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Abstract

In this work the control of the intake manifold pressure of a marine CI engine is inves-
tigated. A non linear model of the diesel engine is developed and further linearization
providing a frequency representation. An H∞ robust controller is designed using the
mixed sensitivity control approach. The controller is tested on a 5 cylinder marine
diesel engine at LME/NTUA to validate the functionality of the controller and the
results of the simulation.
Initially, the model developed was so as to simulate discrete events during an operating
engine’s cycle. The purpose of this model is to simulate the effect of injecting com-
pressed air downstream of the compressor to engine parameters like cylinder pressure,
temperature and their derivatives, such as the indicated effective pressure, the brake
effective pressure, the amount of air induced in the cylinders, the flow of gas after the
end of the combustion towards the turbine, and an approximation of the heat absorbed
by the working fluid, due to combustion.
Furthermore, the implementation of engine modeling equations is described. In partic-
ular, the discrete, crank angle based events during the combustion were implemented.
The modeling elements were the analogue valve for air injection, the cylinder volume,
the pressure, the temperature, the intake of air, the air to fuel ratio, the net heat release,
the torque, the power produced and the specific fuel consumption. For the control pur-
poses a linear model was derived with numerical methods from the non-linear model.
The linear model has the form of transfer function with the output being the intake
pressure and the input being the valve position. With the linear model available, the
robust controller was designed. Details from the selection of the controller parameters
and their evaluation are presented. The controller was tested in simulation with both
the linear and the non-linear models.
Finally, the results from the air injection experiments carried out at LME using the
robust controller are presented investigating the performance of the controller. The con-
troller functioned effectively in the nominal operating point of the engine and proved
its robustness in operating points different than the nominal.
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Nomenclature

∆Tcomb The ideal instant temperature increase at the crank angle where the combustion
commences

η Index of efficiency

dQhr

dθ The total amount of transferred through the walls of the cylinder

dQhr

dθ The whole amount of heat released by the combustion of the fuel

dQ
dθ The change of heat offered to the system working

dU
dθ The change of the internal energy of the working

dW
dθ The change of work produced by the working fluid

λ The equivalence ratio

PR The normalized motored and loaded cycles pressure ratio

ψ The flow function

ΣdHoi

dθ The sum of the heat transferred between the system and its environment

θ The crank angle

A/F Air to fuel ratio

BMEP The break mean effective pressure

cv Thermal capacity

d The disturbance signal

d When used as a subscript it indicates the trace’s value downstream the reference
system

e The actual error

em The measured error

EOC The crank angle where the combustion ends

EV O The crank angle where the exhaust valve opens

f When used as a subscript it is referring to the fuel injected
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FMEP The friction mean effective pressure

H∞ Robust controller, using infinity norm

IMEP The indicated mean effective pressure

IV C The crank angle where the intake valve closes

kc The polytropic coefficient during the expansion

ke The polytropic coefficient during the compression

KS control sensitivity function

L The open loop transfer function

m Mass flow

n The noise signal

nc The number of revolutions per cycle

Neng The rotational speed of the engine

P The generalized plant transfer function or the Mechanical Power

pcyl In cylinder pressure

pc The pressure during the compression

pe The pressure during the expansion

PR The motored and loaded cycles pressure ratio

qHV The heating value of the fuel

r The reference signal

S The sensitivity transfer function

s The position of the piston

SOC The crank angle where the combustion occurs

T The complementary sensitivity function or the engine’s Torque

Tcyl In cylinder temperature

Tc The temperature during the compression

Te The temperature during the expansion

u The control input

up When used as a subscript it indicates the trace’s value upstream the reference
system

v The sensed inputs
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Vcyl The in cylinder volume

w The exogenous inputs

WP The performance weighting function

WT The closed loop weighting function

WU The control input weighting function

y The actual output

ym The measured output

z The exogenous outputs



14 Nomenclature



Chapter 1

Introduction

1.1 Problem Description

The main purpose of this diploma thesis is the development of a robust controller, for
the control of an air injection valve. A series of tests carried out in the experimental
engine at the Laboratory of Marine Engineering in NTUA proved the validity of the
modeling and the control approach. The objective is to augment the pressure in the
intake manifold of the engine, thus inducing additional air in the engine cylinders, and
eventually reaching a higher maximum in cylinder pressure per cycle.
The increase of the intake manifold pressure is regulated by the compressor. The main
issue of concern is the stall phenomenon which appears when the pressure downstream
of the compressor is greater than the pressure in the compressor outlet, causing instabil-
ities in the flow direction. During experiments the stall phenomenon was investigated.
As for the control method, the H∞ robust method was adopted and investigated with
direct application. In a broad sense this type of control allows to shape the transfer
functions that affect behavior during disturbance rejection and command tracking and
considers uncertainties in the plant. In practice, the controller is designed for a par-
ticular nominal operating point of the plant and is expected to behave acceptable in a
region around the nominal plant.
For familiarization purposes a similar robust control methodology was applied to a lab-
oratory device. Hence, an H∞ controller was designed for the control of the inverted
pendulum of LME. The control object was to maintain the rod of the pendulum in
vertical position, rejecting possible external disturbances. It is an unstable system and
although it posed limitations to the controller design, the proposed control method
proved successful.
The mathematical representation of the specific path from the air injection valve to the
intake manifold was derived in this thesis. The model calculated crank angle depend-
able traces such as the in cylinder pressure, the temperature and the net heat released
by the combustion. The model, based on the in cylinder pressure, calculated the mean
torque of each cylinder per cycle, acting upon the crank shaft of the engine. Finally, the
valve injecting externally pressurized air was added. A mathematical representation in
the form of a transfer function with input the displacement of the valve as a percentage
of the maximum stroke and output the intake manifold pressure was acquired. Using
this linear system, a robust controller was designed and tested in the Simulink non
linear engine model. Finally, the controller was evaluated experimentally.
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16 Chapter 1. Introduction

