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(a) 1220rpm, SOI -2.0deg, ID 1.93ms,
rail pressure 33.6bar.
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(b) 1560rpm, SOI -6.2deg, ID 1.00ms,
rail pressure 35.3bar.
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(c) 1050rpm, SOI -6.2deg, ID 0.70ms,
rail pressure 29.4bar.
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(d) 1000rpm, SOI -9deg, ID 0.70ms,
rail pressure 27.0bar.

Figure 7.21: Cylinder pressure for changing speed, SOI, ID and rail pressure.

Discussion

In figure 7.21a and 7.21b cylinder pressure during with smoke condition is shown. From both

graphs, the pressure increase from combustion is seen when the cylinder pressure is approxi-

mately 15bar after TDC. The reason is a to retarded SOI, long ID and a high rail pressure. This

resulted in too much fuel injected into the cylinder too late and a late partial ignition of the

injected fuel, due to low cylinder pressure and combustion temperature. Thus not all the fuel

is burnt and the assumption is that it enters a vaporized stage before it condenses in the atmo-

sphere, seen as white smoke. Therefore it is clear that SOI, ID and rail pressure have an influence

on start of combustion. By reducing ID and rail pressure in figure 7.21b to the parameters shown

in figure 7.21c, the white smoke disappeared. This also resulted in reduced engine speed since

less fuel is injected. A further advance of SOI and reduction in rail pressure resulted in a speed
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drop of 50rpm and the pressure rise peak moved towards TDC, figure 7.21d. As mentioned ear-

lier, ideally the pressure rise from combustion shall be a continuation of maximum compression

pressure at TDC.



Chapter 8

Conclusion and Recommendations for

Further Work

This chapter presents the conclusions and recommendations for further work.

8.1 Conclusions

A literature review shows how engine performance can be determined by using mathematical

equations. It also shows that engine fuel consumption and emissions are influenced by injection

parameters like start of injection and injection duration. To determine these injection param-

eters, engine characteristic at different operation points can be stored in maps or tables in the

engine controller. Inputs to the maps can be throttle position and engine speed and the outputs

are start of injection and injection duration. Thus an accurate control of engine speed is possi-

ble. But this requires an accurate amount of fuel injected into the combustion chamber. With

engine speeds over 1000rpm this requires fast acting injector actuators with a response time in

the range 1.25ms. To provide this fast response the injector opening is divided into three phases;

attack, withstand and holding. The attack phase is a high power phase where the voltage sup-

plied to the coil is higher than in the two other phases. This is to overcome the initial induced

current in the coil. In phases withstand and holding the current in the coil are controlled by

PWM. The PWM signal has a fixed base frequency where duration of the on period is changed.

The duration of this on period is referred to as the duty cycle. An important aspect with PWM

100
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and coils is the induced current when the PWM cuts the current through the coil. This is also

referred to as inductor kickback. To protect the circuit from this induced current a diode can be

connected in parallel with the coil.

Smoke and torque limitations for the engine have been identified from performance data

in the engine manual and engine test run results with the original Perkins Engine Control Unit

(PECU). The data in the manual shows that the maximum torque curve is higher than what the

Hybrid Power Lab engine can deliver with the installed PECU. It is assumed that this is because

the engine is configured as a prime unit which has a lower maximum torque level than if it

was configured as a standby unit. Also the generator rated power is 182kW. This is lower than

the engine maximum power in both prime and standby configuration. With the assumption of

minimum engine speed of 1000rpm and maximum speed of 2100rpm a maximum torque curve

was developed. During load test of the generator the maximum power level reached was 150

kW. This is lower than the maximum power of 182kW if the generator is configured as a prime

unit. At lower speeds the engine stopped when a certain load level was reached for each speed

tested. This is assumed to be the smoke limit for the engine since it is lower than the maximum

power and torque limit.

Development and installation of a new ECU that controls the engine speed for the Perkins

engine has been done. Since no data was available for the existing ECU reverse engineering was

used to determine important control parameters at different operating points. These param-

eters are engine speed and angular position, in cylinder pressure, start of injection, injection

duration, injector current characteristics, rail pressure and rail pressure control valve charac-

teristics. The ECU is designed on a Labview CompactRIO platform and provides a platform for

testing of different controller concepts by modifying the Labview logic. A controller for control-

ling the engine speed was developed. It controls the engine rail pressure, start of injection and

injection duration to regulate the engine speed to the desired set point.

