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1.0 Introduction

In this report I will be evaluating both the LE3 and Motronic Engine Management Systems that were previously tested in order to achieve a few select aims laid out at in this section of the report. The 1st aim of this report is to properly detail the testing methods used, including the equipment used, in order to prove the relative validity of the results. Next, I aim to analyse ALL results taken while describing what the various scope patterns and graphs show us, with intent to identify the operational differences between the two systems. The 3rd and final aim I hope to achieve in this report is to use the analysed data of both systems along with researched information, and my own knowledge to suggest improvements/modifications to each system with justification for each suggestion. I aim to also analyse any suggested replacement devices to determine their potential effectiveness.
1.1 Live Testing
It is key to note that the data I used in this report was acquired during a live test, unless specified otherwise. This is of upmost importance when evaluating the data for a few reasons including the fact that using data acquired yourself makes it far easier to identify anomalies that may have occurred in testing. However one negative of using first hand data you obtain yourself is that it could be less accurate data than what could be researched, this could be due to an inferior test setup.


2.0 Methodology
2.1 Experimental Procedure 
2.1.1 Bosch Motronic 1.5
The first of the two systems I tested was the Bosch Motronic 1.5, a system with one 55 pin ECU. In this system two of the most critical operations, fuel injection and fuel ignition, are controlled by this single ECU. The benefit of this as stated by Equiptech (2021), is that it allows for more accurate fuelling and ignition timing in any condition. 

2.1.2 Motronic ECU Testing
The very first reading I took was the battery voltage to compare to certain pin voltages, the supply voltage from the battery should be constant no matter if the ignition is on or off, as stated by Equiptech (2021). A crocodile clip attachment for the multimeter probes was used in situations such as this to aid in testing. The first set of data I gathered was voltage readings for each pin on the connector, I did this with ignition off initially, and then retested with ignition on. To take these readings I again used a multimeter to probe each pin, noting down the voltage readings for all. I used the multimeter as it allows for practical testing without the need for expensive equipment.




		2.1.3 Throttle Potentiometer
Next, I began testing the resistances and voltages of a number of sensors starting with the Throttle Potentiometer, which had four readings taken at different terminals. With the multimeter set to measure resistance, a reading was taken over Terminals 1 & 2 with throttle closed, then Terminals 1 & 3 with throttle open. The resistances measured are set by an arm wiped across a resistance track, these resistances which are dictated by the throttle position, alter the 5V input voltage signal to the TPS and then return it to the ECU which then sets the injection and ignition timings depending. This information was provided by Autoditex (2020). The 5V input to the TPS is from pin 12 on the ECU. Next, with the earth attached and multimeter set to measure voltage, I recorded two voltages at Terminal 2 with the throttle closed and then fully open. When the throttle is closed with the engine above a specific RPM however, the ECU will cut off fuel injection until the engine either reaches idle or the throttle is opened again Autoditex (2020).


2.1.4 Air Flow Sensor
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Description automatically generated]Following the TPS, I began testing the Air Flow Sensor (MAF senor) to find resistance values between the terminals to compare to researched values. On the Motronic 1.5 system, as indicated by Equiptech (2021), the Air flow sensor type in use is the Vane air flow meter. This kind of sensor operates similarly to the TPS in that the flow of air causes a variable resistance on the 5v supply (also from pin 12 on the ECU) to the potentiometer, this signal is then sent to the ECU so that it can dictate fuel injection on-time. This information, along with the figure 1 below which depicts the affect air flow has on the supply voltage, was found on Toyota Motor Sales’ (2001) document on air flow sensors. In testing this sensor, I again used the multimeter to measure the resistances across Terminals 4 & 2, and Terminals 4 & 3. Figure 1



2.1.5 Coolant Temperature Sensor
The Coolant Temperature Sensor is a thermistor that complies with the principle of a NTC thermistor in that as there is an increase in temperature, the resistance drops as a result. According to Ametherm (2013) an NTC thermistors output is usually non-linear because of its exponential nature. When testing this sensor, so that I could compare the data to expected values, the resistances were measured in the warmup phase between 20 0C and 80 oC in increments of 10. Along with the resistance values I also took a voltage reading for each temperature in the same range. I took the measurements using a multimeter immediately after observing each target temperature on the Bosch BEA 950 diagnostic computer, this method would induce some inaccuracy with the resistance values however due to the rate at which the temperature changes. The CTS is connected to the ECU via pin 45.

