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1. Introduction
ECU controlled fuel injection and ignition has paved the way for complex control and adjustment of the factors that determine the characteristics of combustion within an engine. The calibration engineer is now set with the task of writing a series of complex maps governing how the engine performs under a variety of loads and conditions. The modern engine must comply with ever tightening emissions regulations, while maintaining usable power when required. In addition to this, correction maps must be created to deal with situations such as cold starting and knock protection. This report will examine the factors considered when writing certain maps to provide a vehicle that can be certified as roadworthy while maintaining performance. 
Two engines will be examined for the report. Part one maps will be based on a high-performance N/A engine.  Part 2 will examine a 1.2 litre GDI engine to ascertain mapping strategies. 
2. Lambda Map
The lambda map or A/F ratio map determines the amount of fuel delivered to the cylinder based on the amount of air entering per cycle. At lambda 1, the stoichiometric air fuel ratio is defined as 14.7kg of air for 1kg of fuel. The A/F ratio λ indicates the extent of which the instantaneous air/fuel ratio deviates from the theoretical ideal:
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Richer fuel mixtures give λ values less than one and vice versa for leaner mixtures. 

The lambda value is critical concerning the effective operation of a 3-way catalytic converter, which requires an exact λ ratio of 1 to operate at maximum efficiency. In this state the emissions control unit can virtually completely convert CO, HC’s and NOx. (Bosch, 2006) Therefore, for a vehicle to stand the best chance of passing the NEDC test, a stoichiometric region where the vehicle is tested must be implemented into the map to ensure it is roadworthy. 
Where performance is concerned, a stoichiometric mixture is not optimal for output, but a rich mixture of around Φ = 1.1, or λ = 0.9 (corrected from table value of 0.83 for flow restriction) for N/A engine gives the highest flame speed, thus providing the maximum amount of torque available from the fuel. 
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Sl,0 = Laminar flame speed.
Bm = Maximum flame speed.
λm = A/F ratio at which Sl,0 reaches it’s maximal value. 

Table 1
	Fuel
	λm
	Bm (cm/s)
	Bλ (cm/s)

	Gasoline
	0.83
	30.5
	-54.9
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Figure 1 Laminar burning velocities at 358 K of a commercial gasoline and its surrogate mixture. (Science Direct , 2016)
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2.1 FER, λ Maps
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Figure 4 Lambda 3D graph.
2.2 Analysis 

The fuelling map is initially based around the drive cycle, this is the critical part of the map to allow the vehicle to pass the NEDC test. Lambda 1 must be run in the low load, low RPM region up to around 3000 RPM – 3500 RPM for the catalyst to work. The exact region will vary from engine to engine, in this case, assuming the subject engine can accelerate up to 120 Km/h at 3500 RPM. This stoichiometric region extends at low load to high RPM to save fuel when cruising. It can be desirable to run a lean mixture of around λ = 1.1 for cruising conditions (Low load, mid to high RPM) to save fuel. Lean mixtures at low RPM can be dangerous for knock, as the mixture is less explosive, so the unburned zone waits longer for the flame front to arrive, leading to increased pressure and temperature. (McDonald 2018) When accelerating past part load throttle the fuelling will change to suit power delivery, Figure 1.1. For the subject N/A engine, assuming effective cooling, the map can be set to run near peak torque FER for the best part of the high load range above 3000 RPM, (not being restricted by high boost pressure causing knock). At peak power, peak RPM high load regions over fuelling is necessary to maintain operating temperature. By inducing a rich mixture the cylinder temperature is lowered by the evaporation of the fuel. This can be dangerous if too much excess fuel is lost into the exhaust where it will burn in the catalyst, raising the internal temperature and damage will occur. A balance must be made to ensure operating temperature to control knock with preserving the catalyst. (Walker 2001) The extra fuel mass will lower the temperature slightly but as the total cylinder charge is dominated by the air mass, it does not have such a profound effect as evaporation of the fuel. For transient loading and speed, the ECU does not implement the value cell by cell, rather it interpolates directly between points so that the response is not so sudden that it would make the vehicle un-drivable. 