The control parameters gathered from the reverse engineering was used as input values for

the first test runs with the developed ECU. After this the data was modified as required to pro-

vide stable running of the engine between 900 and 1600rpm at zero generator load. Engine

speed controller steps changes are tested to verify that the system is stable. A test with a too re-

tarded or late injection resulted in an incomplete combustion. Cylinder pressure increase from
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combustion was observed at approximately 15bar after top dead center. This could be seen as

white smoke escaping into the atmosphere and unburnt hydrocarbons could be smelled. It is

assumed this was unburnt fuel that condensed in contact with the atmosphere.

8.2 Recommendations for Further Work

This section gives recommendation for further work with an objective and a suggested ap-

proach. Items are prioritized with an increasing number where the lowest number has the high-

est priority.

1. Objective: Engine safety protection.

Approach: Connect lube oil temperature and pressure and cooling water temperature

sensors to ECU so that these values can be used for shutdown and monitoring. ECU SW

is already prepared for these inputs. It is recommended to use the NTNU sensor since the

scaling of these are known. Scaling is not known for the original engine sensors.

2. Objective: Improved logging of engine data. Today when studying sampled engine data,

angular position and speed of the crankshaft have been calculated by the diagnostic pro-

gram itself, based on the encoder input. This is because the corresponding ECU values are

not available. It would be of great interest to use ECU calculated values instead. This will

provide the possibility to see the correlation between ECU calculated values and encoder

signal, in-cylinder pressure and injector current.

Approach: Add an analog output module to Labview CompactRIO. Connect the ECU cal-

culated assessed angular position and crankshaft speed and the external speed sensor to

the diagnostic computer.

3. Objective: Currently a current peak occurs after the injector is switched off. This is due to

the induced current from the injector coil. To solve this the resistor size must be changed.

Approach: Determine size of resistor and modify injector driver unit card.

4. Objective: Mapping of engine with current controller.

Approach: Map engine parameters for start of injection, injection duration and rail pres-

sure for 0-100% load and speed and measure fuel consumption and emissions.
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5. Objective: Gather engine reference data with original Perkins ECU for zero load condition

and variable speed. Test points should be the same as for reverse engineering.

Approach: Run the engine with the Perkins ECU and gather data for zero load conditions

at varying speed. Use the same speed intervals as for reverse engineering so that data

overlap.

6. Objective: The engine is designed for 100% load at an engine speed of 1500rpm. It is

therefore of interest to see the engine behaviour at this point. Collect engine reference

data with original Perkins ECU for load condition at a speed of 1500rpm.

Approach: Run the engine with the Perkins ECU and collect data for 0-100% load condi-

tions at 1500rpm.

7. Objective: Improved engine control at different engine coolant temperatures.

Approach: Develop a control algorithm that compensates engine control parameters with

changing engine coolant temperature, i.e cold or warm engine. It require that the coolant

temperature sensor is connected to the ECU.

8. Objective: Improved injector current control. Reduce injector current peak values, espe-

cially during high current phase (withstand phase), and simplify control logic. By reducing

the electrical power consumed by the injectors the engine fuel specific fuel consumption

is improved.

Approach: The injector driver unit card has a current sensor that measures the current

through each injector. This signal can be used to control the pulse width modulation sig-

nal to the injector driver unit, in a closed loop control. The controller can be e.g a PID

controller or a threshold controller that controls the current between limit values.

9. Objective: Test of injector to find relationship between rail pressure, injection duration

and the mass of fuel injected i.e. the injected fuel mass rate as a function of rail pressure

for a given injection time. It is also important to determine the time from injector current

is applied and until fuel is sprayed, i.e injector opening time or opening delay.

Approach: Test the injector in a purpose built test bench. The test bench must include a

fuel supply pump, rail oil pump, a rail pressure control valve and an interface to a control
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system, preferably Labview CompactRIO..