2.1.6 Warm-up Phase Testing
During the warm-up phase with the Motronic 1.5 system between the before mentioned range of 20oC to 80oC used to test pin 45 (NTC 2), I also took readings from pin 16 (Bank of 2 injectors), pin 4 (Rotary Idle Valve), pin 5 (Tank Vent Valve), pin 28 (Lambda Sensor) and pin 44 (NTC 1). 

		2.1.7 Injection on-time 
With pin 16, the data I measured was the injection-on time in milliseconds. These measurements were taken using the same Bosch diagnostics computer by taking a freeze frame of the graph shown on screen after reaching each target temperature.

		2.1.8 Rotary Idle Valve
 The rotary idle valve which has an output signal from pin 4 has the primary function of maintaining the most desirable engine rpm despite changes in load on the engine due to accessories such as air-conditioning or power steering as claimed by D. Hrovat and Jing Sun (1997). The idle valve displays the readings on the Bosch diagnostics computer in %. This value is in % due to the how the Idle valve operates as explained by Rick Muscoplat (2013); the idle valve is a bypass around the throttle plate which allows air to reach the intake manifold while the throttle is closed. Therefore these % values indicate how far the valve has opened due to engine load. 


		2.1.9 Tank Vent Valve
The Tank vent valve, which sends a signal to the ECU via pin 5, is usually open to control the pressure build-up caused by the expanding volume of the fuel and to prevent creating a vacuum through pumping fuel.

		2.1.10 Lambda Sensor
The signal sent from the Lambda Sensor to pin 28 on the ECU plays a very big part in controlling the air + fuel ratio in the engine, the Oxford University Press (2019) defines the sensor as a device which measures the tiny fraction of oxygen in the flow of fuel. They go on to describe the secondary function of the sensor as monitoring the exhaust gasses to dictate the air + fuel ratio so that there is control over the pollutants expelled. In testing this sensor, I would test for a considerable change in voltage at each temperature in the same range previously used up until it was shown, meaning the Lambda sensor had started working to monitor exhaust gasses.

	2.2.0 Bosch Jetronic LE3 ECU Testing
In contrast to the Motronic 1.5 system the LE3 system is run by two separate ECUs, a 15 pin fuel ECU and a 15 pin spark advanced unit. The key difference between the Motronic and Jetronic systems explained on Citroën BX (2022) is the wave form received by the fuel ECU, which must be turned into square pulses of half the ignition frequency, due to the fuel being injected in two instalments per rotation. Before voltage testing each pin with the multimeter I noted the battery supply voltage. When testing all the ECU pins I was careful to hold the multimeter probe still once on each pin since movement while testing caused inaccuracies in the results. As with the Motronic ECU, I tested both Jetronic ECUs with ignition off and on.

2.2.1 LE3 Injector and Amplifier Testing
Before beginning the warmup phase I tested the resistance values in ohms at the 4 injectors using the multimeter checking to see the same resistance at each injector or within the suggested range. Next I tested the voltage of the 4 injector amplifiers using the multimeter, the amplifiers were initially tested with igniton off then with ignition on.




2.2.2 Jetronic LE3 Warmup Testing

During the warmup phase of the Jetronic LE3 system I tested the resistance and voltage values for the Coolant Temperature sensor (pin 8) and the Throttle switch timings (pin3) between the temperature range of 20oC - 60oC in increments of 10oC. Just as with the CTS on the Motronic system we expect to see an inverse relationship between Temperature and Resistance. I recorded these values with the Bosch BEA 950 diagnostic computer, using the oil dipstick sensor to accurately read the engine temperature. An Infrared thermometer is an alternative method of observing the engine temperature, however as explained by Larry Carley (2019) the accuracy of this is dependant on the emissivity of the surface therefore would not be as accurate or consistent as the oil dipstick sensor. Separately, using a multimeter probe I tested the resistance of the throttle switch with the throttle closed between Terminals  2 & 18, and 3 & 18.

2.2.3 Workshop Regulations
While undergoing this kind of engine testing in a workshop there are a number of important regulations that must be adhered to so that the safety of the workshop inhabitants is maintained. At a base requirement, all testers should be suitably dressed in work boots and lab jacket for their own safety. When undergoing engine testing there are a number of safety concerns to take into account since the engine has easily accessed moving parts and expels exhaust fumes directly into the workshop. To avoid these dangers, personal should be extra cautious around moving parts even if they are fitted with metal guards. An exhaust fume extractor should always be attached to the engine before testing, and the CO levels should be monitored regularly. Safelincs Ltd (2022) suggest a limit of 10 parts per million of Carbon Monoxide concentration in the air.

