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Summa 

This project SllOWS the develoPlllent of a flexible, re-configurable electronic control 

unit (ECU) fitted to a diesel engine. Tile engine in question was a single cylinder 

Ricardo Hydra research engine. tt was configured in the direct injection dieselillode 

using a high pressure common rail fuel injection system. 

The ECU was built around a platform consisting of a PC and FPGA (Field­

Programmable Gate Array) data acquisition card Tilis PC runs a host progralll and 

performs in a superlisory capacity. It reads in the data from the FPGA card and 

displays it on a graphical user Interface, additionally. does calculations and updates 

the injection parameters. The FPGA program runs on the data acquisition card 

which does all the deterministic control and data capture The relevant front end 

circuitry was designed and built to mimic current production ECU's. This system now 

becomes a useful tool for flexible fuel researcll and rapid develoPlllent of control 

strategies. 

A control strategy was developed with two fuets in mind Namely, a European 

specified dieset (EN590) and a Gas-to-Liquid (GTL) diesel from Sasol Ltd, as well as 

blends of these tv/Q fuels 

The focus of the control strategy hypothesis was to rTlinimlSe the emissions based 

on the fuel·s properties. The thinking behind this was that with the addition of new 

fuels into tile Illarket place, from various alternative sources, tile engine 

manufacturers can no longer rely on open-loop control using a traditional engine 

map Each fuet has different combustion characteristics that need to be exptoited by 

the ECU in order to benefit from any possible emission reductions This inherently 

implies the introduction of closed-loop control systems 

Control Strategy Hypothesis 

The control strategy hypothesis was defined as follows: Firstly. to detect a change in 

the fuel type Tilereafter, tile controller would use this knowledge of the fuel to 

optimise the engine emissions 

page r.' 
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In order to detect a change of the fuel type going into the engine. a parameter was 

defined based on the fuel's HydrogenlCarbon (HIC) ratio. This was calculated only 

once the controller had adjusted the injection settings to yield the same load (as was 

produced by the reference fuel for a known set point) and combustion phas'lng 

thereafter the calculation was done using the aspirated air-mass flow, gravimetric 

fuel flow and the oxygen content in the exhaust, in the form of lambda After the HIC 

ratio was calculated in the aforementioned manner, a superllisory controller can 

optimise the combustKln based on this information, 

As is known with Nitrous Oxides (NO,) and Soot/Particulate Mass (PM) exhaust 

emissions. there is a trade-off Additionally. there is an approximately linear 

relationship between Hie ratio and SootiPM, This, in turn, implies that there are 

different NO, - PM trade-off curves based on the fuel's HIC ratio, which therefore 

can be traversed to Illinimise the eillissions as shown in the graphic below, by 

changing the injection timing. There are timing limits on ei ther end of these curves 

that the controller would not be allowed to exceed The timing advance would be 

limited by the maximum allowable cylincer pressu re that the engine was designed 

for On the other end the timing retardation would be limited by unburned 

hyd rocarbons or BSFC (brake specific fuel consumption) for example, 
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Validation 

In order to validate the control algorithm five different fuels (EN590, GTL, and 3 

blends in between) were used with varying H/C ratios and cetane numbers. These 

were run at the same engine operating point with and without the control; the 

control-off operating point for all the fuels was the chosen point for EN590. 

Additionally, a timing sweep was done for each fuel to ascertain its NO,-Soot trade­

off curve, and where the operating point was on this curve. Furthermore, the tests 

were run with and without pilot injections to gain further insight into the performance 

of the controller. Emission data, fuel consumption and power output were recorded 

to highlight the benefits of the control system. The success would be judged on the 

controller"s ability to identify the fuel in use, and what emission improvements could 

potentially be achieved. 

Conclusions 

The ECU was fully functional and fulfilled all its requirements. Additionally, 

satisfactory control over the combustion phasing as well as the load was achieved 

This control technique compensated for any differences in fuel energy content. 

injection delay and ignition delay. 

Different Soot- NO, trade-off curves were clearly identified based on the fuel's H/C 

ratio. These distinct curves have the potential to be traversed, with knowledge of the 

HIC ratio and the end limits, to significantly optimise emissions performance in 

favour of either NO, or soot 

Furthermore the results confirmed that there was a clear linear relationship between 

soot concentration and HIe ratio - reducing soot with increasing H/C ratio. An 

insignificant change between the NO, emissions and the H/C ratio was noticed. 

despite the difference in cetane numbers It is speculated that this may be caused 

by the increased flame radiation heat loss for EN590 combustion, due to its higher 

soot levels. 

The HIC ratio detection followed the trend of the actual fuel's H/C ratio, but to an 

unsatisfactory level without correction. An empirical correction factor was developed 

page vi 
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Glossar 

Lambda (n This is defined as the excess-air factor, or the ratIO of the actual 
air/fuel ratio (AFR) to the theoretical stoichiometric AFR 

Acronyms 

AFR Air/fuel ratio 

B50 50'" pOint of the luel's heat release 

BOC Bottom Dead Centre (prefix A represents After, conversely B is Before) 

BSFC Brake Specific Fuel Consumption 

CAD Crank Angle Degrees 

COM Crank-angle Degree Marker 

DMA Direct Memory Access 

ECU Electronic Control Unit 

EGR Exhaust gas recirculation 

FPGA Field-Programmable Gate Array 

FSN Filter smoke number 

GTL Gas-to-Liquid 

GUI Graphical User Interface 

HIC Hydrogen/Carbon ratio 

HC Hydrocarbon 

HIL Hardware-in-tlle-Ioop 

IMEP Indicated mean effective pressure 

LFM Laminar flow meter 

MOSFET Metal-Oxide-Semiconductor Field-Effect Transistor 

NO, Nitrous Oxides 

PC Personal Computer 

PI Proportional Integral 

PM Particulate Mass 

PV Pressure Volume 

SOC Start-ol-combustion 

SOl Start-ol-Injection 

TOC Top Dead Centre (prefix A represents 'after', conversely B is 'before') 
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1. Introduction 

With ever stricter diesel exhaust emission leglslalion being implemented there IS 

great demand for cost competitive solutions to achieve these emission levels. The 

easy way out would be to use expensive exhaust gas after-treatment systems but a 

more challenging way is 10 implement a 110vel engine control strategy 10 optimise the 

combustion process 

Optimisation of the combustion process is most effectively achieved in a closed-loop 

control enVIronment. Combustion parameters, like peak pressure, maximum 

pressure rise rate. heat release and start-ol-combustion. need to be measured and 

controlled. 

In order to develop these strategies I! IS therefore advantageous to have a fleXible, 

re-col1figllrable electronic control unit (ECU) fitted to the engine in question Current 

production ECUs would obviously not provide tllis since they are hard coded and do 

not give access to their lookup tables, 

A platform like this would allow the use! to develop strategies to optimise exhaust 

pollutant emission levels while the engine is running regardless of ambient 

conditions or what fuel is being used The two fuels tllat were concentrated on in tllis 

report were a fuel meeting the EN590 specification and a gas-to-liquid (G rLJ diesel 

fuel This natural gas derived diesel was chosen on the basis of it being speculated 

that this will be a reliable future fuel source Bio·diesel is also making inroads with 

the implemelltation of mandatory blending into conventional diesel, but there is still a 

lot of research to be done to allay fears of food crop offsets and 01l1er engine effects 

not yet known. As this transition happens there will more than likely, be a gradual 

increase in GTL blending rather tilan an overnigllt switcil 

rhere are a few closed-loop control strategies built into the more modern ECUs, but 

these involve the control of more localised variables (i e start-of-injection or idle 

speed) Combust~n analysis is a relatively new concept for production ECUs, Media 

reports Ilave suggested tilat the engine manufacturers are on the verge of 

implementing full combustion control in some of their engines, 

IncroductlOIl page 1 
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This document describes the development of such a flexible, re-configurable 

electronic control unit (ECU), and aims to demonstrate a control strategy hypothesis 

to help meet the stringent emission levels. 

Report Structure 

The layout of this report starts in the next section with a table containing the terms of 

reference that had to be achieved. Thereafter, a brief theoretical background is 

given followed by the literature review. 

Next, the design solution is presented which is broken down into two subsections; 

the electronic control unit design and the control strategy. Following that, the 

validation process of the controller is described. Included in this section is the 

engine setup that was used for the validation. 

This report concludes with the discussion of the various results and draws 

conclusions based on these results. 