To sum up the objectives of this thesis are:

� To investigate the effect of the air injection on engine parameters like the pressure
in the intake manifold, the in-cylinder pressure the fuel consumption and on the
turbocharger, through simulations.

� To design a robust controller, for the control of the air injection system at the
experimental engine MAN B&W L16/24 in the Laboratory.

� To validate the results from simulation through experiments in a region around
the nominal operating point of the engine.

1.2 Literature Search

Papalambrou in his doctoral thesis [1] used a solenoid valve, in the same experimental
facilities of LME, in order to decrease the exhaust opacity during transient.
As far as the modeling of the physical system of the engine is concerned, the work
of Kyrtatos [7] and Rakopoulos [8] gave advice on various issues of internal combus-
tion engines. The work of Guzzella [9] proved to be useful in simplifying the physical
equations that describe the physical phenomenon that take place during an internal
combustion engine’s cycle, for the creation of a single zone physical thermodynamic
models suitable for a control system design. According to the work of Guzzella, of
Eriksson [10] and the work of Klein [11], the single zone cylinder pressure per crank
angle model was developed.
For the mean value modelling of the airpath of turbocharged Diesel Engines Jung has
published [12], while studies on modeling of the surge phenomenon and compressor
instability have been published by Gravdahl and Egeland [13].
A general introduction to control issues along with specific knowledge on Robust Con-
trol and insight in linear system theory was acquired by the work of Skogestad and
Postlethwaite [4] and the work of Zhou and Doyle [5]. Additional insight to robust
control and especially on controller development using the Matlab environment was
given by the work of Gu et al. in [6].

1.3 The Experimental Plant

The plant under examination is MAN B & W L16/24 turbocharged 5 cylinder engine,
installed in the Laboratory and it is depicted in figure 1.1. It is a small size power plant,
which is usually used as a gen-set in the maritime industry. The basic characteristics
of the engine are presented in Table 1.1.

The controlled air injection system (900)1 consists of an analogue valve controlled
by a linear actuator, which transforms the electric control signal to a displacement
of the inner-valve needle, which in turn reveals a section of the orifice of the valve,
through which additional air in the engine is induced. The flow through the orifice

1In figure 1.2 the measuring instruments are identified. The letters define the type of the instrument,
while the first digit of each number defines the part of the engine, where the instrument is installed.
The following two digits define the different measuring instruments. For example PE303 is a Pressure
Element, installed in the Engine Intake (300) and it is the third Pressure Element installed in this part
of the engine (-03) .
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Figure 1.1: The MAN B&W L16/24 experimental engine.

Figure 1.2: A general Scheme of the Experimental Plant.

is a function of the difference in the pressure downstream and upstream of the valve.
The pressure considered upstream the valve is approximately 6 bar. The downstream
pressure is approximately the one in the intake manifold (300). The flow through
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Rotational Speed RPM 1200

Power kW 500

No. of cylinders - 5

Bore m 0.160

Crank Radius m 0.240

Rod Length m 0.474

Compression Ratio - 15.5:1

Table 1.1: Basic Characteristics of MAN L16/24.

the valve and through the compressor are considered adiabatically and homogeneously
mixed, neglecting the mixing transient length.
The control process in this thesis depends mainly on the pressure measurements in the
intake manifold (PE 303), which is used to close the control loop and secondly on the
pressure trace of the compressor outlet (PE 102), so as a measure of the proximity to
the surge margin line to be derived. Finally, the in cylinder pressure traces of cylinders
1 and 5 (PE 401, PE 405) are acquired.

1.4 The Air Injection Valve

Figure 1.3: The analogue valve and the in-
take manifold of the experimental plant.

Figure 1.4: Section of the valve.