3.0 Analysis 
	3.1 Motronic Data Analysis
		3.1.1 ECU Pin Testing Analysis (Ignition off)
Initially, when testing voltage testing the 55 pin Motronic 1.5 ECU with ignition off the majority of pins showed no voltage as you would expect, with the exception of pin 18 and pin 36. From the Pin list provided by Equiptech (2021) in the Bosch Automotive Electric/Electronic Systems Handbook I know that the ECU is receiving a supply voltage from the battery since the Permanent Live (pin 18) has a reading of 12.3v. This is 0.02v less than the tested battery supply due to resistance in the circuit. From the Motronic 1.5 Wiring Diagram (Figure 2) it is evident that the Control Circuit Supply to Auxiliaries and ECU from pin 36 is a constant supply fed via the System Relay to all the auxiliary circuits, which Ian Reeve in Wiring Matters (2012) defines as a circuit for the transmitting of signals that are intended for supervision, detection or control. The voltage I tested at pin 36 was 11.98v, meaning a more resistive pathway for the 12.32v supply. 




		



3.1.2 ECU Pin Testing Analysis (Ignition on)
Now with the ignition on, it is possible for me to analyse the live pin voltages relating them to their function. The Ignition Coils negative side (pin 1) receives a supply voltage of 12.15v with the ignition on which is used to create the spark. This supply voltage is then fed to the two banks of 2 injectors at pins 16 & 17, which when tested, both displayed 11.96v. The injectors having that exact same voltage supply is vital to ensure correct injection timing. The Engine warning light (pin 22) and the Fuel warning light (pin 6) read voltages of 11.29v and 0.91v, respectively. Studying the ECU wiring diagram (Figure 3) in the appendices, pin 22 leads only to the Engine warning light therefore we expect to see around the 12v supply, however pin 6 supplies the fuel warning light along with the 4WD ECU and A/T ECU (not used in this system) which explains the low tested voltage.












		3.1.3 Auxiliary Component Testing Analysis
In the initial testing of the auxiliary components before the warmup phase, as stated in the experimental procedure I first took resistance measurements with the throttle open + closed for the TPS (pin12). Between Terminals 1 & 2 with the throttle closed I measured a resistance of 2000 ohms, then between Terminals 1 & 3 with the throttle open I measured 2580 ohms. While the first result was in the factory comparison range noted by Bosch in their Electric/Electrical Automotive handbook (2007), the second was 580 ohms above the upper bound of the resistance range. This result is due to the advanced position of throttle which dictates the potentiometer wiper-arm position, it would have the effect of raising the altered signal voltage returned to the ECU to advance injection time and increase air intake. 


		3.1.4 Scope Pattern Analysis
Ignition Primary Wave
[image: Diagram
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As you can see in the initial stages of the waveform there is a voltage drop to almost 0 V, which as confirmed by MRI Auto Diagnostics (2022) is the ignition coil beginning to charge for the spark. Following this is the Back EMF which occurs at the start of the sparks duration of 1.47 m/s, it occurs at the start of the spark duration due to the purpose of Back EMF. In a note on Back EMF from Boston University (<2012) it is stated that this force occurs to act against an applied voltage, therefore it occurs in this waveform as the charged volts are turned into a spark. The spark line is depicted by the sloped section after the Back emf and can be considered as the sparks burn time.

Ignition Secondary Wave
[image: Diagram
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The Ignition secondary waveform depicted above has elements of then primary waveform such as spark burn time, however the key difference is the last section of the graph showing the Dwell Time. Andrew Markel (2018) describes this section as the primary coil charging the secondary coil, this accounts for the initial sharp drop in voltage. Then gradually as the secondary coil becomes saturated the graph begins to ramp up before the spark occurs.


[image: Chart
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The Idle valves scope pattern shown above represents the valve functioning with each stroke while idling at 80oC. The variation in the magnitude of the waveforms is due to the changes in engine electrical load along with engine temperature, which as stated by Eduardo Ruelas (2016) are the two main effectors. However, the frequency remains constant as the idle speed valve adjusts the valve gap not the frequency that it opens.
Air Flow & Throttle Potentiometer Signals
[image: Diagram
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The Air Flow Sensor and Throttle Potentiometer Sensor both feed data to the ECU via potentiometer using a 5V signal, therefore their waveforms should have a similar shape as the waveforms shown above confirm. I measured frequency of the AFS and TPS to both be 0.255 Hz, this we also expect to see since the two sensors work in tandem in the ignition system


[image: ]Injectors (Simultaneous)








Pin 16 and Pin 17, both connected to two banks of injectors, analysed graphically are almost identical as shown above. As previously discussed, for the injector banks to function correctly the injection on time and injection frequency must be the same, this is confirmed above. The one exception in the data is the V1 readings which showed a difference of 0.9 V, however since the voltage difference between V1 and V2 was still the same it is not important, only that the injectors fired with the same voltage output.