Introduction page 2 
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2. Terms of Reference 

Table 2-1 shows the terms of reference that will guide the scope of this project. It will 

be seen that there are two main parts to this project; Firstly, to design and build a 

versatile PC-based ECU for the Ricardo Hydra, and secondly to implement a novel 

injectiOll control strategy which can capitalise on clearJer-hurning characteristics of 

diesel fuels with lower aromatics content 

Table 2-1" High level specifications 

No. 5 ecification Status ----
Part 1 - Design and build a versatile PC-based ECU 
for the Ricardo Hvdra 

1.1 Normal diesel engine ECU features Achieved 

1.2 Production standard injector driver Achieved 

1.3 Pilot and main injectioo events Achieved 

14 PC based Achieved 

1.5 Fail safe Achieved 
---- .-

1.6 Programmed in LahVIEW Achieved 

1.7 Userfriendty interface Achieved 

Part 2 - Implement a novel injection control strategy 
into the ECU .- -

2.1 Control load and injection timing to a desired set point Achieved 

2.2 
Develop a parameter to identify fuel type during normal 

Achieved 

r- operation 
Demonstrate the control system's potential through a 

23 
suitable validation process 

Achieved 

Refer to Appeildix A for more detail on the contents of the above table 

Once the ECU with control algorithm support is completed. various conclusions will 

be drawn about how the control strategies interacted with the fuels. 

Terms of Reference page 3 
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3. Back round and Literature Review 

Electronic Control Unit (ECU) 

An ECU also known as an Electronic Diesel Control {EDC} in a diesel engine IS a 

control unit which controls varioLis aspects of an internal combustion engine's 

operation 

Some of tile first generCltion ECUs only controlled too injected fuel qucmtity for each 

cylinder, each engine cycle - previously this was done mechanically. ECUs have 

evolved and taken on more tasks as the fuel injection systems have become more 

flexible. [15] Nowadays advanced ECUs found on most modern diesel passenger 

cars also control the Injection timing rail pressure, exhaust gas recirculation boost 

level of the turbocharger and other peripherals These control parameters are 

calculated by monitoring the various engine scnsors, These can include engine 

speed, fuel rail pressure, manifold-air pressure, intake-air mass f low, intake-air 

temperature accelerator position, exhaust lambda and various others. This 

enhanced functionality and flexibility lets the ECU designers implement complex 

injection strategies, for example, the several small pilot Injections (used to 

precondition the cylinder for the main combustion) that can be injected before the 

main injection Additionally, the occasional late injection for regeneration of exhaust 

catalysts would just not have been possible without this level of control 

Currently, most FCUs do not impicment closed-loop control of the combustion 

process Mostly the injection settings are provided from lookup tables. These tables 

consist of two-dimensional or multi-dimensional data maps that have injection 

settings mapped as a function of engine speed and load_ Correction factors and 

multipliers are used to account for changes in ambient conditions and transient 

operation 

There are closed-loop elements in modern ECU's (i.e_ control of idle speed, start-of­

Injection lambda) but there are still many development areas rela ted to this In 

particular, combustion analysis, which along with other closed-loop control 

strategies are discussed later in this Literature ReView section 

To summarise, there are three primary functions that an automotive ECU fulfils_ 

[lac~gro u "d and Lit era ture Review 
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Firstly. to detect the currellt ellgille operatillg cOllditiolls. Secondly, these variables 

need to be processed ill a COlltrolunit which decides 011 all appropriate actiOIl and 

gellerates the required output sigllals for the actuators_ Fillally, the actuators convert 

the signals from the control ullit illto the physical world 

A more complex actuator that needs more explanatioll is the solelloid-valve IIljector 

drlver_ This is expanded on below. 

Injector Driver 

A solelloid-valve illjector is a high currellt. electro-hydraulically activated device 

ihis device needs to be controlled to a great level of accuracy and repeatability to 

ensure reliable fuel delivery In order to achieve these needs a complex driver 

system is required The driver circuit acti'yates the illjectors by the use of a current 

waveform cOllsistillg of several phases [15], as shown ill Figure 3-1 below. 
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from a boost capacitor up to 100 V ulltil the Injector currellt reaches approximately 

20 A By usillg a high voltage this current level is achieved much faster than when 
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conventional battery voltage is used. This current ramp-up takes in the region of 30 

I-ls. 

Pickup-current phase 

Once the peak current is achieved by the previous step, the high voltage is turned 

off and the battery voltage is applied. The current is held at this 20 A level for the 

remainder of the pickup phase which assists in opening the valve rapidly. This 

phase is usually around 200-250 I-ls. 

Holding-current phase 

After the previous two phases are complete the injector is guaranteed to be open. 

Implying that the armature of the solenoid has pulled in completely, thus reducing 

the air-gap to the stator. This consequently reduces the required current to maintain 

the injector open. The current is now dropped to around 12 A for the remainder of 

the injection duration to conserve power and prevent overheating. 

Switch off 

Once the injection event is complete the injector is required to close as quickly as 

possible. The back EMF (electromotive force) that is generated from switching off 

the solenoid is usually directed to the high voltage boost capacitor. 

Closed-Loop Control of Combustion Process 

With the current demand for continued reduction in emissions and fuel consumption, 

any improvement in diesel engine control is welcome. One area that would be 

influential in meeting this demand is more direct control of the combustion process. 

The current industry norm is open-loop control, which is probably explained by the 

expense and added complexity of adding the necessary feedback sensors for 

closed-loop combustion control. 

These sensors would primarily come in the form of a pressure transducer, 

accelerometer and/or wide-band lambda sensor. There is a lot of focus on bringing 

down the cost of in-cylinder pressure transducers for this very purpose. Moriwaki et 

al. (2003) [13] developed a combustion pressure sensor installed inside a glow plug 

which showed good accuracy at a low cost. Ricardo UK (2006) [10] also found this 

Background and Literature Review page 6 
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when investigating the current sensor technologies that would be fit-for-purpose in 

closed-loop combustion control systems, and found a glow plug mounted pressure 

sensor as the target sensor option. It has been subsequently announced by GM 

[11], who worked in conjunction with Ricardo, that these sensors will be 

implemented in the 2009 Cadillac GTS. Alternatively, there has been good progress 

in simple optical sensing techniques. This sensor consists of a silicon diaphragm 

which responds to the applied pressure, and the deflection is detected using an 

optical interferometer. Fitzpatrick (2000) [12] showed good performance with this 

sensor type, and low cost production capability. 

These sensors will enable cycle-by-cycle combustion analysis on which new control 

strategies can be designed. The necessity for this is the current inability of open­

loop control systems to adapt to changing environmental conditions, as well as to 

detect faults or performance reductions in the engine with more accuracy. As the 

engine ages its tolerances change through wear or deposition which could result in 

cycle-to-cycle and cylinder-to-cylinder variations. Additionally, there are substantial 

differences in the EN590 fuel specification; e.g. fuel density varies from 820-845 

kg/m3 (Yates and Rabe [14] observed a slight drop in power from this density 

change). All these changes could potentially be detected and compensated for. The 

benefit of reducing these variations is that the engine could always operate at some 

optimum point. Beasley et at [10] have demonstrated a control strategy which deals 

with these variations, and have shown significant reductions in exhaust emission 

dispersion. The strategy involved, among other things, controlling the B50 point 

(50% point of the fuel's heat release) rather than the SOl (start-of-injection) point. 

This improves combustion phasing between cylinders and cycles by compensating 

for changes in injection and ignition delay. 

The previous few paragraphs have been discussing the injection control strategies. 

Another method of closed-loop control, developed by Bosch, is the lambda-based 

exhaust gas recirculation (EGR) control. Lambda control is imperative for the 

regeneration of NOx storage devices. This type of catalytic converter is regenerated 

when the overall AFR is rich and stores the NOx when the engine is running lean 

(1..>1), as in normal diesel operation. Rich conditions (1..<1), are achieved by 

periodically increasing the amount of EGR, retarding injection and/or throttling the 

intake. There is quite a challenge in doing all this without affecting driveability. 

Background and Literature Review page 7 
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Nevertheless, it has been done quite successfully and enables significant emission 

reductions. 

Fuel Effects 

With the threat of diminishing crude oil supplies, it is likely that fuels for internal 

combustion engines will be produced from a wider variety of feedstocks (e.g. natural 

gas, biomass, waste animal fats) in future. A particular challenge facing automotive 

manufacturers is to ensure optimal engine operation with fuels from these diverse 

sources. 

Thus, it would be beneficial to detect, while running, different types of diesel fuel, 

and optimise the injection settings to suit the change in fuel properties. 

This would require a method or an on-board sensor that could detect the change in 

fuel composition. A news report [17] has made mention to a company (SP3H) that is 

developing an in-tank near-infrared (NIR) sensor which categorises the composition 

of the fuel by hydrocarbon family. They intend on going into commercial production 

for the 2010 model year. This would give the ECU estimations of valuable fuel 

property information (i.e. Density, viscosity, heavy aromatic content, bio-fuel type 

and content, Distillation curve and cetane). 

