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Note:    The aim of this document i s to  provide gene ric information concerni ng al l Delphi Common Rail
sy st ems .

The Comm on Rail in jecti on system has been develo ped to do the fo llowi ng:
€ Reduce noise.

€ Reduce polluting em issions.

€ Reduce fuel consum ption.

€ Increase perform ance.

1.1 REDUCING NOISE

Comb ustio n noise is the result of the rapid pr essure rise in  the cylinder. The viole nt ignition of the air/fuel m ixture  in the
cylinder caus es th is pressure rise.

Note:   The noise fro m comb ust ion is particu larly loud at id ling speeds and un der lig ht  loading.

In a diesel engine, com busti on does not star t immediately afte r the fue l has been inje cted into the cylin der. This delay
is called the ign ition delay.  The increa se in cy linder  pressure  at the tim e of fuel  igni tion causes more or less comb ustio n
noise depend ing on the am ount of fuel actuall y in jected.

It is thus necessary to reduce ignit ion time to reduce combustion  noise. Increasing cylinder  tem perature  and pressure
will  redu ce th is ti me. Th ere are several meth ods for do ing th is:
€ Reducing the amounts in jected

€ Preheating

€ Reheatin g superchar ged air

€ Mul ti- injectio n (Add ing an injection befo re the main  in jecti on)

Note:   Preheating and mu lti-in jection are the two mo st used  procedur es.
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1.2 REDUCING POLLUTING EMISSIONS

1.2.1 COMBUSTION

In com parison wi th a p etrol engine, the air/fuel
mi xtur e in  a diesel engine is far l ess homogeneous:
diesel injection takes pl ace a little time before
mixtur e ignition. Diesel engines ope rate principally
using an excess of air. If th e air am ount is too sm all,
pol luting em issions increase.

Note:   The air/fuel coeffi cient com monl y denoted
by la mb da ( ) is equal to 1 whe n the air/fuel
mixtur e is stoichiometric (14,7 / 1).

<1 Air deficit, ric h mixture

>1 Air excess, poor mixture

Note:   Som e diesel e ngines ar e now fitte d with
lamb da ( ) prob ing,  mai nly  to correct any
flowm eter  and injector  dri ft dur ing th e lifeti me of
the ve hicle .

0.6 0.8 1 1.2 1.4

1210

CO (Carbon Monoxide)
HC (Unburnt hydrocarbons)
NOx (Nitrogen oxide)
Torque (N.m)
Specific consumption (g/kWh)

In fl uen ce of  on pollutants, torque and
con sum pt ion
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1.2.2 STANDARDS

Anti-po llution standards r egulate the fo llowing pollutants:
€ Oxides of nitrogen (NOx).

€ Particles. (PM)

€ Carbon  mono xyde (CO).

€ Unbu rnt hyd rocarbons (HC).

Note:  The standa rd thr eshold le vels are ex pressed in gram s per kil ometer (g/km).  These have been in fo rce since
1992(EURO 1) and are  upda ted every  four years on average.

EURO I  (1992)

EURO II  (1996)

EURO III  (2000)

EURO IV  (2005)

Direct injection
Indirect injection

HC g/km

CO g/km

NOx g/km

Particles g/km

0.97

0.970.3

0.025

0.50

2.72

0.14

1200

Emissions in g/km

Standard
levels (g/km)

Euro1 Euro2 Euro3 Euro 4 Euro 5

Motorisation Diesel IDI Diesel DI Diesel Diesel Diesel Diesel

HC+NOx 0.97 0.7 0.9 0.56 0.3 0.23

CO 2.72 1 0.64 0.5 0.5

PM 0.14 0.08 0.1 0.05 0.025 0.005

NOx No standard No standard 0.5 0.25 0.18

Note:  When the  Euro2 stan dards were  adopted in  1996, restricti ons on HC emissions and parti cles had been less
severe for d irect in jectio n eng ines (DI) comp ared to  indirect  inj ection eng ines (IDI). The Euro5 standar ds are due
to com e into force on 1 Septem ber 2009.
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1.2.3 POLLUTANTS

€ Oxides of nitrogen (NOx) .

NOx is pr odu ced fro m oxidation of the n itro gen in the air. This reaction on ly  happens at very hi gh
tempera tures when there  is a great excess of air.

To limit ox ides of ni trog en em issions, a dev ice is used that sends par t of th e exhaust gas back to  the inlet
mani fo ld to  limit the amoun t of fresh air taken into  the engine. This Exhaust Gas Recircu lation (EGR) device
regulates the  amount of exhaust gas dive rted b ack to the  in let. If th is d iverted  amount is i nsuffi cient, th e
efficiency of t he system has not been opti mised. In the opp osi te situation - insuffi cient fr esh air - ther e is an
increa se in smoke and so ot along wi th un stable running o f the engine.

Using a DENOX catyl iser to post-pro cess exhaust gases can also reduce oxides of nitro gen emissions. The
pri nciple in th is process is to r educe the amo unt of N Ox molecules generated during com bustion. The
pro cess produ ces oxygen and ni trog em molecules separately . Diesel fuel can be used as a catalyst for
reducing NOx. Given th is fact, a small amount o f diesel is in jected  into the cyli nder ju st befo re th e cylin der
exhaust valve  open s. This prom otes NO x emi ssion reductio n with in  the DENOX cataly ser, and is known as
post in jection.

€ PM  particl es

Smo ke and soot can be pr odu ced in the fo llowing si tuations:
- The mixture is to o rich . In thi s case there is insuf ficient air fo r comp lete com bustion. This causes

particles to form.

- There is i ncomp lete fu el vapo risatio n in  the com bustion chamber. The greater th e size of fuel drople ts,
the greater  the time needed to co mp lete the v aporisatio n process. If th is ti me per iod is too l ong,  the
central  par t of the  dro plet wi ll  not hav e time to  vapori se. Given the  very h igh com bustion cham ber
tem peratu re, the non-va por ised fuel  molecules go thro ugh  a cracking pro cess. This phy sical
phenom enon pro duces very  hard carbon  comp onents that form  soot and the other cha racteristic diesel
engine partic ulates.

€ Unbur nt h ydrocarbon s HC

Unbur nt hy dro carbons HC are genera ted whe n ther e is a lack of loca l oxygen (inadequate fuel
distri bution) or when fuel is injected into cold areas in the com bustion cham ber (typically where the fuel
touches the cylinder walls) .

A toroidal combustion chamber combined  with new int ake systems (swirl)  and direct injec tion creates t he
followin g:
- Very hi gh turb ulence that ensures goo d fue l distri buti on wi thi n the comb ustio n chamber. This

elim inates the fuel-rich areas that  cause unburnt elements to form.

- A com pact combusti on cham ber wh ere the wal ls are hot enoug h to p revent un burnt pa rticl es form ing.

€ Carbon m ono xide CO.

Its presence in the exhaust gases causes in comp lete oxidati on of the carbo n in the diesel fu el. This
incom plete ox idation is the consequence of general or  local combust ion in a rich mi xture. If the  diesel e ngine
is runn ing wi th a  significant exess of air, CO emissions are reduced.

It is possible to  reduce the amount even more by eliminating rich  zones in the com bustion chamber. To do
this it is necessary to optimise the internal aero dynamics of the co mb usti on cham ber to gen erate a very
high rate o f turbu lence.
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1.3 REDUCING FUEL CONSUMPTION

Consum pti on reduction is obtained by impro ving
comb ustio n contro l. This is don e by modifyin g the a ir
coeffi cient, in jectio n flo w, timin g advance and in jectio n
pressure in relatio n to  engine requi rements acr oss the
wh ole operating r ange. In com parison wi th  conventiona l
injec tion systems, the common  rail system provides  a
flex ibility  of oper ation that enables injection flo w, timin g
advance, rate of i ntro duction and in jection pressure to
be accurat ely adju sted to engine requirem ents for all
operating con ditions.

Type of injection Timing Amount injected Number of injections

DPC Mechanically set Mechanically set 1

DPC-N Electronically managed Mechanically set 1

EPIC Electronically managed Electronically managed 1

COMMON RAIL Electronically managed Electronically managed 5

Direct i njectio n also helps impro ve engine output by
reducing the heat lo ss thro ugh cylin der walls .

1300

DPC

ONE INJECTION

time

flo
w

DPC-N

EPIC

COMMON RAIL

Q

time

flo
w

Q

time

flo
w

Q Q

time
POSTPILOT

flo
w

Q

Specifics of  the  va rious Delphi sys t em s

1301

Indirect Injection / Direct Inject ion
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1.4 INCREASING PERFORMANCE

Increasing torque at low engine speeds m eans being able to inject a large amount of fue l at the lowest speeds. The
amount injected is pro por tional to i njectio n du rati on an d pre ssure. Injection pressure has to be  increased to i ncrease
fuel flo w, since th e time availab le for in jecti ng fuel in to the cyli nder is lim ited .

Direct injection torque

Indirect injection torque

Indirect injection smoke

SPEED (rpm)

T
O

R
Q

U
E

 (
N

.m
)

350

250

200

150

100

50

0

300

1000 1500 2000 2500 3000 3500 4000

1400

Direct injection smoke

In cr easi ng  p erf or ma nce
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2.1 DESCRIPTION
The Comm on Rail in jecti on system is  made up of  the fo llowi ng parts:
€ One Transfer Pump  integrated in to th e High Pressure pump housing.

€ One High Pressure Pump  fed by fuel at  transfer pr essure. It  sends fuel to  the rail unde r very high pressure.

€ One Low  Press ure  Ac tua t or  named IMV (Inlet M eteri ng Valve). This control s the amount the  fue l sent to the
high pressure pump depending o n engi ne requirements.

€ One Rail . This forms a reserve of  fue l under pressure.

€ In jec t ors. These spray  the r equired quanti ty of fuel into the combus tion  chamber at the desired moment.

€ One DCU  (Diesel Control  Unit,  othe rwise  known  as the ECU: Electronic Control Unit) that  contro ls in jection (flo w,
timing, multip le injection etc) and rail  pressure as a fun ction of engi ne operating condi tio ns. The DCU also contro ls
associated funct ions such as the exhaust g as recirculation rate (EGR), pre-heating and air cond ition ing. Moreover
the ECU can com municate with the  othe r DCUs in th e vehicle - to  manage dr iveability, for  example.

€ Opt ions :
- One Hig h Pr essure Actu ator  also known  as the HPV (High Pressure Valve). This is fit ted to the rail and

mo ni tors i ts prevaili ng pressu re.

- One For ce -fe eding pump  used whe re the high pressure pum p does not have a transfer pump .

€ Sensors  prov ide the needed infor mation in real time so that the  injection process can be contro lled:
- One rail  pressure sensor.

- One fue l oi l tem perature  sensor.

- One inlet air tem peratur e sensor .

- One in let ai r pressu re sensor.

- One pedal sensor.

- One accelerometer sensor. (See 2 on certa in applica tions)

- One engine flywhe el angu lar positi on sensor .

- One phase positi on sensor either  on camsh aft or  on pump pini on (as for Renaul t).

Note:   Other sensor s such as the flowm eter sensor, superchar ging sensor,  and exchanger exit tem peratur e sensor are
generally fitt ed. However these are not necessary for the Common Rail  system  to fu ncti on.

THE COMMON RAIL SYSTEMII
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1 IMV 6 Venturi
2 Diesel temperature sensor 7 HPV
3 High Pressure Pump (Type DFP3) 8 Rail
4 Rail pressure sensor 9 Diesel filter
5 Injector

1
2

5

6

7

8

4

9

3

2100

Return to tank

Feed from tank

Common Rail Sys t em with HPV option
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2.2 COMMON RAIL HYDRAULIC CIRCUIT

Recirculation 
filter

Venturi

Tank

Injector 
holder

Inlet pressure

Transfer pressure

Injection 
pressure

Internal pressure

Discharge 
valve

High pressure pump

Rail

Inlet valve

High pressure 
sensor

Cold diesel 
recirculation

Hot diesel 
recirculation

Injector return vacuum

Transfer pump

Transfer 
pressure 
regulation

Low pressure 
actuator

Pressure limiter 
(high pressure)

Return pressure

Injection pressure

KEY

2200
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So it is better  to de scribe the HP pum p operating pri nciple, it is necessary to break down the explanation into  several
parts :
€ Transfer pum p

€ High pressure pu mp  DFP1

€ High pressure pu mp  DFP3

€ IMV

€ Pressure limiter

Note:   The "transfer pump"chapter is specific  to t he DFP1 pump  in terms of  diagrams: the operating pri nciple rem ains
iden tical t o that fo r a DFP1 or DFP3 unit .