The air injection valve is RCV Model 9000, for pipe size of 5.1 cm. The actuator
is linear, equipped with 6 springs in order to be able to sustain big pressure differences
upstream and downstream. The maximum operational pressure difference is 10.3 bar.
The orifice diameter is 3.8 cm, while the maximum stroke of the innervalve is 1.9 cm.
The analogue valve and its actuator are depicted in figure 1.3. A cross section of the
valve is depicted in figure 1.4 and a typical cross section of the actuator is depicted in
figure 1.5. The actuator functions by increasing the pressure underneath a membrane.
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Item Description

1 Body

2 Bonnet

3a Stemm, Innervalve

3b Innervalve and Guide

4 Gasket

5 Packing Gland

6 Packing kit

7 Packing adapter

8 Hex screws

9 Bonnet flange

10 Yoke locknut

Table 1.2: Definition of the
various parts in figure 1.4

Dimension Value [mm]

A 124

B 44.5

C 91.2

D 92.1

E 42.7

F 28.6

Table 1.3: Dimensions of the
valve in figure 1.4

The pressure times the area of the membrane produces a force that moves the membrane
upwards, thus moving the innervalve. The springs produce a negative force that help
the membrane maintain a steady position. The characteristics of the various parts of
the valve are described in table 1.2 and the dimensions of the valve in table 1.3.

Figure 1.5: A typical cross section of an air-to-open actuator [33].
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Chapter 2

Robust Control Theory

In this chapter the theory concerning the design of robust controllers is presented.
Before referring directly to the robust control theory, basic concepts of control theory,
such as the open and closed loop transfer functions are briefly described. Finally, the
process of designing a robust controller, for a laboratory device, the inverted pendulum,
is described.

2.1 Principles of Control System Design

In general the term control system design summarizes the process followed be the Con-
trol Engineer, in order to manipulate a physical system, in a manner that a predefined
system behavior is achieved, without the need of the physical appearance of man during
the operation. The process can be summarized in the following points [3], [4].

1. Define the control objective.

2. Obtain a mathematical description of the system and if possible simplify the
model.

3. Define the model outputs, whose control will give the model the desired behaviour.

4. Decide upon the sensors and actuators that should be installed in the system. Is
it possible to measure the desired output? If no can the output be estimated by
other measurements?

5. Decide the type of control that will be implemented.

6. Based on the advantages of the type of control selected, the limitations imposed
by the system, and the overall requirements, decide on performance specifications.

7. Design the controller.

8. Analyze the behavior of the system with the controller installed, and decide
whether the result is satisfying. If not consider changes on the performance
requirements, or the control method itself.

9. Implement the controller on the real plant and validate the results.

21
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The above steps were followed and effort was put on dealing with the challenges each
step posed. One of the most intriguing steps was to decide, which output would in
a more direct manner be effected. The actual objective was to examine the effect of
external air injection in cylinder pressure, but a direct mathematical representation of
a connection between the two could not be derived, because cylinder pressure can be
affected by many parameters, other than air injection. That led to the conclusion that
the most directly related trace with air injection and cylinder pressure, should be the
one to control. Therefore, the intake manifold pressure appeared a potential choice
because the relevant mathematical model derived was simple enough, posed a few but
manageable limitations, and was easy to measure.
The nature of the control objective not only defined the measured output, but it also
defined the type of control problem set. Control problems are divided in two categories:
regulator and servo problems. While both types refer to defining the output y by
manipulating a control input u to the plant, the philosophy between them is different.
In the former the controller is required to reject the effect of disturbances in the plant,
while in the latter the controller is required to keep track of a given reference r. The
problem examined in this thesis belongs to the servo-type of problems category, as it
is required to track the reference value of the intake pressure. It is important for the
measured trace to reach the desired value, without a great overshoot, allowing the plant
to pass through successive states of stability.

2.2 Transfer Functions

Throughout this thesis physical systems are represented mathematically using transfer
functions. The systems are considered linear, time invariant which are governed by
differential equations with constant coefficients. For example consider the following set
of differential equations:

ẋ1 (t) =a1x1 (t) + a2x2 (t) + b1u (t) (2.1)

ẋ2 (t) =a0x1 (t) + b0u (t) (2.2)

y (t) =x (t) (2.3)

Here u represents the control input, x1, x2 represent the states and y represents the
measured output. The coefficients a0, a1, a2, b0, b1 are constants that are time in-
variant. Applying Laplace transformation to the set of equations, the following set of
equations is obtained.

sX1 (s) − x1 (t = 0) =a1X1 (s) +X2 (s) + b1U (s) (2.4)

sX2 (s) − x2 (t = 0) =a0X1 (s) + b0U (s) (2.5)

Y (s) =X1 (s) (2.6)

Y(s) denotes the Laplace transformation. Without loss of generality it is assumed
x1(t = 0) = 0 and x2(t = 0) = 0. This yields the transfer function

y(s)
u(s)

= b1s + b0
s2 + a1s + a0

(2.7)

In general, transfer functions of the following form are used.

G(s) = bms
m + ⋅ ⋅ ⋅ + b1s + b0

sn + an−1sn−1 + ⋅ ⋅ ⋅ + a1s + a0
(2.8)
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Each constant bi, aj can be derived by the Laplace transformation of first principle
models, or by using available measured data. In the latter case, the equation of the
model is derived only for a specific point of operation and does not characterise the
system thoroughly.
Transfer function representation of systems is central in control since:

� One can examine a system in the frequency domain by replacing s with jω.

� Control issues like bandwidth and peaks of magnitude of transfer functions can
be examined.

� A convolution of two systems in the time domain is quite complex, however in
the frequency domain the equivalent is a multiplication of the transfer functions
of the systems.