To get an idea of how these fuel properties will change with different fuels, a 

comparison is made between GTL diesel and the typical range for crude oil derived 

diesel (See Figure 3-2 below). Appendix C contains a full comparison of the fuels 

used in this project. 
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Fuel Property Typical GTL Diesel Flle/ 

Density (kg/m' at 15 °C) 820 "" 75) • , 8s) 

\/i5oo5ity (cSt at 40 0 C) 2.0-4.5 20 • " 
Healing Va",l!! (hi-iV MJlkg) 455_46,0 45 , • 47 

AromatiCs Contellt (% mass) 20-30 0 • 40 

HIC ratio (mo,'ar) 1,80 - /,00 '.8 , • 2,2 

S u,'pJwr Conte!!t (mgAg) 5·5) a • 5) 

CetalJe Nvmber 50- 55 5) • 80 

-- Typical range for crvde-derived diesel • GTL diesel fuel 

Figure 3-2: GTL diesel fuel properties comparison [17] 

Cetene numlJer (eN) 

The cetane number is described as the fuels propensity to auto-ignite, Thus GTL 

diesel with all estimated cetane Ilumber of greater thall 74 would have a shoner 

ignition delay than the [N590 diesel (548 Cetane) A shOiter ignition delay implies 

that ~ss fuel is burned during the uncontrolled premixed combustion phase­

responsible for high pressure rise rates - thus reducing the peak pressures and 

temperatures There are additional benefits from the shorter ignition delay such as 

reduced engine noise. 

Density (1') 

Fuels are metered to the combustion chamber by volume So if there is a reduction 

in density as in GTL diesel. there will be a reduction in energy content for a 

hydrocarbon fuel. Consequently lower power and, in some cases, a decreased soot 

emission will be observed 

Healing Value (HV) 

The heating value is the amount of chemical energy released by combustion of a 

unit quantity of a fuel 

Ba:kgrQur,d and LI'8r8turf' Rf'VI 8W cage 9 
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The gross heating value is obtained when all products of the combustion are cooled 

down to the temperature before the combustion. Also, the water vapor formed 

during combustion is therefore condensed. 

The net or lower heating value is obtained by subtracting the latent heat of 

vaporisation, of the water vapour formed during combustion, from the gross or 

higher heating value. 

GTL's higher heating value compensates slightly for the lower power due to its lower 

density. 

Hydrogen to Carbon Ratio (HIC Ratio) 

The HIe ratio is the hydrogen to carbon ratio of the fuel on a molar basis (mol/mol). 

The HIe ratio is determined from the molecular structure of the fuel, which is the 

fundamental property that affects all other fuel properties. The affected properties 

are, among other things, the heating value, density and stoichiometric airlfuel ratio 

(AFR) of the fuel. As seen in Figure 3-2 the HIe ratio varies from 1.87 with crude oil 

derived diesel to 2.11 with GTL diesel. 

It has been shown that there is an approximately linear relationship in pure 

hydrocarbon fuels between its HIe ratio and particulate matter (PM) exhaust 

emission [2]. as shown below in Figure 3-3. 

1..0 ~Fi.IIIs D 

il9 
~Fi.IIIs , 

loa 

i01 

06 

as v 
04 

8.~ 

1.84 1m 2m 2f.B 216 2:!1 

HbClbnRlillio 

figure 3-3: linear relationship between PM and Hie ratio [2] 

Background and Literature Review page 10 



Univ
ers

ity
 of

  C
ap

e Tow
n

Particulates are formed in two stages, particle formation and particle grol'llh which 

incl.lde surface growth, coagulation and aggregation Particulates are formed 

through the oxidation andlor pyrolysIs products of a fuel I hese products typically 

include ullsaturated hydrocarbons Wllich are the most likely precursors to soot 

formation Throughout this process these products are dehydrogellated The 

additioll of mass occurs when the soot particles react with gas-phase molecu es, 

thereafter grol'llh continues with coagulation and aggregation [1] FUlldamentally the 

formation of soot is primarily from the carbon content of the fuel Thus with a higher 

Hie ratio there is less carbon available for this process It can be seen from the 

figure above that tile linear relationsllip only 110Ids for Ilydrocarbon fuels and 

excludes oxygenated fuels 

Additionally, the Hie ratio affects the NO, emissions. The heating value per 

stoichiornetlic air-fuel mixture becornes lower for a higller Hie ratio fuel, thus, 

reducing the adiabatic flame temperature. Since NO, production has strong 

temperature dependency [18], the main effect of this IS lower NO, emissiOll Figure 

3-4 shows how the adiabatic flame temperature is lowered with increasillg Hie ratio 

fuels It must be Iloted that an improved Ignition quality can also contribute to lower 

burned gas temperatures_ 

" -::! 250J 

" o 
~ 
'" 2550 , 
c 
~ 2<:,y, 

e 
o <, 

1 G 

< < < 

20 

Hie Ratio 

T = GOO K 
P = 50 b...-
i::qu ,," _ f<atKl = I T 

Figu re J-4: Calculated adiabatic flal'n" temperatu re as a fllnction of atom ic HIC ratio for a 
variety of hydrocarbon fu .. ls [20] 

The same effect IS achieved by retarding the Injection timing. which also lowers 

peak temperatures alld pressures Also, by reducillg peak temperatures and 
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reducing the effective time before the exllaust valves open, the rate and time for 

soot oxidation deneases, yielding increased levels of particulate emissions 

Conversely if the t iming is advanced the NOx emissions will increase due to the 

higher temperatures and the particulate emissions will decrease due to increased 

soot oxidation rates This leads to the NO, - Soot trade-off in diesel engilles. 

GTi is not yet commonly found in the forecourts but it is certainly headed for large 

scale integration into the market as it reduces dependence on crude oil [22], More 

importantly it lowers exhaust emissions with virtually zero percent sulphur; this aids 

in reducing partICulates and prevents catalyst poisoning It can be appreciated that 

there will not be a transition overnight but rather a gradual increase in the blending 

of the GTL diesel into conventional diesel This implies that without some novel 

control strategy the fucl benefits would go Imgely unnoticed that is unt il there me 

engines that are modified for GTL diesel and this diesel is freely available 

It is pOSSible to run an urlmodified erlgine Orl rleat GTL diesel and notice emission 

reductiorls without noticing a significant petiormance change [3-7] But. as 

merltioned above, it would be more advantageous to optimise tile engine to suit the 

fuel, While Ilardware changes would yield a higher reduction in emissions [8, 9J 

injection control would be much easier to implement in the form of ECU software 

upgrades 

Background and Li:erature Re view pClg e 12 
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4. The Desi n Solution 

The following sections describe the final solution that was implemented for each of 

the sub-systems 

4 1. Electronic Control Unit 

The eXisting Bosch ECU was removed from the engine. leaving the original sensors 

and actuators in place and designed from this state The following chapter goes into 

the details of these electronic systems 

Essentially there are three functions that an automotive ECU fulfils:-

• Firstly, to detect the current engine operating conditions. This is done by 

acquiring feedback from the various sensors on an engine - Discussed in 

Sections 4 1 1 and 4.1.2 

• Secondly. these variables need to be processed in a control unit thereafter 

generate the required output signals for the actuators - Shown in Section 4.1 3. 

• Finally, the actuators convert the signals from the control unit into the physical 

world - Explained In Section 4 1 A 

4 1 1. Hardware Platform 

The hardware platform that was selected for the project needed to meet quite a 

high specification It needed to fulfil several roles, along with capturing the data. 

It needed to control the various actuators at a high speed and to high accuracy 

rlexibility was another requirement This was needed to ensure a user-friendly 

platform to rapidly prototype the control algorithm 

There were several options that could potentially fulfil the requirements One 

option was to use a standard PC with a traditional data acquisition card. This 

l)6slgr Solu!"," page 13 
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would have been a user friendly, flexible and an inexpensive solution but lacked 

severely in the high sp€ed and determ'lnism areas. This was due to the fact that 

Microsoft Wi nd ows -" ca nnot perform true determi n istic contro I as it p n 0 ritises 

system processes over software timing loops A second option would be to use a 

microcontroller. Here there would have been high speed and accuracy, but this 

solution was discarded due to insufficient flexibility and user-unfr~ndliness, 

The option that fulfilled all the requirements was achieved by uSing a PCI data 

acquisition card from National Instruments (NI7831R) witll a Field­

Programmable Gate Array (FPGA) chip, This is a reconfigurable chip that 

rewires its internal gate array to perform the function of a program written In the 

LabVIEVV® FPGA software. In short this is a hybrid between the first two options 

mentioned above. The PC provides the flexible and user-friendly platform while 

the FPGA card provides true deterministic control over tile actuators. 

Additionally. fast and accurate data capture is supported The only disadvantage 

to this system was the higher price over the other solutions 

Figure 4-1; NI 7831 R data "cquisition card 

The following list gives the specifications of the NI 7831 R device (Figure 4-1) -

• 8 Analogue inputs, 16-bit resolution 200 kHz: Simultaneous sampling, 

±10 V 

• 8 Analogue outputs, 16-bit resolution, 1 MHz simultaneous updating. 