3.1 TRANSFER PUMP

3.1.1 DESCRIPTION

The f irst transfer pump stage draws diese l from the ve hicle tank through the filter and send s it  to th e main  pump
under tran sfer pressure (about  6 bar) The blade pump  technol ogy used (well  known fro m our preceding pro ducts)
has the fol lowi ng parts:

€ A rotor driven  from  the HP pump shaft. Torque is trans ferred by splined shaft.

€ An eccentri c liner fi tted in the HP pump housing.  Two  off-set pins that locate the liner corr ectly and ensure
correct assembly.

€ One plate wit h two  oblong holes: one in let orifi ce and one discharge orif ice.

€ Four b lades at 90 degrees t o each other. Each blade is held again st th e lin er by a co il sprin g.

3.1.2 OPERATING PRINCIPLE

Consider the  space betwee n the rotor, th e liner and
two successive blades.

€ When the  chamber is in positi on 1,  the vo lume
of the ch amber is mi nimal. T he vol ume
change related to rotor a ngula r tra vel is
insignificant in  th is positi on.

€ The rotor makes a quar ter-turn anti -clockwise.
The previous ch amber  is now in  positi on 2.
The in let ori fice is uncover ed. The volume
contained in the cham ber quic kly rises. The
pressure  in the  cham ber drops sharply . Fuel
is drawn  into the chamber.

€ The roto r contin ues to rotate . It is no w in
positi on 3. Inlet and o utlet ori fices are now
sealed off. Th e vol ume contai ned by the ro tor,
liner and th e two  blades is no w at  a maxim um.
Any changes in volum e that depend on the
rotor angl e of rotati on are smal l.

€ The roto r contin ues to r otate.  It is final ly in positi on 4. The outle t or ifi ce is uncovered. The vo lume contained
by th e rot or, li ner an d th e blades dimi nishes rap idly. The pressure in  this space increases s harply. The fuel
is d ischarged  under pressu re.

Transmission 
shaft

Transfer 
pressure

Inlet 
pressure

Strips

3110

1

3

24

THE COMMON RAIL SYSTEMII

HP PUMP

DDGX200(EN) - Issue 1 of 09/2007 3-11

©
 D

el
ph

i



The vacuum  generated by the tran sfer pump
rotati on is enough  to  draw in fuel through t he filter.
The transfer  pum p is dr iven by the HP pump  shaft.
Transfer pre ssure thu s rises with engine speed.

A regulating va lve mainta ins transfe r pressur e at a
quasi constant v alue (about 6 b ar) througho ut the
engine operating range by send ing pa rt of the fuel
back to pump in let.

3.1.3 TRANSFER PUMP CHARACTERISTICS

Regulating pressu re

€ 6 bar

Flow:

€ 90 l/h a t 300 rpm  for pum p

€ 650 l/h at 25 00 rpm for pum p

Swept volume

€ 5.6 cm3/rev.

Intake capacity

€ 65 mBar at 100 rpm for pump

Transfer pressure regula tor m echanically control s
transfer  pressure using a single pist on/spring
arrangem ent to cov er and uncove r the fuel flow
orifices.

As can be seen on the  preceding diagram , the
output from the regulator is  recycled to the transfe r
pum p inlet.

10
8
6
4
2
0

0 500 1500 2000 2500

Pump speed (rpm)

P
r e

ss
ur

e 
( b

ar
)

3120

Transf er pressur e

Output

3130

Inlet

Transf er pu mp  wi th  i t s pressu re regu lato r

3131

Clo se-up on  transfer pre ssur e regulator section
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3.2 DFP1 COMMON RAIL PUMP

3.2.1 DESCRIPTION

This hi gh pressure pum p uses the cam and rad ial
piston co ncept already proven on the DPC and EPIC
rotating pump s. Nonetheless the transmission
shaft and ca m r ing m ake up the one and sam e
assemb ly. This is driven by chain or belt , rotatin g in
the fixed hy draulic head. This design elim inates
dynam ic sealing probl ems since the high pressure
is generated in the fix ed part o f the pu mp .

For engines needing su bstanti al flo w rates, the
pump is fitt ed with two chambers an gularly off set
by  45 degree s. This offset reduces torque pe aks and
rail pre ssure v ariations.

The four -lobe cam i s identical to that in
conventional ro tatin g pum ps. Howev er since the
pump  no longer determ ines injection procedure, it
is possibl e to lengthen th e pump ing phase in o rder
signifi cantly to  redu ce drivin g torque, vib ration and
noise.

1 IMV 6 Roller
2 High pressure pump / Hydraulic head 7 Transfer pump
3 Plunger Piston 8 Diesel temperature sensor
4 Drive transmission shaft 9 High Pressure Exit
5 Rotary cam

1235

4

7

6
8

9

3211

DFP 1 High Pressure  Pump section view

3210

DFP1 High Pressure Pump
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3.2.2 OPERATION

A) PUMP FEED

The tran sfer pum p draws fuel throu gh the fi lter. This delivers fuel to the HP pum p entry point at a quasi-constant
pressure known  as the transfer  pressure.

A filling actuator is fitt ed upstream of  the HP pump . This con tro ls the amo unt of fuel sent to  the pump ing system
by adjusting the cross-section of  the flow path . The ECU determin es the coil  current to set the flow path cros s-
section required to  achieve the requested pressure for the  engine operating cond iti ons. When the requested
pressure reduces the current increases, and vice-versa.

1 Hydraulic head body 3 Inlet valve
2 Roller shoe 4 Discharge valve

1

3220

3

2
4
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B) PUMPING PRINCIPLE

During the fi lli ng phase, two h elical springs - one on
each piston - keep the cam ro llers in  contact w ith
the cam. The  transfer  pressure is  suff icien t to open
the inle t valve  and to move the plung er pistons
apart. In this way the dead space betwe en the two
plunger p iston s fi ll s wi th fuel.

When the diam etrically  opposite rol lers
sim ultaneously  move over the  cam r aise profile, the
pistons ar e pushed toge ther . Pressure ra pidly
increases in th e space between the two plunger
pistons.

When the pressure rises abov e transfe r pressure
the inle t valve  closes. When pressure go es above
rail pressure the discharge  valve  opens. The fluid
unde r pr essure is then deliv ered to the  rail.

3221

Int ake p hase

3222

Dis charg e pha se
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C) INLET AND DISCHARGE VALVES

In the inta ke phase, the  transfer  pressure closes the
valve . Fluid enters the  body of the pum p elem ent.
Under  the effe ct of the transfer press ure, the
plunger  piston s move apart. When the rol lers
simu ltan eously meet th e cam raise p rofile, pressu re
sudd enly  incr eases in the pump element bo dy. The
valve  closes when the pum p elem ent body  pressur e
become s greater  than the tra nsfer pressur e.

In the in take phase, the discharge valve ba ll  com es
under rail pressur e on its exter nal face and unde r
transfer  pressure on its internal face. Th e ball thus
remain s in  its seating thus ensur ing pum p elem ent
bod y sealing.  When  the two di ametri cally opposi te
ro llers simu ltaneously meet th e cam raise profiles,
the plunger  piston s move toward s each othe r and
the pum p elem ent body pr essure rapidly incr eases.
When the pressur e in this ele ment be com es greater
than rail p ressure, the ball  is in  disequil ibriuim and
consquently opens (the sprin g loading is neglig ib le
in relation to the pressu re lo ading) Fuel thus flows
into the rai l under high pressu re.

D) PUMP LUBRICATION AND COOLING

The fuel in circulation keeps the pum p lubricated and cool ed. The mi nini m flow ne eded for pu mp  operation i s 50
li tres/hour.

3223

Inlet valve

Discharge 
valve

3224
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E) PUMP PHASING

Conventi onal injection pu mp s distrib ute fuel un der pressu re to the various injectors.  It is th us essentia l to  phase
the pump so t hat injec tion takes place at the r equired point in the cycle.  The Comm on Rail  system HP pump  no
longer dis tributes the fuel s o it  is essenti al to  phase the pump with  the en gine. No neth eless phasing the pump
has two advantages:
€ Variations in torq ue from  the camsh aft an d the p ump can be synchr oni sed to l imit stress in  the distr ibution

belt.

€ Pressure  contro l can be impro ved by synchronising pum p-produced pressure peaks wi th the  fal ls in pressure
generated by each inj ection. T his phasing imp roves p ressure stabilit y, which he lps reduce the difference in
flo w between cylin ders (lin e to lin e).

Phasing the pump wi ll  be done using a pin inserted in the p ump dri ve shaft.

Note:  However ph asing is obligatory on  DFP1 pump s fi tted  on Renault appl icatio ns for, unlike the pract ice with
othe r car  bui lders, the phase sensor i s not positioned on th e camshaft bu t on the pump  pinion. It is therefore
essential to  phase the p ump on Renaul t appl icatio ns to  avoid any pro blem wi th engine synch ronisation.

3.2.3 CHARACTERISTICS

A) DFP1 MAX PRESSURE GRAPH

The time  needed to achieve sufficient  rail pres sure
to start depends on the inj ection system volume
(rail  dimensions,  tubing length,  etc). The object is
to achieve  a 200 bar pressure in 1.5 revs ((3rd
compres sion) .

3230
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B) CHARACTERISTICS

Applicatio
ns

Capacity

(cm3/rev)

No. of
plungers

Rack Ratio Max Pump
Speed

Max Rail pump
Speed

Drives

Renault K9 0.6 2 1 1/2 3000 rpm @
1000bar

1000 - 2500 rpm @
1600bar

Belt

PSA
DV4TED4

0.67 3 1 2/3 3500 rpm @
1200bar

1170 - 3000 rpm @
1600bar

Belt

Ford Puma
Transit

1.2 4 2 1/2 3000 rpm @
1000bar

1000 - 2500 rpm @
1600bar

Chain

Ford Lynx/
Puma

0.9 4 2 1/2 3000 rpm @
1000bar

1000 - 2500 rpm @
1600bar

Chain

Kia 0.9 4 2 1/2 2800 rpm @
1000bar

1250 - 2100 rpm @
1400bar

Belt

SsangYong 0.9 4 2 5/8 3000 rpm
@1000bar

1000 - 2500 rpm @
1400bar

Chain
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3.3 DFP3 COMMON RAIL PUMP

3.3.1 DESCRIPTION

The DFP3 high pressure pump  marks a change from
the DFP1 concept. The transm ission pin and  cam
assembly for this pum p are repla ced by  a shaft with
an eccentri c part co nnected to  push rods.

This eccentri c is ro tated by  the pum p tra nsmi ssion
shaft. Its speci fic ro unded form  is designed to d rive
the p ush rod m ovement an d generate h igh
pressure.

For engines needing su bstanti al flo w rates, the
pump  is fitted  wi th  thr ee plungers angularly p laced
at 120 degr ees to each other. For engines needi ng
a less substantia l fl ow ra te, a 2-plunger solu tio n has
been adop ted,  wi th  the plungers ang ularly p laced
at 180 degrees.

Since the p ump no longer sets the injection
procedure - in the same way as for  the DFP1 - it is
possible to extend the pump ing ph ase so as to
redu ce drive torque, vi bratio n and noise.

The mos t significant differe nces from the DF P1 are:
€ The eccentri c

€ The transmissi on shaft  shape.

€ The nu mb er of pl ungers.

€ Rol ler bearings replaced by plain bearings.

€ Greater pumping capa city per re volution.

€ Higher rotation s peed.

€ Reduced pum p overa ll dim ensions.

€ Transfer pu mp  as an option. 3310

3-piston  D FP3 pu mp
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3.3.2 OPERATION

A) PUMP FEED WITH OR WITHOUT TRANSFER PUMP

A transfer  pum p draws diesel through th e fil ter, or  a feeder pump in the fuel tank puts the fuel  under pressu re. In
the fi rst case,  the pump ing pri nciple employs the DFP1 tran sfer pump  concept.See Paragraph: DFP1 Transfe r
pum p

Operation and chara cteristics are alm ost the sam e as for the  DFP1. The onl y major differ ence is in it being place d
on th e fro nt and no l ong er di rectly inside the pum p ho using itself.

A feed pressure regula tor internal to the pump is needed when using a tr ansfer pump.

