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Abstract

The purpose of this project is to guarantee spares pf an EMS (Engine Management
System for Natural Gas) electronic engine contystesm for natural gas engines for as long
as they may be needed. This is done by redesid@inengld system using state of the art
components. The redesign will also improve the raeidal reliability of the system. The
EMS system is used in several large stationarynasgiall being available in several different
versions. EMS is used in engines with up to 18ncldrs. This project covers the hardware
only, no work has been done on the software.

The project is carried out at Hoerbiger Controlt8gs AB in Amal and the work follows the
V-model for project development. The componenthedesign have been analyzed so that
for the components no specified limits are exceedwtthat the functional requirements of
the system are satisfied. The redesign of the systsulted in increased mechanical
reliability but the functionality of the system caot be verified until the software has been
developed.

Syftet med detta projekt ar att sékerstélla resdardor EMS (Engine Management System
for Natural Gas) motorstyrsystemet sa lange sotmetiévs. Detta gors genom en
omkonstruktion av dagens system med nyare och madekomponenter. Omkonstruktionen
kommer ocksa att 6ka den mekaniska tillforlitligh®tEMS anvands i ett flertal stora
stationara motorer som alla finns i flera olikaiaater. EMS anvands pa motorer upp till 20
cylindrar. Detta projekt omfattar endast hardvanaget arbete har gjorts pa mjukvaran.

Projektet har gjorts &t Hoerbiger Control SysterBsi Améal och arbetet har féljt V-modellen
for projektutveckling. Berakningar pa komponentesnen anvants i konstruktionen har
utforts sa att de belastas i det for komponentexiperade omradet och att
kravspecifikationen for systemet uppfylls. Omkouoktionen av systemet resulterade i en
O0kad mekanisk tillforlitighet men systemets fuiokter kan inte verifieras forran mjukvaran
utvecklats.
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Introduction

Background

EMS (Engine Management System for Natural Gas) islectronic engine control
system for natural gas engines. It was designéueirarly 90s by Mecel AB in Amal
and there are over 600 engines world-wide equippddEMS in use today. The
majority of these engines will be in operation beay@020. The purpose of this work is
to guarantee spare parts for the EMS for as lorigegsmay be needed. This is done by
redesigning the current system with state of the@nponents. The redesign may also
increase the mechanical reliability of the system possibly also reduce the cost.

The EMS system consists of four different parts: @ylinder Module (CM), Knock
Module (KM), Master Controller (MC) and the IgnitidJnit (1U), see Figure 1-1. There
is one CM for every two cylinders, one KM for everipe cylinders, one MC for each
engine and one ignition unit for every cylinder.

Figure 1-1: The EMS system. Top left — IU, top right — MC, drotteft - CM and
bottom right — KM

This project is focused on the redesign of the Gld hhe KM hardware. The MC is not

a part of this project and the ignition unit does meed to be redesigned since it consists
of common components that will be available foeaynong time. The current CM and
KM consist of two printed circuit boards (PCB) eache 1/0-board and one CPU

board. One of the purposes of this project is toaee one PCB in each unit.
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1.2

1.3

2.1

Limitations

This project only redesigns the hardware and rettftware. The work on the software
will be done at a later time. It is therefore nosgible to build a prototype and test the
design.

A further requirement is that the mechanical desigthhe casing and functionality of the
system must not be changed. The PCB must thereéoneounted in the same position
in the casings as one of the PCBs used in therdusystem.

Hoerbiger Control Systems AB

Hoerbiger Control Systems AB was founded in Am&1982 as Mecel AB. The
business idea was to develop and sell advancedogewvent projects in the field of
engine control to the automotive industry. In 208&cel in Amél joined the Hoerbiger
Group and the company name was changed to Hoel®adrol Systems AB. The
focus today is on industrial engines and only allspaat of the company still works

with the automotive engines. Hoerbiger Control 8yst AB has 31 employees in Amal;
the Hoerbiger Group has about 6400 employees wattdim over 90 countries and a
net sale of almost 1000 million Euros.

Natural Gas Engine

Most natural gas engines today are large statiosagines. Although there are some car
engines that can be run on natural gas and p#tosle are called bi-fuel systems. The
gas consists mostly of methane ((EZH he methane is cleaned and then compressed to
form Compressed Natural Gas (CNG). The cylindesguee is higher in a natural gas
engine than in a petrol engine.

Industrial Natural Gas Engine

The EMS is an electronic engine control systemrfdustrial natural gas engines.
Cummins, MAN and Wartsila are examples of manufactuof such engines. The
Wartsila 34SG engine [1] is one example of a langestrial natural gas engine, see
Figure 2-1. Most natural gas engines are sparkadrengines that work according to
the Otto process and the lean-burn principle. Ttie €gine was developed by
Nikolaus Otto (1832 - 91). It is a four stroke imal combustion engine with spark
plugs. Engines with lean burn can employ higherm@ssion ratios and thus provide
better performance, more efficient fuel use andelolydrocarbon emissions.
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2.2 Engine Control System

Figure 2-2 shows a block schematic of the EMS sysfephoto of the four parts
marked with blue borders is shown in Figure 1-1.

Temperature Engine Position
Sensors Human Interface Sensors
/
A A A
CM > MC KM Piezoelectric
Fuel Injectors |- Vibration
Cylinder Module |« Master Controller Knock Module Sensors
A |
Y Conditioned Engine Position Signals
Ignition
Units

Figure 2-2: Bloch schematic of the EMS engine control systémexternal units

The engine performance can be optimized by comgpthe following main functions
of the engine:

* Fuel gas feed to the engine

* Charge air flow to the engine

* Cylinder individual fuel gas flow control
* Cylinder individual ignition control

The MC, see Figure 1-1, processes all engine irdton received from the other
engine units and transmits all data to the CM ahtf&r necessary optimal engine
performance. The CM, see Figure 1-1 and Figure@Htrols the fuel injection and
ignition for two cylinders on the engine. Figur&2hows a block diagram of the CM
and the connections to other units on the engihe.dM has actuator outputs for
injection and ignition control and inputs for K-y C temperature sensors and for
crank and cam engine position signals. It alscah@aN bus interface for data
communication between the different units in thetey. The MC sends fueling and
ignition data on the CAN bus to the CM. The CM alsceives crank and cam signals
from the engine position sensors and from thoseatsgdecides when to activate fuel
injection and spark delivery.
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TCH—T TJTC

Ignition Ignition

Unit Unit

Injector Injector
PCC %) Main% Main CC PCC
AAEH @0 @0 @0 @0 @0 AN
—@ CM B—
Engine(%t::iltli(o:n%igcr:rlls) g Cylinder D Power
CAN and Power O Module B CAN and Power
= =

Figure 2-3: Block diagram with the connection of the CM to otineits on the engine

The KM, see Figure 1-1 and Figure 2-4, detects knidnock is an uncontrolled
simultaneous self-ignition after ignition of theefuhat will lead to a sudden increase of
the pressure resulting in damage to the engineKMeeceives inputs from vibration
sensors on each cylinder, processes the signalhandends the information over the
CAN bus to the MC.

Piezoelectric Vibration Sensors

i

Engine Position SignaIsC ) Conditioned Engine Position Signals
(Crank and Cam) Knock
CAN and PowerC Module D CAN and Power
(= =

Figure 2-4. Block diagram with the connection of the KM toesthnits on the engine

The ignition unit, see Figure 1-1, generates tigh kbltage that creates the spark in the
spark plug to ignite the fuel. The ignition unitagntrolled by the CM.
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3.1

Method

The project work follows the Hoerbiger Control Syes AB’s (HCO) development
model in their Quality Handbook (QHB), describedid. The master thesis will
therefore be carried out in the same way as argr aévelopment project at Hoerbiger
Control Systems AB.

The V-model

The project will follow the V-model, see Figure 37lhe V-model begins with a quote
and then a Customer Requirement Document (CRD).

)

Project Management

>

>

>

N

Cﬁ/
Business <
CRD

elivery )

(’C Production ){ Di

Requirement
Analysis

> CRTR Validation

System
Analysis

«—> Integration

Verification

_________________________ / e

Module Design
1

Module Test
I

Implementation | €3 Unit Test
I I
UTS || UTR

Figure 3-1. The Development model for Hoerbiger Control Systems

Delivery
documents

The CRD is broken down in smaller and more detaiéglnal requirements: first to a
Requirement Specification (RS), then to a SystescHipation (SS) and finally to a

Module Specification (MS). Each document is revidwaed approved before the next
step begins. The MS is the basis for the hardwased.
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4 Analyses

EMS is used for different engines. The same PQBésl for all engines and it must
therefore be designed according to the toughesinegents in all engine
specifications. Doing a facelift on a 15 year oésign is almost like changing the entire
design. The reason for this is of course the rdpitelopment of new components,
especially microcontrollers but also of new poweamgonductors and other integrated
circuits.

4.1 Main Functionality of the CM and KM
The main functionality of the CM is to

» Control two main gas and two Pre-Combustion Char{€cC) gas injectors
» Control the ignition timing with an ignition contrsignal to the ignition units
* Communicate via a CAN link with a baud rate of PIbit

* Measure four exhaust temperatures, two for eachdsi with K-type
thermocouples (TC)

» Decode the crank and cam signals transmitted fhenKtM to detect engine
position and phasing

The main functionality of the KM is to
» Detect knock in the cylinders through the piezaslewibration sensors inputs
» Transfer knock information via the CAN bus to th€M

» Decode signals from the crankshaft position seasdrthe camshaft position
sensor to detect engine position and phasing, @aadlcam signals

* Amplify the crank and cam signals from the sensoig transmit them to the
CM

Summary of the main specification:
 19-29V input voltage
* Reverse battery protection, - 29 V.
e -40°C to +85°C ambient temperature
e 0-1800 rpm
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Figure 4-1 and Figure 4-2 show the hardware blatkise CM, the KM and the external
units that are connected to them.

