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Abstract— Diesel engines are controlled with Engine Control
Unit (ECU) to provide flexibility on injection schemes mostly in
support of lower emission targets. Research on diesel engines
requires programmable ECU to allow experimental
investigation of the effects of varying diesel injection and other
parameters such as Exhaust Gas Recirculation (EGR). The
development of a programmable ECU for common rail diesel
engines is discussed in this paper. The control strategy used in
the programmable ECU is detailed. Experimental data on
flowrates of the solenoid type diesel injectors is given and
discussed. Experimental performance data from the loaded
engine controlled with the programmable ECU and using the
outlined strategy is also given and discussed. The tested control
scheme is an extension to the control scheme typically used on
gasoline engine, also known as speed-density control. The ECU
is also a development on a programmable gasoline ECU with the
addition of an external power module.

Keywords— electronic engine control; diesel engine control;
speed-density control; peak and hold injectors; compression
ignition, torque requirement input.

I. INTRODUCTION

Automotive system are a well known and accepted
application of electronic control not only for engines but also
on the drivability aspect [1]. ECU evolution through the
years has been motivated by emission control and took
advantage of the ever growing electronic capabilities. Hagen
[2] and Brietzman [3] report the early ECU advancements at
Ford in the 70’s. While from Bosch, Gerhardt [4] report that
electronic systems started with a simple injection system with
a separate ignition unit in the early 70’s, and then injection
and ignition were integrated into one single electronic control
unit during the 80’s. Look-up tables were and are still widely
used in engine management strategies to characterize
nonlinear relationships between inputs and the desired output

[5].

The general concept of the ECU functionality and key
timing requirements and calculation periods within the cycle
are still as explained by Breitzman [3]. However new
features such as use of Field Programmable Gate Array
(FPGA) or Application Specific Integrated Circuits (ASIC)
today greatly enhances the ECU capabilities [6][7][8].
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Axelsson [8] discusses how the use of ASIC gives the
possibility of shifting the partitioning between HardWare and
SoftWare. Other ECU advancements relate to connectivity
such CAN, OBD, Bluetooth and also Android applications

[a].

Research into alternative fuels led many researchers to
require the use of non OEM ECUs and revert to
programmable and configurable ECUs. Séinz [10] used a
commercially available programmable ECU for their work on
conversion of a carbureted single cylinder electric generator
engine to bi-fuel, hydrogen and gasoline. The conversion
required the installation of sensors as required by the used
aftermarket ECU ( DTAfast®). On the other hand Oliviera
[11] built a specific ECU based on three Freescale
microcontrollers to supplement hydrogen in the inlet of a 4
cylinder electric generator diesel engine. The ECU
architecture is discussed and details of the ECU electronics is
given. A PLC based ECU was implemented by Ergenc [12]
for a dual fuel application, diesel and LPG. This was
possible due to the real-time operating system, counters and
timers of the Siemens PLC used. The reported work was on a
single cylinder conventional, i.e. mechanical fuel injection,
converted to diesel electronic fuel injection and supplemental
port fuel injection of LPG. Wierzbicki [13] also converted
the original mechanical fuel injection system on a Yanmar
single cylinder diesel engine to electronic injection system
but opted for a Drivven® system by National Instruments for
the study of mixing a synthesized biogas with diesel fuel.
Investigations of diesel blends with n-butanol and isobutanol
was reported by Xiaolei Gu [14] who used Etas Inca to do
calibration changes of injection timing and EGR rates on a
Ford Lion V6 engine.

The use of non OEM ECU is required to test control
schemes such as reported by Tschanz [15] who implemented
PM and NOx feedback control study by using an Etas rapid
prototyping system for the calibration experiments on a 6
cylinder 3 liter Daimler diesel engine. Unconventional
engines can also lead to non standard ECU such as the work
in progress using Arduino reported by Giordani [16] to
control an unconventional rotary Sl engine.