1 Transfer pump body 4 Rotor
2 Blades (x4) 5 High pressure pump body
3 Distribution plate 6 Liner

1

3320

2

3

4

5

6

Section view of optional  tra nsfer pump for DFP3
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B) PUMPING PRINCIPLE

The pum p is dr iven by either belt o r chain, or by  Oldham dri ve as shown in diagram b elow (12) . The transmission
torque  is sent via dr ive shaft (13) to the eccentric, or cam (7) . In the  diagr am the cam  (7) is in rest posi tion with
its fla t faces to uchi ng the push  rods (6) . The cam is considered to be in a wo rkin g positio n wh en one of the  curv ed
faces is acti ng on on e of the push rod s. This push rod dri ves plunger  piston (3) and compres ses spring (4) . The
amount of fue l comp ressed at pi ston  trav el is represented by fig ure 2 on the hydraulic head dia gram.

1 Cylinder head 8 Pump body
2 Discharge valve 9 Inlet valve
3 Plunger Piston 10 Cylinder head gasket
4 Piston spring 11 Identification plate
5 Spring retaining cup 12 Oldham drive
6 Push rod 13 Drive shaft
7 Cam

3321
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Section view of t he 3-plunger version of the DFP3

THE COMMON RAIL SYSTEMII

HP PUMP

DDGX200(EN) - Issue 1 of 09/2007 3-21

©
 D

el
ph

i



C) HYDRAULIC HEAD

Diesel a t transfe r pressure goes to the hydraulic
head via orifice (5) and then  passes thro ugh the
inle t valve . This am ount of  fuel is th en comp ressed
in  chamber (2)  at each piston rise. This am ount then
mo ves at high pressure thr oug h the  discharge va lve
befo re be ing sent thr ough ori fice (6) . This ori fice is
itself l inked to the o ther HP hyd raulic h ead exit s so
as to cent rali se all hi gh pressure fuel.

D) INLET AND DISCHARGE VALVES

The opening and  closing of the v alves depend on
the movements o f the plunger pistons, as fol lows:
€ In th e expan sion phase, the descending

piston ge nerates a vacuum  that causes the
in let va lve to  open thus filling the
compre ssion chamber . On the return, the
discharge valve remains in its seating since
the actua l pressure behind it is e qual to the
rail pre ssure.

€ In the compression phase, the in let valve
closes as the rising piston  puts th e fue l in the
cham ber under pressure and thus pushes the
valve  into its seating. The discharge v alve
opens when the cham ber pressur e become s
greater than the rail pressure.

Note:   The inlet and dischar ge valve spring s are only  there to help thei r movement.  The loading of the se springs
is l ight a nd d oes not co nstitute an obstacle in term s of the pressures operating in the h ydraul ic head.

1

3322

32

45 6

Section vie w  of a hydraulic head

3323

Inlet valve Discharge valve

Close-up of  hydraulic head valves
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3.3.3 SPECIFICATIONS

1 DFP3.1 3 DFP3.3
2 DFP3.2 4 DFP3.4

3330

1 2 3 4

Specifications DFP3.1 DFP3.2 DFP3.3 DFP3.4

Number of plungers 3 3 2 2

Capacity (cm3/rev) 0.75 to 1.05 1 to 1.05 0.8 to 1 0.5 to 0.7

Max pressure (bar) 1600 to 2000 1600 to 2000 1600 to 2000 1600 to 2000

Drives Belt/Chain/Oldham Belt/Chain/Oldham Belt/Chain/Oldham Belt/Chain/Oldham

Speed ratio in relation to
engine speed

1/2 to 4/3 1/2 to 4/3 1/2 to 1 1/2 to 1

Max speed (pump rpm) 5000 4000 4000 5000

Transfer pump Integrated as an
option

Integrated as an option Integrated as an option Integrated as an option
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3.4 IMV

3.4.1 OPERATION

3410
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The low pre ssure actua tor also calle d the Inle t
Metering Valve  controls rail pre ssure by  regulating
the amount of f uel sent  to the pumping comp onents
of the  HP pump. This actua tor has a double rol e as
fo llo ws:
€ First it i mproves in jectio n system o utput since

the HP pump  only co mpresses t he amount of
fuel needed to mainta in the  rail pressure
required by the  system .

€ Secondly it reduces th e tempera ture in the
fuel tank. In fact when  excess fuel is sent t o
the return circui t, the expansion of the fluid
(from rail pre ssure to a tmosphe ric pressure)
inv olves a large amount of he at. This
generates an increase in tem peratur e of the
fuel sent back to the tank.  To avoid  generat ing
too  high a tem perature , it is necessary  to do
the following:
- Cool the diese l in the ex change r (a

costly, cumbers ome and no t very
efficient  solution) .

- Limit the amoun t of he at generated by
fuel expansion by re ducing the r ate of
discharge. To red uce the ra te of
discharge, it is en oug h to  adapt th e HP
pump  outpu t to engi ne needs withi n the
who le operatin g ran ge. This is wh at the
IMV does.

3.4.2 DESCRIPTION

The IMV is fi tted to the  pum p hydraulic head. The tran sfer pump  feeds fue l to  it vi a two r adial dr ill  hol es. A
cyli ndrical f ilter is  fit ted to the IMV feed ori fices. This not onl y protects the low pre ssure actu ator but also protects
all t he in jectio n system com pon ents down stream  of t he IMV. It is made up of  the fo llowi ng element s:
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Flange

Body

Nose

Conical 
spring

CoilFilter
Push rod Bearings

Moving 
Armature

Adjustable 
Plug

Cylindrical 
Spring

3420

3.4.3 OPERATION

The low pre ssure actuator  is used to measure out th e amount of fue l sent to th e HP pump  pum ping elements in
such a way that the pressur e measured by  the HP sensor  is equ al to the pressure level dem anded by the DCU.

Each operatin g po int should  have the fol lowi ng conditi on: Amoun t in troduced in to the  HP pump  = amoun ted
in jected + in jector discharge amoun t + injector  control amount.

The IMV is no rm ally  open whe n it is not bein g fed:
it is m ade up of t wo sprin gs of dif ferent stiff nesses
and loadings. The hydraulic head con ical spr ing
being strong er tha n the coil cylin dri cal sprin g keeps
the piston  item 1 on the  IMV section diagram  in  the
fu lly open positi on.

It cannot  thus be used  as a safety devi ce to cut the
engine if needed. The  IMV is current -contro lled. The
flow /  current cu rve is shown  in the graph op posite.

Q (l/h)

Qmax

Imax I(mA)

3430
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The DCU determ ines the  value of the  curr ent to be sent to the IM V as a funct ion of:
€ Engi ne speed.

€ Flow demanded

€ Rail pressure demanded.

€ Measured rail pressure.

€ Fuel temperature

€ Com bustion mo de

3.4.4 SPECIFICATIONS

Specifications DFP3

Piston travel 1.4mm

Diameter of orifices 3.5mm

Coil inductance 7.5mH

Coil resistance 5.4 � at 25°C

Supply voltage 10.5 to 16V

I maximum 1.3A

Weight 270g

Operating temperatures minus 40°C to +125°C

Max flow 130 l/h

RCO control 300 to 2000Hz

A new g enerati on of IMVs have been developed to  be fi tted to  the fo llowi ng:
€ the latest DFP1s

€ all DFP3s

Note:  However wh ilst th e DFP1 & DFP3 IMVs loo k like each ot her they are no t int erchangeable because of
hydraulic upg rade reasons.

The m ain changes be tween the old and new generat ion IMVs are as fo llo ws:
€ Orifices reduced from  3.5 to 3.0 mm di a.

€ Orif ices shifted.

€ Maxim um curre nt incre ased fr om  1.3 to 1.6 A.

€ Spr ings chan ged.

Despite  these change s the IM V flow char acteristics re main the same: the orif ice size change is  compensated for
by increasing the ra nge of control current settin gs.
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3.5 Pressure limiter

This PLV - Pressure Limiter Valve - c omponent
mech anicall y lim its  the pressu re (between 18 50 and 2250
bar)  in  the h igh pressure pump.

It discharges th e pressure on an ad hoc basis if IMV
regulation is no long er activ e or if discharge via the
injectors is no t bein g faci li tated .

The fuel i s recycled  to th e pump  inl et.

This comp onent does not req uire any network
intervention.

Note:  This pressure limiter is not fitted to pumps that
have a rail-fitted discha rge actuat or since this actuat or
perfo rms a lim iter funct ion.

3.6 Venturi

The Ventu ri chapter has been put to geth er separately because the Venturi  is not pr operly a pump element: See chapter
on 7. Ventur i

3500
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4.1 OPERATION
The Common Rail system injector has been designed to com ply with  the new d epollution standards. It has to do the
following to do this:
€ Enable multip le injectio ns.(Up to 5 inj ections per cycle)

€ Enable sm alle r and sm alle r qu antities to be injected (0.5mg/cp)

€ Enable injection at hi gher and  higher pressures (1800bar)

€ Accomm odate low-level  hydraulic in teraction bet ween two s uccessive injections

€ Hom ogeneously  distr ibute the amount  injected

The fo llowi ng developments m ade these
recom mendatio ns po ssible:
€ Improvements in t he hydraulic system

- Injector  seal diameter  modified.

- Crosspiece orifices modified.
€ Modif icatio ns made to the injecto r as fol lows:

- Num ber of ho les increased.

- Conical holes.
€ The development o f new valves, in par ticular

develo pm ents in  the materials used for
manufactur e and in their he at tr eatm ent.

4.2 TECHNOLOGY

Depending on  the generation of the injector,  maximu m
injector pressures are of th e order  of 1800 bar . This
means that the forces needed  to li ft t he in jecto r needle
are very large. Because of th is it is im possible to  use an
electomagnetic actuator  directly to ope rate the injector
needle wit hou t using  very h igh curren ts - and the gro wth
time for es tablishing such currents would be
incompatib le wit h the required reaction tim es needed for
mu ltip le injections. Furth erm ore usi ng such h igh
currents wo uld require such a lo t o f electroni c power tha t
it wo uld engender substanti al heating in the actuator a nd
DCU.

So a valve sited abov e the needl e manages the contro l
chamber pressure ri se/discharge by in di rectl y operatin g
the in jecto r needle in  the fo llowi ng way:
€ When the needle has to lift (at in jectio n

beginning), the va lve opens to  discharge the
contro l cham ber in to  the return circuit.

€ When the needle  has to close (at in jection end) , the
valve  closes in such a  way that the control cham ber
pressure re sets.

1

3

2

4100

In ject or need le  - 1: Co ni cal in jectio n ho le / 2:
Optim ised µsac vo lu me / 3:  Injector needle geome tr y

4200

Inject or nose
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4.2.1 Valve

The fo llowi ng desi gn feature s ensure an accepta ble
respo nse time along wi th m inimu m energy
consum pti on:
€ The val ve is as li ght in  wei ght as possible.

€ The tra vel of the  valve is as small as possible .

€ The forc e required to move the valve is a
minimu m. This mean s that valve has to be in
hydrauli c balan ce in the closed po sit ion. This
balance is obtain ed thro ugh using identical
geome try in the v alve pressure chamber
section s, as well as ensuring that the pressure
to each part of the valve is ide ntica l. This
means only a lightly-load ed spr ing is needed
to hold the valve in  its seatin g. This is then
enough to energise the coil to compress the
spring and lift the valve.

The sensi tiv ity o f the valve to po lluted fue ls has led to deve lopm ents in h eat trea tm ent and in  the materials used
for valve  design.

The new gen eratio n of DLC (Diamo nd Li ke Carbon ) valve s is the  result of these design developm ents. Applying
a DLC lin ing (in red i n diagram  above) prev ents any va lve seating defo rmation or erosion and yet has no
operati onal effect.

4.2.2 Crosspiece

The crosspiece is sited  below the  valve support
bracket. It links the cont rol chambe r with the thre e
calibrated orifices used during injector operation.
These or ifi ces are as fo llows:
€ Injector feed Nozzle Path Orif ice: NPO).

€ Injector dis charge from  contro l chamber Spill
Orific e: SPO).

€ Fil l from  contro l chamb er Inlet Orific e: INO).

4210

Depressurisation 
grooves

Volume in 
vacuum

Volume under 
high pressure

ValveDischarge 
orifice

Sealing face (seating)

Val ve

4220

INO Filling orifice
SPO Discharge 

orifice

NPO Injector feed 
orifice

Control chamber
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4.2.3 Specifications

Specifications DFI 1.2 DFI 1.3 DFI 1.3_1800 DFI 1.4

Operating pressure (bar) 1400 1600 1800 1800

Number of Injections 2 3 3 to 5 3 to 5

Number of electric bank cycle
validations (millions of cycles)

200 800 1200 1200

Vehicle Km 250 000 250 000 400 000 400 000

Note:  The kilometrage mentioned in  the above table is to b e consi dered in  relatio n to the  mode of ra il  pressure
discharge. In fact if  the inj ectors are used to  discharge rai l pressure, the valves will be more stressed t han in a
system f itted with an HPV. In  the case shown , the valves  are on ly used fo r in jectio n.

