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Abstract

The topic of this paper is the object oriented model-
ing of a Common Rail Direct Injection System of a
gasoline engine. The injection system of a gasoline
engine is described; the main functional elements are
detailed and an object oriented implementation using
the Modelica language is proposed. The availability
of a fast and easily reconfigurable simulator allows to
study how different parts of the system interact and
notably speeds up the design of the final system. The
use of the Modelica language allows to seamlessly put
together mechanics, fluid dynamics, and control al-
gorithms. The design problem can be therefore ap-
proached as a whole, in a genuine and modern co-
design approach.
Keywords: automotive; fluid dynamics; common rail
injection system simulation.

1 Introduction

In this work we present an object oriented simulator of
a Direct Common Rail Injection System of a gasoline
engine.
The key to designing a clean and efficient ICE (Inter-
nal Combustion Engine) lies in precise control of the
combustion. This can be achieved by accurate control
of the flow of fuel and air in the combustion chambers.
Pre-2000 injection systems (such as mechanical car-
buretors [10] and Multi Point Injection technology [9])
cannot meet today’s stringent pollution regulations [8].
The introduction of the Common Rail Injection Sys-
tem technology for Diesel engines [1, 7] in the 90’s
represented a great breakthrough. Now, it is possible
to precisely mix fuel and air directly in the combus-
tion chamber. Only a few years had to pass before
the same technology could be applied to gasoline en-
gines [4, 5, 12], thus increasing fuel efficiency and re-
duce emissions. The cost of these advantages is a more
complex system, both from the standpoint of mechan-
ics and electronics. The higher complexity makes it

more difficult to foretell the effects of a modification
of the elements of the system. The design of such a
complex system can greatly benefit from the availabil-
ity of a reconfigurable simulator. The design process
can be sped up and the cost cut down.
The goal of this work is to describe an object oriented
simulator of a modern Common Rail Injection System
and to show how it can be helpful in the design of the
injection system.
The work is structured as follows. Section 2 describes
the overall architecture of the system. In Section 3, the
mathematical model of the system is derived and its
Modelica [2] implementation illustrated. In Section 4,
it is shown how the model reconfigurability can be ex-
ploited for fast sensitivity studies. Finally, conclusions
are drawn in Section 5.

2 Common Rail Injection System

A Common Rail Injection System schematics is de-
picted in Fig.1; the injection system goal is to deliver
fuel to the injectors at a desired high pressure. The
system can be divided into two sections; a high pres-
sure circuit and a low pressure one. The low pressure
circuit is composed of the fuel tank, a low pressure
pump, filters and a pipeline. The low-pressure circuit
is not critical for the overall engine performance and
therefore it is out of the scope of this work. From the
system dynamics standpoint, the most interesting part
is the high-pressure circuit; it goes from the the high-
pressure pump to the injectors. Its main elements are
now briefly described:

• HIGH PRESSURE PUMP. It is a volumetric
pump that connects the two main circuits of the
system. It is used to increase gasoline pressure
from 6 bar to [30-150] bar, according to the work-
ing load and engine speed. The piston of the
pump is mechanically connected to the engine
camshaft through a cam and follower system. In
modern common rail pressure control system the
control valve is built in the high pressure pump.
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Figure 1: The Common Rail Injection System architecture.

Three main elements compose the pump: the
piston, the control valve and the one-way valve.
When the control valve is open, the output of the
pump is redirected back to the low-pressure cir-
cuit. It has only two states: open or closed and
the switching instant is the control variable of the
system. The one-way valve is used to avoid un-
wanted refluxes.

Two phases are periodically alternated: an aspira-
tion and a compression phase. In the first phase,
the piston moves downward while the control
valve is open. This allows the gasoline to flow
from the low pressure circuit to the pump cham-
ber. After the piston has reached its lower dead
point, the compression phase starts. Initially the
control valve is open and the gasoline flows back
to the low pressure circuit. At any time during
this phase the controller can command the clo-
sure of the control valve. When it is done, the
pressure in the chamber increases. As soon as
it surpasses the pressure in the high pressure cir-
cuit, the one way valve opens, letting the gasoline
flow into the high pressure circuit. Notice that
the control variable of the system is the closing
instant of the control valve. The controller must
be synchronized with the pump: when the piston
is at its upper dead point (end of compression),
the ECU (Electronic Control Unit) samples the
pressure sensor output and computes the control
action. The control action will be executed, at the
earliest, when the piston reaches its lower dead
point.