Elaborate control schemes can be implemented to manage
engines but these might be too complex for simple ECU's
[17]. In general the testing of control schemes requires use of
programmable ECU as done by Wong [18] who used a
Motec® to test AFR predictive learning on a performance
vehicle. Performance and racing applications also now entail
the use of programmable ECU as outlined by Hiticas [19] to
control a turbocharged Sl engine.
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Il. DEVELOPMENT OF THE REATA ECU

The ECU development was initially targeted for naturally
aspirated gasoline engine as detailed in Farrugia [20].
Subsequently the same ECU was used for more complex
configurations of the gasoline engine  namely,
turbocharging[21], hydrogen enhanced combustion [22],
water injection [23][24]and also Liquefied Petroleum Gas
(LPG) in liquid state [25].

The general outline of the ECU hardware is shown in
Figure 1. It uses a 16 bit Freescale microcontroller
MC9S12XDP512, clocked at a frequency of 16MHz. This
micro controller has a second controller core termed
XGATE. The XGATE is used to read the sensors connected
to the ADC and filter the signals. The software for the
microcontroller was written in ANSI C and assembly
language, using the Code Warrior compiler and IDE from
Freescale.

A Graphical User Interface (GUI) was developed to
provide real time control of the desired engine parameters.
The GUI runs on PC and was written in C++ using Visual
Studio from Microsoft. Additionally an Android application
was written to provide additional information to the driver as
an extension to the dashboard. It also provides for ON/OFF
switching of outputs, again intended an as an extension of the
dashboard. Further details of the ECU are given in Farrugia
[26].
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Figure 1. ECU architecture

I11. DIESEL INJECTOR POWER MODULE

The adaption to control a common rail diesel engine is
detailed in this section. The diesel engine used in this work is
a Peugeot 2.0 liter HDi engine, year of production 2000. The
Spark Ignition ECU main features to control fuel quantity and
spark timing were used to control diesel fuel injection

duration and diesel injection timing respectively. However,
while in Sl fuel duration and ignition timing are on different
outputs, in Cl, both duration and timing are required on the
same output i.e. on the diesel injection pulse. One major
limitation adopted in this work to keep the project
manageable was the use of main injection only, i.e. no pilot
injections were implemented. The implementation of pilot
injection would need a diversified embedded software and
GUI that would have to be completely separate project from
the gasoline ECU.

A. Voltage Requirement for Diesel Injector Power
Switching

The electrically operated injectors are discussed in Bosch
[27](pg 282-283). The different phases of injector opening,
pickup current phase, holding-current phase and switch-off
are discussed. Values of pickup current are stated to be
approximately 20A, while the boost voltage to generate a
steep current rise is stated to be up to 50V.

For an inductor and series resistor connected to a constant
voltage supply, transient current flow is given by equation 1.

i = %(1—e’R‘/L) (M

This was used to establish/confirm the order of voltage
that needs to be applied to the diesel injector to reach the 20
amp threshold current in a time of the order of 0.1ms. The
electrical resistance and inductance of the Bosch diesel
injector used on the Peugeot 2.0 liter HDi series engine is
given in table 1. The table also lists other gasoline injector
variants for comparison. Figure 2 shows the current increase
in the three different types of injectors to show the relative
difference in current rise due to the different injectors
inductance and internal resistances. The three injectors are a
typical saturation 250cc/minute gasoline high impedance
injector; a low impedance 1200 cc/minute gasoline injector;
and the Peugeot Bosch common rail diesel solenoid valve
injectors used in this study.

TABLE I. INJECTOR INDUCTANCE AND RESISTANCE
Ind Internal
Injector nductance | pegistance
mH
Q
Gasoline  high  impedance
250cc/min injector 7.35 14.37
Gasoline low  impedance
1200cc/min injector 3.39 2.21
!Dl_esel Bosch solenoid  type 019 0.41
injector

Figure 2 shows that for the diesel common rail injector a
voltage quite higher than the typically available 12 V in an
automotive setup is required to increase the current to a
substantial value of 20Amp in a relatively short time such as
0.1ms. This is generally in conformance with statements in
Bosch [27], however this electrical analysis shows that a
value of 70 V (rather than 50V mentioned in [27]) is better
for an adequate fast current rise time.
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Figure 2. Current increase in the three different injectors with different

impedances.

