggests the scope pattern is recorded at idle during engine operating temperature as the frequency of the ignition is longer than 25ms.
[bookmark: _Toc100175761]Ignition secondary wave
[image: ] 
The secondary wave is measured in kV. The secondary wave is dictated by the primary wave, as no total firing line is witnessed in this scope pattern it is likely taken when the vehicle experienced deceleration as no spark was necessary.
[bookmark: _Toc100175762]Rotary idle valve
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The scope pattern of the rotary idle shows the voltage changing from 0V to around 15V, this is the closed loop system providing a signal to the ECU. The rotary idle valve is pin 4 and when the ignition is off the voltage is 0V, when the ignition is turned on the voltage increases to 10V, this voltage is the initial reference signal sent to the ECU.
[bookmark: _Toc100175763]12V supply and earth
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The earth and power supply to the ECU is a 5.0V reference level, this prevents small variations in the voltage from affecting the systems in place. Pin 19 is the main earth supply; the other earth supplies are for completing actuator and sensor circuits. (cardiagnostics.be, 1998) The supply signal should be around 12V as the battery is a 12V system, the earth should remain at 0V. 
[bookmark: _Toc100175764]Air flow and throttle potentiometer signals
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This scope pattern shows two sensor devices, pin 7 is the air flow signal and pin 53 is the throttle potentiometer. For every load sensor the throttle dictates the load signal which explains why the patterns are a mirror image, the correspondence is equal. The voltage range is a 5V scale, this is important because a 5V scale as apposed to a 12V scale allows for less loading on the sensors and wires, and therefore less heating allowing the components to last longer, the 5V scale also means the rate of change is quicker for the system as the ECU gets the signal faster. (Lu & Kuo, 2010) The LE3 is at a disadvantage to the Motronic as it doesn’t have a throttle potentiometer, therefore if the air flow sensor is to fail the vehicle has no back-up way of running and will experience total failure. 
[bookmark: _Toc100175765]Injectors (simultaneous)
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Pin 16 and 17 were assumed to be identical when conducting the testing. The scope pattern shows the assumption was accurate although real testing would require testing of both pins.
[bookmark: _Toc100175766]Injector on time (idle)
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Figure 12 - Motronic idle injectors
This scope pattern has been labelled to show what is happening. ‘A’ shows the potential voltage. ‘B’ is the dwell time, which is the injectors priming the combustion chamber with fuel. ‘C’ is the back-EMF, ‘D’ is where the spark duration is seen.
[bookmark: _Toc100175767]Injector on time (accelerating)
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During acceleration, the frequency of pulsing increases. The speed reference affects frequency and the load sensors affect the duration of dwell time. There is 7.95ms of fuelling taking place between each combustion, any further amount of fuelling is unlikely, the frequency will increase instead if the speed increases. This happens because if the fuel amount is to increase it will result in incomplete combustion. (Smith, 1981) The atomisation of fuelling will be affected also if the injectors are open for longer.
[bookmark: _Toc100175768]Injector on time (decelerating)
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When decelerating the ECU realises it is in overrun and stops the injectors from pulsing to save on fuel and therefore hydrocarbon emissions. This happens when the throttle is closed or when the vehicle is travelling down a slope and not accelerating.
[bookmark: _Toc100175769]Crankshaft sensor
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A crankshaft position sensor is the speed reference signal the ECU receives to calculate engine speed and position. Misfires can also be detected when anomalies are present, an anomaly can be seen in this scope pattern which is possibly indicative of a misfire. The signal reference the ECU receives is a 10V signal from zero which can be positive or negative, the positive voltage is from when a tooth leading edge is closer to the centre alignment than the gap between the teeth. The negative voltage is from the gap being closer to the sensor. (Pico Auto, n.d.)
[bookmark: _Toc100175770]LE3 scope patterns
[bookmark: _Toc100175771]Secondary voltage
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The scale of the voltage is in kV which shows it is the secondary voltage. The total firing line is the 11kV magnitude which is the total voltage produced at the coil, this voltage is governed by speed and load and is the voltage required to bridge the gap for the spark. This scope pattern is at idle as the total firing line is low and the frequency of spark is inherent of idle characteristics. Constant energy systems are also current limiting systems. 
[bookmark: _Toc100175772]Crank signal
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The LE3 uses a 12V signal for sensors, this puts extra load on the battery and the signal doesn’t change as quickly potentially leading to reading errors.