±10 V 
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• 96 Digit<llinputioutputicounter lines, 40 MHz, 3_3 V .I 5 V 

• 1 Million g<lte FPGA chip 

The analogue and digital channel assignment for the data acquisition card is 

shown in Appendix A 

4 1 2 Engine Sensors 

As mentioned above this PC-based ECU was developed using all the existing 

sensors Appropriate interiace circuitry was designed and connected up to these 

sensors All input sign<lls were isol<lted from the d<lt<l <lcquisition card as a 

precautionary measure. Additionally thermocouples were multiplexed to S<lve on 

the <lnalogue channel count. Refer to Appendix 0 for the circuit di<lgr<lms, 

<lddltionally to Appendix E for the Bosch sensor Irlformation All sensors are 

listed below 

Type of Sensor 

Engine Speed 

• Crankshaft encoder (AVI_ 364) 

Engine Phase 

• Proximity sensor mounted on the fuel pump driveshaft (Bosch 0 281002 

4061 

Thermocouples 

• Intake-air temperature (K-typeJ 

• Fxh<lust-air temperature (K-type) 

• Air-flow Meter temperature (K-type) 

• Coolant temperature (K-typeJ 

Pressures 

• R<lil pressure sensor (Bosch 0 281 002260) 

Des gn Solution page 1 S 
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• Intake-air pressure Sensor (KISTLER 7505) 

• Cylinder pressure (AVL QH32C Quartz Pressure Transducer) 

Fow 

• Laminar air-flow meter (Cussons P7200) 

• Gravimetric fuel-now meter (AVL 730) 

Emissions 

• Lambda (Horiba MEXA 110A) 

• NO, (Horiba MEXA nONO,) 

• Smoke meter (AVL 415) 

4.1.3. Software 

The programming language that was chosen for this project was LabVIEW®. 

This is a graphical based language which is easy to leam and very powerful. The 

development time IS drastically reduced by using a language in this form. 

Additionally LabVIE\N:!D easily integrates with all National Instruments data 

acquisition cards, thus giving the user a reliable PC-based control and 

acquisition system . 

All the systems in the deSign solution were mapped in the following block 

diagram (Figure 4-2) to show the underlying system structure behind the user 

interface. 
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' PC based ECU 

, 

Digital input L, 
0"0 ~"="=""==I c~.--~... I 

Analogue input 

"""'" """"", ,,,'"a''' "_ ... ,, -, 

LJ 

Injection 
senings 

PCI D"t~ 
Acqu;,' kln 
Board 

Figure 4-2: Systems structure 

I
-Digital output 
(PIIIIM) , 
R' I_"",,,,,,,,, "",L'e< 
~ .... 

D'igital output 
(PIIIIM) 

'''''''''-_''',0"" ,,...,,(;( 
",""d 

A host program runs on the PC and performs in a supervisory capacity. It reads 

mthe data from the FPGA card and displays it on the graphical user interface 

(GUI), does calculations and updates the injection parameters_ Figure 4-3 below 

is a screenshot of the user interface that was programmed for the ECU_ 
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Figure 4-3: ECU SCf~cnshot 

The rPGA program runs on the data acquisition card which does all the control 

and data capture This control includes the thermocouple multiplexer channel 

selection, rail pressure relief valve. shaft encoder and injector solenoid driver 

(See Appendix A for selected flowcharts of these programs) The pressure signal 

is captured every 0 1 CAD and transferred through a direct memory access 

(DMAl buffer to the PC The remaining Signals are acquired and stored as often 

as possible since they are not time critical 
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4.1 A. Engine Actuators 

In essence the only engine outputs this ECU had were the injector and the rail 

pressure control valve. The rail pressure relief valve (Bosch 0 281 002493) was 

driven using the 12 V battery and switching it using a MOSFET to obtain the 

desired rail pressure (circuit diagram contained in Appendix D). 

The injector driver has a more complex driver circuit In order to have precise 

metering of the fuel during injection. the injector (Bosch 0 445 110 030) needs to 

be opened and closed as quickly as possible. Typically the opening time is 

approximately 30 ~s; this cannot be achieved by using the 12 V battery supply 

The solution was to apply 95 V to the injector solenoid until the injector reached 

the requ ired peak current of 15 A. A 150 Wall DC-DC converter was used to 

boost the 12 V to 95 V which was stored in a 100 ,IF capacitor. This capacitor 

can be fully charged in 6 ms by the DC-DC converter, and was chosen to ensure 

enough energy is stored, between injections, to supply boost voltage for pilot and 

main injection events each cycle 

Once the injector was opened it was held at this peak value for 200 ,IS, thereafter 

dropped to a lower holding current level of 12 A for the remainder of the Injection 

event; this was done to reduce power consumption and therefore extend the 

battery life. 

After injection closure there was a capacitor recharge period of around 300 ,lS 

where the injector could not be switched on. This is required so that the 100 )IF 

capacitor could be charged up to 95 V again to ensure reliable opening for the 

next injection event. This injection waveform is depicted graphically in Figure 4-4 

below. 
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Figure 4-4: Injector current profile [16] 

A half-bridge driver chip was used to drive the high- and low-side MOSFETS to 

control the above mention current waveform Additionally a low-side current 

shunt was used to measure the injector current for the current COIl\roL This 

control method was to hold the current between two current levels whicl1 creates 

the saw tooth wave seen above 

There were a couple of off-the-shelf injector driver chips (e 9 LM1949) that could 

have done this but were nol suitable. They did have a similar current control 

method, as menlloned above, but were primarily for petrol injectors. The problem 

with that was the peak to hold ratio was hard wired into the chip al4 to 1 

Additionally, there was no pickup-current phase, only the peak-current phase 

was evident Because of these reasons the driver circuitry was designed 

specifically for this project 

Another issue that had to be overcome during injection closure was the back 

EMF generated when the solenoid is switched off, This high voltage will damage 

the MOSFET if nothing is done about it There are various methods to cater for 

this problem: among others the methods include snubber circuits, ny-back diodes 

or zener diodes_ The optimal solution found in this project was to place a 50 V 

zener diode across the MOSFET. This creates a ground path, through the low­

side current shunt for the back EMF to bypass the MOSFET This is a beneficial 
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arrangement as the injector current is still known when the injector is switched 

off, and can therefore be controlled more accurately. A simplified circuit diagram 

is shown below in Figure 4-5. For the full detailed circuit diagram refer to 

Appendix D. 

Boost 
capacitor 

Uil0uF 

+9'5", 

High Side 
I'IOSFET 

Low Side 
I'IOSFET 

+12", 

Figure 4-5: Simplified injector driver circuit 

To summarise how this injection driver works, the MOSFET switching sequence 

will be stepped through:-

• Opening phase: High- and low-side ON. 

The injector is powered from the 95 V source through a protection diode 

(ultra-fast recovery type) and is blocked from flowing to the 12 V rail by 

another protection diode 

• Pickup-current phase: High-side OFF and low-side ON. 

The injector is now powered from the 12 V source 

• Holding-current phase: High-side OFF and low-side PULSED. 
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The injector current is held at the holding current level by pulsing the low­

side MOSFET. The current feedback comes from the voltage drop across 

the shunt resistor 

• Switch off. High-side OFF and low-side OFF. 

Both MOSFETs are switched off and the back EMF that is generated by 

the injector solenoid flows through the zener diode to ground. 

The actual current waveform that was generated from the designed injector 

driver is shown in Figure 4-6 below. 

<' 15 
'-" 

1:: 13 
! 
"-
::I 
o 

3ot---200---; 
Time (f..Ls) 

figure 4-6: Actual injector current waveform 
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4,2. Control Strategy Hypothesis 

The increase in engine sensors that are required by current closed-loop control 

strategies opens up new opportunities for novel control strategies. As this control 

strategy is aimed at optimising emissions when varying fuel blends of GTL and 

EN590 are used, there needs to be one fuel property that can be measured to 

indicate a change. After analysis of literature and the fuel properties table in 

Appendix C it was decided that one of tile crucial measurable differences between 

the fuels was tile HIC ratio. II a sensor existed that could directly measure tllis 

property, the fuel type detection would be greatly simplif!ed - the literature review 

reports a sensor like IIlis which is in a development stage However, th'ls property 

could be calculated by measuring the aspirated air-mass flow gravimetric fuel-flow 

rate and the oxygen content in tile exhaust in the form of lambda - thiS will be 

explained in greater detail later. 

Real World Implementation 

As this control strategy is a Ilypothesis and is aimed at becoming one oltlle many 

functions performed by an l::CU tllese aforementioned variables would need to be 

measured Currently no gravimetric fuel flow sensors are fitted to production cars 

which present a problem in calculating the HIC ratiO, A solution to tllis miglll include 

fitting a denSity meter in the fuel line, or alternatively to measure pressure at the 

bottom of the fuel tank when at a known volume to calculate the density Combine 

tllis with the volumetric flow rate, inferred from the injection duration or fuel flow 

sensor, to calculate the gravimetric flow A relative flOl.\1 value is all that is necessary, 

rather than an absolute value 

Wide-band lambda sensors are currently becoming standard equipment on late 

model diesel cars With the addition of NO, accumulator type exllausl alter­

treatment systems and lambda closed-loop control, these will become standard if 

the stringent emission levels are to be met 

Hot-film air-mass meters have been fitted to all types of engines for some time now 

and will give reliable air· mass flow measurements 
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With these three sensors in place the H/C ratio can be calculated and the following 

control strategy hypothesis implemented. 