B. Boost Voltage Capacitor Size

Another analytical aspect that was considered before
designing and building the switching power circuit for the
diesel solenoid valve injectors was the size of capacitor
required for the boost voltage. Figure 3 shows the schematic
of the idealized circuit to model the capacitor discharge as
current in the injector increases. The capacitor is used for the
storage of boost voltage generated from the battery 12V by a
boost converter, while the inductor and resistor are the
internal inductance and internal resistance of the diesel
solenoid type injector.

\Y s

Figure 3. Diagram of supply of injector current from charged capacitor.

Considering the voltage across the inductor and resistor, V

L9 R = v @)
dt
Considering the voltage and charge Q in the capacitor
C-= 9 3)
\

Combining equations 2 and 3

2064

Lﬂ+iR - Q “
dt C

If we consider this from time t = 0 when switch is closed to
final time t, through discrete steps At, we can write

L(%j iR =S (5)

C
L(i i )+iRAt = QE:N ©)
. At 1 RAt
Iy = QuAt T + 1, (7
CL L
Considering the current and charge in the capacitor
. d .
|=—d—? = dQ=-—idt (8)
which can be written in discrete form as
Qn+1 = Qn - inAt 9

Using equations 7 and 9 a curve of current through the
injector and voltage available from the capacitor was plotted.
An initial voltage of 70V across the capacitor was used.
Iteratively changing the capacitor size it was determined that
a 220uF capacitor should suffice as the voltage drop is only a
few volts in the initial discharge until the 20Amp threshold is
reached. Refer to figure 4.
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Figure 4. Drop in capacitor voltage against injector current increase using
a 220uF capacitor.

The injector power switching module comprising the
boost converter was built using discrete components. The
opening of the diesel injectors was tested in dry mode first,
i.e. no diesel pressure applied to the injectors. The injectors
could be heard to open as injector triggers were imposed.

The peak and hold feature on injector current is shown in
the oscilloscope screen shot of figure 5. The upper trace is
the current trace measured by an LEM LTS15-NP current
sensor while the lower trace is the ECU trigger signal into the
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injector power module. It is noted that the initial current
increase gradient is steep because it is driven by the 70V
boost voltage. During the peak period the injector is driven
from the 70 V supply and hence all the current increase
slopes are steep while during the hold period the injector is
driven from the 12V supply and hence a much lower current
increase slope is obtained.
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Figure 5. Current in injector (upper trace) and trigger signal (lower trace).

IV. INJECTOR FLOW BENCH TESTING

A fuel injector flow test bench was built. 1t was composed
of the two main fuel pressurization stages as in the vehicle
common rail system. These are the high pressure stage and
the low pressure stage as shown in figure 6. A low pressure
fuel pump was used to deliver fuel from the fuel tank to the
high pressure pump. The high pressure pump was toothed-
belt driven by a 5kW electric motor. The 5kW motor was
speed controlled by means of an inverter. The high pressure
fuel pump delivered pressurized fuel to the common rail to
which the injectors were connected.

A. 3rd Piston cut-off and Pressure Control solenoids

The Bosch high pressure fuel pump used on the test bench
was identical to that used on the engine. The high pressure
pump has two electrical control inputs namely the 3rd piston
cut-off solenoid and the pressure control solenoid [27].
These two electrically actuated inputs of the pump give
flexibility in operation of the supply pressure and flow rate of
the pump. The pump has three pistons which pressurize
diesel, however the 3rd piston can be electrically deactivated,
hence reducing the pump flow rate and consequently the
pump shaft power consumption, refer to Figure 7. Using this
test bench the functionality and dependency of the fuel
pressure within the common rail on the 3rd piston cut-off
solenoid and the pressure control solenoid of the Bosch pump
were determined. The 3rd piston cut-off was controlled by a
manual switch while the duty cycle supplied to the pressure
control solenoid was driven by one of the PWM outputs of
the ECU. The fuel pressure transducer that is mounted on the
common rail to measure fuel rail pressure was connected as
an analog signal to the ECU.