� Limitations posed in control by the systems themselves can be directly detected
by examining the poles and the zeros of the transfer functions.

� Representing two functions in a common frequency plot can give accurate esti-
mations of the similarity or not of their behavior caused by the same input.

When the relations between the states of the system should be obvious in the system
equations, one may choose the equivalent state-space representation in equation 2.9
and 2.10.

ẋ = Ax +Bu (2.9)

y = Cx +Du (2.10)

One can derive the transfer function from the state-space representation as follows.

G(s) = C(sI −A)−1B +D (2.11)

2.3 Feedback Control

In this thesis a one degree of freedom (1 DOF) feedback controller has been designed.
By the term 1 DOF 1 controllers act upon a single signal the actual error e. The term
feedback refers to the closing of the measurement loop, thus providing the actual value
of plant in the controller. Hence, the output of the system is measured and is then
compared with the reference signal, in order to produce an error signal that defines how
close the system is to its reference value and based upon this, whether the controller
should act upon the plant through the control signal. A classical representation of a
one degree of freedom problem is presented in figure 2.1.

The controller K has as an input the signal r − ym, where ym = y + n is the sensed
output, which includes the noise from the measurement devices and r is the reference
setpoint. The disturbances are symbolized as d and Gd is the transfer function that
defines how each disturbance affects the system. The error that the controller realizes
is 2.12

em = r − ym (2.12)

1In a two degree of freedom controller, the reference signal is passed through a transfer function as
well.
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K Gue+

−
y

Gd

+

+

d

+
+

ym

n

r

Figure 2.1: Block diagram of a one degree of freedom controller.

and the control input into the plant is 2.13

u =K(s)(r − ym) =K(s)(r − y − n) (2.13)

However the actual error and the one that is going to be used is defined as 2.14

e = r − y (2.14)

So the model of the plant can be written as 2.15

y = G(s)u +Gd(s)d (2.15)

and subtituting 2.13 to 2.15, 2.16 is delivered.

y = GK(r − y − n) +Gdd (2.16)

or

(I +GK)y = GKr +Gdd −GKn (2.17)

The closed loop response is then

y = (I +GK)−1GK
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

T

r + (I +GK)−1
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

S

Gdd − (I +GK)−1GK
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

T

n (2.18)

We can now rewrite 2.13 and 2.14 as follows.

e = y − r = −Sr + SGdd − Tn (2.19)

and

u =KSr −KSGdd −KSn (2.20)

One should point out that S+T=I. The above defined transfer functions S, T, along
with L play an important role in control theory. The following terminology is standard.

L = GK loop transfer function (2.21)

S = (I +GK)−1 = (1 +L)−1 sensitivity function (2.22)

T = (I +GK)−1GK = (1 +L)−1L complementary sensitivity function (2.23)
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It should be noted in 2.18 that T is the transfer function relating directly the reference
signal to the actual output of the system, while in 2.19 S is the transfer function relating
the error signal of the controlled system to the reference. The term sensitivity derives
from the fact that the magnitude of S is the one that decreases the sensitivity of the
plant in disturbances of the system, as one can conclude from 2.19. L is the transfer
function of the open loop system, without feedback signal and a unique input to the
controller, that being the reference r.
The question that arises however is why it is advantageous to close the loop. The
answer lies to the observation of the function S. By manipulating K, high gains can be
implemented over certain areas of frequencies, usually the low frequency areas where
errors are greater. If the gain of K is high enough then GK can force S ≈ 0, T ≈ 1,
thus giving y ≈ r − n and lessening the impact of disturbances and noise measurements.
So the philosophy of feedback control, which is easily implemented as will be proved
later on with H∞ controllers, is to create high feedback gains at low frequencies, while
decreasing the feedback gains at higher frequencies close to the eigenfrequencies of the
system where instabilities are bound to occur. The frequency that is of high importance
to the behaviour of the system is the bandwidth frequency, where the magnitude of L
drops below 1. Then ∣S∣ ≈ 0.5 and ∣T ∣ ≈ 0.5 and from 2.18 it is derived that both noise
signals and disturbances have high effect on the actual output.

2.3.1 Closed Loop Stability

Previously, the importance of using feedback control was stated in inducing stability
in the controlled system. In general, a system can be described as being stable if and
only if the input of any bounded signal or signals anywhere in the system, produces a
bounded output as well. Stability should not be examined externally from one input
to another, but successively within the series of signals produced. To decide whether a
closed loop system is stable or not the following methods are used:

1. By defining the poles of a closed loop system, in other words by defining the roots
of 1+L(s) = 0, which are the poles of T and S. The poles can be real or complex.
The stability criterion is related with the position of poles in the plane. If there
exists at least one pole that lays on the Right Half Plane (RHP), including the
imaginary axis, then the closed loop response is considered unstable. The poles
can also be defined by the eigenvalues of the state space matrix A of the closed
loop system.

2. By plotting the Bode plot of a system, one can use the equivalent with the previous
stability condition, the Bode’s stability condition, which states that T is stable
if and only if

∣L∣ < 1

at the frequency where ∠ L(jω) crosses −180o for the first time.