CAM900x Pos GND CAM1x

L

+24V Engine Position
_onp | Power Supply " Interface
Galvanically isolated input signals
CAM CRANK900
4 thermocouples Tem perature
A A A
MC | CAN CPU, Memory and _ _

Ignition CAN Injector Drivers
information

Digital Output

Main CC and PCC for two cylinders

Igni'tion
Unit

Igni‘tion
Unit

L

2 main CC and 2 PCC injectors

Figure 4-1: Block schematic of the CM with external units

CAM900x Pos GND CAM1x

L 1

+24V
GND

Power Supply

Engine Position  [cAmsooxout [~
Pos GND Maximum six
Interface camixout | CM
Galvanically isolated input signals
CAM1xl lCAMQOOx
CPU
. . CAN . MC
Signal Processing |Knock
information
Differential Input
Amplifiers

FTTTTTTT

Piezoelectric vibration sensors

Figure 4-2: Block schematic of the KM with external units
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4.2 MPC5632M and MPC5534 Microcontroller

Today there are reasonably priced microprocess@itahle that are much more
powerful than the 15 years old microcontroller tisatsed in the current EMS. The
development of microcontrollers has roughly foll@adoore’s Law [5] since the first
microcontroller was developed in the 70s. The mgnfmrinstance is much larger in a
microcontroller today than it was 15 years agouByg a modern microcontroller
much of the functions implemented in hardware sc¢hrrent EMS system can be
replaced by software.

There are several very powerful microcontrollersigieed for different types of
applications. The MPC5632M [6] [7] and MPC5534 j@krocontrollers are two
examples. They have integrated technologies, ssieim &nhanced time processor unit
(eTPU), enhanced queued analog-to-digital convéet@ADC), Controller Area
Network (CAN), and an enhanced modular input-ougystem (eMIOS), see Figure
4-3.

MPC5632M /M PC5633M

. CPU e200z3

. 768kB/1MB Flash. 32kB/64kB RAM

. TPU2, DMA, DSP, 2 x CAN, 2 x SPI, 2 x SCI

. 12 bit A/D with IIR and FIR filter

. 5V only supply

. 100/144 LQFP, 208 PBGA

. Produced by Freescale and ST

. PPC5633MMLQ80 and PPC5633MMMG80 — active

MPC5534

. CPU e200z3

. 1 MB Flash, 64 kB RAM

. TPU2, DMA, SCI x 2, SPIx 2, CAN x 2

. 12 bit A/D

. Supply 3.3V and 5V
. 324 PBGA

. In production

The new MPC5632M [6] [7] microcontroller from Freate Semiconductor is used in
the EMS facelift. The main reasons for using MPC3@3nstead of for instance
MPC5534 is that it has 5 V single power supply viiiernal regulators to provide
3.3V and 1.2V for the core, 12 bit A/D with lIR&FIR filter and a LQFP package.
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Figure 4-3: MPC5632M block diagram [6]

4.2.1 1.2 V Power Supply for the Microcontroller

The microcontroller has a 5 V single power suppiiernal regulators provide 3.3 V for
the core and 1.2 V is provided to the core usingxdarnal transistor. Figure 4-4 shows
the schematic of the internal regulator that presid.2 V (VDD) for the core.

T1
BCP68T1

C1 Cc2 C3
IlOOnImOuIlu
Figure 4-4: Schematic with internal regulator to provide 1.Z\DD) for the core
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An internal regulator, ¥ccL1, and an external bypass transistor are used tadero

1.2 V to the core. The bypass transistor must leeaded outside of the saturation
region. For maximum transient performance [6],rgmmmended bypass capacitor for
each pin that supplies the digital core is 20uBGUEF with very low ESR (max 10G).

A ceramic capacitor is also desirable, with 20@mEuF capacitance, see Figure 4-4.
Current which can be sourced bydér is 7.5 mA at 150°C and 11 mA at -40°C; the
maximum operating current for the VDD is 250 mA.

The transistor BCP68T1 [9] has a minimum DC curgaih, ke = 50, maximum power
dissipation B = 0.78 W at +85°C ambient temperature and a themsastance Bja =
83.3°C/W, a maximum operating junction temperaiyre 150°C and a maximum
collector-emitter saturation voltage-y= 0.5 V, see Table 4.1.

Table 4.1: Specification for the transistor BCP68T1
hrEmin Po [W] Resa [°C/W] T; [°C] V cesatmax[V]
50 0.78 83.3 150 0.5

The power dissipation in the transistor withoubHector resistor is
P=V. 0. =W —Vp)Oe = (5-12) [D25= 095W (1)

which is above the maximum power dissipation foPB8T1 at +85°C and yields a
junction temperature of

T, =P[Ry, +T, = 095[83.3+85=164C (2)
which also is too high. Therefore a collector resise is needed, see Figure 4-4.
The transistor must not be saturated and ther&ierenaximum resistor is

Ve _ Vee "Vegsat = Voo _5—-05-12
I 025

| =1320Q 3)

C max C max

The maximum power dissipation in a 182esistor is 0.825 W, see Figure 4-4, and the
power dissipation in the transistor is reduced moidimum when a maximum value of
the resistor is used. The power dissipation isddigtiequally between the resistor and
transistor at maximum current when the resistasice i

Ve =Vpy 5-12

R=—F =2 = 2 =760 (4)
| | 025

C max C max

The chosen collector resistance is thereforeg/vhich is the closest value in the E24
series. The maximum power dissipation in the(? fesistor is 0.47 W and the
maximum power dissipation in the transistor is OM8vhich yields an acceptable
maximum junction temperature of 125°C.
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4.2.2 Crystal Oscillator

The Frequency-Modulated Phase Locked Loop (FMP&&g, Figure 4-3, allows the
user to generate high speed system clocks frond bz to 20 MHz crystal. An
8 MHz quartz crystal was chosen of type 92M080-1§{D] manufactured by SMI.

4.2.3 Programming the Microcontroller

MPC5632M has a Boot Assist Module (BAM) which iblack of read-only memory
that is programmed once by Freescale. The BAM piogs executed every time the
microcontroller unit is powered-on or reset in natrMmode and can be used to program
the microcontroller.

Another way, which is used in this design, of pesgming the microcontroller is with a
boot code. The boot code is written to the bootmen the flash by using the JTAG
interface. Self-programming or in-system prograngrgapability is achieved by
utilizing a boot sector in the flash memory. Wheeauting the boot code the
microcontroller can receive new code via a sewahmunication channel, for instance
CAN, and can program that code into its own flasigpam memory.

4.2.4 Input and Output Signals

Not all the different blocks in the microcontroll@e used. The main blocks used are the
ADC, eTPU2, GPIO and CAN, see Figure 4-3.

e The AD converter in the microcontroller is used fimeasuring the injector
current in the CM and the signals from the piezdelevibration sensors in the
KM.

e« The eTPU2 is used for the engine position sigmatsoth CM and KM. It is also
used in the CM for controlling the injector drivensd the ignition units.

* Four rotary switches [11] are connected to the Géflthe microcontroller, see
Figure 4-5. Two switches indicate the number oingidrs in the engine, one
switch indicates the unit digit and one the deadide. The other two switches
indicate the engine type and the CM position oretingine.

VCC vCC VvCC VvCC

R1 R2 R3 R4
33k 33k 33k 33k

SWi1

2”3

[ePoa >
2i¢c 3®7m TGPz >
S lc\2 8/2m ooz >
1 0 9
GND 270 GPIO 1 >
94HBB10

koA o

Figure 4-5. Rotary switch used to identify the CM
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4.3 Main CC and PCC Injectors - CM

The MC supplies fueling data to the CM via the CBdé. The CM receives amplified
crank and cam signals from the KM and activatedubkinjection relative to the
cylinder top dead center (TDC) according to infotiovafrom the MC. Each cylinder
has a main and a PCC injector. Different enginesypave different injectors, see Table
4.2, so the pull-in time, pull-in current, hold #nand hold current, see Figure 4-6,
differs from type to type. The ambient temperatammaximum +85°C and a fuel
injector driver must be chosen so that the powss ieill be small and the junction
temperature is kept below the specified limit. Tileximum engine speed is 1800 rpm.

When designing an injector driver it is importamtcalculate the power dissipation in
the components and the signal delay they introdeigewre 4-6 shows the current and
time definitions for the injectors. The temporawyrent increase in the slope just after
the pull-in phase occurs when the plunge stoplseaénd of its movement.

1A

A

Pull in current

Pullin current |
- ripple

Hold current |
+ ripple

Hold current

Pull in phase

Hold phase

i - t [Ms]
i Pull in time Hold time
I —

Figure 4-6: Injector current and time definitions

The inductance and resistance values in Tableréd.thaasured with an ISO-Tech
LCR819 LCR meter and an HP 34401A multimeter. SOGA8 and SOGAYV 43 [12]
are the main injectors and SOGAV 2.2 [13] and S&etoSP 021 are the PCC injectors.
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Table 4.2: Measured inductance and resistance for the injecatves

L [mH]
Injector f=100Hz| f=1kHz| f=10kHz f=100kH R [Q]
SOGAV 105 5.7284 3.6426 2.256 1.5795 1[0
SOGAV 43 9.1258 6.6641 41812 2.8886 1/9
SOGAV 2.2 7.8985 3.0002 1.2702 0.6979 2[7
SERVO JET SP 021 9.5114 45252 1.5607 0.65198 1.6

4.3.1 Freewheeling and Clamping

Figure 4-7 shows the two main methods, clampingfeeelvheeling, used when
switching an inductive load. The freewheeling metiwthe slower of the two but it

also causes less power dissipation in the tramsiBbh@ higher power dissipation in the
transistor when the clamping method is used istdulee high drain-source voltage
when the transistor is turned off. The load ontthasistor is therefore much higher
when the clamping method is used. When the tramssturned off, the inductor
voltage increases and therefore also the drairesotoltage. When it exceeds the value
of the zener diode connected between the draigate] see Figure 4-7, the transistor is
turned on again. This happens almost instantangausl the inductor current is
therefore never turned off, see Figure 4-10. Thi@dtor current decreases through the
transistor until it reaches zero and then the galiage decreases which causes the
transistor to turn off. The drain-source voltagligh while the inductor current
decreases.