DFI 1.4 injectors h ave been developed to  do the
fo llowin g:
€ Reduce sensitiv ity to variatio ns in discharge

return circuit vacuum  leve ls.

€ Reduce dr ift by using new surfa ce treatm ents.
See DLC note  on preceding page

€ Operate at hi gher pr essure.

The technical developm ents m ade in response to
these crite ria were as fo llows:
€ To incr ease valve retur n spring stiffnes s. (1)

€ To m odi fy v alve intern al re turn circuit. (2)

€ To change DLC va lve surface  treatme nt. (2)
See DLC note  on preceding page

€ To mo di fy feed co ndui t and  in jecto r gall ery.
(3)

1
2

3

4230
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The drawi ng opposi te shows the  overvi ew of the
DFI 1.4 injector development (to  right of ce ntre  line)
in  com parison with  the ol d DFI 1. generati on of
in jectors (to le ft of centre l ine)

Th e m ain changes can be seen as follows:
€ At the feed conduit

€ At the fuel gallery

4232

New fuel gallery

New feeder 
conduit

Old generation DFI 
1.1 -> DFI 1.3

New generation DFI 
1.4
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4.3 DESCRIPTION

The Commo n Rail system injector ho lder is mad e up of
the fo llowi ng parts:
€ One in jecto r nozzle and needle.

€ One in jecto r holder bo dy fitted with  feed and re turn
orifices.

€ One coi l int egrated into inj ector ho lder bod y.

€ One connector f itted  to inj ector h older to p.

€ One filter shank fitted to fuel feed orific e.

€ One crosspiece with  control chambe r and
calibrated jets for  oper ating the needle .

€ One valve and support b racket.

€ One nut.

Eccentric pegs are used to  ensure corre ct angular
positi oning wh en assembling in jecto r, crosspiece, valve
support bra cket and i njector  hol der.

Adjusting valve spri ng pre-loading is done by inserti ng
a loading slug between  coil and spring.

4.4 OPERATING PRINCIPLE

4.4.1 Pressure propagation

Propagating the pr essure in the in jector breaks down into severa l stages, as follows:
€ Fuel under high pressure fir st passes thr oug h the i njector h older bod y befo re feed ing the cro sspiece by

trav ersing the se jets in the fo llo win g ord er:
- INO: Feed to  control  chamber.

- NPO: Feed to in jecto r fuel gallery.

- SPO: Feed to valve  chamber.

€ Fuel under hi gh pressure pro gressively fil ls valve cham ber, crosspi ece contro l chamber  and needle helical
groo ves.

Pressures are ba lanced across all injectors at th is stage.

4300

Coil

Valve

C2I tag

Filter shank

Return nozzle

Connector

Calibration pin

Valve spring

Nut

Adaptor plate
Nozzle spring

Injector

Gallery
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4.4.2 Injector at rest

Pressures balan ced keeping  inj ector clo sed, or at rest. See diagram : Injecti on fig. 1

Identi cal geometry o f sections in  bo ld on drawing op posite a llows v alve to  rem ain closed. Valve is held in
equi lib rium  because the pressu res in these  two sections are equal.

4.4.3 Coil control

When the D CU activates the  coil, valve  opens whe n the coil for ce is gr eater  than the spri ng force. Opening the
valve  creates fuel dischar ge to injector retu rn an d eng enders a pressu re fal l in  the fo llo win g:
€ The valve chamber

€ The SPO

€ The INO

Needle remains in  seating d espi te thi s fall i n pressure because the  fall  has not ye t reached the control chamber,
so t her e is no inje ct ion.  See diagram : Injectio n fig. 2

4.4.4 Injection start

Injection start happen when  the pressure fall has spread throughout  the crosspiece cont rol chamber. In fact the
pressure differ ence across th e two ends of the nee dle creates its im balance. This transla tes in to the needle rising
as the needle nose pressure becomes greater than the cros spiece contro l chamber pressure.

Fuel goes through NPO to feed in jecto r. See diagram:  Injectio n fi g. 3

Note:   Fuel passing through  injector feed or ifi ce (NPO) creates a load loss related to th e rail  pressure. When rail
pressure is at a maxim um (1600 bar), th is load loss ex ceeds 100 bar. The pressur e at th e needle cone (in jector
pressure) is th us less than rail pressure.

4.4.5 Injection end

When the DCU cuts current  to the coil , the valve reclo ses since the coil fo rce becomes less than the spring force.

Followi ng valve closure the circui t regains pressure. Howev er the  needl e rem ains out of i ts seating.  See diagram:
Injection fig. 4. The only way to reclose it is to  apply a  pressure differ ent from tha t at each of its ends. This pressur e
difference that wil l cause the injector  to close is created by the load loss  across t he NPO filling jet, which resis ts
the control chamber pre ssure that is  roughly  equal to the rail pressure .
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When the control chambe r pre ssure beco mes higher tha n the pressure at needle nose, injection stops.  See
diagram : Injection fig. 5

4450
1 2 3 4 5

Inje cti on  - Red:  High  pressur e (Rail  p ressure ) / Gr een:  Lo w Pre ssu re /  Oran ge: In je ctio n pre ssu re ( Rail
pressu re - NPO lo ad lo ss)

Ke y:

Injector N° Valve Needle Injection

1 Closed Closed No injection

2 Opening Closed No injection

3 Open Opening Injection start

4 Closing Open Injection end

5 Closed Closed No injection
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4.5 INJECTOR OPERATION

The coil c ommand current takes the form shown in the
Injecto r pulse graph .

A staccato-style curre nt re duces loss  because of t he
effect of the electrica l energy changes on the DCU and
in jector.

The start cur rent (la) is gre ater than the maint ain current
(lm) since, durin g the ma intain phase:
€ With the air-gap betwe en coi l and val ve reduced

(by valve trav el amount, about 30  µm ) the
electrom agnetic for ce to be applied to the valve  can
thus be reduced.

€ It is no  longer necessary to ove rcom e valve inertia .

4.6 DISCHARGE THROUGH INJECTORS

Note:  This chap ter do es not concern HPV-fitted sys tems.

Then rail  pressure dem and fal ls sharply (i f foo t is li fted  or a fau lt causes rapid rai l discharge for example), IMV closur e
preve nts any  new DCU-initia ted pr essure requirem ent to be  reached suffi ciently q uickly. The system  thus uses th e
injectors to  discharge the rai l. This operating mo de depends on being able to con trol the injector re spon se tim es. In fact,
in  ord er to  discharge th e HP circuit without risking fuel getting in to the cylinders, the coil  has to receive pulses that are
long  enou g h to li ft the valve and put the rail  direct ly in to comm unicati on wi th  the in jector retur n circui t, and yet sho rt
enough  to avoid  the inj ector needle lif tin g and causing fuel to enter the combus tion chamb er unexpectedly.

This way o f operatin g is only p ossib le i f the in jecto r respo nse time - that is to  say the time between the start of solenoid
excitation and the instant when  the injector n eedle li fts - is calib rated perfectly . This time period is ob viously d iffere nt
for each in jecto r as it depend s on the initial characteristic s of the injec tor (C2I) and also on its  level o f wear (apprenticeship
peri ods) . It is  therefore essential to  know th e in iti al characteristics and drif t of  each in jector exactly.

1 Pilot Injection lm Maintain current
2 Main Injection T0 Start Current duration
la Start current T1 Maintain Current duration

4500

T0 T1

T(s)
2

I(A)

la

lm

1

In jec t ion pu lse
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4.7 C2I: INJECTOR INDIVIDUAL CORRECTION

Note:   The C2I abbr eviation come s from Correction Individuell e Injecteur wit h the figure  2 symb oli sing th e two  Is

4.7.1 Description

The amount i njected is propor tional to th e injection time (pulse) and rail p ressure. The flow g raphs in  relati on to
pulse  tim e and rail pre ssure ar e called th e in jecto r characteristics.

Comm on Rail  system in jecto rs are very high pr ecision par ts. They ar e capable of i njectin g am ounts var ying fro m
0.5 to 100 mg/cp under  pressur es from 15 0 to 1800 bar. The precision needed re quir es very small manufactur ing
tolerances (som e µm ) on jet diam eters, and on the  opera ting play betwe en the di fferent mo ving parts.
Nonetheless, machi ning variatio ns, load losses, any rub bing betwe en mo ving p arts an d m agnetic forces cause
variances betwe en one injector  and another. Because of th is, flow v ariations can  reach 5 mg /cp. In othe r word s,
that m eans that the  same pulse appl ied to two in jectors could pro duce a di ffere nce of 5  mg/cp.

It is im possible to contro l an engine effectiv ely with such a variance  betwe en in jectors. So it  is necessary to apply
a correct ion so that th e required amount of  diesel is injected whateve r ma y be the in it ial characteristics of the
in jecto r. For th is to  happen, it is  necessary to  know the in jecto r characteri stic an d correct th e pulse applied  to the
injector a s a fun ction of the di ffer ence between this characteristic and that used in the DCU.

The characteris tic reco rded in  the DCU is called th e target. It is th e mean characteristic of  flo ws measured from a
representati ve batch of i njectors.  This target is used to con vert the flow dem and Q in pulse time T. However th is
pu lse cannot be appl ied di rectly to th e in jector since the characteristics of this lat ter are different from the target.
It is therefore necessary to correct  the pulse time  T using the pa rticu lar inj ector ch aracteristi c. This characteri stic
is determ ined by m easuri ng the fl ows for di ffer ent p ressure valu es. The C2I is a mo delli ng p rocedure for  these
characteristics.

4.7.2 Procedure

The inje ctors are e lectric bank tested at the end of the manufacturing line . The m easurem ents ar e processed to
work  out correction coef ficients. These c oeffi cients ar e writte n on the injector  in  tw o forms, as fo llow s: in a data
matrix code and in alphanum eric char acters.

So as to corr ect the fl ow di ffer ences betwe en
in jecto rs and the target, each injector is mark ed with
the f low difference betwee n the actua l pulse tim e
and the target  pulse time as a func tion of flow, for
a give n pressure.
€ The corresp onding corrections be then

determi ned for pi lo t and princip al flows fro m
the graph, for four pressures (200, 800, 1200
and 1600 bar). That pr odu ces eig ht
co effic ien ts.

€ From this we get a (Pressure, Flow and
Correcti on)  card that gives us the cor rection
to apply to the ta rget pulse to obtain the
required flow.
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Label encr yption is a co mple x opera tion, since  we have to em ploy the leve l of r esolution t hat is  strictly necessary
to  optimise th is met hod (and limit  label size). Each coeffici ent h as been coded into  a numb er of bi ts tha t is unique
to that coeff icient.

1 Label 6 Injector holder Delphi Diesel reference
2 Code data matrix (Factory reading) 7 Chronological serial number
3 Correction factors (C2I) 8 Date and place of manufacture
4 Vehicle builder reference 9 Injector holder day of manufacture
5 Builder approval number 10 Delphi logo

4721

CKAABBCCDDEEGGHH
XXXXXXXXXX
XXXXXXXXXX
EJBR00101Z
12345*MMF*AZ

DELPHI 10

2

987

1

6

5

4

3

C2 I lab el

Note:   Code Data Matrix Informati on:
€ Corr ection factor s

€ Injector holder De lphi re ference

€ Injector hol der vehicle bui lder refer ence

€ Date

€ Site code

4.7.3 Development: C3I

To reduce the v ery sm all deviations that remain  sti ll after C2I correct ion and to  get as close as possib le to the
target, a new type of in jector cor rection procedure has appeared, and thi s is known as C3I.

C3I comes from  the name in  English, Correct ion Imp roved Individ ual Injecto r.

C3I has been in trodu ced to  increase the accuracy of the C2I corr ection pr ocedure. In fact,  if we take  the fo llowing
diagr am as an example, we can see the si gn ifi cant gai n brought abo ut by usi ng C3I.
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Pulse time (µs)

Without correction With C2I With C3I

Flo w  cu rv e stud y fo r 1600 bar r ail pr essu re; Red:  Target; Bl ac k: Injecto rs m easured:  Bl ue:  Typi ca l
diffe rence  between target and measured in jec t ors: Encircle d: C2I ina ccuracy zone

The two m ajor di fferences betwe en C3I and C2I are the fo llowing:
€ A three-part lin ear correcti on is possible wi th C3I whi lst C2I only all ows a sin gle linear co rrectio n.