2.3 Cranking Enrichment 

At engine starting, low air speed and low throttle opening leads to much of the delivered fuel dropping out of the air stream. A correction map must be created to adjust the fuelling accordingly for successful starting, even if the engine is warm. This is where additional fuel delivery is enriched initially, then decaying off over a few seconds. The exact amount of enrichment will depend of the air flow dictated by the port geometry and size (for port injection), and by the ambient temperature. Experiments with the engine would have to be performed to successfully allocate the cranking map, but most engines will require between, 5% - 30% or fuel enrichment. The enrichment lasts for around 25 cycles. (Walker, 2001)
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Figure 5 Start up enrichment map from the Emerald system. (Walker, 2001)
3. Spark Timing
For the engine to operate efficiently, combustion must be accurately timed to coincide with the piston motion. Where if combustion is started too early the flame front will act against the upward motion of the piston, too late and the flame front will not reach the outer regions of the combustion chamber before the piston has already started to move away down the bore, reducing the work. As combustion takes time to complete, (2 – 2.5 millisecond) the timing must be initiated BTDC to manipulate peak cylinder pressure point at around 14° - 16° ATDC to get the best balance of positive and negative work. This is called maximum brake torque timing (MBT) (McDonald, 2018)
MBT timing is ideal at full throttle but is restricted by the occurrence of knock due to the rapidly rising cylinder temperatures. So, the ignition timing may be retarded towards TDC to compensate for knock.  This is a common problem in turbo charged engines where increased pressure makes the engine susceptible to knock. 
On an N/A engine between 800 – 3000 RPM the ignition must be suitably advanced to keep pace with the increasing piston speed. Beyond this the cylinder temperature rises, with it the flame front speed to a degree where it can keep pace with the increasing piston velocity. This is due to the turbulent air caused by the piston motion, feeding the flame front. 
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· ST = Turbulent flame velocity, 
· Sl = Laminar flame velocity, 

· K = Constant α 

On an N/A engine that is not knock limited it is possible to maintain MBT timing through the high load, high RPM range with a naturally increasing flame speed. 
Table 2 Experimental optimal MBT timing for a L850 engine from SAAB.  
[image: image8.png]N[rpm] | pum [KPa] [ SA [deg]
1200 40 254
2000 70 -229
2000 80 -21.0
3000 50 -342
4000 60 -34.1





3.1 Knock Protection

To protect the engine from knock on a system that does not incorporate knock detection, test runs would have to be performed to establish the knock point at each load and RPM. A safety margin of 5° - 8° retard is added relative to the knock limit. By retarding the ignition, combustion takes place in a larger volume, effectively lowering the combustion temperature to reduce the chance of knock occurring.  (Bosch 2006)
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Figure 6 PV diagrm idicating the critical events of the combustion cycle. (Performance Trends , n.d.)
3.2 Ignition Advance Map
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Figure 8 Ignition advance 3d graph. 
3.3 Analysis 

An ideal map would run MBT timing across much of the range used for normal driving to improve efficiency, but due certain limitations the ignition advance must be adjusted. At minimum speed and load the ignition is retarded beyond TDC to prevent the vehicle from having too much torque and keeping idle stable. This forces the throttle to stay open enough to maintain stable combustion. Having too much advance at this point would also lead to the car lurching away when the driver applied the throttle to initially move. At minimum load across all RPM sites the ignition is retarded to maintain stable combustion but preventing the engine from producing too much torque, where none is needed.
For low load across the RPM range where coasting is most likely to happen, the λ map may stipulate a leaner mixture giving lower temperatures and so the flame speed is slower. This requires more advance to ensure the flame front reaches the outer regions of the cylinder before the piston moves away. 
At mid to high load MBT timing can be implemented over much of the range where power is needed. The N/A map can maintain this timing even at high load and engine speeds, where a turbo charged engine would have to implement knock protection by retarding the ignition, to burn the combustion constituents in a larger volume to maintain a suitable temperature to prevent knock. 
3.4 Cranking Advance
Cranking advance will be in a range of 10° - 32°, depending on the engine size, compression ratio and cranking speed. Smaller engines with a high cranking speed will require more advance, where slower cranking speeds in a higher compression ratio engine will require less. Kick back can occur with too much cranking advance where the flame front reaches the piston crown BTDC and overpowers the starter motor. This will cause damage to components, so must be corrected to ensure proper starting by reducing the cranking advance correction map.  
3.5 Emissions