Figure 8 shows the variation of pressure in the fuel rail as
a function of pressure control solenoid duty cycle. From the
figure it can be noticed that neither the 3rd piston cut-off nor
the pump speed affect the pressure but pressure is totally
controlled by the pressure control solenoid duty cycle. Hence
it can be said that both the 3rd piston cut-off and pump speed
only affect the pump flowrate capability but not the pressure.
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Flow bench schematic of common rail system.

Figure 7. Cross sectional view of high pressure diesel pump[27].
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Figure 8. Variation of rail pressure with pressure control solenoid duty
cycle.

B. Pressure Control

To further analyze the pressure control of the high
pressure pump by means of the Pressure Control Solenoid, it
was decided to explore the dependency of the pressure on the
duty cycle of PWM control to the solenoid and also the
current in the solenoid as a result of the PWM duty cycle.
Figure 9 shows the clear linear relationship between the
solenoid duty-cycle/current of the solenoid and the pressure.
The figure shows that as the duty cycle was increased it
resulted in an increase in current and an increase in pressure.
The current was analyzed using an LEM LTS6-NP current
sensor. It was noted that the current is not ON-OFF, but
rather, current is in fact a saw-tooth, increasing during the
ON period and decreasing during the OFF period. The
current values shown in Figure 9 are the average values.
Since current is flowing continuously in the solenoid, it is the
opinion of the authors that it is the current quantity that in
reality determines the pressure and not the duty cycle. To
this effect it was deemed important that the supply voltage to
the Pressure Control Solenoid is regulated as discussed in the
Section V C below.

1200 ‘ ‘ ‘ 1.8
X |1
1000 +— ¥ _
@ Pressure vs PWM % >Q>< rl4
- -
@ 800 ' 1.2 <
-] g
=~ X current vs PWM % L =
2 600 O
2 08 o
"
2 400 & 06 o
]
o *® g
Foa &
200
r0.2
0 0
0 5 10 15 20 25 30 35 40

Duty Cycle, PWM (%)

Figure 9. Relationship between the current dissipated and the pressure.
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C. Fuel Injector Flow Tests

Apart from providing the capability to test the effects of
the 3rd piston cut-off solenoid and the pressure control
solenoid, this test bench gave the possibility to test the
operation and flowrate of the injectors. Flow tests of the
injectors were done at different Duration Of Injection (DOI)
and rail pressure as shown in figure 10. It is noted that a
linear relationship of flow with DOl was obtained which is
similar to gasoline injector operation, e.g. gasoline injector
tests detailed in Farrugia [28]. It is noted that in gasoline the
fuel flow is controlled by the DOI and the fuel pressure
difference from rail to inlet manifold is typically maintained
constant by means of a mechanical pressure regulator. Figure
10 shows that fuel pressure effects the flowrate considerably
as expected, i.e. higher pressures produce higher flow rates.
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Figure 10. Flow of diesel per injection pulse at different rail pressures.

The flow rate across a restriction or orifice, such as an
injector, is a function of the square root of pressure. This can
be seen from equation 8 [29].

2ap) T2

Q=C,A| 5 @

Where Q is the mass flow rate, Cy is the discharge
coefficient, A; is the area of the throat, Ap is the pressure
difference across the nozzle, p is the density of the fuel and S
is the vena contracta ratio. The data shown in Figure 10 was
corrected for pressure to check if the injectors flow did
follow a squared root of pressure dependency. Figure 11
shows that the data did collapse and that furthermore it
transpired that at low pressures the injectors had an
accentuated delay. This delay was deemed to be due to the
fact that these diesel injectors are pilot operated driven, that
is diesel pressure is used as the motive force to move the
heavy internals after the smaller pilot valve is moved
electrically.
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Figure 11. Injector volume vs DOI with 385.77 bar shifted by 0.34ms.