The clamping method turns off the injector fastecduse the inductor voltage is higher
compared to when a freewheeling diode is usedi-ggee 4-12 and Figure 4-14. The
power peak in the transistor is high during turf) e Figure 4-14. The time depends
on the inductance of the injector and the injegtitage. The maximum allowed
injector voltage is limited by the drain-sourcedk@own voltage of the transistor.

Vbat Vbat

Clamping Freewheeling
Figure 4-7: Simplified schematic of freewheeling and clampneghods
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Figure 4-8 shows the current through the transisten a freewheeling diode is used.
The current goes through the freewheeling diodevthe transistor is turned off.
Figure 4-9 shows the current through the freewhgediode.

1A
A

Pullin current

Pullin current |
- ripple

Hold current
+ ripple

Hold current 4-

P t [ms]
| Pull in time | Hold time |
[ R —
Figure 4-8: Current through the transistor when a freewheetiingde is used
1 [A]
A
Pullin current 4+
Pullin current |
- ripple
Hold current |
+ ripple
Hold current +
P t [ms]

I
i Pull in time } Hold time |
- .t

Figure 4-9: Current through the freewheeling diode
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Figure 4-10 shows a simulation of a clamping citcline blue line is the inductor
current, the green is the gate voltage and theipittke drain-source voltage.

100

[ —
80
60
40
\
Mn‘
20
’V
1
|
—
O-K’J*Jy \
Os 0. 2ns 0. 4ns 0. 6nms 0. 8ns 1.0ms
A I(M:D) o V(DRAIN) x V(GATE_C)
Ti me

Figure 4-10: Simulation in OrCAD of a clamping circuit. Inductourrent - blue, gate
voltage - green, drain-source voltage - pink
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Figure 4-11 shows a simulation of a circuit witireewheeling diode. The blue line is
the inductor current, the orange is the currenaigihd the freewheeling diode, the green
is the gate voltage and the pink is the drain-sewuaitage.

25

20

15

10

e
5 — .
~
/I/
PP
.

L
5 O N O S A
T T T
Os 0.2ms 0.4ms 0. 6ns 0. 8ns 1.0ms
A 1 (M3:D) x V(GATE_F) o V(DRAIN_F) | (D25)

Ti me

Figure 4-11: Simulation in OrCAD with a freewheeling circuitdunctor current - blue,
freewheeling diode current — orange, gate voltageeen, drain-source voltage - red

The difference in turn-off time and drain-sourcétage between the clamping method
and freewheeling can be seen in Figure 4-10, Figtk® and Figure 4-12.
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Figure 4-12 shows a simulation of the inductor entwith a freewheeling diode in red
and with the clamping method in blue.

15A

/A' AV’WWV\M\

/
10A
/

N, | I\

’ ERN
AN
f \
[ | ~
OA!l | T
Os 1.0ns 2.0ms 3.0ns 4.0ns 5.0ns 6.0ns
o -1 (L1Cl anping) o -1(L1Freewheeling)
Ti me

Figure 4-12: Inductor current simulation in OrCAD. Freewheelidpde - red,
clamping - blue

When the clamping method is used the current isralded by the high side drive
(HSD) transistor and the low side drive (LSD) tiatw is turned on constantly until the
injector is turned off, see Figure 4-13. The inpeds turned off after approximately

3.4 ms in Figure 4-14 and the simulation shows tthaturn off time is much shorter for
the clamping method compared to the freewheelintpoak The high inductor voltage
causes the shorter turn off time. A high inductoltage leads to a high drain-source
voltage and therefore the power dissipation is Végh at turn off. This can be seen in
Figure 4-14.
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+24V +24V

T3

Tl
HSD K HSD| K
H H
To current sense circuit To current sense circuit
R2 R6
To current sense circuit To current sense circuit
+24V
L2
D4 D5
R7 T4
LSD LSD|
To current sense circuit To current sense circuit
R8
To current sense circuit To current sense circuit

Figure 4-13: Simplified schematic of HSD and LSD with the clangpnethod to the left
and the freewheeling method to the right.

\A\L
1 2 300W
40 4
\
.
200W
20+ 3
100W 118
 PIANAARARAIA,
v
/ hN
0 ow - = SR Al \FQ*‘—‘*—
i W T
Os 1.0ms 2. 0ns 3.0ns 4. 0ms 5. 0ns 6. 0nms
o -1 (L1Cl anping) v -1(L1Freewheeling) o V(LSD_DRAIN_CLAMPING, T2:S) [2] o WT2)
Ti me

Figure 4-14: Injector current control with the clamping and freleeeling methods.
Injector current clamping — blue, injector curreineewheeling — red, drain-source
voltage over the clamping transistor — green andi@odissipation in the clamping
transistor — purple.

18 of 50



4.3.2 Power Loss in the Injector Drive Transistor
As stated earlier, it is important to calculate plogver dissipation in all power

components so that the junction temperature doesexoeed the specified limit. The
total power loss in the injector drive transissr i
Po =R + P )

where Ris the conduction loss ang,fs the switch loss.

The switch loss, & is approximately

(6)

P = VO OB VO 8 VO 0V oo O ¢
2 2 2 2 T

where V is the drain-source voltaggu land heq are the currents through the transistor
during the pull and hold phases, f is the switctineguency, 4, is the maximum time
the injector is activated, T is the period anid the rise time and is the fall time of the
transistor gate voltage.

The conduction loss,:fs

P, = Roson J rus (7)
where Rsonis the on-resistance anglyk is the RMS current of the transistor.
The combustion frequency; per cylinder for a four stroke engine is

_enginespeedn rpm - T= 2160
¢ 260 enginespeedn rpm

(8)

and the definition of the RMS currengyk in a fuel injector driver is

17 L
| eus = ?Eilzdt which yields (9)

_ |1 2 2
I RMS — \/? [ﬁl pull [ﬂpull DDpsw +1 hold [ﬂhold DDhsw) (10)

where pyi is the pull-in currentty is the pull-in time, s is the switching duty cycle
during pull-in phasenbiq is the hold current,diq is the hold time and {3y is the
switching duty cycle during hold phase.

According to the specification the maximum timetttinee injector can be activated is 65
ms. The time for the hold current is calculatedh@&maximum activated time minus the
pull-in time. The switch duty cycle depends onitiguctance in the injector, voltage
across the injector and losses in the circuit. \Waase conditions are always used.
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Calculating the exact junction temperature for mponent is impossible. Instead
approximations are used. The average junction teatyre, T can be approximated [16]
by the equation

T = RualRo + T, (11)

where the Rjais the junction-ambient thermal resistangg,i®the total power and,T
is the ambient temperature.

This calculation is a good approximation of therage junction temperature when a
freewheeling diode, see Figure 4-7, is used tognethe voltage over the transistor
from increasing above the supply voltage. The itatucurrent flows through the
freewheeling diode when the gate voltage is settturn the transistor off.

A transistor drain-source voltage of 90 V and geator current of 7 A creates a 630 W
power peak in the transistor. The power peak tearpgiincreases the junction
temperature [16] above the average junction tentyeraAll semiconductors have a
pulse power limit that must be taken into accowmeeially when using the clamping
method. For this reason a freewheeling diode wad irsthis design. The turn off time
is not critical in this design.

Table 4.3 shows the power and temperature calonkfor the freewheeling method
with the OptiMOS 2 power-transistor IPBO5SCN10N @] as a fuel injector driver
according to equations (5) — (11). The maximum tiarehe injector to be activated is
65 ms, which is the sum of the pull-in time and hio& time.

Table 4.3: Power and temperature calculations for the injeaadwer using
freewheeling diode for different engines

Pull-in Pull-in Hold
time current | current
Main/PCC | [ms] (Al (Al lms [A] | Pc [W] | Psw [W] | Pt [W] | Tj[C]
Main 6.3 7.8 2.9 1.91 0.019 0.019 0.038 87.3
PCC 3.2 4.7 1.6 0.98 0.005 0.011 0.016 86.0
Main 6.3 7.8 2.9 2.56 0.033 0.034 0.067 89.2
PCC 3.2 4.7 1.6 1.31 0.009 0.020 0.029 86.8
Main 7.0 12.6 5.9 3.61 0.066 0.032 0.098 91.1
PCC 2.0 13.7 6.7 3.65 0.068 0.035 0.103 91.4
Main 7.0 12.6 5.9 3.61 0.066 0.032 0.098 91.1
PCC 3.2 4.7 1.6 0.98 0.005 0.011 0.016 86.0

According to the datasheet [14], the maximum rfise} t and fall time, tof the

transistor gate voltage are=t63 ns and = 31 ns. But those values are measured with
Ry=1.6Q, Vpp =50V, Ves=10 V and 4 = 50 A. The datasheet does not specify how
these times vary as a function of the gate resigtlue. The rise and fall times will
increase when a higher gate resistor is used whedms that the switching losses are
too low in Table 4.3. With rise and fall times aghas 1 us, see Table 4.7, the
maximum junction temperature will be 130°C insted@1°C. However, as the absolute
maximum operating temperature of the IPBOSCN10NMa@distor is 175°C it can be
used in this injector driver circuit.
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Table 4.4: Power and temperature calculations for the injeaawer using the
clamping method for different engines

Pull-in Pull-in Hold
Main/PCC | time [ms] | current[A] | current [A] | Pc[W] | Psw [W] | Pt [W] | Tj[C]
Main 6.3 7.8 2.9 0.23 0.00 0.23 99.3
PCC 3.2 4.7 1.6 0.12 0.00 0.12 92.2
Main 6.3 7.8 2.9 0.42 0.00 0.42 110.7
PCC 3.2 4.7 1.6 0.21 0.00 0.21 98.0
Main 7.0 12.6 5.9 0.53 0.00 0.53 117.6
PCC 2.0 13.7 6.7 0.58 0.00 0.58 121.1
Main 7.0 12.6 5.9 0.53 0.00 0.53 117.6
PCC 3.2 4.7 1.6 0.12 0.00 0.12 92.2

The power dissipation in the transistor is highbewthe clamping method is used than
when a freewheeling diode is used, see Table 43 ahle 4.4.