• MANIFOLD. The outlet flange of the high-
pressure pump is connected to the common rail
through the manifold. The one-way valve pre-

vents the gasoline from flowing back from the
manifold to the pump. The manifold is equipped
with a safety valve that opens whenever the pres-
sure in the manifold reaches a threshold. This
valve is designed to function as a safety device
and its opening should be avoided in nominal
conditions.

• DIAPHRAGM. The common rail and the mani-
fold are connected through a diaphragm that re-
duces the diameter of the pipeline. This compo-
nent provides for a better damping of the system
and a partial decoupling between the pressures of
the manifold and the pressure of the rail. This is
achieved at the price of a decreased energy effi-
ciency of the whole system.

• COMMON RAIL. It is the core of the system.
It is connected to the manifold through the di-
aphragm. All the injectors are connected to the
common rail. In order to achieve precise injection
control, the pressure in the common rail must be
regulated at the desired reference value, minimiz-
ing oscillations.

• PRESSURE SENSOR. It measures the pressure
in the common rail at its end. It is the only pres-
sure measure available for control.

3 Object Oriented Modeling

In this section the mathematical modeling of the sys-
tem and its implementation in the Modelica language
are described. First, the core of a simplified fluid dy-
namics library is described and then it is shown how
it is possible to use the library (along with the Model-
ica Standard Library) to implement the injection sys-
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tem. Modelica turns out to be well suited for aiding
the design of injection systems. Injection systems are
inherently multi-domain systems and the possibility to
change each element of the system without having to
redesign all the interconnections allows to easily study
the effects of different design choices. The use of such
a fast and user-friendly virtual prototyping system can
save numerous iterations of the design-prototyping-
testing cycle.

3.1 Simplified Fluid Dynamics Library

Being fluid dynamics the most important dynamic
phenomenon of the system, a new simplified fluid dy-
namics library has been developed. The library is
built on the two new connectors: the flange_in and
flange_out defined as:

connector flange_in

"Connector for the simplified

fluid dynamics library"

import Modelica.SIunits.AbsolutePressure;

import Gasoline_turbo.Types.MassFlow;

flow MassFlow q

"Mass flow into the flange";

AbsolutePressure p

"Pressure at the flange interface";

end flange_in;

The absence of a temperature variable in the connec-
tor deserves a comment; the library is not designed to
model thermal interaction. This choice is based on the
consideration that, although thermal interaction does
take place in the system, the focus of this study is on
pressure waves. Wave propagation is faster than any
thermal interaction that may happen in the system and
therefore heat exchanges can be neglected.
In addition to the connectors, two partial pack-
ages have been introduced: the BaseFluid and
BaseMaterial. The former representing the fluid
properties and the second representing the properties
of the material of the pipeline.

partial package BaseFluid

import Modelica.SIunits.AbsolutePressure;

import Modelica.SIunits.BulkModulus;

import Modelica.SIunits.KinematicViscosity;

import Modelica.SIunits.Density;

replaceable partial function getDensity

"Return density as function

of absolute pressure"

extends Modelica.Icons.Function;

input AbsolutePressure p "Pressure";

output Density rho;

end getDensity;

replaceable partial function getBulk

"Return BulkModulus as function

of absolute pressure"

extends Modelica.Icons.Function;

input AbsolutePressure p "Pressure";

output BulkModulus beta;

end getBulk;

replaceable partial function getViscosity

"Return Viscosity"

output KinematicViscosity vcin;

end getViscosity;

end BaseFluid;