The above results could only be applied when testing the
injector on the test bed since Ap is known. It is good to note
that for SI engines the Ap across the injector is kept constant
by the pressure regulator. In Sl the pressure regulator will
regulate the pressure in the rail according to the pressure in
the intake manifold so that the Ap across the injector is kept
constant. On the other hand Ap across the injector for CI
engines is not constant since the injection is done inside the
cylinder and the pressure in the rail is not a function of the
pressure inside the cylinder, whereby pressure would be
increased a lot during the compression stroke.

V. DIESEL ENGINE CONTROL SCHEMES

The diesel engine has different requirements than a
gasoline engine. However it was preferred to have as much
commonality with the gasoline schemes so that ECU
development on both versions remains streamlined as much
as possible. It was also deemed beneficial if both diesel and
gasoline versions are similar so that students and technical
people using the two versions of the ECU are able to use both
versions concurrently.

The diesel Engine was first tested without load, i.e.
starting and idle as outlined in Farrugia [26]. Subsequently it
was tested in loaded condition on an engine dynamometer as
detailed in following sections.

A. Starting and idling control

The ECU and diesel injector power module were
connected to the Peugeot diesel engine. The engine was
started and made to idle at the desired rpm by imposing a
negative gradient of rail pressure with rpm. This idle speed
control scheme is in principle the same as that described in
Farrugia [28]. Before starting and during cranking the
highest possible pressure from the diesel high pressure pump
was requested by imposing a very high PWM on the diesel
pressure control solenoid. This meant that at low rpm all
available pressure was made available to the injector to
atomizing the fuel. Therefore the look-up table for the
Pressure Control Solenoid output was set to 90% at zero rpm
that goes to 12% at 1000 rpm and then to 10% at 5000rpm.

Compensations to fuel quantity and injection timing were
still available as for the gasoline case. A starting
compensation of 200% (i.e. double the table value) for the
first 50 revolutions when starting at 20°C engine temperature
was found to work. It is noted that the combustion chamber
heaters as found on any diesel engine were used and typically
15 seconds of heating was found to be enough when starting
at 20°C. Post start, only engine temperature fuel
compensation was used which was 120% at 20°C and tapered
off to 100% (i.e. no extra fuel) at 55°C.

B. Loaded Engine Control

The diesel pressure requirement at high engine speeds and
load was required to vary from the idle condition as discussed
in the previous section. Initial attempts were to increase rail
pressure as a function of rpm, i.e. have a control scheme of
90% at zero rpm, goes low to 12 % at 1000rpm, and then
starts having an increase of pressure (i.e. PWM%) with rpm
say goes up to 50% at 2000 rpm and 70% at 5000rpm. This
control scheme did not function properly as the engine was
able to pick up speed (albeit with some hesitation) on
increase of the load parameter input (Torque Request) but the
biggest problem was that the engine was not able to get back
down in RPM when the Torque Request input was again
lowered.

Typically the rail pressure is a function of many
parameters not just one but the Reata ECU's configurable
PWM outputs are only a function of one selectable
parameter. This was considered as a major limitation, but
was considered as a challenge worth researching.

In a gasoline engine, the MAF sensor output is a function
of both RPM (air mass flow in engine increases with RPM)
and throttle opening/boost pressure. Hence MAF is in a way
a multiplication of the engine speed (RPM) and load (air-
density). In diesel engine this is not exactly the same as the
airflow is not affected by throttle opening as typically there
isn't any, but it is effected by boost pressure. This means that
the MAF sensor in the diesel application still has information
from both RPM and boost pressure. Therefore the MAF
signal was considered as the best alternative for the control of
the Pressure Control Solenoid.

A control scheme based solely on MAF was tested. The
look up table implemented increased fuel pressure with MAF
to be able to provide the required progressively higher rail
pressure with engine speed and load. The zero rpm
requirement for maximum pressure was implemented as 90%
duty cycle at zero gram per second of air flow. The air flow
at idle of around 10 g/s was set to correspond to around 17%
duty cycle output to the Pressure Control Solenoid. However
engine operation was not satisfactory with less idle quality
then when compared to PWM as a function of RPM and the
engine was still not able to drop back in speed when Torque
Requirement input was brought down as already discussed
above.