10. Objective: Calculate amount of fuel to be injected into the cylinder as mass e.g. grams.

Use this value to determine injection duration and start of injection based on measured

rail pressure value.

Approach: When injector fuel mass rate function is known, the injector command is a

function of the mass rate or rail pressure and injection duration. Since the crankshaft an-

gular speed in degrees per second for the engine is known, the duration of the injection

can be presented in degrees. When the angular injection duration is known, start of injec-

tion angular position can be determined.

11. Objective: ECU calculated fuel consumption versus an external fuel consumption sensor.

Approach: Create an algorithm for calculating fuel consumption in the ECU based on rail

pressure and injection duration. Verify the algorithm with an external sensor. When in-

jector mass rate is known the fuel consumption is a function of mass rate and injection

duration. This can be used to calculate actual fuel consumption and accumulated con-

sumption over time.
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Appendix A

Injector Driver Unit Card

Design details for the injector driver unit card are shown in this chapter. The card is designed

and built by NTNU Marintek Lab staff. Section A.1 shows card i/o interfaces, layout of compo-

nents in section A.2 and section A.3 shows the electrical circuit schematics for the card. Printed

circuit board layout is shown is section A.4 and a component list is found in section A.5. Card

size is W x H = 100 x 160mm.

A.1 Card Interfaces

Card inputs are shown in table A.1 and outputs in table A.2. Out 1-6 are the high power outputs

used for driving the injector coils. These outputs have a dedicated current measuring compo-

nent that measures the current flow through each of the six outputs. The measured current level

is available as a voltage level at the current sense X6 terminal. The output is a scaled value where

200mV corresponds to 1A , i.e. 200mV/A.
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Table A.1: Card inputs.

Card input Signal Terminals Description

Power supply 5 [V] X7:5V/Gnd Power supply

Power supply 12 [V] X7:12V/Gnd Power supply

Power supply 26 [V] X7:26V+/Gnd Power supply

Power supply 26 [V] X7:26V_2+/26V_2- Power supply

Power supply 56 [V] X7:56V+/56V- Power supply

PWM In 1 0-5 [V] X2:1/5 PWM signal for PWM Out 1

PWM In 2 0-5 [V] X2:2/5 PWM signal for PWM Out 2

HV1 0-5 [V] X2:3/6 High voltage command for

Inj command 1-3

HV2 0-5 [V] X2:4/6 High voltage command for

Inj command 4-6

Inj Command 1 0-5[V] X1:1/8 Injection command 1

Inj Command 2 0-5[V] X1:2/8 Injection command 2

Inj Command 3 0-5[V] X1:3/8 Injection command 3

Inj Command 4 0-5[V] X1:4/8 Injection command 4

Inj Command 5 0-5[V] X1:5/8 Injection command 5

Inj Command 6 0-5[V] X1:6/8 Injection command 6
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Table A.2: Card outputs.

Card output Signal Terminals Description

PWM1 Out 0-12 [V] X5:PWM1 Out+/PWM1 Out- PWM output 1

PWM2 Out 0-12 [V] X5:PWM2 Out+/PWM2 Out- PWM output 2

Out 1 0-110 [V] X3:Out1+/Out1- PWM output Injector 1

Out 2 0-110 [V] X3:Out2+/Out2- PWM output Injector 2

Out 3 0-110 [V] X3:Out3+/Out2- PWM output Injector 3

Out 4 0-110 [V] X4:Out4+/Out4- PWM output Injector 4

Out 5 0-110 [V] X4:Out5+/Out5- PWM output Injector 5

Out 6 0-110 [V] X4:Out6+/Out6- PWM output Injector 6

Current sense 1 0-5 [V] X6:1/Gnd Current measurement for Out 1

Current sense 2 0-5 [V] X6:2/Gnd Current measurement for Out 2

Current sense 3 0-5 [V] X6:3/Gnd Current measurement for Out 3

Current sense 4 0-5 [V] X6:4/Gnd Current measurement for Out 4

Current sense 5 0-5 [V] X6:5/Gnd Current measurement for Out 5

Current sense 6 0-5 [V] X6:6/Gnd Current measurement for Out 6

Note: Current sens 1-6 output are offset with 0.49V, thus 0.49V= 0A.