The main properties used in the modeling are density,
bulk modulus and kinematic viscosity. The package
allows to add new properties where needed and rede-
fine how the properties are computed. For example,
the designer can choose to use a constant value for the
density or model it as a function of the pressure. This
gives the user a certain amount of freedom whenever
the fluid properties are not readily available. In this in-
jection system study a gasoline package has been im-
plemented assuming a linear dependence of the bulk
modulus on the pressure.
Similarly the BaseMaterial package is defined as:

partial package BaseMaterial

import Gasoline_turbo.Types.*;

replaceable partial function getYoung

extends Modelica.Icons.Function;

output Young y;

end getYoung;

replaceable partial function getPoisson

extends Modelica.Icons.Function;

output Poisson p;

end getPoisson;

end BaseMaterial;

end BaseFluid;
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The main properties of the material are assumed to be
the Young and Poisson moduli. They characterize the
material elasticity, which plays an important role in
pressure waves propagation. In the final implemen-
tation, the two moduli are assumed constant, but the
replaceable feature allows to take into account more
complex models. The partial package has been ex-
tended into two different types of steel: the manifold
steel and the common rail steel.

3.2 Models Description

As already mentioned the most important dynamics af-
fecting the system is the propagation of pressure waves
in narrow, long, circular section pipelines filled with a
compressible fluid. According to the description given
in Section 2, the injection system is obtained by con-
necting the following elements: pipelines, diaphragm,
high pressure pump, and valves. The closed-loop pres-
sure control and synchronization algorithms also need
to be modeled.
Fig. 2 is a graphical representation of the Common
Rail Injection System. The most important elements
of the system are depicted in figure and are described
in the following.

3.2.1 Common Rail and Manifold

The DistributedPipe is constituted by two connec-
tors, a flange_in and a flange_out and the two re-
placeable packages, BaseFluid and BaseMaterial;
this allows to specify the fluid and material properties
independently of the wave dynamics model.
The distributed pipe model equations are derived un-
der the following assumptions:

1. single component, single phase fluid;

2. one-dimensional spatial model;

3. negligible heat exchange phenomena;

4. straight and constant section pipelines.

Under these assumptions, the dynamics of the fluid in
the pipeline are described by mass and momentum bal-
ances, which can be written as [11]:

{
A
c2

∂P
∂ t + ∂w

∂x = 0
∂
∂ t

(w
A

)
+ ∂

∂x

(
w2

A2ρ

)
+ ∂P

∂x +Ff = 0
(1)

In system (1), ρ is the gasoline density expressed in
kg/m3; w is the gasoline mass flow expressed in kg/s; P
is the gasoline pressure expressed in Pa; c is the sound

velocity in the fluid expressed in m/s; A is the section
area of the pipe expressed in m2; and Ff is the load loss
due to friction. The sound velocity term c depends on
the properties of the fluid and the elasticity of the pipe
and it is given by:

c =

√
β

1+Kβ
1
ρ

(2)

where β is the bulk modulus that describes the com-
pressibility of the fluid and K is the stiffness of the
pipe that depends on its material and on its geometric
properties. In addition, assuming turbulent flow (this
assumption is verified a-posteriori) the frictional load
loss can be written as:

Ff = 2
w|w|
ρA2D

f (3)

where D is the inner diameter of the pipe and f is the
pipe Fanning friction factor. The final equations are
partial differential equations. The infinite-dimensional
system can be transformed in a finite-dimensional one
by means of the finite-difference method [3, 6]. The
pipeline is divided in N cells, each assumed to have
a uniform pressure and an inflow and outflow. The
finite-difference approximations used herein are (the
dependence of P and w on t is omitted for the sake of
notational simplicity) :

∂P
∂x ≈

P(i+1)−P(i)
∆x

∂w
∂x ≈

w(i)−w(i−1)
∆x

for i = 2...N (4)

In (4), ∆x represents the cell length; P is the mean
pressure within the i-th cell; and w(i) and w(i− 1)
are the inlet and the outlet flows of the i-th cell, re-
spectively, and N is the number of cells considered.
The discretization must be completed by boundary
conditions; this is done using the flange_in and
flange_out connectors already introduced:

w(1) = flange_in.q
w(N +1) =−flange_out.q
p(1) = flange_in.p
p(N +1) = flange_out.q

(5)