€ A di ffere nt encoding method as fol lows:

- C2I: 16 Hexadecima l characters.

- C3I: 20 Alphanum erical char acters.
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4.7.4 Read/Write

Matr ix  data is r ead and stor ed on an inte rme diary medium  in the engine factory . This interme diary  medium
contai ns C2I (or C3I) data and th e cyl inder number on whi ch the pa rticu lar in jector has been fitted . The C2I (or
C3I) data on the four in jecto rs is read b efore th e injectors ar e fitted on the engine so as to facilitate using a laser
reader on the matrix code data. Through this proc ess the client ca n thus guarantee th at there  is no risk of any
reversal  of the  order o f reading codes and the ord er of the cyl inders on whi ch the  in jectors are going to  be fi tted.
In the vehicle factory, the  conte nts of the  interm ediary medium  are read than dowl oaded  to the in jectio n system
DCU.

In after -sales, if one  or m ore in jectors ne ed replacement, i t is necessary  to  load their C2I data in to  the DCU. This
operati on autom atica lly re-i nti alises the ba ck data linked to the ol d injector s.

When re placing the DCU, it is necessary to l oad the C2I (or C3I) data and vehicle settin gs in to the new DCU.

Note:   Other  stages such as program ming the DCU and saving the b ack data from  the o ld DCU into the  new DCU
have to be done fo llowing any C2I downl oading, but the  method is often sp ecific  to each builder and cann ot thus
be described in a gener ic worksh op manual.

A Characterisation F Temporary saving
B Encoding G Engine/Vehicle assembly
C Delivery H DCU/Vehicle assembly
D Fitting to engine I Loading C2I into vehicle
E Read C2I for each injector
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5.1 RAIL
The rai l is a pressure reservoi r down stream of the  high pressure pump . It form s a reserve of diesel und er hi gh pressure
ready to be used by the injector s.

The rail assemb ly is m ade up of the fo llo win g:
€ Body

€ Rail pressure sensor

€ The fo llowi ng end pieces: 1 pump  in let and X in jecto r exit s

€ HPV as an optio n

4741

Fitted rail  assemb ly:
€ HPV to left.

€ At bottom : Four injector exit end-pieces.

€ To th e rig ht: Rail pressure sensor

€ Second end-piece comi ng fro m the ri ght: high pressure entry end-pi ece
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5.1.1 GENERAL

The diagram below sho ws the developm ent stages of th e rai l in  relatio n to the  pollution stand ards EURO3, 4 &
5.

EURO3 EURO4 EURO5

Spherical Rail - 1600 bar

Tubular Rail - 1600 bar

Compact Tubular Rail - 1600 bar

Rail with jet system - 1600 bar

Rail with integrated HPV - 1600 bar

Rail with integrated HPV - 1800 bar

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

Rail 2000 bar

5110

Generations Types Applications Volumes (cm3)

DFR 1 Spherical rail Ford Lynx, Renault K9 18

DFR 1D Spherical rail with jet system Renault K9 Euro4 18

DFR 2.1 Tubular ring rail Ford Puma, SsangYong 18.7

DFR 2.1D Tubular ring rail + jet / /

DFR 2.2 Tubular rail Kia, SsangYong 19.5

DFR 2.2D Tubular rail + jet / /

DFR 3 Tubular rail with HPV Cummins 19.5

DFR 3D Tubular rail with HPV and jet system Daimler Chrysler 26.5
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5.1.2 RAIL CHOICE

Choosi ng rail type:
The spherical rai l represents an advantage because of i ts low b ulk, but can only be used on r elativ ely small  engines
since its use m eans hav ing to use rail /in jecto r tubes that are longer  than those  used wi th a tub ular rail.  Using
these longer tube s pro vokes greater load loss. Howeve r the sperical rail offe rs a signi ficant advantag e in hydraulic
terms since all paths to the in jecto rs have the same leng th. The tu bular ra il has the advantage  of having ide ntica l
rail/i njector t ubes.

Rails Spherical rail Tubular rail

Hydraulic path + -

Possibility of having identical rail/injector
tubes

- +

Impact of tube length in terms of load loss - +

Weight + -

Cost + -

Volume choi ce:
The sm aller the r ail internal volume , the easier  it is to fi ll  and empty and th us to increase and d ecrease pressure.
These advanta ges are  gained at the ex pense of the stabi li ty of pressure contro l stabili ty and th e rate of i ntrod ucti on
at in jectio n end. The choice of rail vo lume t hus involves a comprom ise between th e dur atio n of any  transitory
phases, the si ze of any pressure fal l during injectio n, and the degree of stab ili ty of control.

5.1.3 JET

Fitt ing jet pieces to the inje ctor exit s is meant to limit
rail pressure osci llati ons caused by the in jecti on
process and any pum p pre ssure varia tions. This
system alll ows mo re precise injection control .

1. Rail

2. Jet

5130

2

1

In stall ing  je t
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5.2 RAIL PRESSURE SENSOR

5.2.1 OPERATION

The pressure sensor is essenti ally made up of a
metalli c membrane that deform s und er pressure.
The membrane has a fitted pie zo-resista nt elem ent
whose resistanc e varies in  relatio n to membrane
defo rma tion. This defor mation thu s represents the
amoun t of pr essure in the rai l.

1. Diesel und er hi gh pressure

2. Memb rane

5.2.2 INSTALLATION

The sensor  is screwe d to the r ail.  A soft ste el washer  ensures sealing at hi gh pressure. Using a pre-defi ned torqu e
and angle that makes the best use of the axial fo rce ensures complet e sealing.

The latest ver sions do not use a sealing wash er. The sensor/rail con tact is di rect , as for th e HPV.

5.2.3 SPECIFICATIONS

There are several ver sions of this sensor tha t allow me asurements up to 1600, 1800 and 2000 bar.

1800 bar sensor Specifications

Accuracy +/- 1% between 0 and 1000 bar for diesel temperatures between 20°C and 100°C

+/- 1.6% between 1000 and 1800 bar for diesel temperatures between 20°C and 100°C

Max pressure without significant
degradation

2200 bar

Max pressure that could lead to
significant degradation

> 2500 bar.

Body Machined body Mechanically welded body

Connection system Type SIGMA 2 Type KOSTAL

5210

1

2

Rai l  p ressu re se nsor
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5.3 HPV

5.3.1 OPERATION

This High Pressure Valve (H PV) actuator is fitted to the rai l and is desi gned to contro l rail  pressure.

Note:  An HPV-fitted Comm on Rail  system no long er programm es inj ector di scharges.  The HPV actuator in the
system takes over t his funct ion.

The HPV does the fol lowi ng:
€ Reduces hi gh pressure circui t pressure when

discharging diesel.

€ Accurately co ntro ls rail  pressu re oscill atio n
peaks.

€ Limits press ure in case of  system
overp ressure. The HPV thus protects the
Common Rail system, in particular the ra il and
in jectors.

€ Control s rail  pressure wh en:

- The IMV is no longer electrica lly
cont rol led.

- There is a pre ssure sensor fault.

- The system is  not fit ted wit h an IMV.

Note:  The HPV shou ld also ma intain suffici ent pressure to  start and turn ov er wh en a circui t is op en electr ical ly
(HPV disconnected).

5310

HPV o ver al l v iew
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5.3.2 DESCRIPTION

The HPV is fit ted to the rai l. It is m ade up of th e fo llowi ng elemen ts:
€ One piston  held in  ful l closed positi on by  a spr ing.

€ One electrical connector

€ One current- contro lled co il.

€ One piston -linked pin for opening and clo sing th e HPV via a bal l fol lower.

€ One body with  axial  feed or ifi ce and two discharge or ifi ces.

€ One cylin drical filter f itted  to feed orifice.

1 Electric connector 5 Coil
2 Filter 6 Pin
3 Ball follower 7 Piston
4 Rail end-piece 8 Spring

5320
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A
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B
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1

HPV  section view

A. Diesel un der h igh pressure comi ng to rail .

B. Diesel discharged from  rail.

C. Diesel fe d to discha rge return.
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5.3.3 OPERATION

The HPV is nor mally clo sed when  not power ed. It
can be used as a safety device to cut en gine if
needed. The IMV is  curren t-control led. The flo w /
curr ent curve i s shown in  the graph opp osi te.

The DCU determ ines the va lue of the curr ent to be
sent  to t he IMV as a function of:

€ Engi ne speed.

€ Rail pressure demanded.

€ Measured rail pressure.

€ Fuel tem peratur e.

€ Com bustion mo de.

5330

Pn: Nominal Pressure Pr: 
Residual Pressure

Pn
P(bar)

I(A)

In Imax
0

Pr

Relation between ra il pr ess ure and curre nt
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6.1 DESCRIPTION
The filter pro tects the Com mon Rail system by:
€ Separating out a nd storing d iesel im puri ties so as to avo id  any po llution of the Common Rail system .

€ Separating and storing any water na turally  present in the diesel fuel.

€ Evacuating any  air in the  fue l circuit.

The fi lter shoul d be able to adapt to all configura tions by operati ng both under  pressure and in a vacuum.

Specifications Vacuum Pressure

Vehicle consumption 12l/100km 12l/100km

Mean flow 130 l/h 180 l/h

Max flow 160 l/h 230 l/h

Critical Conditions Max vacuum: 700 mb Max pressure at filter entry: 400 mb

Note:   In the table abov e, "criti cal conditions" are  the ma ximu m acceptable condit ion s for the system  befor e any rail
pressure regulation pro blems appear.

6.2 TECHNOLOGY

Non-filtered 
diesel

Diesel being 
filtered

Air 
management 

system

Filter element

Filtered diesel

By-pass valve for 
fuel reheating

Support 
bracket

Water trap

Water detector

Water

6200
Drain
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The filte r elem ent coul d hav e two  typ es of stru cture as fo llows:
€ Rolled

€ Crinkled

Rolled-typ e fi lte rs are made up of fl at elements arranged in a ro ll.  Diesel passes th rou gh the tube wa ll  and penetrates
the porous fibre , and any particle s are held  in stor ed on the tube surface.  This techn ology is no long er used because of
the lim ited  element  li fe fo r th is type o f filt er. The sensiti vity of  comm on rail systems has led to a new desi gn of f ilt er
elem ent in the form of  a crinkled struct ure.

Crinkled structure filters  are arranged in spira ls to
im pro ve filt rati on capaci ty.  Diesel is fil tered as it passes
thr oug h th e fi lter from  one part to an othe r. The fi lter
elem ent is made up of a combination of  cellu lose and
artificial fibr es.

The photo opposi te shows a blown  up view of a crin kled
filter  elem ent. The  fibre at th e top is made o f Polym er. It
filter s out large particles and stops any wa ter in the fue l.
The second fibr e at the bott om of the photo is made of
cellu lose and filt ers ou t small p arti cles.

Close-up

6201
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6.2.1 FILTERING OUT IMPURITIES

The designation for 2 &  5µm fi lters is  a comm ercial categori sation. Standard Fil ter m eans "5 µm" and High
Efficiency Filt er means "2 µm".

Two  measur ing procedures can determ ine the 2 µm  or  5 µm catego risatio n.
€ The Beta ratio (ß) pr ocedure measures the rati o o f par ticles stopped by th e fil ter betwee n th e clean part and

the dirty part, for a  given size.

€ The Di ffere ntia l (Di ff) pr ocedure measures the percentage of parti cles stop ped by the filter for two given
sizes.

Filters 2µm 5µm

Beta ß (4µm)>96%

ß (4µm)>99.6%

ß (14µm) not measurable as it is too close
to 100%

ß (4µm)>93%

ß (14µm)>99.2%

Differential Diff (3-5µm & 5-6µm) >95% Diff (3-5µm & 5-6µm) >90%

6.2.2 SEPARATING OUT THE WATER

Water is filt ered th roug h the polymer in  the filte r element See Fil ter Element Photo above. The water is unable to
pass thro ugh the element because of its po lymer-rep elli ng properties and spore dimen sions.

Depending on the quality of  fuel b eing used, Delphi recomm ends using a fi lter in  the following  ways:
€ For good quality  fuels, use a collector to separate out the water;

€ For average quality fuels, us e a collector and water sensor  to separat e out the water;

€ For low qu alit y fu els, use an independent water separator wi th collector and water se nsor to separate out
the water.