4.3.3 Power Loss in the Freewheeling Diode
The power loss in the freewheeling diode is

P=Ve Oeave (12)

where £ is the forward voltage drop anghic is the average forward current through
the diode. The average forward current is defireed a

1.5
IAVG:?EJ' i(t) dt (13)

0

where T is the time for one complete period ands(the injector current. Using the
approximation that the current is a square wavepaoe Figure 4-9, the average current
through the freewheeling diode is

IAVG =D |:-'-:II-_- Eﬁl Pull |:ﬂpull +1 Hold |:ﬂHold) (14)

where D is the duty cycle, T is the time perigg, Is the pull-in currentty is the pull-
in time, hoiq is the hold current andoly is the hold time.
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Table 4.5 shows the power and temperature caloanktvith the diode
12CWQI10FNPbF [15] as a freewheeling diode and veheuty cycle of 50% is used.

Equations (11) and (14) are used in the calculation

Table 4.5: Power and temperature calculations for the freevingediode for different

engines
Pull-in time Pull-in Hold
Main/PCC [ms] current [A] | current [A] lave [A] P [W] Tj [C]
Main 6.3 7.8 2.9 0.91 0.59 86.1
PCC 3.2 4.7 1.6 0.47 0.31 85.6
Main 6.3 7.8 2.9 1.65 1.07 86.9
PCC 3.2 4.7 1.6 0.85 0.56 86.0
Main 7.0 12.6 5.9 1.79 1.17 87.1
PCC 2.0 13.7 6.7 1.87 1.22 87.2
Main 7.0 12.6 5.9 1.79 1.17 87.1
PCC 3.2 4.7 1.6 0.47 0.31 85.6

4.3.4 Current Sensing

The current through the injector is measured withirgent sensing resistor, see Figure
4-15. Some current sense resistors have 4 terntmaisrease the accuracy of the
measurement. CSM3637 [17] from Vishay is one of¢hiesistors.

To current sense circuit

R1

To current sense circuit

Figure 4-15: Current sensing

The minimum injector hold current is 1.6 A and thaximum injector pull-in current is
13.7 A, see Table 4.3. The injector current canrfstance be measured with a
differential amplifier or with a high voltage cumeshunt monitor circuit like AD8210
[18] which is used in this design. It has a gai@ftimes, a maximum output voltage of
4.9 V and the maximum input voltage is therefor@ @8/. The maximum resistance of
the current sensing resistor is
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R=—=—2"=18mQ (15)

The current sensing resistor is chosen to @bwihich yields a maximum current of
16.7 A. The maximum RMS current is 3.65 A accordm@able 4.3 which yields a
power loss of only 0.2 W in a 15(vresistor. When the input voltage is equal to or
higher than 250 mV the output voltage from the ADB2ircuit is 4.9 V. With a 12 bit
AD converter and a 15 fcurrent resistor the current quantization stepsoaty

1261—'27 =4.1mA. The injector current ripple, see Figure 4-6,isw 0.5 A and it is

therefore possible to use the same current resatail the different injector types that
are used.

4.3.5 Protection from Short Circuit Connection

The injector driver must be protected from shartuit connection. A short circuit
occurs when the outputs by accident become corshéxtde supply voltage or ground
instead of to the injector. With the MOSFET IPBOSITNI G [14] this means that a 50
A current can go through the transistor for 1 nhmost 200 A for 100 us or 400 A for

10 us before the current is turned off by the tisdos A thyristor has a turn on time of
roughly a few microseconds so a thyristor is usetitn off the transistor if the current
is too high, see Table 4.7. A thyristor has a lagead on the gate trigger voltage:)V
and normally it is only the maximumgMvhich is specified in the datasheets. But due to
physical laws, among others the band gap for serdiettors, the minimum g/is about
0.3 V. The maximum ¥ for the thyristor NYC0102BLT1G [19] is 1 V at -4D;the

gate trigger current is 200 pA and the maximum leoildent is 6 mA. The value of the
gate resistor of the transistor, R1 in Figure 4sks the hold current to the thyristor and
the maximum current allowed through the transistor be adjusted with the thyristor
gate resistors, R2 and R3 in Figure 4-16. Withogaite cathode resistor, R2 in Figure
4-16, the spread of the maximum allowed injector curien

| =% (16)

3

LAY

R2 R4

Figure 4-16: Protection from short circuit connection using gtistor
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With a voltage divider as in Figure 4-16 the tufhoorrent is

=Rt R) Yy (17)
RIR, °
The turn on and turn off delay of the transistazakculated from
_t
Vc(t):VEE1—e Rgmpj (18)

where V is the maximum gate voltagg,iRthe gate resistor ang G the parasitic input
capacitance in the transistor.

Table 4.7 shows the maximum and minimum turn offents with different voltage
divider resistors, Rand R. It also shows the power in the gate resisteraitl the turn
on and off time of the MOSFET due to the parasitput capacitance, A current
sense resistor of 15¢nis used in the calculations. The values in Tablehave been
calculated using the values in Table 4.6 which Hsaen taken from the datasheets for
the components.

Table 4.6: Maximum and minimum component values from datasheet

NYC0102BLT1G [19] IPBOSCN10N G [14] MC7812B [41]
Vgtmin [V] V gtmax [V] \ GS(th)max[V] C pmax [n F] Vomin [V] V omax [V]
0.3 1 4 12 11.5 12.5

Table 4.7: Protection from short circuit connection using grilstor

Ri[kQ] | Ro[kQ] | Ry [kQ] | Pri[W] | Iv2 [MA] | tonta [US]| Imin [A]l | I'max[A]
0.18 100 1 0.87 69 0.9 20 54
0.22 47 1 0.71 57 1.1 20 68
0.51 10 1 0.31 25 2.6 22 73
0.68 51 1 0.23 18 3.5 24 80

1 2.7 1 0.16 13 5.1 27 91

Table 4.7 shows the worst case values. The powteigate resistor,;Rncreases
linearly and the turn on and turn off times deceealsnost linearly with the decrease of
the resistor value. Therefore a trade off betwedaydand power dissipation in the
transistor must be done. The current ripple initfectors can be between 0.5 -1 A
depending on the injector type. The switching timapproximately 50 us and a 1 us
delay is well within limits. An optional transistaiith less than half the input
capacitance and lower gate threshold voltage i98BIO6L3 G [20]. IPBO81NO6L3 G
has a slightly higher )., and the rise and fall times are shorter. The {waler loss
and junction temperature is therefore almost tiheesa

A high side and a low side driver are used to mtdtee injector driver in case of a short

circuit connection, see Figure 4-18. IR2181 [213 isigh voltage, high speed power
MOSFET driver with independent high and low siderenced output channels.
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IR2181 is therefore used to drive both the higlesidd the low-side MOSFET
components. IR2181 has typically a 40 ns turn e titypically a 20 ns turn off time
and a typical output source and sink current cdipabf 1.4A and 1.8A respectively.
The power supply is 12 V and the supply current is

I=C, v (19)
dt

where G is the input capacitance for the MOSFET a%\{d is the slew rate for IR2181.

A capacitance of 12 nF and a turn on slew rateD6f\&s yield a source current of
3.6 A which is more than what IR2181 can supplyisTheans that the turn on time will
be limited by the maximum output source currentli@ IR2128 and not by the
transistor. The maximum sink current is with theneaeasoning as for the source
current 7.2 A which also is more than what the I&2tan sink and the turn off slew
rate is also limited by the maximum output sinkreat for the IR2128. But the current
is also limited by the series gate resistance aadrtaximum gate current due to the
series resistance is

= (20)

where R is the gate resistance and V is the voltage fleeMOSFET driver. The gate
current decreases exponentially according to

t

RC,
=" (21)

g

where V is the voltage from the MOSFET driveg,iRthe gate resistance angi€the
input capacitance for the MOSFET.

The maximum gate current is limited by the IB@ate resistance to 67 mA according
to equation (20).
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Figure 4-17 and Figure 4-18 show the schematib@frijector driver using
freewheeling diodes and the clamping method resdg¢t Both circuits are protected
from short circuit connection by a thyristor.

24V 16V
100nF
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'r1 tof N our
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s c1 7 R a Tol VREF1 v+ |-Spvee
5 vce VB 8 ég\F/ 1k 0RO015 +24V GND
, Re 2w || s
7 HIN HO 5 100k VREF2GND T ?;CWQ1OFN D3
LN Vs Gio ADB2IOYRZ iy 12CWQLOFN
3 COoM Lo 4
\R2181S {"Main CyTAT >
GND Cc3
+12\/<1—{ }—{GND
TO0nF Vi Gy AZ
ca c6 ic7
A o —1nF 1nF
+12\/<b—{ }—{GND 100V 100V
AT i vccq—{ }—{GND I I
25V R5 & IPBOSCN10ON G 16V GND GND
180 1W c2 100nF
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52015 1 -IN NC 4
2w 7 6
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GND 3 2
VREF2GND
GND AD8210YRZ jGV\TD
Figure 4-17: Injector driver using freewheeling diodes protectexin short circuit
connection
+24V
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Figure 4-18: Injector driver using the clamping method protelckeom short circuit
connection
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4.4

4.5

Ignition Timing - CM

The MC determines the ignition timing from the dihteeceives from different engine
units. The MC supplies ignition timing data to k! via the CAN bus. The CM
receives crank and cam signals and activates #r& siglivery at the engine position
determined by the MC. This is done by pulling anaigo the ignition unit low, see
Figure 4-19.