2.3.2 Closed Loop Performance Method

While feedback control is considered a way of stabilizing an otherwise unstable system,
there is always the danger of causing instabilities, mainly in high frequencies by high
feedback control gains, if magnitudes of L in high frequencies do not roll-off quickly
enough. However by being too conservative in order to avoid instabilities, control might
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appear to tolerate higher output errors. This shows that among other objectives, in
control design, a trade off should also be considered between performance and closed
loop stability.
According to [4] the margin of ∣L∣ from -1, mentioned in the previous subsection, is
closely related to ∣S∣, and since as already stated S is a means of relating the error signal
to the reference signal, it is used as an indication of the performance of the system as
well. The reason for giving emphasis on the relation between S and performance, is
that it leads to searching for boundaries that limit the magnitude of the sensitivity
function. Firstly, it is known that real plants are proper, therefore ∣L∣ → 0 at high
frequencies, so S → 0. Furthermore, at low frequencies the sensitivity function is small,
usually close to zero. However, it is not possible to keep the magnitude of the sensitivity
function always between 0 and 1, for always in proper systems around the ω180 frequency
∣L(jω180)∣ = 1/GM , where GM is the gain margin of the system. However ω180 usually
corresponds to a high frequency where the Bode diagram magnitude of L is negative as
mentioned. This implies that L(jω180) = − 1

GM and therefore S(jω180) = 1
1− 1

GM

. We see

that S > 1 and around this frequency there is an amplification of the error signal. This
proves that care should be taken so as to secure that max∣S(jω)∣ <Ms, where Ms is a
bounded number to be kept small, in the range of 1.5-2.

2.4 Robust Control

In the previous section the main reason to reach for robust control solutions was sum-
marized in limiting Ms. It also specified that L, T and u must behave in a particular
manner as well. The methodology adopted leading to robust control is referred in lit-
erature [5], [4], as Closed Loop Shaping. This way a thorough and strict definition of L,
S, T, KS is achieved, and specific performance requirements are delivered. The shaping
of those transfer functions is, defined by the selection and design of bounds-weights in
the frequency domain. First, the control design problem will be posed so as to include
the weighting transfer functions in the problem and then the weights themselves will
be introduced in the control problem.
One can generally describe a closed loop feedback system as in figure 2.2.

P

K

z

exogenous outputs

w

exogenous inputs

v

sensed outputs

u

control signals

Figure 2.2: General Control Configuration.
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The main control objective is to minimize the infinity norm 2 of the transfer function
between w and z, by designing a controller capable of eliminating the influence of the
exogenous inputs w to the exogenous outputs z, using the sensed outputs contained in
v to produce the control signal u. In figure 2.2 P is the generalized plant. It integrates
into the system the weighting functions, it has no feedback action, and is an open loop
system.
To derive P from figure 2.1 the signals that correspond to w, z, v and u are identified:

1. As w we define the signals that are exogenous to the system and alter its be-
haviour. Those are d,r,n

w =
⎡⎢⎢⎢⎢⎢⎣

w1

w2

w3

⎤⎥⎥⎥⎥⎥⎦
=
⎡⎢⎢⎢⎢⎢⎣

d
r
n

⎤⎥⎥⎥⎥⎥⎦

2. As z we consider the actual error z=e

3. As v we define the measured error v = r − ym

4. Finally u is always the controller output.

The above considerations are shown in Figure 2.3.

K

G

r

n

d

−
++

+

+

+

−
+ z

vu

P

N
Figure 2.3: Equivalent one degree of freedom control system.

Since we have defined that z contains the real deviation from the reference setpoint,
from 2.3 we consider

2The infinity norm of a vector x is defined as ∥x∥∞ =max(∣xi∣). Hence that is the maximum entries’
magnitude of the vector.
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z = y − r = Gu + d − r =Iw1 − Iw2 + 0w3 +Gu (2.24)

u = r − ym = r −Gu − d − n = − Iw1 + Iw2 − Iw3 −Gu (2.25)

and P which represents the transfer function between [ w u ]T and [ z v ]T is

P = [ I − I 0 G
−I I − I −G ] (2.26)

The transfer function between the exogenous inputs and outputs, which includes the
feedback subfunctions, is N. The next step is to include the weighting functions, that
we want to introduce to the control design problem. We will consider the case that all
three functions S, T, KS for the mentioned reasons in the previous sections are to be
bounded.
Hence, we are talking about an H∞ problem, with the objective of minimizing ∣N(K)∣∞
by bounding the outputs of the system, with weights that are integrated into the system
eventually through the stabilizing controller K.
The z vector of the system contains now traces of various points in the system that we
want to manipulate. So in this case the bounded outputs are

1. z1 =Wuu (bounded control command)

2. z2 =WT y (bounded closed loop response)

3. z3 =WP (y − r) (bounded reference error)

The w vector can contain apart from the reference signal r, possible noise in measure-
ments n, and the expected disturbances d. However, there are cases when one or two
of them are not considered. Thus, figure 2.3 can be reconsidered with the inclusion of
weights as in figure 2.4