Filters 2 µm 5 µm

Efficiency 95% of water stopped for a 130 l/h flow
with 2% water in the fuel.

80% of water stopped for a 80 l/h flow with 2%
water in the fuel.
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6.2.3 AIR MANAGEMENT

The fil ter shou ld be able to handle  any a ir in the fuel
circu it. The pur pose is to  protect the  HP pump by
limiting the air in the circui t. This is don e using fi lter
storage and conver ting the residual air i nto bubb les
small enough (<3mm ) for the comm on rail  system
to handle.

6.2.4 REHEATER (OPTION)

Its purpo se is to  raise the tem perature  of the fuel in
the system. It  is used main ly for cold  start
conditi ons. It can be  fi tted directly in to the filter or
placed in the fue l line (as is the case for Kia with an
electric reheate r outside the  filte r).

In this case we are intere sted in syst ems integra ted
into the fi lter, as fo llo ws:
€ Hydr aul ic/ the rmal  w i th bime tal  s tri p and

re cir culat ion  (Renault K9) . In th is particu lar
case, the fuel tem perature  is m easured by two
metallic stri ps. Below the l ow t emperature
threshold,  a quanti ty of fuel  from  the return
circuit is reheate d then  re-routed to the intake
circu it afte r fi ltering.  Abo ve thi s threshold,  the
valve  progre ssive ly closes as a consequence
of the amoun t of reheated fuel dimi nishing -
as th is tabl e shows:

€ Ther m al sw it ch  (Peugeot  DV4). This type of re heater is di rectly clipped to th e fi lter. T he thermal switc h
ensures reheating for  fue l tem perature s between 0  and 5+/- 5°C. This type of thermal s witch  has a negati ve
temperature cooeffic ient (reistance  dim inishes as tem peratur e rises).

Fuel Temperature (°C) T°<0 0<T°<50 T°>50

Reheated fuel flow (litres/hour) 45 - 55 Progressive lowering < 5

Diesel 
+ Air

Tube depth 
impedes 

passage of 
large quantities 

of air

Calibrated 
orifice causes 
air to leave 
filter in small 
bubbles

Calibrated 
orifice

Air is 
collected at 
the top of the 
clean part

6230

Air leaves 
solution

Tank Tank Engine

Engine

6240
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7.1 DESCRIPTION
The purpose of th e ventu ri is to cr eate a vacuum in the
inj ector retu rn circu it to  avoi d in jecto r contro l cham ber
pressure fluctuations as far  as possible. This has the end
purpose of avo iding any injection contro l d istur bance.

Whilst the venturi is comm only p laced on the pump , it
can also be placed independently  of the  pump .
((Example: PSA DV4TED4 & DA IMLER OM646)

7.2 OPERATION

The Ventu ri pri nciple is wh ere a reduction in fue l pressure is indu ced at po in ts wh ere the speed of fu el flow i s increased.
Passing thr ough th e narrow p art th e fuel speed of fl ow i ncreases at the expense  of pre ssure. The internal arch itecture
of the ventu ri defi nes its prevai ling pressures and fl ows in the  ventu ri.

In the case of t he common rail low pressure circuit, the pr essure at venturi entry  is grea ter than atm ospheric pressure
(Pe), the suction value  at the discharge r eturn point (Pi) resu lts in a Pe-Pi>O vacuum .
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7.3 SPECIFICATIONS

This is an example of Entry/Exit characteristics for a venturi fitted in a Delphi common rail system
Abbreviation
s

Descriptions Specifications Diagrams

Qe Entry flow of fuel coming from pump 70<Qe<120l/h

7300

Qi; Pi; Ti

Qe; Pe; Te Qs; Ps; Ts

Pe Entry pressure of fuel coming from pump 200<Pe<350mb

Te Entry temperature of fuel coming from pump -40<Te<95°C

Qi Intake flow of fuel coming from injector return 0<Qi<25l/h

Pi Intake pressure of fuel coming from injector
return

Pi<-10mb

Ti Intake temperature of fuel coming from
injector return

-40<Ti<140°C

Qs Flow of fuel exiting to tank 70<Qs<140l/h

Ps Pressure of fuel exiting to tank 40<Ps<80mb

Ts Temperature of fuel exiting to tank -40<Ts<130°C

Note:  In the case of  a force-feed pump, a by-pass system in parallel  wi th the  HP pump  ensures con tinui ng hyd raulic
operation.  A vacuum is thus pr esent fr om  the time of  ignition swi tch-on befo re start ing engine.
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8.1 OPERATION
The DCU can have several descrip tio ns, as fo llo ws:
€ ECU as in  Electroni c Contro l Un it,

€ Diesel Control  Unit (DCU)

€ DCM as in  Diesel Control  Modu le.

This unit is the heart  of the in jecti on control  system. It
ensures the injection system functi ons correctly and can
also ensure satisfactory  management o f the engi ne,
indee d the ve hicle .

The DCU manages the fol lowing:
€ Conn ectio n with sen sors (Examp le, rai l pressure

sensor) and actuators

€ Connection with actuator s (Examp le, Fans)

€ Contro l of actuato rs (Example, EGR valve)

€ Processing of sensor an d actuator si gnals
(Examples: A ccelerom eter  sensor signal a nd Tur bo
pos iti on)

€ Strategy  control.

€ Dialo gue with  other DCUs.

8.2 SPECIFICATIONS

8200

DCU 4.1 Piezo

DCU 3.4 32 bits

DCU 3.2 32 bits

DCU 2.1 & DCU 3.1 32 bits

DCU 1.2 16 bits

DCU 1.1 16 bits

2001 2008200720062005200420032002 2009 2010 2011

DCU 3.5 32 bits

Dev elopi ng  D CUs as a fun cti on  o f  d epo ll ut ion st and ards

8100

DC U D elphi  D ELCO 3.4 PSA

THE COMMON RAIL SYSTEMII

THE DCU

DDGX200(EN) - Issue 1 of 09/2007 8-55

©
 D

el
ph

i



Generati
ons

Number of paths

Number of connectors

Types Standards Applications

1.1 112 paths / 3 connectors TRW 16bits EURO3 Renault K9/Kia/Ford Lynx

1.2 112 paths / 3 connectors TRW 16bits EURO4 Renault K9

2.1 112 paths / 3 connectors TRW 32bits EURO3 PSA DV4TED4

3.1 121 paths / 1 connectors Delco 32bits Advanced EURO3 and EURO4
programmes

Ford/SsangYong

3.2 154 paths / 2 connectors Delco 32bits EURO4 Daimler Chrysler OM646

3.3 124 paths / 2 connectors Delco 32bits TIER3 JCB

3.4 128 paths / 3 connectors Delco 32bits EURO4 & 5 PSA DW10B / Renault K9  5

3.5 154 paths / 3 connectors Delco 32bits EURO 5 PSA DW10C / Daimler Chrysler
OM651 Solénoïde

4.1 154 paths / 2 connectors Delco 32bits EURO 5 Piezo injector Daimler Chrysler OM651 Piezo
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Pressure contro l uses two main  modu les as follows :

€ The fi rst de term ines rai l pressure demand as a functi on of th e engine op erating conditi ons.

€ The second guides the IM V so th at the rail pressur e reaches the r equired va lue.

Note:   Anothe r regul ation un it h as been developed for HPV contro l on new applicati ons. See chapter  on HPV

9.1 PRESSURE REQUEST

The request fo r pr essure is determined as a fun ction of engine speed and lo ading. The ob jective is to  adapt injectio n
pressure to engine need s, as follows:
€ When speed and loading are high,  tur bu lence is very h igh and fuel  can be injected under very  high pressure to

ensure opti mum com busti on.

€ Under low lo ading and low spee ds, fi lli ng rate s and tu rbulence ar e low.

Pressure demand  is corrected as a function of air tem peratur e, water  temperature  and atmo spheric pressure so as to
take in to accou nt the i ncrease in burn tim e provoked by parti cular conditi ons such as cold startin g or high altitu de
running.

A specific pressure demand is needed to b e able to ob tain the surcharge flow r equired for starti ng. Th is demand is
determ ined as a funct ion of th e amou nt in jected and the external conditions (mainly the fluid temperatures)

The pressure demand i s limited as a fun ction of th e fuel  temp erature . In fact not all  the diesel comp ressed by the HP
pump is injected i nto  the engine. The retur n circui t sends a part of the co mp ressed diesel li qu id to  the fue l tank. The
diesel dischar ge from rail pressure to atmospher ic pressure pr ovo kes a subsanti al release of he at into the fuel ta nk.

9.2 PRESSURE CONTROL

9.2.1 WITH IMV ALONE

Rail pressure contro l is do ne by clo sed lo op regulation of the filling actuator. A cart ograph (called op en loop)
determ ines the current that should be sent to the actuat or t o obtain the flow requested by the DCU. A closed loop
is in a posit ion to correct the curr ent v alue as a function of the  distan ce betwee n the value r equested and the
pressure value as follows:
€ When the pressure is less  than th at requ ested,  the curren t is reduced s o that th e amount s ent to the HP

pump  is increased.

€ When the pressur e is gre ater than that re quested, the current is increase d so that the amount sent to  the HP
pump  is redu ced.
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Open Loop 
Board

Applied IMV 
current

Open loop IMV current

Closed loop IMV current

Error
PID

+

-

Request

Motor Info

Request

Sensor return

9210

Th e p rin cip le of  rai l pressu re re gu lati on  u sing an IM V

9.2.2 WITH HPV

The principle of rail  pressure regulation using an HPV is the same as that for u sing an IMV. The current ap pl ied
to the HPV is calculated by adding the open loop  current to the closed loop  current. (PID)

When the com mon ra il sy stem is fitted with an HPV , several types of  rail pressur e regula tion ar e possible, as
fo llow s:
€ HPV alone: IMV fu lly open: the HPV exclusively contro ls rail  pressure.

€ IMV alo ne: HPV closed: the IMV exclusivel y contro ls rail  pressure.

€ HPV+IMV: Both  actuators sim ultaneously co ntro l rail p ressure.
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This strat egy in the first in stance mana ges injection d emand, second ly  contro ls injector s by tran slating dr iver requests
int o comm and signals to the in jecto rs, and fin ally corrects  any inj ector drif t.

Its main functi ons are the fol lowi ng:
€ Managing injector  phasing

€ Managing fl ow

€ Conv erti ng these two above points into  in jection pu lses.

€ Acceleromet er correction

10.1 PHASING THE INJECTIONS

10.1.1 PILOT INJECTIONS

These injections reduce comb ustion noise, effectiv ely by  burnin g a small  quanti ty of diesel be fore the m ain
injectio n takes pl ace. This procedure makes the comb ustio n pressures less harsh.  See chapter on Reducing Noise

Note:  In the new com mon rai l systems, it is no w possi ble to ha ve two p ilot in jections and  a pre-injection very
close to the main in jectio n.

Pilot injection tim ing is determ ined as a fun ction of en gine speed and tota l fue l flow.  During the starti ng pro cedure
thi s can be calculated in relation to  engine speed and water tem perature .

Pilo t in jecti ons are also subject to  correct ion factors - simi lar to the main in jectio n procedure.
€ The firs t correction is made as a function of a ir and water  tempera tures. This correc tion m odifies pilot

in jecti on timi ng in relati on to the engine operating te mpera ture.

€ The second correction is determ ined as a function of the atmospheric pressure. Th is correcti on is used to
modify pi lot injection tim ing i n relation to atmo spheric pressure.

10.1.2 MAIN INJECTION

The main injection ti mi ng request is determ ined as a fun ction of engi ne speed and amount i njected (whi ch
represents engine loading).

Injectio n ti ming advance shoul d be reduced at star t up  so as to place com busti on beginn ing near PMH (top  dead
centr e), that is to say the point whe re tempera tures are  highest in the abse nce of comb ust ion. For this to happ en,
a specifi c starter p hase carto graph determin es in jecti on ti mi ng as a fun ction of en gine speed and water
tem perature . Once the engine  has started, the system shou ld reuse the carto graphs and correcti ons described
below:
€ The first cor rection is m ade as a function of air and  engine water temperatures . This corr ection adapts

phasing to  the engine operati ng tem perature . When the engine is hot, timi ng can be retarded to  reduce
com bustion tem peratur e and thus p olluting emissions (mainly NOx) . When t he engine is cold, timi ng
advan ce shou ld be suff icien tly l arge to ensure combustion s tarts correctly.