— > Ignition Unit

R1
Microcontroller &

TAT

R2

Figure 4-19: Schematic of the spark delivery activation

CAN - CM and KM

All communication between the different units cotitng the engine is done over a
CAN bus. The KM sends knock information to the M@e MC transmits commands
with requested ignition timing, ignition voltageiell timing and fuel amount to all CM
units.

There are many different CAN transceiver integratieclits that can be used for CAN
communication, TLE6250 [22] and TJA1040 [23] are twf them. TJAL1040 is used in
this design. The CAN unit in the microcontrolleccennected to a CAN transceiver with
appropriate external components [24], see Figuz8.4Fhe filtered output signals from
the CAN transceiver are connected to the CAN bugellow LED controlled by the
microcontroller indicates if the CAN communicatignworking correctly, see Figure
4-21.

VCC

Ic1 ? L

cNTXO [ >——— ™D S CANH AN <> CANH

0 =
CNRXO<__J———{RxD _ CANL MOV <_>CANL

2 1
STB O Split (2 c1 ——c2
TJA1040T

.|||_|

Figure 4-20: Schematic of the CAN interface

VCcC

R1

D1
“wYELLOW
“CAN

T
=

GND

Figure 4-21: Schematic of the indication with a LED of correperation of the CAN
communication
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4.6 Thermocouples - CM

The CM has two K-type temperature sensors for eglthder. They measure the
exhaust gas temperature with a range from 0° t@@0The thermocouple inputs of K-
type (chromel - alumel) have a sensitivity of oapproximately 41 pV/°C so the signal
must be amplified. The temperature is continuousbyitored and the result is
transferred by the microcontroller over the CAN bugshe MC.

Maxim has an integrated circuit called MAX6675 [2@8jich is a cold-junction-
compensated K-thermocouple-to-digital converteis ltery easy to use and it measures
temperatures from 0°C to 1024°C. The temperaturaunsferred digitally to the
microcontroller on a SPI interface. But the openadil temperature range for MAX6675
is only -20°C to +85°C so it can only be used adfigneement with the customer.

IC1

Thermocouple alumel > ‘] 1 o N
= 2|C ¢
T- SO

Thermocouple chromellZH?1 T+ CS*
VCC<+—— vcesck
U
MAX6675ISA

C1l

SIN

E

I
O
n

VvCC
100n —

Figure 4-22: Schematic of thermocouple inputs using MAX6675ISA

Analog Device has an integrated circuit called ABD$26] which is a monolithic
thermocouple amplifier with cold junction compensat The operational temperature
range is -55°C to +125° and it can measure tempremfrom -200°C to +1250°C, the
range depends on the supply voltage. When a ssuglply of +10 V is used the
measuring range is from 0° to almost 1000°C.

L1 R1

Thermocouple chromel D—__—E ]

[

L2 R3 ==

Thermocouple alumel D—__ ; +IN -In 32
—3] +C -ALM
R2 — 4T +ALM [
c2 g CcoM V+
—-T cowmp
— —1-C VO

V- FB
= AD595

R6 R7

F:'I:'—D UC Temperature

Cc3

yH_|

Figure 4-23: Schematic of thermocouple inputs using AD595

The output voltage from the AD595 is an analog aigmd the maximum voltage is the
same as the supply voltage, +10 V in this desitne. Jignal is therefore reduced to
maximum 5 V with R4 and R5 and connected to a geltallower, see Figure 4-23.
The output signal from the voltage follower isdiéd and connected to the AD
converter in the microcontroller. TLC274 [27] ipeecision unity stable operational
amplifier which is used as a voltage follower.
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4.7 Engine Position Signals - CM and KM

The crankshaft, sometimes abbreviated as the cisitie part of an engine which
translates reciprocating linear piston motion irdtation. The crank sensor monitors the
position of the crankshaft. The crank sensor isluis&€ombination with the similar
camshaft position sensor to monitor the relatigng@tween the pistons and valves in
the engine. The engine position is consequentkyated by the crank and cam signals
and that information is used by the engine to admgnition system timing and other
engine parameters.

In the EMS engines the crank position pulse tramscsts of 900 pulses per two engine
revolutions and the cam shaft position indicatarie pulse per engine cycle which is
two revolutions in a four stroke engine. Figuredshows a Watrtsila 34SG engine, the
large flywheel at the front of the picture resistignges in the rotational speed and
therefore stabilizes the engine speed. The flywbaelalso have crank pins that indicate
the engine position, but in the engines equipped ®MS the engine position is
detected by cam and crankshaft position sensag@ained above.

Figure 4-24: Wartsila 34SG engine. By courtesy of Wartsila [2B]

It is important that the delays of the signals fribra engine position sensors are kept
low. The maximum delay depends on the type of endiihe crank and cam signals are
galvanically separated from the rest of the sydterliminate interference. The sensors
used for the crank and cam signals have limitedrdyipower and the signals are
therefore buffered in the KM. Each KM can supplg tlhank and cam signals to up to 6
CM units. The maximum engine speed is 1800 rpmt@snaximum frequency of the
crank position pulse train signal is

¢ = nierank _18000900_ 500 o 1o (22)
2060 2060 13 5k

where n is the engine speed in rpm and crank iauh&er of pulses per two engine
revolutions.
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900 pulses per two engine revolutions and a frequeh13.5 kHz yields a 74 us period
time for the crank signal. This is important foe thllowed rise- and fall times of the
electronics.

The delay of the boosted crank signal can be maxifdiB us when a tolerance of 0.1
degrees is accepted according to

1 1
tancetay = ———— (olerance= Teoo 017 9.3us (23)
—[B60 ———[B60

60 60

where n is the engine speed in rpm and toleranttesimmaximum accepted delay in
degrees of the crank signal. However, the knowayjelse- and fall times can be
compensated for in the microcontroller when caliogpthe engine position. It is the
variation in the threshold voltages in the Schinigiger that will cause most of the error
in the engine position signals that cannot be corsgied for.

The crank and cam signals are connected to a prgdsoptocoupler, HCPL-0600 [29]
and the signals are buffered with a transistor9%34 see Figure 4-28. The operational
amplifier LM258 [30] and the comparator LM2901 [3rE used to protect the crank
and cam outputs in case of short circuit connection

A differential amplifier is used in the current protion circuit, see Figure 4-25. The
differential amplifier output is connected to a 8att trigger with hysteresis, see Figure
4-26 and when the current becomes too high the Bictiigger output will change
status and the current will be turned off, see FEgL+28.

R3

39k

+
IN)
N
<

R1

R5 100k — > Vout

10 R2 2 Lmess

100k +12V

Iz &

R4
39k

Vref

Figure 4-25: Differential amplifier as a current sensor

The output voltage when1R Ry, Rs= Ry and R >> Rs is
Vout :Vref + RS D E% (24)

The leakage currents can be neglected whesm R are much larger thansR
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1
GND

Figure 4-26: Schmitt trigger with variable hysteresis

+E

Vr. V.

E4+ N—

Figure 4-27: Schmitt trigger hysteresis

The threshold voltages in Figure 4-27 are

VT+ :+EG R2 +Vref G Rl
R +R, R +R

VT— :_EG R2 +Vref B Rl
R +R R +R,

where +E is the positive supply voltage and —Hésrtegative supply voltage.

(25)

(26)

Figure 4-28 shows the schematic of the engine ipastircuit. The engine position
signals are protected from damage from a shoniticonnection by a current sensing
resistor. When the outputs are shorted the cutheotigh the current sensing resistor
increases and so does the voltage across theoremigt the differential amplifier output
voltage. The comparator turns the transistor ofémthe threshold current is reached

and the current goes to zero.
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+24V<t—— 1+ Engine position CM

S14948

R1 1]

Engine position in + e
2k2 - o
D1 —
BAS16
Pos GND

0 o]

IS

R16

3.9k
vaigr 1 R0 vairr €2 R1S
1K oo 39K

R17

C1 =0 1k

- in
R9
R18

{—_> Engine position
Figure 4-28: Schematic of the KM engine position signals

Using equations (25) and (26) for the schemati€igure 4-28 yields for a single supply
voltage and open collector output of the LM2901 parator

Vi = tEDO i *+Vengeos 3 i =
Ry + Ry Ry + R
22 e 100 e 100 _ .
22+1 10C+10C 10C+10C

(27)
when the engine position signal is low and

VT+on =+E GL +VEngPosGL =
Ry + R Ry + R

=22 g 100 g 100 5y, (28)
22+1  10(+10C ~ 10C+10C

when the engine position signal is high.

R _op 100 _py (29)

V. =V b——= -
T-off EngPos R, +R, 100+100

when the engine position signal is low and

V.