A better method would involve measuring the C02 concentration in the exhaust. 

With the additional knowledge of ambient O2, N2 and exhaust 02 (from th~mbda 

sensor) concentrations, the H/C ratio can be calculated from an atom balance. This 

method would be virtually instantaneous and more accurate than measuring 

gravimetric flow rates. 

Hypothesis 

If EN590 diesel runs at a set operating point, it will have an associated 850 point 

(see Figure 4-10 later) and a smoke limitation based on the AFR. Control of the 850 

point, as opposed to the SOC point, was chosen because the combustion event can 

be phased more reliably when tracking the mid-point of the cumulative heat release; 

it is particularly advantageous when balancing different cylinders with each other. 

Additionally, this control parameter was found to be more sensitive to small changes 

in ignition delay [10]. 

When another fuel is used with a different H/C ratio andlor cetane number, the 

injection duration must be adjusted to give the same load output (as was produced 

by the reference fuel for a known set point); this must be achieved at the same 850 

point and within the smoke limit of EN590. 

After the controller has adjusted the injection settings to yield the same load and 

850 point, the H/C ratio is calculated in the aforementioned manner (explained in 

more detail in Theory of Operation below). This H/C ratio is used by a supervisory 

controller as an indicator of the pollutant formation potential of the fuel, and can 

optimise the combustion accordingly. 

This procedure would typically be run once after the driver has refuelled, as this is 

the only time that the fuel blend would be changed. It would also have to be done at 

the first opportunity when the engine is running at a steady state for a few seconds. 

The example that was used to demonstrate this control strategy was to improve the 

NOx and Soot emissions. There are many other parameters that could have been 
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chosen, i,e Noise or BSFC. And often these parameters have conflicting 

requirements which is where a high level supervisory controller would prioritise 

them 

As is known with NO, and Soot. there IS a trade-off Additionally, as mentioned in 

the Li terature Review, there is a linear relationship between H/C ratio and SooVPM 

This In turn implies that there are different NO, - Soot trade-off curves based on the 

fuel's H/C ra tio, which can therefore be traversed along to minimise the emissions 

The optimum point would depend on what exhaust gas after-treatment devices are 

fitted - the cheaper option, compared to fitting expensive NO, reducing catalysts, 

would be to minimise the NO, and use a particulate trap Alternatively, a gain on 

both emission fronts would involve moving towards the origin of the axes. Various 

fuel Injection system parameters could be used either individually, or in 

combination to optimise the combustion process for example injection timing or 

exhaust gas re-circulation (EGRl In this project Injection timing was used as the 

control parameter It is known that a very similar trade-off curve can be generated 

using EGR With an injection timing control parameter there are timing limits on 

either end of these curves that the controller would not be allowed to exceed The 

timing advance would be limited by the maximum allowable cylinder pressure that 

the engine was designed for On the other end the timing retardation would be 

limited by unburned hydrocarbons or BSFC, for example This concept can be seen 

graphically below 

> • 
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Figure 4-7: NOx - PM Trade-off curves 
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Theory of Operation 

The 850 and load controllers that were implemented were simple Proportional & 

Integral (PI) controllers. If the control diagram (Figure 4-8 below) is followed the 

control process can be seen 

A set point is defined at the start and compared to a measured value. The resulting 

error is fed into the PI controller to yield a SOl value, The injector controller uses this 

and injects at the appropriate time, which after the ignition delay produces the 

combustion event. 

A pressure transducer measures and sends the cylinder pressure trace via the 

FGPA card to the host computer for combustion analysis Engine ioad, or indicated 

mean effective pressure (IMEP - explained below), and 850 are calculated and sent 

to their control summing points to calculate the error for the next cycle 

~ Combu>ti oo _ 

,,' ..... 
Figure 4-8: Control flow chart 

The PI control constants were tuned using the Ziegler-Nichols method which yielded 

the following control constants 

Table 4-1: Control constants 

IMEP B50 
~ ---"'-
Proportional 40 05 

~ 

Integral 75 0.Q1 

IMEP is calculated online by mtegrating the PV (Pressure vs . Volume) diagram over 

each engine cycle to get work. and dividing by the displaced volume. 

Dfls",n Solution page 26 



Univ
ers

ity
 of

  C
ap

e Tow
n

· 1pdV 
IMfP= ----­

v 
" 

Equation 4-1 

650 is the point at which 50% of the fuel's heal is released This is extracted from 

the cumulative heat release diagram (Figure 4-10), which is the sum of all the 

instantaneous heat release calculations (Figure 4-9). 

Figure -4-9: Instantaneous combustion heat release 
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The instantaneous heat release is calcu lated using the following formula [1J. 

dQn =....l.....- p dV + _'_V dp 
dl I-I dl y-l dl 

yof 1.35 was used In the above formula. 

Equation 4-2 

HIe ratio is calculated using a carbon balance derived formula. as shown below 

The full derivation is found in Appendix 8 

(0.338 mu'e _ 4) 
th;w.A 

H i CRalio= . 
(1 

Equation 4-3 
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5. Validation of Control AI orithm 

tn order to validate the control algorithm several different fuels were LlSed with 

varYing Hie ratios and Cetane numbers, and run at the same engine operating point 

with and without the control Additiorlally the tests were rUrl with and without pilot 

illjections. EmiSSion data 1001 consLimption arK! power output were recorded to 

highlight the benefits of the control system 

The engioo lilal was used for the validallon, 31ld the way in which it was setup, is 

described below. Following thaI. the test fuels, engirH~ operating point and validation 

procedure are shown 

5.1, Engine Setup 

A sirlgle cylirlder Ricardo Hydra research engine was used for this project. It was 

cOrlfigured In the direct injection diesel mode Llsing a high pressure common rail 

The injector is solenoid actuated al1d has a 4-hole nozzle (Bosch 7712) which is 

located diagonally to the sde of the combustion chamber. The cylil1der head has 

OrH~ irllet arld OrJe exhaust lIallle Tile table below lists tile specifications of this 

erlgme 

Ta ble 5-1: Specifications of the Ricardo Hyd ra Engi ne 

The erlgine's output shaft is coupled to a dynamometer which is a DC maCllir18, tllis 

carl be set to load absorptiorl or motorirlg To measure tllis torque a load cell IS fitted 

to tile dynamometer, The test cell is shown below, 
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Surg .. tank 

Figure 5-1: Hydra Engine Test Cell 

A roots blower is fitted to the intake manifold to simulate supercharging by 

compressing the air to a set level. This air is ducted through an aftercooler and a 

laminar air flow meter; thereafter, irs fed into an accumulator tank to reduce the 

pressure pulsations which cause inaccuracies in the air flow reading. 

In order to control inlet manifold temperature an air heater with temperature control 

is fitted after the accumulator tank, Ambient air is controlled by the test cell air 

conditioning 

A gravimetric fuel-flow meter (AVL 730) is fitted to the fuel line to measure fuel flow 

rate by measuring the change in mass of the fuel reservoir. The fuel temperature is 

also controlled by routing it through a water cooled heat exchanger 

The engine speed and crank angle measurement are done by means of an AVL 364 

light pulse crank angle encoder which is set to a resolution 0.1 crank angle degrees. 
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Exhaust emissions are measured in the exhaust pipe using a smoke meter (AVL 

415) and a NOx sensor (Horiba MEXA 720NOx). The smoke meter measurements 

were converted from FSN (Filter Smoke Number) units to soot concentration. 

Additionally, a lambda sensor (Horiba MEXA 110'\) is fitted to measure oxygen 

concentration in the exhaust gases. 

The cylinder pressure measurements are made using an AVL QH32C Quartz 

Pressure Transducer and a Kistler type 5015 charge amplifier. 
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5.2. Test Fuels 

A matrix was constructed for the volumetric blending ratios of the test fuels. as 

shown below in Table 5-2 The HIe ratio of the blends was calculated using the 

gravimetric blending ratio 

Table 5-2: Test fuel matrix 

Fuel % Blend of % Blend of Density Lower heating Effective 

00, EN590 GTL (kg/I) value (MJ/kg) HIC ratio 

1 100 0 0.8297 4275 1 87 

2 75 25 08147 43 03 193'-
. . . - _._ . 

3 50 50 0.7998 43.30 199 , 
4 25 75 0.7848 4356 2.05 

5 0 100 0.7698 43.81 211 

The engine operating point was fixed for Fuel no. 1 at 2000 rpm. With these settings 

the engine, control disabled, was run with the remaining fuels and any changes 

observed . Thereafter, the control system was enabled and the engine tests 

repeated The point that was chosen for the validation was as follows 

Table 5·3: Engine operating point 

ail Pressure 

oost pressure (gauge) 
- -_ . . 

peed 
-

R 

B 

S 

L 

S 

S 

oed 

01 Pilot (Control OFF) 

01 Main (Control OFF) 

Ie let-air temperature 

B 50 

. 

