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1 Description of the research laboratory

The Vehicular Systems Research Laboratory consists of an engine test cell and
a control room. In the engine test cell, there are two engines and two electric
brakes. The brakes are often used to generate a loading torque, but they can
also do the reverse, i.e. drive engines. The engines, brakes and sensors are
controlled and monitored from the control room.

An introduction to the lab is given below.

1.1 Engine test cell

At present, the engine test cell includes two turbocharged engines, coupled
to one brake respectively. The brakes are big, controllable, electric machines,
which make it possible to perform repeated tests with great accuracy. Brakes
are normally controlled so that they (and therefore the engine) keep a constant
speed, while the engines are controlled to maintain a constant throttle opening.

Since the engines are in an engine test cell, it is possible to send control
signals which a regular control system normally does not produce. It is for
example possible to make the amount of injected fuel vary independent of air
mass flow. We can also change the throttle position without affecting the engine
speed.

1.2 Control room

In the control room, there are computers, measurement instruments, and control
devices for the brakes. One of the computers is connected to the engine control
system, through which it can read the measurement signals and send control
signals to the engine. Another computer controls a high-speed measurement
system, and the brakes (when necessary).

Measurement data collection is handled via Matlab. Matlab takes in mea-
sured data and saves it in a .mat file. Manual readings of measurements can in
some cases be appropriate.

The measurements performed in the lab can be divided into three different
types:
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� Stationary (engine map)

� Dynamic

� Crankshaft based

The three categories of measurements can be briefly described as follows:

Stationary The engine is controlled to a desired operating point, where it
is given time to stabilize, i.e. the dynamics will have time to subside.
Thereafter, data collection is performed for some time (usually a couple
of seconds). What is returned is the average value over this period. The
result is then one measurement per operating point and sensor.

Usually, various operating points are measured in series after each other.
Going from a working point to the next, allowing the engine to stabilize,
measuring, moving on to the next, allowing the engine to stabilize, and so
on. This is called making an engine map.

Dynamic Data collection is performed in continuous time, both the signal
values and time are recorded. The result is thus a vector of time-resolved
data for each signal that is recorded.

Crankshaft based Crankshaft measurement is used when you want to see
what happens during a cycle. An ordinary resolution is 1 sample/degree.
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2 Suggested Models for Some Components

Figure 1: An overview of the air path with signals and components to be mod-
eled in Project 1 (shown in black) and Project 2 (shown in red+black)

In Figure 1 an overview of the air path and engine components is shown. The
measurements available for the estimation of model parameters in the supplied
static engine map are:

� Pressure after the air filter (before the compressor) (paf ),

� Pressure before the throttle (pbef,thr),

� Intake manifold pressure (pim),

� Exhaust manifold pressure (pem),

� Pressure before the catalyst (after the turbine) (pes),

� Temperature after the air filter (before the compressor) (Taf ),

� Temperature before the throttle (Tbef,thr),

� Intake manifold temperature (Tim),

� Exhaust manifold temperature (Tem),

� Temperature before the catalyst (after the turbine) (Tes),

� Engine speed (N),

� Dynamometer brake torque (Me),

� Throttle position (α),
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� Air mass flow after the air filter (before compressor) (ṁat),

� Fuel injector injection time (tinj),

� Lambda sensor value (λ)

2.1 Throttle response model

The accelerator pedal is not connected directly to the throttle, but its position
is translated in the control system into a reference angle for the throttle. A
controller makes the throttle angle follow the reference. The details of the
throttle control will not be included in this project, but assume there is a working
controller. If we see the pedal position as the reference angle, the dynamics of
the throttle angle, including the controller, can be approximated by a first-order
system according to

α̇ =
1

τt
(β − α) (1)

2.2 Throttle airflow model

Components with significant pressure drop and a small flow area, such as the
throttle in most operating points, can often be described well by the equations
for compressible flow. These are given by
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in which Aeff = A(α) Cd describes the effective flow area as a function of throttle
angle. This can be parameterized in different ways, but here we suggest a
second-degree polynomial in α according to

Aeff(α) = a0 + a1 α+ a2 α2 (2)

Note: This model gives a good description of the mass flow rate for pressure
ratios that are not too close to 1, so do only use points with Π < 0.8 in the
estimation of these model parameters.