A.2 Card Component Layout

Card component layout is shown in figure A.1.
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A.3 Card Circuit Schematic

Circuit schematics for the card are shown in figure A.2 and A.3.
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Figure A.3: Card circuit schematic page 2/2.
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A.4 Card Printed Circuit Board Layout

Card printed circuit board layout is shown in figure A.4 and A.5.
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Figure A.4: Card circuit top layer.
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A.5 Card Component List

Card component lists are shown in tables A.3, A.4, A.5 and A.6.

Table A.3: Card Component List.

Part Value Device Package Description

C1 4700uf CPOL-EUE10-25 EB25D POLARIZED

C2 4700uf CPOL-EUE10-25 EB25D POLARIZED

C3 2200uf CPOL-EUE10-25 EB25D POLARIZED

C4 1nF C-EU025-025X050 C025-025X050 "CAPACITOR,"

C5 1nF C-EU025-025X050 C025-025X050 "CAPACITOR,"

C6 1nF C-EU025-025X050 C025-025X050 "CAPACITOR,"

C7 1nF C-EU025-025X050 C025-025X050 "CAPACITOR,"

C8 1nF C-EU025-025X050 C025-025X050 "CAPACITOR,"

C9 1nF C-EU025-025X050 C025-025X050 "CAPACITOR,"

C10 100n/63V C-EUC1206 C1206 "CAPACITOR,"

C11 100n C-EUC1206 C1206 "CAPACITOR,"

C12 100n C-EU075-032X103 C075-032X103 "CAPACITOR,"

C13 100n C-EUC1206 C1206 "CAPACITOR,"

C14 100n C-EUC1206 C1206 "CAPACITOR,"

C15 100n C-EU075-032X103 C075-032X103 "CAPACITOR,"

C16 100n C-EUC1206 C1206 "CAPACITOR,"

C17 100n C-EUC1206 C1206 "CAPACITOR,"

D1 BYC20DX BYW29 DO220S DIODE

D2 BYC20DX BYW29 DO220S DIODE

D3 BYC20DX BYW29 DO220S DIODE

D4 BYC20DX BYW29 DO220S DIODE

D5 BYC20DX BYW29 DO220S DIODE

D6 BYC20DX BYW29 DO220S DIODE

D7 BYC20DX BYW29 DO220S DIODE

D8 BYC20DX BYW29 DO220S DIODE
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Table A.4: Card Component List.

Part Value Device Package Description

D9 BYC20DX BYW29 DO220S DIODE

D10 BYC20DX BYW29 DO220S DIODE

LSP1 LSP11 LSP11 LSP11 SOLDER PAD

LSP2 LSP11 LSP11 LSP11 SOLDER PAD

LSP3 LSP11 LSP11 LSP11 SOLDER PAD

Q1 FQPF32N20C IRF740 TO220BV N-CHANNEL

MOS FET

Q2 FQPF32N20C IRF740 TO220BV N-CHANNEL

MOS FET

Q3 FQPF32N20C IRF740 TO220BV N-CHANNEL

MOS FET

Q4 FQPF32N20C IRF740 TO220BV N-CHANNEL

MOS FET

Q5 FQPF32N20C IRF740 TO220BV N-CHANNEL

MOS FET

Q6 FQPF32N20C IRF740 TO220BV N-CHANNEL

MOS FET

Q7 IRF540 IRF540 TO220BV HEXFET Power

MOSFET

Q8 IRF540 IRF540 TO220BV HEXFET Power

MOSFET

Q9 FQT4N25 N-CHANMOS-

SOT223

SOT223

Q10 FQP32N20 P-

CHANPOWERFFET

TOP3V

TOP3V P-chan MOSFET

Transistor

Q11 FQT4N25 N-CHANMOS-

SOT223

SOT223

Q12 FQP32N20 P-

CHANPOWERFFET

TOP3V

TOP3V P-chan MOSFET

Transistor
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Table A.5: Card Component List.