These boundary conditions allow to freely connect dif-
ferent elements without having to worry about causal-
ity of the elements, as one would have to do in a signal
based modeling environment.
The distributed pipe is used to model both the man-
ifold and the common rail. The manifold is simply
modeled by a long distributed pipe; it is connected to
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Figure 2: A graphical representation of the Injection System Model.

the high pressure pump on one side and to the ori-
fice on the other. The modeling of the common rail
is more interesting because it must be provided with
the connectors used by the injectors. Fig. 3 is a
graphical representation of the CommonRail model. It
shows the model interface and its components. The

Figure 3: A graphical representation of common rail
model.

model is composed of 5 distributed pipes and 4 in-
jectors. The interface is represented by the two main
flanges of the common rail, the 4 flanges of the injec-
tors (which will be described later) and 4 logical sig-
nals representing the command signals to the injectors.
The model encapsulates the geometric properties of
the rail (length, diameter and inclination) and the two
replaceable packages Basefluid and BaseMaterial.
As shown in Fig. 1, in the final assembly, one of the
main flanges of the common rail is connected to the
diaphragm, the other to the pressure sensor. The injec-
tors flanges are connected to a constant pressure rep-
resenting the piston chambers.

3.2.2 Diaphragm

The diaphragm is a choking of the pipe. Its func-
tion is to increase the damping and by doing so it
also achieves a certain amount of decoupling between
the manifold and the rail dynamics. The narrowing is
coaxial to the fluid flow; thus it can be modeled as con-
centrated load loss [11]. Having defined ∆p = P1−P2,
the flow characteristic can be written as

w =





ρπ D2
i

4

√
2|∆p|/ρ

1−(Di/Do)4 if ∆p > 0

−ρπ D2
i

4

√
2|∆p|/ρ

1−(Di/Do)4 if ∆p ≤ 0
(6)

where Di is the diameter of the inlet and Do the diam-
eter of the choking.
The resulting model has two flanges; one is connected
to the manifold and one to the common rail. It is im-
portant to notice that this element must manage flow
inversion. Flow inversion happens when the pressure
gradient between the two flanges changes sign. From
equation (6), it is immediate to see that when ∆P ap-
proaches 0 the Jacobian of the function approaches
singularity. In order to treat this case a linear junc-
tion has been implemented. When |∆P| < ε , the flow
characteristic is approximated by a linear function.

3.2.3 Injectors

The injectors are one of the elements of the system
most likely to be subject of study; in order to increase
the configurability of the model, the partial model
BaseInjector has been implemented. Its interface
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is composed of two flanges and of a boolean signal.
In a standard configuration, one of the flanges is con-
nected to the common rail and the other to the cylinder
chamber.
For this study a simple injector model has been im-
plemented. It is modeled as a valve whose opening
request is assumed to be a two-valued variable (open-
close). The dynamics of the orifice area is approxi-
mated by a first order filter with a pure delay. The rela-
tionship between the actual orifice area and the output
fuel flow is assumed to be a non-dynamic relationship
and modeled by a static customizable map depending
on the pressure difference between the two flanges.
Notice that the cylinder chamber can be modeled as
a constant pressure. Although the pressure in the
chamber changes during a piston revolution; the high
pressure in the common rail guarantees that the flow
through the injectors is independent from the chamber
pressure. It is also interesting to note that the injectors
are not subject to flow inversion and thus their imple-
mentation is straightforward.

3.2.4 Engine Carrier

In engine control applications, it is a common practice
to write all the control logic algorithms in term of the
engine crankshaft angle. In order to meet this standard,
a mechanism to relate the time independent variable
(needed to simulate wave propagation) and the engine
crankshaft angle independent variable (needed to sim-
ulate injection, spark, pumping and control) is neces-
sary. The EngineCarrier model achieves this goal.
The crankshaft is computed as a function of the instan-
taneous RPM of the motor (an user supplied variable).
By defining an inner EngineCarrier instance in the
model, the user can conveniently provide all the mod-
els with the needed independent variable.