€ The second  correct ion  is determ ined as a funct ion of  at mospher ic pressur e.

€ The th ird correcti on is m ade as a functio n of water temp erature  and time  la psed fr om st ar ting . This
correction can incr ease in jecti on timi ng advance d uring the engine heatin g phase, that is to say durin g the
30 seconds following st artin g. This cor rection i s designed to red uce the comb usion ra te and  any instab ili ties
that might appear just after a cold star t.

€ The fourth co rrecti on is dete rm ined as a  function of any rail  pr essure error . This cor rection is used  to
reduce injection tim ing ad vance when  the rail  pressure is grea ter than the pressure dem anded. In this case
comb ust ion can becom e noisy. I t is possib le to c ompensate fo r thi s by slightl y reducing the timi ng advance.

€ A fifth correction is det ermin ed as a function of the exh aust gas recircul ati on rate (EGR). This is used
to corr ect injection tim ing ad vance as a function of the exhaust gas recirculation rate. Whe n the EGR
increases, injectio n ti mi ng advance shoul d be increased to  com pensate fo r the  tem perature  drop in the
cylin der.
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10.1.3 POST MAIN INJECTION

The in jecti ons that fol low the main  injection are designed to  heat up  the exhau st lin e.
€ These can be used more rapidly to start the catalyser.

€ On those vehic les equ ipped wit h a part icle filt er, post injections ar e used rapidly to raise filt er temp eratu re
to the regeneration temper atur e and to stabilise it. (>650°C)

These in jecti ons also are subject to  correc tions but in  these case the biggest cor rective fa ctors are as follows:
€ The pre-tu rbo  temperature.

€ Catalyser  tempera ture .

€ Particle filter tempera ture .

10.2 TORQUE STRUCTURE

All dr iver dem ands are  translate d int o a torque deman d as fo llows:
€ Push on  accelerator  pedal

€ Manipulate spee d lim iter

€ Manipulate cruise  contr ol

These drive r actions are fir st conv erted in to torque so as  to be able to be considered by the v arious torque users as
fo llo ws:

Putt ing  th is in to schematic fo rm , the torq ue struct ure can be sum marised as fo llows:

TORQUE 
STRUCTURE

10200

Applied torque

Driver request

Idling

Vehicle Request:

DCU torque limiter

DCU additional torque

Max

Min
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Each of the se gm ents ab ove is made up a sub-modu le as fo llows:
€ Driver Request :

- Accelerator pedal

- Speed lim iter

- Cruise  control

€ Id ling

€ Vehicl e Re quest :
- ESP

- ABS

- ...

€ DC U torque  li mite r :
- Anti- fume Strategy

- Reduced flow mode

- ESM

- ...

€ Add i tional DCU torque

- Anti -Oscillation Str ategy

- Additi ona l torq ue for hi gh acceleration

The idling contro ller co mp ares the driver request with the idling spee d flow va lue.
€ When th e driver pu shes on the accelerator pedal, the system notes the  request and determ ines the amoun t to be

in jected.

€ When the dri ver releases the pe dal , the idling control ler takes over at around 1 200 rpm to determin e the min imum
fuel fl ow n eeded to be in jected to  keep the engine run ning in a stable conditi on.

Thus t he sytem retains the gr eater of the se two v alues.

The maximum torque requi red is then noted by  other  torqu e users such as the ABS and ESP system s, and any o ther
user op erating outside the DCU-managed strategi es.

This torqu e und er consi deration can then be l imited usi ng DCU strate gies:
€ Ant i-fu m e Stra teg y: This is simi ply a limit on torq ue as a fun ction of ai r fl ow an d eng ine speed. It is parti cularly

used at hi gh altitu de to  reduce the injected amount when  the atmospher ic pressure is low.

€ Reduced flow mode : This mode becomes activ e wh en a fau lt arises that co uld dam age mech anisms.

€ ESM : This comp lex strate gy is an i nverse torque structure. On receiving a n actual pulse this stra tegy recalcula tes
a requested torq ue and th en compares it with the driver  request. If th e diffe rence is outs ide the lim it,  the DCU
allows onl y a reduced flow.  In wor se cases the DCU can shut down  injection com pletely.

The DCU can apply to rqu e inversely  using th e fo llowing:
€ AOS : This anti  oscil latio n strategy  com pensates for engi ne speed fluctuatio ns du ring tra nsitory p hases.

€ Add i tional To rque : This strategy allows the ap pl ication of a g reater-th an-norm al-maximu m tor que peak during
dif ficult trans itory phases .

At co mp leti on of t his torq ue cascade, th e fin al torq ue is cal culat ed so as to determine the fuel am ount to  be in jected.

10.3 INJECTION AMOUNTS

The tor que calculated using the torque structure  is thu s translated in to fuel amounts then into pulses.

The amount to  be in jected is shar ed am ong several injections. The main amo unt represen ts the amount of fuel injected
int o the cylin der durin g the main  injection sequ ence. The tot al amount inj ected in  one cycle is thus th e sum  of t he main
inj ection am oun t and the oth er in jecti ons (pilot , pre, post).

These amounts a re calcu lated as a functi on of engi ne speed and indi cated torqu e. As fo r in jectio n phasing, correcti on
factors are appl ied to  the main demands.
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Concerni ng pi lo t fu el amou nts:
€ The fi rst co rrection is m ade as a functi on of ai r and water tem peratures. This cor rection adapts t he pilot amounts

to th e engine operating tem peratur e. When the engi ne is hot, the burn ti me dimi nishes since th e temp erature  at
the end of com pression increases. The pi lo t fu el flow can thus be re duced since the com bustio n noi se is natural ly
less wh en the eng ine is ho t.

€ The secon d corre ction is determ ined as a functi on of th e atmo spheric pressure. This correct ion is us ed to adapt
pilot fuel flow  as a func tion of  atmospheric pressure.

10.4 PULSE DETERMINATION

The system knows at th is po int when in jectio ns should begi n (timing)  and i t also knows the  amoun ts of fue l that have
to be in jected in to the cylin ders fo r each in jecti on (fuel flow) . It rem ains for the  system to  determ ine the num ber of pu lses,
the ir dur ation and their positio n in the  engi ne cycle.

A Engine flywheel sensor signal 3 Reference angle
B Camshaft sensor signal 4 T off
C Injection command pulse 5 T on
D Measured injection current 6 Opening period
1 Pulse start 7 Reference tooth
2 Injection start 8 Top Dead Centre (PMH)

10400

A

7 8

B

C

D 1
2

5
3

4 6

Injection pulse command
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€ Th e re fere nce  toot h helps synchr oni se engine fly wheel signals and phase senso r to  determi ne engine con dition
and to  start inj ection in  the appropriate cylinde r.

€ Th e re fere nce  ang le is the angle betwe en the engi ne fly wheel gap and top dead centre.

€ T off  is the  time lapse between  refer ence tooth and p ulse start. This time helps calculations on pu lse star t
par ticularly  the pro cessing of the angu lar data  fro m the engine fly wheel signal.

€ T on  sym bolises pulse durati on.  Its value is determ ined as a functi on of fuel  demand and ra il  pressure. The result
of th is calcu latio n is then correc ted by the followi ng:
- C2I to take in jecto r in iti al characterist ics in to accoun t.

- BRC strategy See Electric Effect s Correction chapter

- Strat egy of balanc ing  post-to-post  fuel injec tion amounts

€ Th e Open T ime  depends on the characteristi cs of the specif ic inj ector (C2I), in jecto r drif t (MDP resetti ng by
accelerome ter) and rail  pressure.

Note:   Other phenom ena such as batte ry volt age and h arness resistance can d istur b injector open ti me. The BRC strategy
can cor rect any i ll -effects bro ugh t on  by these two pa ram eters. The open tim e can also be disturbed by  HP tube  and rail
pressure wa ves prov oked by the precedin g in jections. The PMC strate gy seeks to qu antify  these disturbances and correct
the open time. This strateg y had th e initial purpose of co mp ensati ng for  the h ydraul ic effects of the pilo t on  the main
inj ection process. Now the strategy is u sed on  all  in jecti ons in th e same cycle.

10.5 CYLINDER BALANCING STRATEGY

10.5.1 POST TO POST FUEL FLOW BALANCING

This strateg y is also known  as Cylinder Balancin g and balances fue l flows po st to po st. The pu lse of each  injector
is corrected as a funct ion of the di fference in instanta neous speed as measured between two successive injections
as follows:
€ First th e instantaneous speeds are calculated on two  successive in jections.

€ Then the d iffere nce betwe en these two instantaneous speed readings is calculated .

€ Finally the time amount to be added to the main injectio n pu lse for each of th e injector s is determ ined. This
tim e amo unt is calculat ed as a funct ion of the C2I for each injector  and the diffe rences in the insta ntaneous
speeds.

10.5.2 CLOSED BLOCK INJECTOR DETECTION

The cyl inder ba lancing stra tegy a lso facil itates detecti ng a  closed block injector . The differ ence in instantaneous
speed between two successive in jections  then crosses a pred efined  thresho ld. In such a case the system detects
a fault.

10.6 ACCELEROMETER STRATEGY
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10.6.1 RE-SETTING PILOT INJECTION

The accelerom eter is u sed to reset pi lo t in jectio n flo w in closed loop for each inject or. Th is auto-adaptive meth od
can correct any inject or drift over time.

The pr incip le for using the accelerom eter  lies in  detecti ng com bustion noise. The sensor is p laced on the engine
block whe re it i s best placed to re ceive a good signal from  all  cylinders. In order to  get t he same response from
a cylinde r near  to as from one far from  the accelerome ter, the no ise signals  from the latte r are pro cessed to ob tain
a variable that quanti fies com bustion intensity.  This variable, called the rati o, is the ratio  betwe en backgro und
noi se and com busti on noi se. Using a ratio  that takes background  noise in to  accoun t deals with the  differ ences in
noi se in tensi ty resul ting from  the central  locatio n of th e accelerometer.
€ The fi rst wi ndo w serv es to  fix the accelerometer si gna l backgroun d noise level  for e ach cyl inder. This wi ndow

shou ld  thu s be set up at a tim e whe n there cannot be any com busti on.

€ The second wi ndow measu res the int ensity of pi lot  comb ust ion. Its posit ion is such that  only com bustion
noise from p ilot injections is measured. It  is th us placed just before the main in jectio n.

Here we ar e considering the m inimum drive pulse
(MDP), the mi nimu m fro m whi ch comb ust ion can
be produced. Any  pu lse th at is l ess than the MDP
causes no comb ust ion since the coil ex citation tim e
is too short to lift  the need le. To find th is MD P, the
strateg y is increm entally to  increase the pi lo t
in jection pulse bit by  bi t (in steps of some �s)  from
0� s unti l the pu lse provokes com bustion from  the
pilo t in jection. Once th is pu lse va lue is foun d, it is
deducted from  the C2I physical va lue and saved in
the DCU. This strategy is  called appl ications-related
resettin g. There could be between  two and six
resetti ng v alues per in jector. They are appl ied as a
functio n of th e prevai ling rail  pressure. These
corre ction value s are then  added to the pulse
request so as to com pensate for system drif t.

The pri nciple of pi lo t injection resetti ng th us consi sts o f determining the MDP. It is pe riodi cally carri ed out under
certai n operating conditions. Following any resetti ng procedur e, the n ew m inimu m pulse value r eplaces the value
obta ined fro m the preceding resettin g. The C2I procedur e prov ides the fi rst M DP value. The strategy  that
deter mines the new MD P prov ides each fol lowi ng v alue and applies it by ad ding the differ ence between  the pulse
measured and the (C2I-obtained) no mi nal pulse. Each resetti ng then allows M DP closed-loop u pdatin g as a
functio n of in jector dr ift.  This upd ate is saved in the  NVM.

On the other  hand the accelerom eter d oes not allow evaluation of th e amount in jected. It on ly  allows access to
the exact pu lse value fro m whi chever i njector i s beginn ing to  inject.
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Acc eleromet er response t o t he pilot qua ntit y inj ected. Red: Cylinde r pr essure; Orange: Inje ction
pu lse ; Green : Acce lero me tr ic r esp onse (Rat io)

The graph 5 noise-m easuring wi ndows are conf igured i n such a way that the first wi ndow m easures backgr ound
noise and the secon d win dow measures pi lo t injectio n com busti on noise.

Case N°1: The cylinder  pressure in red comes from natu ral co mp ression since th ere is no  in jecti on. Consequent ly
we see no change in ratio.