K G
u

−
+

+

Wu

WT

WP

w

v

z1

z2

z3

Figure 2.4: Block representation of z=Nw.
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Adopting the representation in figure 2.4, N can be written as in 2.27:

N =
⎡⎢⎢⎢⎢⎢⎣

WuKS
WTT
WPS

⎤⎥⎥⎥⎥⎥⎦
(2.27)

Since now we have considered more outputs from the system and not just the error
signal we rewrite the equations between w and z.

z1 =Wuu (2.28)

z2 =WTGu (2.29)

z3 =WPw +WPGu (2.30)

u = −w −Gu (2.31)

and the generalized plant P becomes 2.32

[ z v ]T =

⎡⎢⎢⎢⎢⎢⎢⎢⎣

0 WuI
0 WTG

WP I WPG
−I −G

⎤⎥⎥⎥⎥⎥⎥⎥⎦
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

P

[ w u ]T (2.32)

In order to see clearly how N is derived from P and K, firstly P is partitioned as 2.33
- 2.34:

P11 =
⎡⎢⎢⎢⎢⎢⎣

0
0

WP I

⎤⎥⎥⎥⎥⎥⎦
, P12 =

⎡⎢⎢⎢⎢⎢⎣

WuI
WTG
WPG

⎤⎥⎥⎥⎥⎥⎦
(2.33)

P21 = I, P22 = −G (2.34)

so it is rewritten as in 2.35

P = [ P11 P12

P21 P22
] (2.35)

Each of these sub matrices in 2.35 represents a certain relation between the inputs and
the outputs of the open loop generalized system P :

1. P11 relates the exogenous outputs z with the exogenous inputs w.

2. P12 relates the exogenous outputs z with the sensed input u.

3. P21 relates the sensed outputs v with the exogenous inputs w.

4. P22 relates the sensed outputs v with the sensed inputs u.

So the set of equations 2.36 and 2.37 is delivered.

z = P11w + P12u (2.36)

v = P21w + P22u (2.37)

Now considering that the loop under P closes by 2.38

u =Kv (2.38)
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and eliminating u,v from equation 2.36 and 2.37 equation 2.39 is derived.

N = P11 + P12K(I − P22K)−1P21 (2.39)

Thus one can, given specific transfer functions for the controller, the system and the
weights, derive from 2.39 the closed loop response of the controlled system. The
methodology of integrating the weighting functions in the system to derive N has
been presented. The methodology of creating the stabilizing controller K is included
in the appendix chapter A, since the mathematical analysis is quite complicated and
does not contribute to realizing the philosophy behind robust control.

2.5 Weight Selection

2.5.1 Weight WP

The typical and most common bound in robust control is S, because it is related
both to performance and stability. Therefore, great care is given to the design of the
performance weight WP , which apart from the other design specifications, it is supposed
to be a proper function and the same goes for all types of weighting functions. In
general, in terms of performance, WP secures a minimum time of convergence (through
the definition of bandwidth), sets a maximum (unavoidable as explained in subsection
2.3.2) peak magnitude MS and keeps a maximum tracking error. All these are achieved
by designing WP in a way that

∣WPS(jω)∣ < 1,∀ω (2.40)

or

∣WPS(jω)∣∞ < 1,∀ω (2.41)

This shows that it is the inverse of ∣WP ∣ that is supposed to be greater than ∣S∣.
A general form of the desired weight that is imposed by the common form of the S
function of real stable systems is

WP (s) =
(s/M1/n + ωB)n

(s + ωBA1/n)n
(2.42)

There are four parameters M, ωB, A, n in 2.42 that play a specific role in defining the
behavior of ∣S∣.

� M is the upper bound of S and it usually is between 1.5-3 according to how loose
or tight the control is desired. Its existence is required in high frequencies around
the bandwidth area.

� Bandwidth ωB is the frequency at which 1/Wp crosses 1 from below. It defines
the area of frequency that control has effect on the system and is related to the
speed of response.

� A is the lower limit of S at low frequencies and it has a value close to zero. It is
related to the steady state error requirement.
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Figure 2.5: Bode diagram of S, 1/Wp.

� The order of the weight n is selected according to the slope that ∣S∣ is required
to have in low frequencies. When a higher order is selected, the slope of ∣S∣ is
greater, so the sensitivity’s function effect in y is decreased for a bigger range of
frequencies.

An example of a Bode diagram of S with 1/WP is given in Figure 2.5. The transfer
function of the plant used in the example is 2.43, [4].

G(s) = 200

10s + 1

1

(0.05s + 1)2
(2.43)

It is an example of tight control requirement since

� The maximum peak requirement is 0.1

� The bandwidth is close to 10 rad/s so control is required in this case over a wide
range of frequencies

� The order of the weight is 2 because in this way the amplification of the sensitivity
function stays lower than 1, over a greater range of frequencies, or in other words
the slope is steeper before ∣S∣ reaches 1.