Part Value Device Package Description

R1 100 R-EU_M0805 M0805 "RESISTOR,"

R2 100 R-EU_M0805 M0805 "RESISTOR,"

R3 100 R-EU_M0805 M0805 "RESISTOR,"

R4 100 R-EU_M0805 M0805 "RESISTOR,"

R5 100 R-EU_M0805 M0805 "RESISTOR,"

R6 100 R-EU_M0805 M0805 "RESISTOR,"

R7 "3,3" R-EU_0309/V 0309V "RESISTOR,"

R8 "3,3" R-EU_0309/V 0309V "RESISTOR,"

R9 "3,3" R-EU_0309/V 0309V "RESISTOR,"

R10 100 R-EU_M0805 M0805 "RESISTOR,"

R11 22k R-EU_0207/10 0207/10 "RESISTOR,"

R12 2k2 R-EU_0207/7 0207/7 "RESISTOR,"

R13 100 R-EU_M0805 M0805 "RESISTOR,"

R14 22k R-EU_0207/10 0207/10 "RESISTOR,"

R15 2k2 R-EU_0207/7 0207/7 "RESISTOR,"

R16 "3,3" R-EU_0309/V 0309V "RESISTOR,"

R17 "3,3" R-EU_0309/V 0309V "RESISTOR,"

R18 "3,3" R-EU_0309/V 0309V "RESISTOR,"

R19 4k7 R-EU_M0805 M0805 "RESISTOR,"

R36 100 R-EU_M0805 M0805 "RESISTOR,"

R37 100 R-EU_M0805 M0805 "RESISTOR,"

R38 "3,3" R-EU_0309/V 0309V "RESISTOR,"

R40 "3,3" R-EU_0309/V 0309V "RESISTOR,"

U$1 ACS724 ACS724 SO08

U$2 ACS724 ACS724 SO08

U$3 ACS724 ACS724 SO08

U$4 ACS724 ACS724 SO08

U$5 ACS724 ACS724 SO08

U$6 ACS724 ACS724 SO08

U$7 MIC4224 MIC4224 SO08
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Table A.6: Card Component List.

Part Value Device Package Description

U$8 MIC4224 MIC4224 SO08

U$10 MIC4224 MIC4224 SO08

U$11 MIC4224 MIC4224 SO08

U$12 MIC4224 MIC4224 SO08

X1 1751303 1751303 MKDS 1/ "8-3,5" Printk-

lemme

X2 1751280 1751280 MKDS 1/ "6-3,5" Printk-

lemme

X3 W237-06P W237-6P WAGO SREW CLAMP

X4 W237-06P W237-6P WAGO SREW CLAMP

X5 W237-04P W237-4P WAGO SREW CLAMP

X6 1751303 1751303 MKDS 1/ "8-3,5" Printk-

lemme

X7 W237-10P W237-10P WAGO SREW CLAMP

X8 -2516 -2516 PAK100/2500-16 3M (TM) Pak

X9 -2516 -2516 PAK100/2500-16 3M (TM) Pak



Appendix B

Engine Control Unit Mapping Tables

This chapter shows the final ECU mapping tables from the engine run tests. Start maps are

shown in B.1, running maps in B.2 and limitation map in B.3.

B.1 Start Maps

The displayed map values are the final values used by the ECU and the corresponding values

found during reverse engineering. The values are rail valve duty cycle, table B.1, SOI, table B.2

and ID, table B.3.

123
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Table B.1: ECU start 2D-LUT for rail valve duty cycle vs. reverse engineering start data.

ECU start 2D-LUT for duty cycle [%] Rail valve map,

see table 7.1

Rev. Eng. Data

n

[rpm]

- Rail Press

Ctrl [V]

n

[rpm]

Rail Press

Ctrl [V]0 0

0 0 0 0 0 0.31

220 50 50 0.30 220 0.29

267 50 50 0.30 261 0.28

861 25 25 0.095 861 0.16

1019 20 20 0.065 1019 0.09

1213 10 10 0.02 1213 0.1

1286 10 10 0.02 1286 0.05

Table B.2: ECU start 2D-LUT for SOI vs. reverse engineering start data.