[image: Diagram, schematic
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Under acceleration I notice from the graph that there is increase in frequency along with the wavelength extending. This change is a result of greater demand on the engine, requiring more fuel to be injected, therefore lengthening the time the injectors are open.


Lambda Sensor
[image: Diagram
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The lambda sensor waveform above has a fluctuating nature with varying frequency, wavelength, and magnitude. These aspects of the waveform are due to the Lambda sensors function in constantly measuring the amount of unburnt oxygen in exhaust gasses. To evaluate the working condition of the sensor one parameter we can look at it the voltage range, which Bosch Automotive Aftermarket (2018) suggest should lie between 0.1 V - 0.9 V. Comparing this to the 0.079 V - 0.708 V range from the tested waveform we can assume the sensor is functioning as it should in this aspect.

[image: Diagram
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The waveform of a crankshaft sensor at idle or at a constant RPM should be smooth and regular since the sensor works by detecting the crankshaft teeth as they pass the sensor. The wavelength at 30 ms is due to a missing tooth, which according to Efignition (2022) is deliberate to tell the ECU when one full circle is complete, and so the ECU can calculate the crank angle. According to Garry Lovett (2016) the major influencer on this waveform’s voltages and frequency is RPM. Under acceleration the waveform would increase in amplitude and frequency, then vice-versa for a slower RPM.

3.2 LE3 Jetronic Data Analysis
	3.2.1 Scope Pattern Analysis
[image: A picture containing graphical user interface
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The secondary voltage waveform appears to be the same shape as the scope pattern from the Motronic testing, however is has a few minor differences. There still exists the dwell time in the first section of the waveform while the secondary coil is charging, before the jump in voltage to around 11 kV indicates the firing line. Immediately after this sharp jump in voltage the burn time is in effect for 0.7 ms.


[image: A picture containing diagram
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The scope pattern above depicts the primary ignition waveform just as it was read on the Motronic system, with the current overlayed on the pattern. From the graph it is clear to see the current undergo a sharp increase just the primary coil begins to charge, this period also known as the dwell period is when the current is flowing inside the primary circuit Pico Auto (2022). Then as expected, the current drops sharply as the voltage spikes before the spark, till the next dwell period begins.








3.3 NTC Sensor Analysis for both systems
	3.3.1 NTC Graph Analysis

The graphs shown above are drawn with the CTS data I gathered during testing, when analysing the graphs the first obvious comparison is that they both comply with the principle of NTC thermistors. By this I mean the resistance decreases as temperature increases, sourced from IDC-online (2014). Another notable data point of the two graphs is the starting resistance at 20 oC, on the Jetronic system the starting resistance is 2020 ohms, then 1584 ohms on the Motronic system.








4.0 Discussion
	4.1 System Modifications/Improvements 
		4.1.1 Air Flow Sensor
One modification that could be made to both injection systems is on the Air Flow Sensor which has several disadvantages that may have an effect on the system functionality. For the data from the AFS to be useful to the ECU it must first be converted to mass, which adds a slight time delay to the ECU adjusting injection on time from the data transmitted. Another source of delay is the flap that must be pushed by the airflow, so therefore acts as a restrictor. Finally, hot wire and film AFS types are very expensive if they need replacing, which is made worse by the fact that these types also have the problem of accumulating oil and dirt, deteriorating the sensors accuracy as stated by RF Wireless World (2012). A replacement to solve these problems could be a Manifold Absolute Pressure sensor, which would remove the need for the volume conversion. It also means that the oil and dirt build up mentioned  before would no longer be an issue in the sensors accuracy.



		4.1.2 LE3 Jetronic ECUs
A key draw back with the Jetronic system when comparing it to the Motronic is the case of multiple ECU’s. The act of converting analogue signals to digital separately causes a time delay, therefore merging the Fuel ECU and Spark Advanced unit would remove the time delay.