T-on

=Vigngpos 3R o 100 o5y (30)
R,+R  100+100

when the engine position signal is high.
The turn off voltage when the engine position ghhis 1.7 V according to equation (27)

and the maximum current, see schematic in Figuz8 dnd simulation in Figure 4-30,
is therefore, using equation (24)
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V, - g o 1000

—_ l 7 6 — T 1 —

= R, R, = 000+3900 _ — g17A 31

! engposmax R, (R 10039000 1 (31)
R, 100000

The maximum current when 6 CM units are conneaigtld KM is

| 29 _ 43mA (32)

EngPos: 47 -

7

which yields an output voltage using equation din the differential amplifier of

V,, =——  [5+10(D.04302 =12V (33)
3.9+1 10C

25V

20V

15V

iov

5V

7\

\

oV

Os 20us 40us 60us 80us 100us 120us
o V(CRANK) v V(DI FF) o V(ENG NE_POSI TI ON_CCU)
Ti ne
Figure 4-29: Boost of the crank and cam signals in the KM @M and the effect of
the protection from short circuit connection. Theerted crank signal from the sensors

is red, the buffered crank signal is green anddiferential amplifier output is blue.
The engine position signal is shorted to groundref©0 us, see Figure 4-29 and that is

why the output voltage decreases to zero volts atieut 115 ps. The transistor is
turned off and the output voltage and current goe=ero. The simulation also shows
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that there is almost no delay at turn on and aydaflalmost 5 ps at turn off which is
less than 0.1 degrees according to equation (23).

Figure 4-30 shows a simulation of the effects tdahigh position current. This
happens when the engine position signals are shdrtee transistor is turned off when
the voltage drop over the current sense resisigesds 1.7 V after 41 ps. The
simulation result agrees well with the calculatesult, equation (31).

29V 5. 0V
1 2 [

20V-
LA

o

2.5V \
10V A
i (WA = t
N ‘-'\
- R
| Ng
>> - - N
ov- oV = =
30us 40us 50us 60us 70us 80us
V( GATE_PMOS) o V(CRANK) o« V(Engi ne_position_CCU) o V(diff) x V(schmitt)
o V(U N+, UN-) o V(DIFF_LP)
Ti me

Figure 4-30: Simulation of the protection from short circuitntction of the engine
position circuit. The engine position (crank) sigisared / diamond, the gate voltage of
the transistor is orange / square, the engine pasibutput voltage to the CM is green /
diamond, the voltage drop over the current sensester is red / squares, the output
voltage from the Schmitt trigger is purple / x, thierential amplifier output voltage is
blue / squares and orange / diamonds after theiltét f

Figure 4-31shows the schematic of the circuit toe CM engine position signals. A
general purpose photocoupler PC357N [32] is usgglanically isolate the engine
position signals. The Schmitt trigger 74HC14 [3Rjates a square wave engine position
signal that is connected to the eTPUZ2 in the mmntroller. The crank and cam signals
to the CM are the buffered engine position sigfrais the KM, see Figure 4-28.

vCcC

750R vee

<\
—
Ic1 L IC2A
RL 1 4 R3 ‘ 1 2

O Crank eTPU >

[__Engine position from KM 1 %
Cl1 4k70.25W DL 22k ~ 74HC14D
inF BAS16 ~

100V
[ Pos_GND s 33pF GND

PC357N C3

GND GND vcc<1—{ }—{ GND

Figure 4-31: Schematic of the CM engine position signals (ctamk cam signals)
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The schematics iRigure 4-28 and Figure 4-3field a minimum current to the
photocoupleiin Figure 4-31of

n=— =" =4mA (34)

The minimum current transfer ratio (CTR) for PC358800% 0.7 = 140% at +85°C
ambient temperature [32] and the minimum collectorent is

I =CTRO; =14[4=56mA (35)

Cmin
which yields a maximum ¥t with a 750Q load resistor

Viemax = Vee ~R 0. =5-07566=08V (36)
The minimum negative-going threshold{(\is 1 V for 74HC14 [33] and therefore the
maximum allowed collector-emitter voltagedyy for the photocoupler PC357N is [32]
also 1 V. The minimum load resistor is therefore

Vee ~Vegmn _ 5-1
= min. — =714Q 37
Riin | 56m (37)

Cmin

The rise and fall times increase when the loagtasce increases and the resistance
should therefore be chosen as low as possiblerédpmnse time for PC357N [32] is
only given in the datasheet for a collector cur® mA. The rise- (f and fall times

(t/) are about 17 ps respectively and the propagdetay from high to low,qtis about

3 us and the propagation delay from low to higis 1 us, see Figure 4-32. The engine
position signals are therefore delayed by a maxirntiB0 us which is just over 0.2
degrees, see equation (23). The rise- and falkstiame between 10% and 90% of the
signal voltage range.

90%

X 10%

Figure 4-32: Definition of time response for PC357
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4.8

The definitions of the threshold voltage and hyeser are shown in Figure 4-33.

Figure 4-33: Definitions of WM., V. and \{;

The engine position signal is measured on risirgeedtauses. The spread of the
negative-going threshold in the Schmitt triggersesuthe error in the engine position
signals. The minimum ¥ is 1.9 V and the maximum is 2.2 V which causes an
approximate error that cannot be compensated of

17

torer = ———— (22 -1) = 51ps 38
error 4'5 _ 0.5 E( ) “ ( )

which is less then 0.1 degrees, see equation (23).

There are buffers and operational amplifier cicpitotected from short circuit
connection and thermal shut down but unfortunatekas impossible to find one that
satisfies the voltage, speed, current and temperadquirements in the EMS
specification. The input voltage range is not geadugh for the operational amplifier
OPAb551 [34] and the buffer EL2001C [35] does noisfathe temperature range
requirements. These are two examples from a nuofderffers and operational
amplifier circuits that have been analyzed.

Knock - KM

Piezoelectric vibration sensors are used to detemtk. In the EMS face lift a lot of the
hardware used for detecting knock has been replagsdftware. The filtering and
signal processing are examples of functions ttehaw implemented in software
instead of in hardware.

Knock detection and diagnosis are performed orsidpeals from the sensors. Knock
detection is to detect knock and diagnosis is @mrtilling that the sensor is working
properly. There is only one signal and the knodlecteon and diagnosis are performed
on different engine positions with different timeximnes.

The signals from the piezoelectric vibration seasoe differential with a floating

potential. The sensors are therefore connectetfesahtial amplifiers, see Figure 4-34
which adapt the signals to the microcontroller l@fenaximum 5 V. A single supply
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4.9

rail-to-rail precision operational amplifier witbw offset voltage and low input bias
current is needed for the differential amplifiear instance OP491 [36] or AD8608 [37].
A single supply voltage of 5 V and a referenceagét of half the supply voltage are
used. The output signal is centered on the referealtage and the maximum output
swing is £2.5 V. The output signal is connecteth®AD converter in the
microcontroller for signal processing. The microzotler band pass filters the signal
and checks if the engine is knocking during thedkngetection windows and that the
knock sensors are operating properly during thgraiais windows.

R1

VID — ~Llc1

> vout

R2

v2 [ o>—T1+—4

R4

Vref

Figure 4-34: Differential amplifier for the knock signal

The output voltage when;R R, and R =Ry is
VOUt =Vref + (V2 _Vl)l%’ O <V0ut < VDD (39)

It is important to match the resistors in the defaial amplifiers if there is a common
mode voltage on the input signals and therefor&(fecision resistors are used.

Power Supply

The main power supply voltage to the CM and KM eary between 19 and 29 V and
the CM and KM must be protected from reverse battennection. The main and PCC
injectors in the CM are connected to the availablgply voltage, the injector driver
circuits use +12 V and the microcontroller use$a/+supply voltage.

The main supply voltage in the CM drives the impest see Figure 4-35. It is stabilized
and rectified with a large electrolytic capacitaitransil, a diode and some ceramic
capacitors. A +12V supply voltage is also usechan@M as a backup voltage for the
logic components if the main power supply is diswxted.

The KM power supply, see Figure 4-36, is similathte CM. The main difference is due
to the fact that the KM has less current consumpmiod therefore there is no need for
the large electrolytic capacitor. The +12 V suppditage is only used for the low power
operational amplifiers and comparators. The 100M@V8L12A voltage regulator is
used to create this voltage.
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Both the CM and the KM have an adjustable step dewitching regulator LM2576

[39] that is used to create a 6 V signal and tlgattad is converted to 5 V by a low drop
linear voltage regulator LP3962 [40] with an ers@nal that can be used as a reset
signal to the microcontroller. The step down switghregulator has higher efficiency
than a linear regulator and no heat sink is necgssherefore this is used when the
+24 V supply voltage is converted to 6 V voltagheTinear regulator is more accurate
and does not need a heat sink when the input ltagist 1 volt higher than the output
voltage so a high accuracy linear regulator is usambnvert the 6 V voltageto 5 V. A
voltage regulator MC7812 [41] in the CM is usedtpply the injector drivers with

+12 V.

IC1

oo ?{W MC7812BD2T
[+24V Battery ﬁ . L vin  vout 3#bﬂzv
lm o1 c2 MBRB20100CT L%%upifgm: j~(1:g0nF j~(1:gom= S (1:gOnF
InF 100nF 40V 50V 50V 50V 5 25V
100V SMBT39CA T 100v
GND GND GND GND “i GND
GND GND GND GND
o 6V
Ic2
u
[ +12VBattery i i % i i é ng*/OﬁV?:‘g i 220uH f
MBRB20100CT o
o B en ToonF T Hﬁ%ﬂpﬁ GND (ab) % oo &3 ,
100V 100V 50V 63V LM2576-ADJ 25V o
GND
&b &b &b GND GND GND GND
R2
k7
6V vee
zr Ic3 zr
] 25f Vi vout |4 GND
LCB LC” Lcm Lo 5B Rs Lme icn
nF 100nF 100uF 6 10k 100uF 100nF
ISOV 16v 16V Fﬁ gmg(‘ab)ERROR 5 16V 16V
GND GND GND (P3962E55.0 GND GND
GND
{"uCreset >
icm
1nF
50V
GND
Figure 4-35: CM power supply schematic
The resistances R1 and R2 in Figure 4-35 are wsprbgram the output voltage
according to [39]
V. =V [€1+ij whereV,, =123V and1kQ < R,<5kQ (40)
R,

Rz is chosen to 4.7k which gives R=18.2 2. The closest value in the E24 series is
18 k and with 1% tolerance on the resistors and +4%raoice on the output voltage
for the adjustable LM2576 [39] the minimum outpottage is 5.61 V. The absolute
maximum voltage drop for LP3962 [40] is 550 mV dhedrefore the chosen resistor
values are acceptable.
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The value of the inductor L1 in Figure 4-35 is aliody calculating the inductor Volt
microsecond constant (H [V - us]) [39]

E T = (V,, ~ V) EE\\’,— Ofooj (41)

where fis given in kHz and f = 52 kHz for LM25A&, and \,: input and output
voltage respectively. The B value is then used in the “Inductor Value Setect
Guide” diagram in the datasheet [39]. An input &gk of 19 — 29 V yields ET =79 V
-usand ET =92 V- us respectively. A maximum current of 1.3 A gieels220
inductor and the Pulse PE-52626 is chosen. Thé clidcle, D8 in Figure 4-35, is
selected to 30WQO3F according to the “Diode SedecBuide” in the ON LM2576
datasheet [42]. The input and output capacitorelaosen to 100 pF and 680 pF
according to “LM2576 Series Buck Regulator Desigocdédure” in the National
datasheet [39].