ECU start 2D-LUT forSOI [deg] Rev. Eng. Data

n

[rpm]

- n

[rpm]

SOI

[deg]0 0

220 3 3 220 0

267 3 3 261 3.1

861 -5 -5 861 -5

1019 -7 -7 1019 -7.2

1213 -11 -11 1213 -11.2

1286 -7 -7 1286 -7.2
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Table B.3: ECU start 2D-LUT for ID vs. reverse engineering start data.

ECU start 2D-LUT for ID [ms] Rev. Eng. Data

n

[rpm]

Rail oil pressure [bar] n

[rpm]

ID

[ms]0 38 39 54 89 121 129 160

0 0 0 0 0 0 0 0 0 0 0

220 0 2.7 2.7 2.7 2.7 2.7 2.7 2.5 220 0

267 0 2.7 2.7 2.7 2.7 2.7 2.7 2.5 261 2.7

861 0 2.71 2.71 2.71 2.71 2.71 2.2 2.5 861 2.7

1019 0 2.23 2.23 2.23 2.23 1.6 0 0 1019 2.23

1213 0 2.2 2.2 2.2 1.6 0 0 0 1213 2.2

1286 0 1.67 1.2 0 0 0 0 0 1286 2.089

B.2 Running Maps

This section show the final maps for engine in running state. Start of injection is shown in ta-

ble B.4 and injection duration in table B.5.

Table B.4: ECU running 2D-LUT for SOI.

ECU running 2D-LUT for SOI [deg]

n

[rpm]

Throttle [%]

0 6 8 10 13 15 18 20

0 0 0 0 0 0 0 0 0

240 0 0 0 0 0 0 0 0

900 0 -7 -9 -12 -15 -15.09 -15.09 -15.09

950 0 -7 -9 -12 -15 -15.09 -15.09 -15.09

1000 0 -7 -9 -12 -15 -15.09 -15.09 -15.09

1200 0 -7 -9 -12 -15 -15.09 -15.09 -15.09

1400 0 -7 -9 -12 -15 -15.09 -15.09 -15.09

1600 0 -7 -9 -12 -15 -15.09 -15.09 -15.09

1800 0 -7 -9 -12 -15 -15.09 -15.09 -15.09
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Table B.5: ECU running 2D-LUT for ID.

ECU running 2D-LUT for ID [ms]

n

[rpm]

Throttle [%]

0 6 8 10 13 15 18 20

0 0 0 0 0 0 0 0 0

240 0 0 0 0 0 0 0 0

900 0 0.7 0.7 0.7 0.7 0.78 0.82 0.82

950 0 0.7 0.7 0.7 0.7 0.78 0.82 0.82

1000 0 0.7 0.7 0.7 0.7 0.78 0.82 0.82

1200 0 0.7 0.7 0.7 0.7 0.78 0.82 0.82

1400 0 0.7 0.7 0.7 0.7 0.78 0.82 0.82

1600 0 0.7 0.7 0.7 0.7 0.78 0.82 0.82

1800 0 0.7 0.7 0.7 0.7 0.78 0.82 0.82

B.3 Limitation Map

This section shows the final injecton duration limitation map to prevent over fueling of engine

in start, stop and running state, see table B.6.

Table B.6: ECU running 2D-LUT for ID limit.

ECU running 2D-LUT for ID limit [ms]

n

[rpm]

Rail oil pressure [bar]

0 29 31.41 37 63.16 86 89 121 129

0 0 0 0 0 0 0 0 0 0

240 0 3 3 3 3 3 3 3 3

900 0 3.4 3.4 2.9 2.9 2.9 2.9 2.9 2.5

1000 0 3.2 3.2 2.7 2.7 2.6 2.6 1.9 0

1200 0 3.2 3.2 2.5 2.5 2.5 1.9 0 0

1400 0 2.3 2.3 2.3 2.3 2.3 0 0 0

1600 0 2 2 2 2 2 0 0 0

1800 0 1.8 1.8 1.8 1.8 1.8 0 0 0


	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	

	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	


	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	

	
	
	


	
	
	
	
	
	
	
	
	
	
	


	
	
	

	
	
	
	
	
	
	

	
	
	
	