		4.1.3 MAP Sensor Analysis
When comparing the MAF sensor and MAP sensor they mostly accomplish the same tasks in providing the ECU with the necessary data to adjust injection on time, however the MAP sensor can provide extra data inputs in some area that gives it the edge on the MAF sensor. One such advantage explained on DrivingLife (2016) is that the MAP sensors ability to measure pressure allows it to take altitude into account when supply air flow data to the ECU, therefore getting more accurate adjustments for fuel efficiency. However a disadvantage stated by the writing is that MAP sensors can make it more difficult to tune an engine.




5.0 Conclusion

In conclusion to this report, I have achieved most of the aims set out in the introduction. I have detailed testing procedure for the specific components or ECU pins that were tested previously while listing the equipment I used, and I have given a brief health and safety overview for working in this environment. The too-brief analysis section included multimeter testing data as well as scope patterns from the diagnostics computer, this data was evaluated and explained where possible. Finally, using knowledge of the two systems I suggested modifications that could be made to each to improve the engines efficiency, analysing these modifications.
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Figure 1 (Equiptech 2021):
[image: Diagram
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Figure 2 (Equiptech 2021): 


[image: Diagram, schematic
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Figure 3 (Equiptech 2021):







	Motronic 1.5 55-Pin ECU
	Pin No.
	Component 
	V - ignition off
	V - ignition on

	1
	Negative side of coil
	0
	12.15

	2
	Earth
	0
	0.03

	3
	Ctrl circuit for Fuel Pump
	0
	12.04

	4
	Rotary Idle Valve
	0
	9.72

	5
	Tank Vent Valve
	0
	12

	6
	Fuel warning light
	0
	11.29

	7
	Air-low Meter
	0
	0.31

	10
	Earth
	0
	0

	12
	AFS & TPS 
	0
	5.04

	13
	Diagnostic socket supply
	0
	10.06

	14
	Earth
	0
	0.02

	16
	Bank of Two Injectors
	0
	11.96

	17
	Bank of Two Injectors
	0
	11.96

	18
	Permanent Memory Live
	12.3
	11.98

	19
	Earth
	0
	0.02

	22
	Engine warning light
	0
	0.91

	24
	Earth
	0
	0.03

	26
	Earth
	0
	0.05

	27
	Ignition feed
	0
	12.05

	28
	Lambda output
	0
	0.45

	32
	Output to on-board computer
	0
	11.24

	36
	Ctrl circuit for supply to Auxiliaries & ECU
	11.98
	0.31

	37
	Supply to ECU & on-board computer
	0
	11.97

	40
	A/C
	0
	0.05

	41
	A/C
	0
	0.05

	42
	Earth (manual transmission)
	0
	0.03

	44
	NTC 1 output
	0
	3.71

	45
	NTC 2 output
	0
	3.69

	46
	Octane plug input
	0
	5.03

	48
	Crankshaft sensor output
	0
	0.05

	49
	Crankshaft sensor output
	0
	0.09

	53
	TPS output
	0
	0.63

	55
	Earth (diagnostic socket)
	0
	10.94
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LE3 Jetronic NTC Graph (pin 8)


20	30	40	50	60	2020	1089	758	535	375	Engine Temperature (Celcius)


Resistance (Ohms)



Motronic NTC Graph (pin 45)


20	30	40	60	70	80	1584	970	623	391	268	242	Engine Temperature (Celsius)


Resistance (Ohms)



2

image3.tmp
kL l 1. Fwals

Bk

i
Fattara/Sueep | Seale [Feas Tovis | Curzar EMF
5 F RV R—U EMf

i
b score 129-2Velts





image4.tmp




image5.tmp
‘Rotary dle Valve

i v
0y

P
il

Pin

15 ot de 3

[-atte





image6.tmp
Scale
00U

50

Carsor

LAB SCOPE.

Py

o 53




image7.tmp




image8.tmp
i
0
a0
20
o
1o 20 EL

[ Signal | Pattern/Susep | Scals [Frams

R T s
Eraa—
e xipa . . Ton score





image9.tmp
UDiEF | T Dirr





image10.tmp
10

10

20 30 40 ws 50

Syve| [ Signal
Lock| [Pinpt 1
W | lore

50 ns

Paltorn/Suee)

Scalo [Frane Tovie | Cursor
50 U 0.00__[OFf





image11.tmp
1324
|Secondary Votage: Cylinder 1
|





image12.tmp




image13.tmp




image14.tmp
e

7 I}

3

s

R A S -





image1.tmp
Prifysgol Cymru
Y Drindod Dewi Sant

University of Wales
Trinity Saint David





image2.tmp
Voltage (V)

5.0

Vo —E;

No—Ep

Measuring Plate Opening