650 bar 
-

200 mbar 

2000 rpm 

6 bar IMEP 

24° BTDC 

12° BTDC 
-

: 50°C 

TDC 

Additionally, an injection timing sweep was done for each fuel to ascertain the NOx-

Soot trade-off curve and where the operating point was on this curve. 
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6. Results and Discussion 

This section discusses how well the design solution integrated together, and sees 

how effective the control system was. Firstly, the effect of the control system on the 

injection timing will be reported Thereafter, the emission results for all of the fuels 

will be presented; these will include the relationship between the fuel's HIe ratio and 

NO,ISoot concentration. Finally, the accuracy of the fuel HIe ratio detection will be 

shown. 

For the full test results and pressure traces please refer to Appendix F 

6.1. Control System 

The control system is essentially changing the injection settings to achieve a desired 

combustion result Figure 6-1 shows the resulting pressure trace from a pilot and 

main injection sequence. This gives a feel for the ignition- and injection-delays that 

the control system compensates for by tracking the 850 point (at TDC in this case). 

Pressure trace 

"''' 
0 

eo 
, 

'T~ 60 

Q_~-:~_ {M~In)_~---- ---------

CCoOCCCC"CiIO-"-l--.. ,/.-

/ 

_-' ------"- 60 

" '" "" 
~ 20 " D , 0 
0 • • -20 -, 
" ~'" 

o 
15 

- Pressure - C lS11ulative Heat Release Irjedor Current 

Figure 6-1: Pressure trace with injector current 
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IMEP and 850 controller performance 

Controller performance was analysed by creating a step change of the controller 

setpoint and capturing the response Firstly, the results were shown for the B50 

controller. then for the IMEP controller. 

The 850 change is shown on the left in the Injection Control graph (in Figure 6-2), 

The setpoint was changed from 363 CAD to 360 CAD On the right is the Injection 

Timing graph. which shows how the controller changed the injection t iming to 

achieve the new setpoint 

Figure 6-2: Step change response lor 850 controlle, 

The IMFP change is shown on the left In the Load graph (in Figure 6-3 injection 

duration is based on the Injector currentJ.The setpoint was changed from 5 bar to 6 

bar. On the right is the Duration Control graph, which shows how the controller 

changed the injection duration to achieve the new IMEP setpoint 

pag~ :14 
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Figure 6-3: Step chJnge response lor IMEP controller 

Discussion 

The step test was done to demonstrate the stability and response time of the 

controllers It can be seen that a satisfactory level of control was achieved by both 

controllers 

Fuel flow effects 

The validation of the controller was done on all the fllels and the results were 

tabutated below. Table 6-1 shows how the injection settings (pilot injection off) were 

changed by the controller to compensate for any change in the IM[P and B50 point 

of each fuel By controlling this point the fuel's energy content, injection delay and 

igni tion delay are all compensa ted for - yielding the same B50 point and same 

torque fm any fuel at a given operating point 

It can be seen below that the fue l flow without pilot injections agrees with 

conven tional wisdom of a reducing graVimetric fuel flow, with increasing lower 

heating value (LHV) 

Rcsulls d1d Discussi~n 
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Table 6-1: Injection timing effect from control system without pilot injections 

Fu.> Blend 

+ 25%EN590 

, 
• • , , 
• , 
" 

' 00 

0% 

000 

• 
0.85 

000 

0.75 

0.70 

' 00 

Main Injection 
Duration (~lS) 

Fuel flow vo He Ratio 

• • 

' 00 

Hie Rollo 

Main I~ton 
Duration (~s) 

. " 

2.10 2.20 

Figure 6-4: Fuel flow vs. Hie ratio (without Pilot) 

To confirm what has been shown above, the expected change in gravimetric fuel 

flow rate (kg/h) can be calculated using the change in the inverse of gravimetric 

lower heating value (these units would now be kg/MJ). This compares the 

gravimetric flow rate for the same amount of energy being put into the engine. but 

this is only viable if the fuel conversion effiCiency of all the fuels is constant. It was 

assumed that, to a f irst approximation, th is would be the case. since the load and 

combustion phasing (as described by the BSO point) were equalised for each fuel. 

Table 6-2 below makes a comparison between neal GTL and ENS90 to see if the 

results correlate with the above-mentioned relationship to gravimetric lower heating 

value. 
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Table 6-2: Comparison of measured flow differences with calculated ones 

It can be seen, when going from GTL to EN590, that there is a measured increase in 

gravimetric flow of 4.5% and the theoretical calculation suggests a 2,5% increase. 

Pilot injections were turned on to see if this expected flow reduction held, and the 

results are shown in Table 6-3 

Table 6-3: Injection timing effect from control system with pilot injections 

Main Injection 
Fuel Blerld 

DuratlOO Lus) 

, , 
(k~h) 

Fueillow 

What is interesting to note is that there is little to no difference in the injection 

duration and fuel flow, despite there being differences in gravimetric lower heating 

value - as shown with no pilot injections above 
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Discussion 

As the fuel conversion efficiency in tile pilot-injection-off case was constant (GTI. 

24.48 y, and EN590 24.45 Yo). the difference between the 4 5% measured Increase 

in gravimetric flow and the 2 5% theoretical calculallon IIlcrease would be att ributed 

to experimental inaccuracies 

When using pilot injections it can be seen from Table 6-3 t llat there appears to be 

an insensitivity of the fuel flow to the IIljection du ration despite a difference in 

volumetric heating value. A possible reason for thiS insensitivi ty could be attributed 

to how the fuel flows during the short duration pilot injections Recent unpublished 

research conducted at the Sasol Advanced Fuels Laboratory has showed evidence 

of inertia effects, due to the difference in fuel density, affecting the time taken for fuel 

flow to stabilise: thus, implying that a lower densi ty fuel will start flOWing earlier and 

for longer during pilot injections when the injector needle barely lifts. 

From Figure 6-5 it can be seen that the assumption of constant fuel conversion 

efficiency did not entirely hold for the pilot injections case, which could explain this 

insensitivity to lower heating value Fuel conversion efficiency varied from 23 6 % to 

24 1 'It, with GTL and EN590 respectively. Therefore the fuel flow resul ts for this 

pilot-injection-on case cannot be compared directly 
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6.2. Emissions 

Soot and NOx emiss ions 

As stated in the literature review there is an approximately linear relationship 

between Hie ratio and PMlsoot concentration. The validation process of the 

controller (pilot injections on) was completed using all five test fuels. and the soot 

emissions were plotted against the H1C ratio (seen Figure 6-6). The linear 

relationship was confirmed and similar trends were observed for the pilot injection 

off case 

Soot conc. vs Hie Ratio 

1.20 ---, , 
'.00 • 0 

0 0.80 .. • 0 060 00 

• , 040 

" • " 
0.20 

000 
, 0; 1.90 ",; '00 2.05 2.10 2.15 

HlC Ratio 

Figure 6-6: Plot of H/C ratio vs. Soot emissions 

The difference between the NO, emissions and HIC ratio was largely unchanged, 

See figure 6-7 below. 
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HIe Ratio vs NO" 

1.20 

• • • • , 00 

~ 
0.80 

.! 0.60 • I 0.40 

000 

000 

, " , 00 1.90 '00 'CO 2.10 2 .1 5 

M'C Ratio 

Figure 6-1: Plot of NO, emissions vs. Hie ratio 

Discussion 

A shorter ignition delay, shown as a shorter start-of-combustion (SOC) seen in 

Figure 6-8 below for GTL, implies that less fuel is burned dUring the uncontrolled 

premixed combustion phase - responsible for high pressure rise rates - thus 

reducing the peak pressures and temperatures. Moreover, the heating value per 

stoichiometric air-fuel mixture becomes lower for a higher Hie ratio fuel; thus, 

reducing the adiabatic flame temperature 

Cumulative Heat Release 

w ._- .. _-----, 

~-

~ 

• - GTI. , 
:l ill - EN590 

ill 

ill 
, 

0 

I 
_J 

SOCGTL I 

,. 

Figure 6-B: Heat release comparison 
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Therefore, it was expected with the lower temperatures generated by GTL that this 

effect would be shown as a NOx reduction. This suggests that there is some 

secondary mechanism that is reducing the combustion temperatures of the EN590 

to that of the GTL; thus, yielding similar NOx emissions (as shown previously in 

Figure 6-7). 

One mechanism that could explain this phenomenon is radiative heat transfer 

caused by soot particules. The radiative heat transfer contributes approximately 20 

to 35 percent of the total heat transfer in diesel engines [1]. Therefore, it is 

speculated that the lowered combustion temperature of EN590 is attributed to a 

higher flame radiation heat loss caused by its higher combustion soot level (almost 

double that of GTL - shown previously in Figure 6-6). 

NOx·Soot trade-off curves 

NOx-Soot trade-off curves (pilot injection on) were generated from the timing sweep 

that was done during the controller validation. Here (Figure 6-9) all fuels were 

plotted on the same graph with the operating point shown as a red marker. 