If NOx and excess HC were found in the NEDC cycle, this indicates that the combustion temperature is too hot causing NOx, and inefficient combustion due to poor atomisation and incorrect ignition timing is leaving unburned fuels. Position of the injector in the port could be a factor of the atomisation, along with cylinder and piston crown design. Bad mixing will lead to rich patches where the extremities of these zone will burn leaving the denser patch of fuel unburned, ultimately sending excess HC into the exhaust. Catalyst temperature will contribute to excess HC if the cat has not been heated to optimal operating temperature. Running a λ = 1 is essential for the catalyst to work effectively. Ignition timing can be retarded to reduce combustion temperatures, along with adding an appropriate amount of EGR to assist with NOx reduction.  
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Figure 9 Nox PPM as a fuction of EGR percentage. (Hine 2017)
4. 1.2 GDI Turbo Analysis
Analysis of mapping strategies for a 1.2 litre GDI turbo is to be carried out to ascertain methods to maintain optimal operating parameters. The subject engine is quoted as having a peak head gasket limit of 140 bar, and a peak simulation result for cylinder pressure of 140 bar. (D Hancock, 2008)     
Peak cylinder pressures are shown in figure 4.1. The peak experienced is 118.8 bar, at 4000 RPM, max load, giving the max safety limit of 21.2 bar seen in this data. This safety margin would be to allow for any unexpected spike in pressure from knock occurrence. Peak pressures have been manipulated within acceptable limits with high amounts of ignition retard, as seen in figure 4.2.  
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Figure 4.1 Pmax average for all cylinders, for 1.2L GDI downsized engine. (D Hancock, 2008)
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Figure 4.2 Ignition advance for 1.2L GDI downsized engine. (D Hancock, 2008)
5. Burn Duration

The burn duration is given from the ignition point, to the Pmax angle ATDC. There will be a delay between the spark time and start of combustion, but this is not factored into the calculation. Pmax is also not necessarily the end of combustion, but this value will be used for the task of this calculation.  The crank angle of the spark timing is added to the angle of Pmax ATDC to give a duration in °. This value is converted into seconds by:
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Burn duration reduces and hence the flame speed increases (in seconds), as RPM increases. This is seen over all BMEP values. At low to mid RPM, the burn duration steadily decreases until around 750 Kpa, where it then maintains a steady velocity until maximum BMEP is achieved. The burn duration in degrees trend increases with RPM due to the increasing crank velocity, indicating that the flame speed cannot keep up with increasing engine speed. 

Table 5.1 Burn duration in degrees. Taken by adding spark timing angle in ° + angle to Pmax ATDC.

	BMEP
	Burn Duration °

	
	3000
	 
	 
	 
	31.6
	31.3
	34.7
	34
	 
	 
	 
	 
	 

	
	2875
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	
	2750
	 
	 
	29.2
	 
	 
	 
	 
	31.4
	 
	 
	 
	 

	
	2625
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	
	2500
	 
	 
	28
	29
	30.8
	31.8
	32.2
	30.4
	 
	31.4
	 
	 

	
	2375
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	
	2250
	 
	 
	 
	27.6
	 
	30.3
	 
	29.2
	31.2
	31.2
	 
	 

	
	2125
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	
	2000
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	
	1875
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	
	1750
	 
	 
	35.1
	26.1
	27.3
	28.8
	29.9
	29.4
	31.3
	31.2
	33.2
	35

	
	1625
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	
	1500
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	
	1375
	 
	 
	24.4
	26.1
	27.3
	29.3
	30.7
	31.5
	32.2
	32.6
	33.7
	35.1

	
	1250
	 
	 
	 