+24V< 8 Vin  Vout TD +12V
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29 2c
100nF ~—T—100nF —T—100nF 100nF
50V 50V 50V Y0 OO 25V
GND GND GND Nl ol GND
GND  GND
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+24v
+6V
D2 Ic2 o
N 1 ) 5]
[ +24VBattery > > o o = 5> Vin  Vout |— - (o
on*/Off FB 220uH
cs 30BQLOOPbF ca| 25 D3
D1 cé +C7 +C8 6 30WQu3F——<°
I 7 \SM6T38CA ——100nF 220F 63V GND (tab) Q3o
100V sov 100uF LM2576-ADJ 25V ngk
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Figure 4-36: KM power supply schematic
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A green LED controlled by the microcontroller ingies that the power supply to the
microcontroller is working correctly, see Figur&4-

VCC

R1

D1
\,Green
~vCce

T1
uCVvCcC >

GND

Figure 4-37: Schematic of the indication with a LED of corrpotver supply to the
microcontroller

4.10 Printed Circuit Board

There are several different software programs fawthg a schematic and designing a
printed circuit board (PCB). Mentor, OrCAD and Al Designer are some of the most
used programs. In this project, Altium Designer wsasd.

4.10.1 Design Rules
There are many rules to consider when designinGB. Fhe following must be

considered
* The mechanical dimensions of the PCB and mountiethod
» Connections to the PCB
* Decoupling of all interference signals and conmeito the PCB

* How the circuit can be partitioned. Analog circuiadio frequency signals,
digital subsystems and power stages must be kpptae

« How critical paths can be keep as short as possible

» Design of footprints according to the mounting aottlering process
* Minimum distances between different parts of thé(8PC

» The width of the tracks

» Use of ground and power planes

« EMC

The first thing that needs to be done when desggaiRCB is to determine all
mechanical limitations in all three dimensions aoav the PCB will be fastened. With
this information the mechanical layer and all fastg holes, if any, can be drawn. The
second step is to decide how the input and outgoaks will be connected to the PCB.
If a contact is to be used, its footprint is théacpd on the layout.
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When all the mechanical details are determinecdtbeal layout work can begin. All
interference signals must be decoupled so othaalsgvill not be affected. Low level
analog circuits, radio frequency signals, digitabsystems and power stages should be
kept separate as far as possible to avoid intertereCritical paths should be kept as
short as possible. The minimum distance betweerpoaents and between tracks
depends on for instance the mounting and soldenetipod and the method used by the
PCB manufacturer. When reflow soldering is usedafbsurface mounted components
and selective soldering for all lead componentgiib@nce between the pads for the
lead components and the surface mounted componsesitba increased compared to
when manual soldering of the lead components id.\W&ave soldering cannot be used
for fine pitch packages and balled grid arrays (B@ackages.

The minimum isolation distance depends on the geltifferences between the
different nets [43]. The minimum width of the trad&pends on the PCB material, the
current in the track and the allowed temperatige in the track [44].

The most common material in PCBs is FR-4, madeaMen glass and epoxy. There are
several versions of FR-4, the main difference éstitpe of epoxy that is used. There are
also different dielectrics that can be chosen twiple different insulating values
depending on the requirements of the circuit. Catidg layers are typically made of
thin copper foil. The copper is usually 18 um, 36 ar 70 um thick. The board is
typically coated with a green solder mask to inseethe isolation and protect the
copper.

4.10.2 PCB Design

The current CM and KM have two PCBs each. The B@rd is mounted at the bottom
of the casing and the CPU board is mounted inithd he boards are connected by flat
conductor cables. All contacts cause an increaskdar mechanical problems.
Therefore the redesign will if possible only use &#CB in the CM and one PCB in the
KM. The PCBs will be mounted at the bottom of thsings where the 1/0 board is
mounted in the current system. The PCBs is fastbyesix screws each.

The distance from the bottom of the casing to 68 I’B 3.2 mm in the current system.
Some of the power components are mounted agamsiating to lower the junction
temperature. All power components are surface neabint the redesign and will
therefore not be mounted against the casing. Homvewene of the surface mounted
power components are higher than 3.2 mm and thandis from the PCB to the bottom
of the casing must therefore be increased. THRAR case and TO-263 case are the
highest surface mounted components used in theiggdehe height is maximum 4.65
mm for those cases. 4856 force-fit standoffs or9%RSwage spacers from Keystone
[45] can be used to raise the board from the botibthe casing.

The contacts for all the in- and output signaltheoCM and KM are spring-cage

connectors. Spring-cage connection has bettetaesis to vibrations than screw
connection. The Phoenix contact ZFKDS 2.5 [46]d9eduin this design.
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4.11 Reliability Prediction of Electronic Equipment
MIL-HDKB-217F is a military handbook for reliabijitprediction of electronic

equipment [47], [48]. It is a standardization hamalbthat was developed by the
Department of Defense with assistance of the mylitiepartments, federal agencies and
industry for reliability prediction of electronigaipment. MIL-HDKB-217F is for
guidance only and should not be cited as a reqainém

The failure rate model for a mated pair one pinnemtors is [48]

A = A, 0%, Tz, O, Oz, failures / 16 hours (42)

wherely, is the base failure ratey is the temperature factory is the mating/unmating
factor, g is the quality factor angk is the environmental factor.

Using equation (42) for a one pin mated pair PCBneator used in EMS yields

Ap = A, Ut U Uz, Uz, = 0.040(25[1[1 = 0.2 failures / 16 hours (43)

which yields 5.6 failures / £hours for two mated pair 14 pin connectors usetién
old EMS to connect the two boards.

The failure rate model for a resistor is [48]

A = A, Ot O, Ot Oz, 7, failures / 16 hours (44)

wherely, is the base failure ratey is the temperature factory, is the power factors is
the power stress factorg is the quality factor angk is the environmental factor.

Using equation (44) for a 0603 size resistor with\W power rating used in EMS yields
A = A, Oz U, g Uz, Uz, = 0.00370169031(123(100# = 0.095 (45)
failures / 16 hours for a resistor with 0.05 W power dissipaton

A = A, O Uz, Ut U7, Uz, = 0.00370169(D31079(10(# = 0.061 (46)
failures / 16 hours for a resistor with 0.01 W power dissipation

The failure rate model for a capacitor is [48]

Ao = Ay ln [ng [n, [ng [ng, [ng failures / 16 hours (47)

wherel, is the base failure ratey is the temperature factorg is the capacitance factor,
ny IS the voltage stress factagr is the series resistance factor (for tantalum G
capacitors only)zq is the quality factor angk is the environmental factor.

42 of 50



Using equation (47) for a 100 nF / 25 V ceramicacdipr used in EMS yields
Ap = A, Uz, U, Uz, Uty U, Oz, = 0.00099082[0D89[1.0[B[10= 026 (48)

failures / 16 hours when the operating voltage is 5 V.

The 680 puF / 25 V electrolytic aluminum oxide capaaused in EMS, see Figure 4-35
and Figure 4-36, yields

Ae = A, O, O, 0%, (g, (77, (7, = 0.000127982[448[101[10(10= 053 (49)

failures / 16 hours when the operating voltage is 6 V.

The 100 puF / 63 V electrolytic aluminum oxide cafmaaused in EMS, see Figure 4-35
and Figure 4-36, yields

Ae = A, O, O, O, U7y, (97, O, = 0.00012D82R88I126[10[10= 043 (50)

failures / 16 hours when the operating voltage is 29 V.

Equations (42) — (50) indicate that connectors lgaeat impact on the failure rate and
that electrolytic capacitors also have a high failiate.

Corresponding calculations may be done on all corapts in the system. Adding those
results and then inverting the result yields thetesypy Mean Time Between Failure

(MTBF).

Removing the connectors that connect the two baartte old design and using fewer
components in the new system increases the MTBthéosystem.

43 of 50



Result

The redesign of the CM and KM resulted in an insegbmechanical reliability mainly
because

* There is only one PCB in each unit and thereforflata@onductor cables with
connectors as in the current design
e Spring-cage connectors are used instead of scrgev-aanectors

* Only surface mounted power components are usethanefore no components
need to be mechanically attached to the casingdoling

All of the components used in the redesign aremegended for new designs. No
obsolete or components that are not recommendeteiordesigns are used.

The number of components has been reduced fronc@@ponents in the old CM
system to 245 components in the new design and 3@8rcomponents in KM to 211
components.

The injector driver is improved in the new desighe injector driver in the new design
is, unlike the old design, protected from shortwir connections.
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Discussion

All components used in the redesign are recommefutatew designs. Therefore the
redesign of the EMS should make it possible to pcedhe system as long as there are
engines using the system and spare parts are néddsdime is maybe 15 — 20 years
and some of the components in the current systéihmetibe in production that long.
The microcontroller that is used is one of thos@ponents, it will probably only be in
production for another 5 — 10 years.