Hint: In Matlab, use conditional indexing to select vector elements for which
Π < 0.8. For example. If x = [0.7, 0.9], then

x(Ψ > 0.8) = [ ]

removes the unwanted elements resulting in x = 0.7.
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2.3 Intake Manifold

The intake manifold pressure is modelled as a volume where the pressure dy-
namic behaviour is calculated from the inflow and outflow:

ṗim =
RT

Vim
(ṁat − ṁac)

2.4 Volumetric Efficiency

The proposed model for volumetric efficiency includes not only the intake pres-
sure and engine speed, but also the effective valve opening angles for intake
(θivo) and exhaust (θevo):

ηvol = c0 + c1 pim + c2 N · pim + c3 N + c4
√
pim + c5 θeff,ivo + c6 θeff,evo, (3)

where

θeff,ivo = max(θivo)− θivo

θeff,evo = max(θevo)− θevo

See lectures for additional information on variable valve timing.

Hint:

� c0 ≈ 0.3566

� c5 ≈ 0.0012

2.5 Torque model

The engine output torque can be modelled in many different ways. Equation
(7.55) in the course book is recommended for torque modelling and is based
on efficiency, since this may be the most physical model. Read chapter 7.9.
before doing this part. Assume that the ignition is optimal i.e. ηign = 1. For
friction modelling use the Heywood model on page 191 (Correct parameters will
be given in the template Matlab code).

2.6 Exhaust temperature (out of the cylinder)

Temperatures on the intake side of the engine can be assumed constant in
each part and estimated as the mean of the corresponding temperature in the
engine map. The ambient temperature is set equal to the temperature after the
air filter.

Note: You should only use these mean values when using the model, when
you estimate other parameters in the model you should use the entire map in-
cluding measured temperatures.
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The temperature in the exhaust manifold is assumed to be equal to the cylin-
der out temperature which is mainly a function of the mass flow. Hence, this
temperature can be modeled as a linear function of the square root of mass flow
out of the engine

Te = T0 + k
√
ṁexh

where T0 and k are model parameters.

Note: The exhaust mass flow out of the cylinder is equal to the air flow in
to the cylinder plus the injected fuel.

2.7 Exhaust Manifold

The exhaust manifold pressure is modeled as a volume where the pressure dy-
namic behavior is calculated from the inflow and outflow, just as the intake
manifold.

2.8 Exhaust System Flow

The exhaust system is comprised of a model for the mass flow through the
exhaust system which includes the catalyst. The mass flow through the exhaust
system can be modelled as an incompressible turbulent restriction, see chapter
7.2 in the book

ṁes = C

√
pus

R Tus

√
∆p

Note: Considering Figure 1, the fact that the engine map data is obtained
from a turbocharged engine and that a naturally aspirated engine is going to
be modelled, which one of pem or pes signals in the engine map should be used
in this task and why? This is an important question so you should make sure
that you understand it.

2.9 Fuel injectors

When modeling the fuel injectors, use the equation for injected mass per stroke
as the base model for parameter estimation and validation,

mfi = cfi(tinj − t0).

Note: There are multiple ways to model the injector. You can choose to
model the injected fuel in kilograms per cycle per cylinder, mfi, or the injected
fuel flow in kilograms per second, ṁfi. Either way works, but you must be
consistent when using the model. Mixing mfi and ṁfi is a common error.
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2.10 Lambda sensor

It is suggested to assume that the time delay, τd, to the lambda sensor is constant
over the whole engine operating region. In addition to the pure time delay, the
exhaust manifold and sensor add a certain dynamic. Assume that this can be de-
scribed by a first-order system, with time-constant, τs that should be estimated.

Note: In class we used a second order system for the gas mixing and sensor
dynamics. In the project, we simplify and use a first order system, combining
the two time constants to one.
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