2.5.2 Weight WT

While limiting ∣S∣ in low and intermediate frequencies is important, this practice alone
has no actual effect on ∣L∣ in higher frequencies, an area over which ∣L∣ of real systems
rolls off. In this frequency area, it is obvious that ∣L∣ ”follows” ∣T ∣ as they both roll off
towards zero. In the Bode diagram of figure 2.6 the above statement is justified. L in
frequencies above 1 rad/s is starting to roll off at the rate imposed by the weighting
function 1/WT . A general form of a WT weighting function is given in equation 2.44.
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Figure 2.6: Bode diagram of L, T, 1/Wt.

WT =
(sM1/n

t + ωBT )
n

(sAA1/n +MtωBT )
n (2.44)

The parameters that define the form of WT are summarized as follows:

� MT is the maximum allowed magnitude of T in frequencies around ωBT and it
is required to be generally smaller than MS because ∣S∣, ∣T ∣ cannot differ more
than 1, as around ωBT measurement noise is amplified.

� Bandwidth ωBT is required to be relatively large since up to this frequency the
reference setpoint is traced adequately.

� n is the order of the weight. In cases where instabilities are possible to occur, in
high frequencies a greater roll off rate is secured by choosing a weight of a higher
order.

� AA is the upper bound of T in high frequencies.

In the Bode diagram of L, T, 1/WT in Figure 2.6 these parameters can be recognized.

� MT is required 1.

� n is 1 since L rolls off sufficiently fast already (20dB/decade).

� ωBT is 1 rad/s .

One can see that the above design has sacrificed some performance advantages in
favour of stability. The closed loop bandwidth is in general close to the performance
bandwidth. Therefore ωB is expected to be in the area of 1 rad/s. Moreover, since MT

and MS do not differ more than one and MT is already equal to 1, MS is expected to
be greater than 1. Hence, it is derived that performance and stability are objectives
that are contradicting.

2.5.3 Wu Weight

Usually when a system has an initial state that differs quite enough from the reference
set point, great errors are expected in the beginning of the control process. How much



2.6 Design of a Robust Controller for the Inverted Pendulum 33

energy the control signal produced by the controller contains, can be regulated with
the use of a limiting weight of the control input. This may have effects on the tracking
performance but can help the system stay away from instabilities, in other words errors
are tolerated for a relatively grater amount of time, to avoid a big overshoot in the time-
domain, and oscillations around the reference set point. This weight is symbolized as
WU .

2.5.4 Mixed Sensitivity Design Steps

As seen in the earlier subsections, none of the weights alone can form an adequate con-
troller, if an overall good behaviour of the system is required. This is why the Mixed
Sensitivity methodology is introduced. The steps to minimize the ∣N(K)∣∞ norm are
described as follows, with the respective commands.

1. The weights WP , WT , Wu are designed.

2. The generalized (or augmented open loop) plant P is produced with the Matlab
command P = augw(G,wp,wu,wt)

3. Having obtained P, the controller is obtained with command [khinf, ghinf, gopt] =
hinfsyn(P,nmeas,ncon,0,10,0.1). The arguments in the left side of the equa-
tion are: khinf is the controller obtained, ghinf is the closed loop system N(P,K)
and gopt is the lowest upper value of ∣N(P,K)∣∞ achieved. The arguments in
the right side of the equation are P the augmented plant, nmeas the number of
measured traces, ncon the number of the controller traces produced, 0 and 10 are
the lower and upper norm margins respectively and 0.1 is the tolerance of gopt.

4. Next Bode diagrams of the norms of L, S, T transfer function are plotted and the
closed loop behavior of the system is examined.

5. If gopt is not satisfied or closed loop performance is not acceptable, the weights
in step 1 are readjusted.

2.6 Design of a Robust Controller for the Inverted Pen-
dulum

The above described methodology on the design of a robust controller, was implemented
in a laboratory device, the inverted pendulum at the Laboratory of Marine Engineer-
ing.
The system consists of the inverted pendulum that is attached on a cart, which slides
horizontally along two bars. The cart can be moved along the bars by a servo motor,
which converts the rotational movement to transitional with the help of a timing belt.
The servo motor is equipped with a rotary encoder that measures the angle displace-
ment (θ) of the pendulum and with an encoder that measures the motor rotations
that are translated to the horizontal displacement (x) of the cart. The cart is moved
according to the command of the control law. A computer equipped with a Digital
Signal Processor produces the control command of the controller, which is designed
in Matlab/Simulink and then integrated in the Real Time Matlab environment. The
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physical characteristics of the inverted pendulum are presented in table 2.1, while the
free-body diagram of the cart and the rod is depicted in figure 2.7.

Parameter Description Units

M Cart mass 1.096 kg

m Pendulum mass 0.109 kg

b Cart friction Coefficient 0.100 N
ms

l Pendulum gravity center 0.250 m

2l Pendulum length 0.500 m

J Pendulum inertia 0.00034 kg m2

θ Pendulum angle rad

x Cart position m

Table 2.1: Physical properties of the inverted pendulum

Figure 2.7: Diagram of the cart and the pendulum.

The disturbance in the system is an input that the user causes himself, by displac-
ing the pendulum by 1 to 4 degrees from its vertical position (the system used for the
controller design is a linearized one, in a range of angles between 0 and 4 degrees, where
sin(ϑ) = ϑ ).
The solution to stabilizing the pendulum is in general challenging, due to the RHP3

pole of the system, which indicates instability. Here, the term instability is relative
because it depends on what permanent state of the system is considered stable. In this
case, the system is considered stable as long as the far end of the rod stays vertical
looking upwards and this is regarded as the reference angle of stability (0o degrees
according to the manufacturer [21].