Case N°2: There is  no main  inj ection.  Main i njection comb ustion is not visible with in  the degree interv al on the
noise-measurin g win dow. It occurs ju st after that.

Case N°3: The pi lo t qu anti ty inj ected is low,  so th e ratio  is low.
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Case N°4: The pilo t quant ity in jected  is high, so the ratio is ver y high.

Note:   Using two  accelerom eters is go ing to  be standard for fu ture Euro5 appl ications. On a fou r-cyl inder  engine,
one acceleromete r wil l be dedicated to two po sts. The idea is to m ore accuratel y detect com bustion no ise and
avoid  disturb ance from  other posts, in order  to make any cor rectio ns as accurate as possible.

10.6.2 DETECTING CYLINDER LEAKS

The accelerom eter  is also used to  detect an open bl ocked injector . The detecti on pr incip le is to  mo ni tor the  ratio.
If there is a leak in a cylin der, the accumulated fuel automatically bur ns wh en the tem perature and pressure
conditi ons are right (at hi gh speed, heavy l oad and sl ight leakin g). This comb ust ion sta rts approx im ately 2 0
degree s before  TDC. This is well in advance of any main in jecti on com bustion. The rati o th us substant ially
increases in  the detectio n win dow. This in crease thu s shows up any leaks. The thres hol d for de tecting a fau lt is
set at a percentage  of the  maximu m v alue that the  rati o can take.

Because of th e severi ty of reco very at en gine shut-dow n, detecti on should be ext remely robust. Now there  are
several causes that could pro voke a ratio increa se, as follows:
€ Pilot in jectio n too big.

€ Main com bustion shifted to detection wind ow (too far advanced or wi ndow s hif ted).

€ Fuel leak into cy linder because of bad in jector sealing.

When  the rati o becom es too big,  in  the fi rst i nstance the strategy lim its pil ot in jecti on flow and delays th e main
injection.  If the rati o remain s high despite these actions, it indicates that t here is  a real leak, a faul t is registered
and the engine is shut down.

10.6.3 DETECTING AN ACCELEROMETER FAULT

This strategy can detect a fau lt in the sensor  or h arness linking the sensor to the  DCU. It relies on detectin g
comb usti on.  At id ling speed the detection wi ndo w i s set too  low in the com busti on caused by the m ain injection.
If the r atio incr eases it me ans the a ccelerom eter  is opera ting correct ly. If not a faul t code ind icates a faul ty sensor.
The recover y m odes associate d with this fault are to inhibi t p ilot in jection and injector discharge.

10.7 ELECTRICAL EFFECT CORRECTION

This strategy called BRC (Battery Resistanc e Compensation) comp ensates when battery  voltage and harne ss resistance
dimin ish.

10.7.1 SENSITIVITY TO BATTERY VOLTAGE

When ba tter y volta ge goes down, the  speed at which the  curr ent rises in the inj ector co il  dimi nishes to the same
degree.

The lower th e vo ltage, the later injectio n begins. This m eans inject ion  time is less. The prin cip le behind correcti ng
th is phenomenon  is simp le. The stra tegy notes the batter y voltage and corrects the pulse by tim e-shi fti ng it and/
or increasin g i t if n eeded. The amount of correct ion is calcu lated using a referen ce vol tage (14 volts) .
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10.7.2 SENSITIVITY TO HARNESS RESISTANCE

Harness resistance tends to in crease with age. Consequently  the contro l current - as also the amount i njected - is
lower.

The principle behi nd correcti ng th is phenomenon is simp le. Electr ic curre nt and batter y voltage  are measured a t
an exact mome nt, providing the me ans to calculate the total resistance. This figure is then  used to calculate the
correcti ons to be app lied  both to puls e start  time  and to p ulse durat ion.

10.8 VLC STRATEGY

The combination of p aram eters su ch as fuel tem perature, in tern al par t wear, filter condition,  etc., m eans that the injection
system may reach i ts limit during op eration. In th is case, system  under-capacity pre vents sustaining the dem anded rail
pressure, s o the DCU generat es a fault. The diagnosis of  such a system then becomes very di ff icu lt. It may lead  to
comp onents being rep laced wi thou t goo d reason.

The changes in most of t he parameters mentioned abov e are not known, and the DCU has di ffi cul ty in evaluatin g th em.
In ord er to  avoi d a faul t being generated, the DCU wi ll reduce the fuel amount requested to  a value that can maintain
and contro l rail  pressure. In other wo rds it will  dynamic ally reg ulate in jection system dem ands - with in certain lim its -
in relatio n to the operat ing readi ngs (fuel tem peratur e, engine speed, etc) at the particular point.

This st rategy is k nown as VLC (Variable Limit Capa city) .

In practice, this strategy tran slates into calcula ting two offsets

The VLC offsets can be read using the di agnosti c too l.
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AOS Anti Oscillation S ystem
LP Low pre ssure
BRC Battery Resist ance Compensation
C2I Indi vidual Inj ector Correctio n
C3I Improved Individua l Injector Correction
CO Carbon  Mo nox ide
Che ck-Sum C2I validat ion
Data  Matr ix C2I coding tag
DCU Diesel Contr ol Unit
EGR Exhaust Gas Recirculation
Hexade cimal 16-character digi tal  base from  0 to  F
ECU Diesel  Contro l Un it (DCU)
ESM Electro nic System  Mo ni tori ng (Pulse mo ni toring)
EURO 1/2/3/4/ etc Europ ean pollu tion standards desig nations
HC Hydrocarbon
HP High pressure
HPV High Pressure Valve (Rail discha rge actuator )
Imax Maximu m curren t
IM V Inlet Meterin g Valve (Fill ing actu ator)
INO Inlet Orifice (Injector cro sspiece f ill ing orific e)
l/h li tres per hou r
Ma in Main  in jecti on
Ma x Maxim um
MD P Mi nimu m Dri ve Pulse (min imu m pulse req uired fo r inj ection).
mg /rev mi lli gramme s per strok e (mg/st r: milligramme/stroke)
Mi n Mi nimu m
N° Numb er
Nozzl e Injector
NPO Nozzle Path Orifi ce (Injector F eed Orifice )
NOx Nitro gen dioxi de
NVM Non Volati le Memo ry (Mémoire no n vo latil e)
PM Parti cle
PID PID regulator
PLV Pressure Limiter Valve (Lim iteur de pre ssion)
PMC Pilot Main Compensation (Compensati ng for the effect of  pilo t in ject ion on main  in jectio n)
PMH Point Mo rt Haut (To p Dead Centre  - TDC - in Engl ish)
Pos t Injecti on followi ng main  in jecti on
Pra il Rail pressure
Puls e Electrical imp ulse to contro l injectors
Q Flow:
Qm ax Max flow
RCO Rapport Cycl iqu e d'Ouvert ure (%) (Open Cycle Rat io % - OCR - in English)
RPM Revolutions pe r minute (= rpm)
SAV Service Après Vente (After Sales Serv ice in Engl ish)
SPO Spill  Orifi ce (Discharge orif ice)
T o r  T° Temp erature
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Tem p. Temperatur e
VCO Valve Cover Orifice
VL C Variable Limit Capacity
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Il a ŽtŽ apportŽ une attention particuli•re pour garantir l'exactitude des renseignements contenus dans cette publication par Delphi Diesel Systems Ltd., mais
la sociŽtŽ dŽcline toute responsabilitŽ lŽgale ˆ cet Žgard. Delphi Diesel Systems Ltd. poursuit un programme intensif de conception et de dŽveloppement
qui peut entra”ner la modification des spŽcifications des produits. Delphi Diesel Systems Ltd. se rŽserve le droit de modifier les spŽcifications, sans prŽ-
avis et si cela est nŽcessaire, pour assurer les performances optimales de sa gamme de produits.

Tous droits rŽservŽs

Toute reproduction, mŽmorisation dans un syst•me informatique ou transmission sous quelle que forme que ce soit, ou par tout moyen Žlectronique, 
mŽcanique, par photocopie, enregistrement ou autre de cette publication est interdit sans l'autorisation prŽalable de Delphi Diesel Systems Ltd.

Ainda que se tenha lido o m‡ximo cuidado na compila•‹o da informa•‹o contida nesta publica•‹o, a Delphi Diesel Systems Ltd., n‹o pode aceitar qualquer
responsabilidade legal por inexactid›es. A Delphi Diesel Systems Ltd. tem um programa intensivo de projecto e desenvolvimento que pode porventura
alterar as especifica•›es do produto. A Delphi Diesel Systems Ltd. reserva o direito de alterar especifica•›es sem aviso e sempre que seja necessari o
para assegurar um desempeho —ptimo da sua linha de produtos.

Todos os direitos reservados.

Nenhuma parte desda publica•‹o pode se reproduzida, armazenada num sistema de onde possa ser recuperada ou transmitida de alguma forma, ou por
quaisquer meios, electr—nico, mec‰nico, de fotoc—pia, grava•‹o ou outros, sem autoriza•‹o antecipada de Delphi Diesel Systems Ltd.

Whilst every care has been taken in compiling the information in this publication, Delphi Diesel Systems Ltd. cannot accept legal liability for any inaccuracies.
Delphi Diesel Systems Ltd. has an intensive programme of design and development which may well alter product specification. Delphi Diesel Systems Ltd.
reserve the right to alter specifications without notice and whenever necessary to ensure optimum performance from its product range.

All Rights Reserved

No part of this publication may be reproduced, stored in a retrieval system, or transmitted in any form, or by any means, electronic, mechanical, photocopying,
recording or otherwise, without the prior permission of Delphi Diesel Systems Ltd.

Aunque hemos tomado todas las precauciones necesarias al recopilar esta publicaci—n, Delphi Diesel Systems Ltd. no acepta ninguna responsabilidad legal
por inexactitudes que puedan aparecer en la misma. En Delphi Diesel Systems Ltd. se sigue un programa intensivo de dise–o e investigaci—n el cual podr’a
en cualquier momento alterar la especificaci—n de los productos. Delphi Diesel Systems Ltd. se reserva el derecho de alterar las especificaciones sin
notificaci—n previa y siempre que esto sea necesario para asegurar el mejor funcionamiento posible de sus productos.

Todos los Derechos Reservados
No se permite copiar, almacenar en sistema recuperable ni transmitir esta publicaci—n de ninguna forma o medio electr—nico, mec‡nico, de fotocopia,
grabaci—no cualquier otro, sin autorizaci—n previa de Delphi Diesel Systems Ltd. 

Bei der Zusammenstellung der in dieser Veršffentlichung enthaltenen Informationen wurde mit grš§tmšglicher Sorgfalt vorgegangen. Delphi Diesel Systems
Ltd. kann jedoch rechtlich nicht fŸr etwaige Ungenauigkeiten zur Verantwortung gezogen werden. Delphi Diesel Systems Ltd. fŸhrt ein forlaufendes Design
und Entwicklungsprogramm durch, weshalb es mšglich ist, da§ sich Produkdaten Šndern. Delphi Diesel Systems Ltd. behŠlt sich das Recht vor, ohne
VorankŸndigung Spezifikationen jederzeit zu Šndern, um die optimale Leistung seiner Produkte sicherzustellen.

Alle Rechte vorbehalten.
Kein Teil dieser Veršffentlichung darf ohne vorherige Genehmigung durch Delphi Diesel Systems Ltd. abgedruckt, in einem Datenverarbeitungssystem
gespeichert oder auf irgendeine Art und Weise, sei es auf elektronischem oder mechanischem Wege, durch Fotokopiren, Aufzeichnen oder auf sonstige Art,
Ÿbertragen werden. 

Anche se ogni cura • stata adottata nel compilare le informazioni di questa pubblicazione, Delphi Diesel Systems Ltd. Declina qualsiasi responsabilitˆ per
eventuali imprecisioni. Delphi Diesel Systems Ltd. svolge un intenso programma di progettazione e sviluppo che potrebbe modificare le specifiche del prodotto.
Delphi Diesel Systems Ltd. si riserva il diritto di modificare le specifiche senza preavviso e ogniqualvolta lo ritenga necessario ai fini assicurare le prestazioni
ottimali dalla sua gamma di prodotti.

Tutti i diritti riservati
Nessuna parte di questa pubblicazione pu˜ essere riprodotta, memorizzata in un sistema elettronico o trasmessa in qualsiasi forma o con qualsiasi mezzo,
elettronico, di fotocopiatura, di registrazione o altro, senza previa autorizzazione di Delphi Diesel Systems Ltd.