Therefore the control scheme was further modified to
include RPM, MAF and Torque Requirement. This was done
through the electrical scheme rather than in programming so
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as to maintain as much commonality with the gasoline
version as possible.

C. Combining of RPM, MAF and Torque Requirement

As outlined above the Pressure Control Solenoid PWM
was found to be optimal if demanding highest pressure at
zero rpm and then dropped down to say 10% at 1000rpm to
help starting and provide a negative gradient to stabilize
engine speed at idle. The MAF requirement was to increase
PWM requirement with an increase in air mass flow. Further
to the above RPM and MAF dependency, the inclusion of the
Torque Requirement was implemented to increase rail
pressure when Torque requirement is increased. Therefore
Torque Requirement demanded higher pressures from the rail
at higher Torque Requirements but would also drop rail
pressure when Torque Requirement input was brought down
hence directly affecting the engine to drop back in speed (tip
out).

As discussed above, the pressure is controlled by current
flowing in the Pressure Control Solenoid on the high pressure
pump. The current can be varied by PWM control on the
ground side and also by the applied voltage on the positive
side. Since in an engine operation, the positive side
(normally referred to as 12V) is not really a fixed voltage, the
current would be effected by the state of the battery voltage.
During cranking battery voltage can go down to 9V while
charging from the alternator typically brings voltage up to
13.8V. Therefore it was decided to regulate the positive side
of the supply to the Pressure Control Solenoid to decouple it
from voltage increase due to alternator charging and
additionally make it controlled via the Torque Requirement.

Regulation of the positive side was done by an LM317
variable voltage regulator. The output voltage of the LM317
was made to vary as a function of the Torque Requirement by
means of a configurable PWM output from the ECU, mosfet
QO in Figure 12.

The ground side of the Pressure Control Solenoid was
duty cycle controlled by means of two PWM outputs from the
ECU as a function of RPM and MAF as detailed above. The
two PWM outputs were wired together on the drain side of
the mosfets to form an OR of the two outputs as shown in
Figure 13. The mosfet outputs could be wired together to
form an OR function since the ECU was outputting these two
PWM outputs synchronously and in-phase with one another
as shown in Figure 14. It is noted that the mosfet is ON when
the voltage is low and therefore the Pressure Control
Solenoid is energized when any of the two mosfets is
switched to ground. The screen shot of Figure 14 shows the
two PWM outputs, upper trace is MAF output , while lower
trace is RPM output. In the shown condition, zero RPM and
zero MAF, the respective duty cycles are 80% and 15%. The
complete list of PWM values as a function of RPM, MAF
and Torque Requirement are given in Tables II, 1l and 1V
respectively. The stated values in the tables were the final
values found to give optimal engine response. Table IV
shown the % PWM output as a function of the Torque
Requirement signal input and gives also the resulting voltage
output from the variable voltage regulator LM317.
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The look up tables that were found to provide good
control of the fuel pressure are the following.

TABLE II. RPM PWM OUTPUT LOOK UP TABLE
RPM ‘output
0 80
1000 12
5000 10
TABLE 111 MAss AIR FLOW PWM OUTPUT LOOK UP TABLE
Mass Air Flow MAF P(;/L\Jltl\élui/o
0 15
10 26
20 30
30 30
35 35
40 35
45 40
50 45
60 50
70 60
160 70

TABLE IV. TORQUE REQUIREMENT PWM OUTPUT LOOK UP TABLE,
AND RESULTING LM317 VOLTAGE OUTPUT
Torque Requirement FZ)WUL\;A):? VE))IltJ;thV
0 0 5.4
20 50 9.1
40 50 9.1
50 70 11.2
60 90 124
95 100 12.4

D. Adaption of Speed Density Control

In gasoline engines the speed-density control strategy is
very effective and popular. The speed is the RPM, while the
density is probably better referred to as load. In gasoline
engine the load is varied by throttling the incoming air and
hence the density of the incoming air. The air density in a
gasoline engine relates directly to the amount of fuel that can
be injected to maintain an air to fuel ratio close to
stoichiometric. In diesel engines the load is controlled by the

quantity of the fuel that is injected. The driver's request/wish,
or accelerator pedal position is referred to as Torque
Requirement. The term Torque Requirement is a generic
term that can be used also on drive by wire gasoline engines
where the throttle body is not mechanically directly
controlled by the accelerator pedal but is electronically
driven.