These are the curves that would be stored in the ECU in order for it to determine the 

virtual emissions for each fuel during operation, and optimise the injection timing to 

achieve desired emissions. 

-----._--. 
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Figure 6_9: Soot_NO, trade_off curves (pilot on) 
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To demonstrate the potential reduction in emissions, a case was used of changing 

the fuel from EN590 to GTL Figure 6-1 0 shows the fuel change effect where the 

EN590 cootrol point (red diamond in Figure 6-9) was moved to the GTL control point 

(red square in Figure 6-9), After optimisation (Figure 6-11) the GTL control point was 

moved to where a direct line, from the EN590 control point to the origin, intersects 

the GTL trade-off curve. This gave a neutral gain in emissiOlls, but the cootrol 

strategy could have been to optimise a specific emission to SUit the exhaust gas 

aflertreatment system of a vehicle, 

The difference between these two graphs was the effect of the control strategy. 

1.20 

• g' o.eo 

• "" J ' .. 0 

O~ 

0 00 

Emission change after fuel change 

• EN~OO 

,. Gn 

Figure 6-10: Emission change after fuel change 

Emission change after optimisation 

• EN590 

. G~ 

Figure 6_11: Emission change after optimisation 
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6.3. Hie Ratio Detection 

At each controlled point for a fuel, the Hie ratio was calculated using measured 

values with the formula (Equatkln 4-3) in Section 4.2. These measured values are 

compared with the actual values below in Figure 6-12 for the pilot-injection-on case. 

250 . __ ... _--

' .00 

.2 1.(iO , , 
:I: 1.00 +---

0. +---

: 

Hie ratio comparison 

: ; --! ! 

R' ~ 0.9517 

ooo "-----_-----_-----~ 
o , • 

• Actual 

• Me. ouTed 

I- l" .. , {Me.,,",,,,) 

_ L""., {Act "' t) 

Figure 6-12: Comparison between calculatecl ancl measurecl Hie ratios wilh pilot injections 

Pilot injections were turned off and another comparison was made. See Figure 6-13 

below_ 
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Hie ratio comparison (no pilot) 
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• M3as lI"ed 

-- Linear (A ctua ~ 

-- Linear (MeaSlJred) 

Figure 6-13: Comparison between calculated and measured HIC ratios without pilot injections 

Discussion 

A good correlation was achieved when pilot injections were on. The offset in this 

pllot-injection-on case could be due to a systematic measurement error. which could 

be corrected by a correction factor which was developed later in this section 

In the no-pilot-injection case the change in air density. due to fluctuation in 

atmospheric pressure on different test days, (which is used to calculate the air flow 

and then HIC ratiO) could explain the poor correlation in this case. This point is 

highlighted in Figure 6-14 by showing how the air density change is directionally the 

same as the H/C ratio change. 
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Figure 6-14: Air density and Hie ratio comparison 

An empirical correction factor for density change and the systematic offset was 

developed This correction was based on the fraction error of the measured air 

density with what the inlet manifold air density would be at standard conditions (i e 

15 "c and 101_325kPa I boost pressure) The rest of the formula was developed by 

numerically solving the constants to get the best fit with the empirical data 

I 0_53 x H,' ( ~ " •. _., .. 1 I ()')(, Equation 6-1 

As this is an empirical correction factor it should be used with caution The 

systematic offset could vary with different sensors, and the air density could vary 

with changing humidity levels or other ambient conditions Also, improving the 

accuracy of the data acquisition could improve the H/C ratio prediction capability_ 

That aside_ the correction factor was applied to both sets of results shown above 

and the new results are shown below in Figure 6-15 to 6-16 

Results and Discussion 
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Corrected HIC ratio comparison 
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Figure 6-15: Corroc1od Hie ratios (Pilot injection on) 
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Figure 6·16: Corrected HIC ratios (Pilot injection off) 
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The comparisons are demonstrated more clearly in Figures 6-17 and 6-18 by 

plotting the calculated vs. actual Hie ratios 
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Hie ratio comparison 
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Figure 6-11: Hie ratio comparison (Pilot-injection-on) 

Hie ratio comparison (no pilot) 

2. 25 - ------

'" • 
0 2.1 5 , 

2. 10 • 
1 2.05 • 
j ' 00 . _-
• , 

' " " • , w 0 • • 
'00 

' 00 
' 00 ,. ' 00 2.10 '00 

Actua l HlC rotio 

Figure 6-18: Hie ratio comparison (Pilot-injection-off) 

It can be seen for the pilot-injection-on case that the HIe ratios are corrected, and 

now predict the actual values to a good degree of accuracy. 

The correction factor also improved the pilot-injecllon-off case to a good degree of 

accuracy, with the exception of one point 
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7. Conclusions 

Based on the preceding results and discussion the following conclusions have been 

drawn 

• The ECU was fully functional and fulfilled all its requirements 

• Satisfactory control overthe 850 point as well as the load was achieved. This 

control technique compensated for any differences in fuel energy content, 

injection delay and ignition delay 

• Different Soot - NO, trade-off curves were clearly identified based on the 

fuel's Hie ratio. These distinct curves have the potential to be traversed, with 

knowledge of the Hie ratio and the end limits, to significantly optimise 

emissions performance in fallour of either NO, or soot 

• Furthermore, the fuel's HIe ratio had a clear linear relationship with soot 

concentration - reducing soot with increasing Hie ratio. An insignificant 

change between the NO, emissions and the Hie ratio was noticed. despite 

the difference in cetane numbers. It is speculated that this is caused by the 

increased flame radiation heat loss for ENSOO combustion. due to its higher 

soot levels 

• The Hie ratio detection followed the trend of the fuel's actual Hie ratio. but to 

an unsatisfactory level without correction. An empirical correction factor was 

developed which improved the correlation by compensating for changes in 

the ambient conditions and correcting a systematic measurement error in the 

lambda measurement 

• This document selVes as a proof-of-concept for a high level supervisory 

controller to identify a fuel's Hie ratio and thereafter, to make the necessary 

injection setting changes in order to actively reduce emissions. Going from 

ENS90 to GTL a 12% and a 31 % reduction in NO, and Soot emission 

respectively was achieved 
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8. Recommendations I Future Work 

Based on the conclusions, results and discussion the following recommendations 

have been made and further work suggested: 

• This proof-of-concept for a high level supervisory controller could be 

developed further to see if there is a future in production engines for it This 

would involve refining the H/C ratio detection and developing an inexpensive 

gravimetric fuel flow measurement technique 

• The results showed an apparent insensitivity in the fuel flow rate to injection 

duration. Further studies into the differences in flow rate for fuels with varying 

density and bulk modulus, in common rail fuel injections systems. would need 

to be made to explain this. A comparison should be made between main 

injections with and without pilot injections 

• An investigation into why the NO, emissions were unchanged despite the 

difference in cetane number and H/C ratio should be made 
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A endix A: ECU Desi n 

The project was broken down into two phases namely the development of the [CU 

system and the implementation of control algorithms into the EeU, They are broken 

down further as follows 

Specifications 

The high level specifications will require that the EeU have the following 

• Normal diesel engine EeU features 

The EeU will have to fulfil the standard operation of using look-up tables to retrieve 

Injection times This will be the base system in which the following specification will 

be built upon 

• Production standard injector driver 

rhe injector driver must be capable of applying lull current to the solenoid after 30-

50 liS. aSls the current ability of produchon [CU's Additionally, a peak then hold 

current waveform is required, Finally, the system must be capable of having 

injection events as cbse as 250 ~IS, 

• Pilot and main injection events 

In order to mimic the modern ECUs ability of attaining the ideal injection 

characteristics using a common rail injection system, pilot and main inwction events 

are required, These injection characteristics are explained in the Theoretical 

background section 

• Control algorithm support 

This specification required for pari two of this project is for the CCU to have the 

ability to Integrate some novel control algorithm into the standard operation of the 

ECU 
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Univ
ers

ity
 of

  C
ap

e Tow
n

.. PC based 

Since this ECU will be used for fuels research it is important to have a user friendly 

PC interface to setup the ECU and its various control algorithms. This will ensure 

accelerated development of new control strategies which will give insight into how 

the most can be extracted from a certain fuel. 

.. Fail safe 

The ECU should have the necessary procedures built-in in order to detect a 

malfunction and provide a suitable "limp home" mode. 

.. Programmed in LabVIEW 

It is preferable that the ECU be coded in a visual programming package called 

LabVIEW. Due to the ease of using this package, it would facilitate easier follow-on 

MSc projects. 

.. Control load and injection timing to a desired set point 

To improve the combustion phasing, injection timing control needs to be 

implemented. Additionally, Load control will be required to correct for any 

differences in a fuel's energy content or density. 