	26.8
	28.6
	29.6
	 
	 
	 
	 
	 
	 

	
	1125
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	
	1000
	 
	23.2
	26.7
	28.1
	29.4
	31.3
	32.3
	33
	 
	33.4
	 
	36.5

	
	875
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	
	750
	 
	 
	28.8
	30.3
	31.9
	33.9
	 
	 
	 
	 
	 
	 

	
	625
	 
	29.8
	32
	32.7
	34
	35.7
	33.4
	33.7
	33.4
	33.6
	34.1
	37

	
	500
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	
	375
	 
	32.8
	35.5
	34.7
	37.3
	37.7
	 
	 
	 
	 
	 
	 

	
	250
	 
	36.4
	41.9
	39.5
	43
	41.3
	36.9
	37.7
	 
	36.6
	 
	40.4

	
	125
	 
	 
	42.6
	 
	 
	 
	 
	 
	 
	 
	 
	 

	
	0
	500
	1000
	1500
	2000
	2500
	3000
	3500
	4000
	4500
	5000
	5500
	6000

	
	RPM


Table 5.2 Burn duration in seconds.
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Figure 5.1 Burn Duration in seconds as a function of BMEP. 
6. Fuelling Strategy 
The fuelling map maintains λ =1 for the majority of the map. A high temperature region seems to occur in the 3500 – 6000 RPM, 2000 Kpa BMEP and above region, see figure 6.1. Fuelling is set to a rich mixture from, λ = 1 to λ = 0.92 at its peak for this high load and high engine speed section of the running map. As discussed in section 2.2, this over fuelling aids in cylinder temperature suppression by the mechanism of evaporation. 
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Figure 10 Exhaust lambda map.  (D Hancock, 2008)
7. BSFC

Brake specific fuel consumption (given in g/kW.h) is the measure of the actual gms of fuel used to produce 1kW for 1 hour. I.E to produce 3.6*10^6 Joules. (McDonald 2018) naturally the lower the BSFC the more efficient an engine is running. Calculations can be made to determine where in the engine range it is operating at maximum efficiency by finding the lowest value for BSFC.

Calculation steps for BSFC:

Power (kW):
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Fuel mass flow (Kg/h):
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Air mass has been provided in data, figure 7.1. Fuel flow converted to gms/h. 
λ = 1

BSFC:
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Table 3 BSFC results. 

	
	BSFC

	17.5
	298.5423
	277.24
	261.4836
	256.0044
	255.3936

	13.75
	276.0668
	270.7236
	261.2245
	253.874
	254.2981

	12.5
	244.3537
	245.9864
	245.2608
	
	

	10
	252.7211
	252.517
	254.4218
	259.2809
	260.8844

	7.5
	273.4694
	276.4626
	278.7604
	
	

	
	2000
	2500
	3000
	3500
	4000


Efficiency (η):
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Lowest BMEP is found at 1250 KPa at 2000 RPM, giving an optimum value of 244.35 gms/kW.h. Highest efficiency provided by this engine is calculated as 33.48%
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Figure 7.1 BSFC regions over engine load and range. (X-Engineer, n.d.)
Each engine has a peak operating range where it is at its highest efficiency. Deviations from this point will result in diminishing efficiency. At higher RPM, higher frictional losses will results in more fuel consumed. Lower load leads to higher pumping losses. Higher load, results in higher combustion temperatures, requiring more fuel to manage cooling, and lower RPM leaves more time for heat transfer. Figure 7.1 illustrates this region, but not for this specific engine. 

8. Conclusion 

The report has covered the principle factors concerning engine mapping. These principles can be followed to generate and understand what changes an engines running characteristics. But every value is a compromise between efficiency, power delivery, emissions, drivability and other outcomes, that make mapping a challenging task. Each engine will have its own preferred inputs depending on its size, speed and design, so successful mapping is only achieved with a combination of understanding mapping characteristics, practical experience and successive testing.    
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Figure � SEQ Figure \* ARABIC �7� Ignition advance map.
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