The main differences between the current systenttededesign are that some of the
functions that are implemented in hardware in tlreant system will now be
implemented in software, that only components recemded for new design have been
used and that there is only one PCB in each usiéad of two. One PCB increases the
mechanical reliability and the microcontroller usedery powerful.

Other reasons that the design only needs one P@8cimunit are that all external AD
converters and memories no longer are needed thiagaicrocontroller has internal AD
converters and sufficient internal memory.

Connectors have a much high failure rate than atbeponents although those too may
fail [47], [48]. By removing the connectors betwebe two boards in the old system
and by reducing the number of components to alimal§tthe failure rate for the system
has been reduced.

The eTPU2 can be programmed separately and theutdstmerefore be no problems
with timing when controlling the injector currentsthe CM.

The main difference in the KM is that the exteriiledr components are removed and
the software is used to filter the signals instead.

Since the mechanical design of the casing mush@ahanged spacers must be mounted
on the PCB to increase the distance from the bottbtine casing to the PCB. In this

way the old system can easily be replaced whenetkeleg the redesigned system as the
casings are identical.

The software has not yet been developed for thedesign. It is therefore not possible

to build a prototype and verify the EMS faceliftstgn. This software falls outside the
scope of this project.
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7 Terminology

Table 7.1: Terminology

Acronym Definition

ADC Analog-to-Digital Converter

BAM Boot Assist Module

CAN Controller Area Network

CM Cylinder Module

CND Compressed Natural Gas

CNG Compressed Natural Gas

CPU Central Processing Unit

CRD Customer Requirement Documentation
CTR Current Transfer Ratio

EMS Engine Management System for Natural Gas
ESR Equivalent Series Resistance
DMA Direct Memory Access

DSP Digital Signal Processor / Processing
EMC ElectroMagnetic Compatibility
eMIOS Enhanced Modular Input-Output System
eQADC Enhanced Queued Analog-to-Digital Converter
eTPU Enhanced Time Processor Unit

FIR Finite Impulse Response

GPIO General Purpose Input Output

HCO Hoerbiger Control Systems

HSD High Side Driver

IIR Infinite Impulse Response

110 Input / Output

JTAG Joint Test Action Group

KM Knock Module

LQFP Low Profile Quad Flat Package

LSD Low Side Driver

Main CC Main Combustion Chamber

MC Master Controller

MS Module Specification

MTBF Mean Time Between Failure

PBGA Plastic Ball Grid Array

PCB Printed Circuit Board

PCC Pre-Combustion Chamber

QHB Quality Handbook

QT Quote

RAM Random Access Memory

RS Requirement Specification

SCI Serial Communication Interface
SPI Serial Peripheral Interface

SS System Specification

TC Thermocouple

TDC Top Dead Center
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EMS Face L_iﬁ Appendix 1 — Cylinder Module PCB Page 1of4
Ulrika Ahlquist 2009-06-09

Appendix 1 shows the top layer, mid layer 1, inééplane 1, bottom layer, top silkscreen and
bottom silkscreen of the cylinder module PCB.
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Figure 2: CM Top silkscreen
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Figure7: CM Bottom silkscreen (mirrored — as seen on the PCB
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Appendix 2 shows the top layer, internal planenfernal plane 2, bottom layer, top silkscreen
and bottom silkscreen of the knock module PCB.
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1 Background

The idea with this work is to make a face lift of the EMS design from 1994. There are more than 600 engines
with EMS and the majority of them will be in operation beyond 2020. The face lift will guarantee spare parts
of the Cylinder Module (CM) and Knock Module (KM) for at least the next 15 years. This project will inquire
the possibility of a design with only one board for the CM and one board for the KM or one and the same
board for both CM and KM. Today the CM and the KM have one CPU board and one I/O board. The CPU
board is the same for both CM and KM but the 1/O boards are different.

The mechanical design of the casing and functionality of the system must not change. To guarantee a long
life time some components must be changed with state of the art components.

1.1 EMS Face Lift

Requirements:

1. Functional equivalence with current EMS

2. Fit within the same casing as the current system
3. Guarantee long life time of the system
4,

36000 h operating time

Objectives:
1. Replace the CPU and I/O boards with one board fo r CM and one for KM
2. Replace the CPU and I/O boards with one board fo r both CM and KM
3. Increase the mechanical reliability of the syste  m
4

Decrease the number of different hardware versio  ns
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This document is property of HOERBIGER Control $ys$ AB. It must not copied (in whole or part) csdlidsed to third party without prior written consen
of HOERBIGER Control Systems. Any copies by anyhmdtmust also include a copy of this notice.



Filename:
Revision:

800-07-02-02 CRD.doc

1.0

Project:

EMS Face Lift

),

HOERBIGER

Date: January 26, 2009

Page (of):

3(8)

2 Top level requirements, summary

This section summarizes the top level customer requirements for the face lift of EMS.
The requirements are categorised the following way
1: High importance means that the requirement must be fulfilled within this project.

2. Desirable means that we shall plan to implement and test for this requirement as it has a customer value
but we are allowed to skip the final implementation / testing or reporting of this requirement if we cannot

meet this requirement.
3. Not included means that this is not a requirement for this project.

REQ ID Title Short description / Purpose ategory Derived
1: High importance from
2: Desirable
3: Not included
CREQ-1 Functional The face lift of EMS cannot change any 1 Req. 1
equivalence with functions of the system.
current EMS
CREQ-2 Fit within the same The same casing has to be used as for the 1 Req. 2
casing as the current | system of today.
system
CREQ-3 Guarantee long life Design with current state of the art components | 1 Req. 3
time of the system to guarantee long life time of the system.
CREQ-4 36000 h operating It is recommended by the customer to replace 1 Req. 4
time the system after 36000 h
CREQ-5 Replace the CPU The production is cheaper and easier if one 2 Obj. 1
and I/O boards with board is used instead of one CPU board and
one board for CM one I/O board in each CM and KM.
and one for KM
CREQ-6 Replace the CPU Use the same board for CM and KM. Mount 2 Obj. 2
and I/O boards with different components on the board for CM and
one board for both KM.
CM and KM
CREQ-7 Increase the Design without flat conductor cable, screwed 2 Obj. 3
mechanical reliability | contact and power components screwed to the
of the system case.
CREQ-8 Decrease the number | The production is easier if less hardware 2 Obj. 4
of different hardware | version is used.
versions
CREQ-9 Investigate the The MC is no longer in production. Replace the | 2 Obj. 5

possibility of
replacing the MC

MC if it is easy.
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3 Top level requirements, details

3.1 Overview

Each requirement is documented using the template shown below.

Requirement number

Requirement name

¢

riginates / Re

quested by

Priority

A unique number used
for requirement
traceability

The name of the
requirement

Where does the
requirement originate from
or who requested this
requirement

1: High importance
2: Desirable
3. Not included in this project phase

Description

A short textual description of the requirement

Validation

A short textual description of how the requirement shall be validated

References/Discussion/Implementation

References to other documents. Notes from discussions and implementation proposals.

3.2 Top level Requirement details

Requirement number

Requirement name

¢

riginates / Re

quested by

Priority

CREQ-1

Functional
equivalence with

current EMS

Hoerbiger

1

Description

The face lift of EMS cannot change any functions, it should just increase the mechanical reliability, life time etc.

Validation

Design review, HIL-test and field test.

References/Discussion/Implementation

The current test equipment test the CPU and 1/O boards separately, therefore must a new test equipment be built.

Requirement number

Requirement name

q

riginates / Re

quested by

Priority

CREQ-2

Fit within the same
casing as the current

system

Hoerbiger

1

Description

The face lift of EMS will only change the circuit boards, components and software. On the outside it will look exactly the same.

Validation

Mounting the board in the same CM/KM case.

References/Discussion/Implementation
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Requirement number  |Requirement name Originates / Re  quested by | Priority

CREQ-3 Guarantee long life Hoerbiger 1
time of the system

Description

Use current state of the art components to guarantee a long life of the system

Validation

Design review and environmental tests.

References/Discussion/Implementation

Requirement number  |Requirement name Qriginates / Re  quested by | Priority

CREQ-4 36000 h operating Hoerbiger 1
time

Description

It is recommended by the customer to replace the system after 36000 h.

Validation

MTBF calculations.

References/Discussion/Implementation

Requirement number  |Requirement name Qriginates / Re  quested by | Priority

CREQ-5 Replace the CPU and | Hoerbiger 2

I/0O boards with one
board for CM and one

for KM

Description

The production is cheaper and easier if one board is used instead of one CPU board and one 1/0 board in each CM and KM.

Validation

References/Discussion/Implementation

Requirement number

Requirement name

¢

riginates / Re

quested by

Priority

CREQ-6

Replace the CPU
and 1/O boards with
one board for both

Hoerbiger

2

CM and KM
Description
Replace the CPU and I/0 boards with one board for both CM and KM by replacing some hardware with software and choosing small
components.
Validation

References/Discussion/Implementation
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Requirement number  |Requirement name Originates / Re  quested by | Priority

CREQ-7 Increase the Hoerbiger 2
mechanical reliability
of the system

Description

Increase the mechanical reliability of the system by choosing reliable components and making a good design with fewer components.
Design without flat conductor cable, screwed contact and power components screwed to the case.

Validation

Design review and environmental tests.

References/Discussion/Implementation

Requirement number  |Requirement name Qriginates / Re  quested by | Priority

CREQ-8 Decrease the Hoerbiger 2
number of different
hardware versions

Description

There are different hardware versions for different engines.

Validation

Design review.

References/Discussion/Implementation
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4 Test plan for Customer requirements

4.1 Test plan

The test of the new EMS will be done by design review, HIL-test and field test. The current test equipment
test the CPU and I/O boards separately, therefore a new test equipment must be built.
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