Appendix A - ECU Design page A-2 
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Data Acquisition Board 

In order to ascertain how many inputs/outputs are required of the data acquisition 

board the various sensor requirements and driver outputs need to be identified 

Figure 4-2 shows this. The requirements are tabulated below in Table A-1 

TJblc A-t. DatJ acquisition bOMd rcq"ircmcnts 

Inputs Outputs 

Digital (Clocked) Analogue Digi tal Analogue 

Crankshaft CDM Temperature Rail pressure control valve 

Intake-air 
Crankshaft-Trig Injector solenoid high-side 

pressure 

Camshaft· Phase Rail pressure Injector solenoid low-side 

Cylinder 
Multiplexer Control A 

pressure 

Lambda Multiplexer Control B 

Flow sensor 

pressure Safety Relay 

difference 

Flow sensor 

absolute 

pressure 

RPM from 
Inject Trigger o..,t 

Indesit 
I,'.eet Tr;gge- I" 

Pilot Tr\lg~r Oul Pilol TCi9<J"c In 

Totalling up the above table, 5 digital inputs, 8 digital outputs, and 8 analogue inputs 

will be required_ 

>,<1ge A-3 
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The actual channel assignments that were used in the data acquisition card are 

shown below in Table A-2. 

Table A-2: Channel assignment 

Channel 
0 
1 
2 
3 
4 
5 
6 
7 

Analogue Digital 
Description Channel Description 
Cylinder Pressure 0 CDM 
Inlet Pressure 1 TRIG 
Temperature 2 High Side MOSFET 
Injector Current 3 
RPM from Indesit 4 
Rail Pressure 5 
Lambda 6 Inject Trigger Out 
Flow Sensor 7 Inject Trigger In 

8 Pilot Trigger Out 
9 MUXA 
10 MUXB 
11 SaffID' Relay 
12 Proximity Pump 
13 Pressure Relief 
14 Low Side MOSFET 
15 Pilot Trigger In 

Channel 6.7 are bridged together as well as 8.15 
Channel 3.4.5 are not working 

Appendix A - ECU Design page A-4 
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Software 

This section describes the software that was written with the use of flow charts and 

signal waveforms. Ont)' the more complex routines were shown. 

Shaft Encoder 

The flowchart below shows the algorithm designed for the AVL shaft encoder. 

IrCfOOlOOt 00 rU!g or f.~'1\l 
odO< of CO'H >\>'" -

R. ", ,noc of . "''''''' 

." 

- pik< ~ ""'" 'i octon 0 "",,, , ..,'" ore 
rcoclxxl. >t'" rc>pOC'o 'O 

<#t"" oroce(OJro 

Figure A-1: Flowchart of shaft encoder 

""" 

1 "'~~~ _I _ __ _ 

/~~~,> ""··--",{I '~;;;~"-",,-JI 
·"'......,.,.1/ I 

' .. ,/ '\' ._ .. _-

l r'~~'~~ ,_ __~_ .. _.~ DMA Bu"'" , 

~.---

" '" I ~ ocw "',," 
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To see how the counter is reset at TDC of the exhaust stroke, the various signal 

waveforms were plaited against time. See figure A-2 below. 

cw,_ ,,_,, U1L1fU1fJ1fUl i. n 'l ru U _ U UU1Lc U1fUlfl" 
c~ ,eoc "". , jf- 1 II t 

C'~!f""",,,,_'roc' ~----1[+. ------ 1---1 
, , 

.0'.... ---J L' __ r-----l-__ S--
, ' , 

c""" ... " ~ 

Figure A-2: Shaft encoder waveforms 

As the CAM signal is not a true TDC. the TRIG signal was used. This involved some 

more logic to detect but provided more accurate triggering. 

The rising edge of the CAM signal sets the Cycle Phase signal high, whether it is 

low (as in the initialisation) or high (during normal running). Additionally every TRIG 

falling edge will invert the Cycle Phase signal. 

With that logic in place Count is only reset when there is a falling edge on TRIG and 

Cycle Phase is true. 
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Figure A-3: Flow chart of injector driver 
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A endix B: Combustion Anal sis Formula 

Hie Ratio Derivation 

If we consider the complete combustion (stoichiometric) of a general 

hydrocarbon with air we have the following [1], 

C" H, -t (a -t ~)((), -t 3. 773 .. V,) = aCO, -+ ~ fl,(J + 3.773(a -+ ~) N, (B-1) 

The above equation can be rearranged in terms of the stoiclliometric AFR, using 

a substitutiO/l for the HIe ratio, y, equal to bla [1]. 

AFR . . .... . = (l-tyi4)(32-t3.773x2R.1A) 
~'''''''- ,, ~ 12.011 +1.008y 

Additionally we have, 

AFR 
A = =;C'-"---

A FR ,,,.-h,_,,, (B-3) , AFR = m"" 

liI_" .", 

(B-2) 

(8-4) 

Rearranging B-2 in terms of y and substituting in B-3 and 8-4, we get the 

following. 

(0.338 m c
, -4) 

HiCRalio=v= m I ,,. .. )· 

(1- 0,029 m"" ) 
m ;",;A 

(B-5) 

Appertdix B - Combustion Arlalysi~ formula page B-1 



Univ
ers

ity
 of

  C
ap

e Tow
n

pendix C: Test Fuel Pro erties 

The following table shows important property differences between the two fuels 

that were used for the tests 

Tabl .. C-3: Fuel properties _ ... 
P,o Units EN590 GT1. ..M 

Density @ 20°C _2 9!L_ 0.8297 0.7698 ! 
Cetane Number 54.8 >74 i 
Total sui hur ~kg <10 <1 

~ . 

ASTM D86 Distillation 

10% 'c 212 208 .-

50% 'c 276 269 

95% 'c 350 363 

Final boiling point 'c 371 369 

Flash point 'c 60 63 

Viscosi~ 40Q C ,51 2.73 2.46 

CFPP 'c ~8 ~19 

% 
Total aromatics m/m 279 0.14 

% 
Carbon content m/m 86.2 85 

% 
Hydrogen content m/m 13,8 15 
Hie ratio (molar) 1.87 2.11 
Lower heating value MJlkq 42,75 43.81 
VolulT!.~J:!ic I~wer heating value MJO 33.72 35.47 

Appendix C - Fuel Specificatklns page C-l 
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endix D: Circuit Diagrams 
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Figure D-4: Injector driver circuit 
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SAFL 
Voltage Regulator 

M .. I< WaU .... !! 

Figure 0-5: Voltage regulator circuit 
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Figure D-6: Thennocouple multiplexer circuit 
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Figure 0-7: Isolation circuit 
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Figure 0-8: Relief valve driver circuit 
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endix E: Bosch Actuator/Sensor Information 

Rail Pressure Relief Valve (8oscIl 0 281002493) 

Pin Layout 

1 Ground 

2 12V 

, , 

Rail Pressure Sensor (Bosch 0 281 002 260) 

Pin Layout 

1 Ground 

2 Signal 

3 12V 

Measuring Circuit 

r[cu ----------, 

, + 'V(U, 

I I r I ! , I I l " .. ,,<,,~-
! I S>;o\Ii fl , 

i 
II 

! 

~.-o . ,.--,< 
-'T' 

L __________ J 
, ,~ L ___________ -.-l 
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Output Signal 

4.5 ---------- -- . ,,---, 
Pressure (bar) "(VA - 0_5)*1000/4 

"' 
',C---"t,oC--C,",CC---''''"c--C,oicccc 

Pressure (b a0 

Pump-shaft Proximity Sensor (Bosch 0 281 002406) 

Pin Layout 

Measuring Circuit 

~----------I 

"O'~'r I 

I 
I i 
I I 

L _1 _ ! 

~, 
L ____ . ______ .J 

Output Signal 

Gap - LOW 

Metal in proximity - HIGH 

1 Ground 

2 Signal (OVor 5V) 

3 12V 

,,-------------1 
___ ,-____ -t·CKC",-__ _ " "("'1 

, .1 

------f--"---~.'g"" Ic~ 1 

I 

, 

I' ~N~ 
L ____ ~_---=-___ .J 
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A endix F: Test Results 

Refer 10 the front of this report if unclear on any of the acronyms in this section 

Appendix F -Test Results page F-1 
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rilot Injection-on re3ult3 

Table F-4: EN590 Test results 
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T~ b'" F-6: 25~ OTL '" 75 '1. EN590 lesl resLllts 

, 
1:°"'. n .. ;"'.-~-,. -, 

I ~',:',-' __ -",.~,",","::""'--___ "'--"--' 

A"Pendlx F _1 £'S- R;;~ult« pa;ot F·3 



Univ
ers

ity
 of

  C
ap

e Tow
n

Table F·7: S()% GTL ~ 50% EN5!lO test resllits 
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Pilot-iIlJection-on results 

Table F-4, EN590 Test results 
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1'liot-InJection off rc~u l tc 
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Table F-5: GTL test results 
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Tabl" F·6. 2S'Y. GTL. 75% EN590 tast res"l!s 
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Table F-10: GTL test results (no pilot) 
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Table F-11: 25'1. GTL + 75% EN590 test results (no pilot) 
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Table F·12: SO ,., GTL + SO~ ' EN590 te$! resu ll51no pilot) 
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Pressure traces 
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Figure F-11, Pr~ssur~ traces for all test fuels without pilot injections 
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