The Fuel Map is a table which specifies the Duration Of
Injection of the injectors for RPM vs Torque Requirement.
As discussed previously the actual flow that flows out of the
injectors is not only a function of the Duration Of Injection
but also a function of rail pressure. The initial Fuel Map was
populated by engineered choices as a start. Experimental
testing on a water brake dynamometer in steady-state was
then conducted to determine optimal values for the loaded
conditions. The 90% Torque Requirement column was
chosen at a fuel quantity which does generate a quantity of
smoke (can be regarded as our chosen smoke limit, also refer
to Obert [30] page 344 for Bosch Smoke Number). The 70%
column does not generate any smoke. The 50% column was
chosen to generate approximately 50% of the torque
produced at 90%. While the 5% is the idle (no load)
condition. The fuel Map is given in Table V.

The injection timing table was found experimentally to
produce the best torque at the respective cells. The injection
timing specifies the crank angle before top-dead-centre at
which the ECU triggers the injector to inject fuel. The
injection map is given in Table VI.

TABLE V. FUEL QUANTITY TABLE, MILLISECONDS
Torque Requirement

RPMt 5 20 50 70 90

0 1.200 1.00 1.00 1.20 1.40
500 0.99 0.70 0.80 1.00 1.30
1000 0.60 0.80 1.15 1.25 1.55
1500 0.41 0.70 0.91 121 1.50
2000 0.30 0.65 0.71 1.08 1.44
2500 0.25 0.45 0.51 1.00 1.50
3000 0.20 0.40 0.50 0.93 1.35
3500 0.10 0.38 0.47 0.79 1.10
4000 0.10 0.35 0.43 0.77 1.10
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TABLE VI. INJECTION TIMING TABLE, CRANK ANGLE BEFORE TOP
DEAD CENTRE
Torque Requirement

RPMt 5 20 50 70 90
0 15 15 15 15 15
500 15 15 15 15 15
1000 15 12 20 15 15
1500 15 15 21 20 14
2000 10 15 21 20 14
2500 10 15 23 22 21
3000 12 15 24 25 25
3500 12 17 24 24 28
4000 15 17 23 25 28

The engine torque and power output is shown in Figure
15. This experimental data was obtained from a curve fit of
the points produced during a pull on the engine
dynamometer, i.e. it is not from steady state testing.
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Figure 15. Torque and Power Output of the controlled diesel engine.

E. 3rd Piston Cutoff Solenoid Valve

The 3rd Piston Cutoff valve was found to be not critical for
proper engine operation. Tests showed that the pressure in
the rail was only a function of the Pressure Control Solenoid
and not effected by the 3rd Piston. Comparison of rail
pressure during engine dynamometer pulls showed that the
pressure was slightly lower when operating on two pistons
rather than three. , However comparison of the torque (and
hence also power) output was practically the same with either
the 3rd piston activated or not.
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VI. CONCLUSION

A control strategy for the control of a common rail diesel
engine was detailed in this work. The ECU used is an
evolution of a programmable gasoline ECU. The control
scheme is an extension of the speed-density system which is
very popular for control of gasoline engines. A scheme for
the control of the common rail pressure based mostly on the
Mass Air Flow sensor was experimentally tested and found to
be very effective. Diesel injector flow rate data as a function
of duration of injection and rail pressure is also given.
Optimized fuel quantity and injection timing maps from
loaded engine experiments on the dynamometer are given.
The discussed diesel engine setup controlled by the
programmable ECU was developed to empower the
thermodynamics laboratory for research into dual fuel
systems, Diesel Particulate Filter loading, and other diesel
engine related concepts.
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