3.2.5 High Pressure Pump and Control Valve

The high-pressure pump is one of the most impor-
tant elements of the system; and, according to the ob-
ject oriented paradigm, it has been defined as a partial
model BasePump. The partial model only defines its
interface (2 flanges, a command signal, and a real sig-
nal describing the velocity of the piston) and its main
components (the replaceable packages fluid and mate-
rial). This approach allows to easily define and imple-
ment different models of the pump.
For the goals of this study the compression dynamics
inside the pump chamber is neglected along with the
dynamics of the low pressure circuit. This is done be-

Figure 4: High pressure pump cam profiles (4-lobes,
3-lobes, 2-lobes).

cause the chamber volume is negligible with respect
to the volume of the rest of the system. As described
in Section 2, the piston is driven by a camshaft and
the instantaneous gasoline flow is determined by the
velocity of the piston.

wh = 0, wl =−ρApist
dh
dt

, if control = open

wh = ρApist
dh
dt

, wl = 0, if control = closed

where wl and wh are, respectively, the flow through the
flange connected to the low and high pressure circuit;
Apist is the area of the piston; h is the height of the
piston and control is the state of the control valve.
The other two models needed in order to have a func-
tional high pressure pump are the PumpCamshaft and
the ControlValve models. These two models require
the crankshaft angle provided by an EngineCarrier

instance. PumpCamshaft computes the velocity of the
piston as a function of the crankshaft angle; this is im-
portant because different high pressure pump camshaft
profiles may be available, and the ability to easily
switch between them is helpful. Three different cam
profiles have been implemented: 2, 3, and 4 lobes.
They are depicted in Fig. 4. The ControlValve

model determines the state of the control valve. Its in-
terface is defined by 2 input signals (DC and camshaft
angle) and one boolean output signal which represents
the state of the valve. As explained in Section 3.2.7
the DC signal is the control variable; it is the closing
time of the valve expressed as a ratio to the whole high
pressure pump period. The model can be extended to
define more complex behaviors.

3.2.6 Injection logic

The InjectorLogic model generates the command
signals for the injectors. It is possible to specify a
time variant or constant injection time, in seconds, and
an injection phase, in crankshaft degrees. It is there-
fore possible to simulate engine steady state or tran-
sient regimes. It requires the presence of an inner
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EngineCarrier instance in the model. In the present
implementation, which is based on real-world specifi-
cations, the four injection times are equal and sequen-
tially delayed by 180◦.

3.2.7 Control Algorithm

The goal of the common rail pressure controller is to
regulate the pressure to a set point which is computed
as a function of engine rpm and the throttle position. A
known and steady pressure in the common rail allows
to control the injected gasoline with precision by ac-
tion of the injection time. This can be explained by the
above considerations regarding the injectors; thanks
to the great pressure difference in the rail and in the
piston chambers, the amount of injected fuel depends
mainly on the pressure in the rail and the injection
time. If the pressure in the common rail is maintained
constant without oscillations, then the injected fuel can
be controlled by varying the injection time. Regulation
of the gasoline pressure in the common rail is achieved
in closed-loop, with an additional feed-forward com-
ponent. The only measurement available for feedback
is provided by the rail pressure sensor whose reading is
sampled when the high pressure pump piston reaches
its upper dead point (start of the expansion phase).
The sampling time of this sensor hence is time-varying
(whereas it is camshaft-angle-invariant). The control
variable is the closing time of the valve measured as
a Duty Cycle. The Duty Cycle (DC) is referred to the
whole high pressure pump cycle, starting with the as-
piration phase; therefore a DC of 50% means that the
control variable is closed as soon as the compression
phase begins, whereas a DC of 75% implies that the
control valve is closed in the middle of the compres-
sion phase. Hence, this actuator implements a sort of
Pulse-Width-Modulation (PWM). It is clear that, ac-
cording to this control strategy, the aspiration phase is
a pure delay. Also in this case, notice that the duty-
cycle is time-varying but camshaft-angle-invariant.
The control algorithm is implemented in the
Controller model. It has 3 inputs (pressure
measurement, pressure set point and throttle position)
and one output, the Duty Cycle, an Controller

instance provides the variable for scheduling. Fig.
5 depicts the control system block diagram. The
control algorithm is based on a Proportional + Integral
control action whose parameters are scheduled on the
engine speed. The feed-forward component allows
to compensate for the injected fuel. The injected
fuel can be seen as a load disturbance acting on the
plant; although, technically, this disturbance cannot be

Figure 5: Control system block diagram.

measured, it can be estimated by knowing the gasoline
pressure in the common rail and the injection time.
The feed-forward term guarantees a faster disturbance
rejection than the one achievable only by the closed
loop term.