[bookmark: _Toc100175773]Spark advance signal and battery
[image: ]
The red line shows the primary waveform, the spark advance sends signals to the primary waveform to activate and deactivate as seen in the scope pattern. This scope pattern isn’t visible on the Motronic engine testing because the separate ECUs of the LE3 are combined on the Motronic. 
[bookmark: _Toc100175774]Primary
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Primary voltage influences the secondary voltage to operate, the back-EMF is necessary for there to be EMF.
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[bookmark: _Toc100175776]Deceleration 
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The frequency to begin with is similar to the frequency of acceleration as the injectors realise, they are in overrun. Overrun is where there is unburnt fuel left in the combustion chamber, overrun fuel cut off prevents more fuel being added to the combustion chamber and allows the remaining unburnt fuel to combust. (Boam, Clark and Hobbs, 1995)
[bookmark: _Toc100175777]Injector idle
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[bookmark: _Toc100175778]Speed reference for fuel ECU
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Figure 13 - LE3 fuel ECU speed reference
This scope pattern details the speed reference for the fuel ECU. The speed reference comes from the crank sensor and is sent to the volume sensor ECU which converts the analogue signal to a square wave digital signal to use for ignition and fuelling. The ignition is internal so can’t be seen on a scope pattern for this engine. Inherently, there is a delay from converting the analogue to digital signal.
[bookmark: _Toc100175779]Supply and earth
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[bookmark: _Toc100175781]Motronic development
One improvement that could be made to the Motronic engine is using a wideband lambda sensor because the current lambda sensor has a delay in processing the signal which can lead to errors in the data. A wideband lambda sensor is almost instantaneous as it can determine the residual oxygen content accurately and provide this signal to the ECU instantaneously. (BOSCH, 2022b)
The Motronic has the first generation of the OBD, using the EOBD (European on-board diagnostics) would be beneficial. EOBD is equivalent generation to the OBD-II and provides diagnostics to the European standards. The EOBD is meant to work for the life duration of the vehicle and monitors the exhaust gasses of the vehicle, looking for any signs of problems with the engine. (Volkswagen, 2001)
Solenoid idle valves can be used to improve the engine systems, as the solenoid idle valve replaces the rotary idle valve currently present in the Motronic engine. The solenoid idle valve is an improvement because they are high speed due to their pulse-width modulation input method, they provide a high-frequency response whilst having anti-pollution characteristics with the electro-hydraulic control system. (Wang et al., 2011) 
Changing the current crankshaft sensor to a digital sensor instead of an analogue sensor improves the engine as digital sensors provide a near instantaneous signal to the ECU to adapt the ignition angle. The crankshaft integrated torque sensor can detect misfires, can estimate indicated mean effective pressure and can be used for cylinder balancing as well. (Schagerberg & McKelvey, 2003)
Using EOBD instead of the OEM OBD system would develop the engine, EOBD is the European standard for on-board diagnostics. It is equivalent to OBD-II system and therefore improved upon the original OBD system, the EOBD standardised the connections and messaging for identifying system faults and recording data. (bsigroup, 2020)
Hot film sensors can be used instead of hot wire sensors as hot wire sensors break as they are cleaned at over 1000°C, they are also expensive to replace.
Volume sensors can be replaced with MAP sensors. Volume sensors require the volume measured to be converted to mass which requires time and produces measuring errors. The air measuring device must also be pushed open as it acts as a resistor. The MAP sensor is bolted directly into the inlet manifold and air flows over the body instead allowing the true air volume to be measured more accurately. (Inui, Minorikawa and Nishihara, 1982)	
[bookmark: _Toc100175782]Evaluation
This experiment could have been improved with multiple tests, this would have removed anomalous results and the likelihood of human error. It would also have provided more chance for the team to work together and perform more efficiently with the experience gained from the testing procedure.
During the experiment there were problems encountered which could have impacted results, there was a broken wire connected to the amplifier ECU of the LE3 which had to be replaced. The Motronic engine had a throttle issue as it was not revving properly, this caused the engine to not run as lean as it usually would.
During the testing it was assumed that pins 16 & 17 were identical in terms of results which in a real testing scenario would not be possible to assume. Both pins would have to be tested to be a thorough experiment.
The probe on the diagnostics rig used was extended to fit into ECU pins with a paper clip, this could have resulted in interference and noise in the readings. This can be seen in figure 13 at the peak of the fuel signal speed reference. The interference witnessed could also be down to the person holding the probe in place moving slightly.
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Resistance against LE3 engine temperature.
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NTC2 output (V)
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