4 A Case Study

The implemented model can be used for different
kinds of sensitivity analysis. In this section the sim-
ulation results are presented and commented.
Before doing any sensitivity analysis, the fluid param-
eters have been identified and the model validated.
The model is characterized by a large number of pa-
rameters. They belong to two categories: geometric
and fluid-dynamic parameters. Geometric parameters
are easily known; fluid dynamic parameters cannot be
measured easily and inexpensively and therefore they
were experimentally estimated. The parameters that
have been estimated from data are: the gasoline bulk
modulus and the Fanning friction factor of the mani-
fold and of the rail. Note that, although the bulk mod-
ulus of the gasoline is known [11], it must be corrected
to account for the elasticity of the pipes which is hard
to be directly measured. All model uncertainties and
simplifications are concentrated in the identified pa-
rameters. Fig. 6 shows the final validation results,
by plotting the manifold and rail pressures. Pressures
are normalized with respect to the set point pressure.
The validation data is the result of a workbench test
on a modern turbocharged direct ignition gasoline en-
gine. It is important to note that only closed loop tests
are available for validation; therefore all the follow-
ing considerations are to be referred to the closed loop
case. The results show that the model is able to ac-
curately replicate the main resonances and damping.
The relevant dynamics are correctly captured. Spec-
tral analysis confirms that the frequency range of va-
lidity of the model is approximately 0-1000Hz. It can
be seen from figure that the model is able to repro-
duce higher frequency dynamics, but the fitting be-
tween the simulated and the measured data is not as
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Figure 6: Simulated and measured pressures in the manifold and in the rail (time-domain; 4000rpm).

good as with lower frequency dynamics. In order to
improve the model accuracy beyond 1KHz, the Fan-
ning friction coefficient dependence on the Reynolds
number needs to be accounted for. Although the iden-
tification of such dependence requires considerable ef-
forts; the model can be easily modified to account for
that dependence.
This validation test also shows that the prototype suf-
fers from high pressure peaks. In fact, the pressure in
the manifold raises to levels up to 1.4 times the nom-
inal pressure. The final system will be equipped with
an exhaust valve set to open at about 1.35 time the
nominal pressure. The opening of the safety valve is
to be avoided.
This problem is well suited to be studied with the de-
scribed model. The dependence of the pressure peaks
has been studied as a function of the diameter of the
manifold. Results are show in Fig. 7, where pressures
are normalized with respect to the safety valve thresh-
old. Thanks to this analysis, it is possible to draw some
interesting guidelines for the design of the manifold:

• the pressure peak problem is sensitive to the en-
gine speed. The higher the engine speed is the
higher the pressure peak is;

• the maximum pressure depends hyberbolically on
the diameter of the manifold;

• an increase of the manifold diameter of 2mm with
respect to the baseline manifold solves the prob-
lem.

This is an example of the kind of possible sensitivity
analyses that can be run using the model. Other ele-
ments that can be easily studied are: the radius of the
rail, the number of lobes of the high pressure pump
and the static characteristic of the injectors.

Figure 7: Manifold maximum pressure as a function of
the manifold diameter increment for different engine
speeds.

5 Conclusions

In this work an object oriented model of a Common
Rail Injection System for a gasoline engine has been
proposed. The focus has been on providing an eas-
ily reconfigurable simulation tool that can help the de-
sign process. The system has been described in de-
tail and a 1-Dimensional model of the pressure waves
propagation has been derived from fluid dynamics ba-
sic principles. The simulator has been validated us-
ing bench tests. A case of study in which the model
is used to study the dependence of the maximum pres-
sures reached in the manifold as a function of the man-
ifold diameter has been presented. The case of study
shows that the proposed model is accurate enough to
help co-design of the system, where mechanics, fluid
dynamics and control logic are looked at as an ensem-
ble. These kind of analyses allowed to draw useful
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guidelines for the design of such a complex system.
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