2.6.1 Mathematical Model

The designed controller was based on the transfer function between the angle displace-
ment Θ and the cart’s acceleration V. The transfer function of the system is derived by
the equations, given by the manufacturer of the pendulum in [21]. The final equation
is 2.45 in S.I. units

G(s) = Θ

V
= 0.02725

0.012125s2 − 0.26705
(2.45)

3RHP: Right Half Plane
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or in state space form

d

dt

⎡⎢⎢⎢⎢⎢⎢⎢⎣

x
ẋ
Θ

Θ̇

⎤⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡⎢⎢⎢⎢⎢⎢⎢⎣

0 1 0 0
0 0 0 0
0 0 0 1

0 0 29.4 0

⎤⎥⎥⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎢⎢⎣

x
ẋ
Θ

Θ̇

⎤⎥⎥⎥⎥⎥⎥⎥⎦

+

⎡⎢⎢⎢⎢⎢⎢⎢⎣

0
1
0
3

⎤⎥⎥⎥⎥⎥⎥⎥⎦

u (2.46)

y = [ x
ϑ
] = [ 0 0 0 0

0 0 1 0
]

⎡⎢⎢⎢⎢⎢⎢⎢⎣

x
ẋ
Θ

Θ̇

⎤⎥⎥⎥⎥⎥⎥⎥⎦

+ [ 0
0
]u (2.47)

The transfer function contains a pair of poles, one of them being quite fast as it lays
in the RHP at 5.11 rad/s, causing the instability and another one which is considered
stable as it lays in the LHP at −5.11 rad/s.

2.6.2 Controller Design

Based on the mathematical representation of the inverted pendulum a robust controller
is designed. The weights used to form the controller are:

� For WP a bandwidth requirement of twice the RHP pole suffices for the quick
response required, so ωP = 10 rad/s. MP (s) is chosen as 0.01, indicating the
requirement of disturbance rejection. In order for L to have a steeper slope below
bandwidth the order of the weight is selected to be n = 12. The gain of the weight
is chosen as 10−3 so as to tolerate small errors. This selection of the order of the
weight is not common practice in literature. However, the requirement of both
a bandwidth that is twice the RHP pole of the system, and an Mp that is small
enough not to tolerate steady state errors is only achieved through a weight of a
greater order. This secures that S has a steeper slope in lower frequencies, thus
staying under 1 in magnitude for a greater range of frequencies.

� The closed loop transfer function T, was not bounded because of four main rea-
sons. To start with the type of the problem is not considered as a tracking control
problem where one would seek a big crossover frequency (ωBT ) of T with the in-
tention of tracking r. The objective is the rejection of disturbances, which is
contradicting to keeping T close to 1 for a great range of frequencies (S is com-
plementary to T). Moreover, the need to include T in the design is diminished
by the fact that in such a small scale of a plant, noise in measurements is not
expected. Finally, the introduction of a WT weight would enhance the order of
the controller, giving no significant benefit to the control process.

� Wu is a constant bound of the control input. Its value is selected as 10−2.

The selection of the high order performance weight, produces a controller that is even-
tually of a high order. This yields the necessity to simplify the controller, seeking
a transfer function with the exact frequency response, but with a lower order repre-
sentation. Having implemented the weighting function and after the model reduction
process, the controller derived is presented in equation 2.48

kred = 0.001005
(s + 1.646e09) (s + 50.51) (s + 8.419) (s + 5.113) (s2 + 60.91s + 1496)

(s + 3633) (s + 58) (s2 + 50.86s + 678.1) (s2 + 60.3s + 1201)
(2.48)
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In figure 2.8 the L, S, T frequency responses for the H∞ are presented while the fre-
quency response of the output of the controller in figure 2.9 is shown.
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Figure 2.8: Bode diagram of L,S,T
for the H∞ controller.
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Figure 2.9: Bode diagram of KS for the H∞
controller.

2.6.3 Control Simulation

The controller was tested in simulation in the Matlab Simulink environment. The
disturbances are considered as two repeated displacements of 10 degrees in seconds 4
and 6 during the 20-seconds simulation. The time response is described in figures 2.11,
2.10.

Figure 2.10: Error with H∞ control. Figure 2.11: Control input of H∞ control.

From the figures it is derived that the control input is bounded and achieves dis-
turbance rejection with no steady state errors. The response is not oscillating heavily
around the reference, but instead converges after 2 oscillations around it.

2.6.4 Controller Test on the Inverted Pendulum

kred, discrete = 0.05006
(z + 517.1)(z − 0.9248)(z2 − 1.952z + 0.9537)
(z2 − 1.953z + 0.9536)(z2 − 1.567z + 0.6334)

(2.49)

Before implementation the controller is discretized as in equation 2.49. The sam-
pling time is 0.01 seconds, and the method used to calculate the values for each sampling
period is the zero order hold4

4The Zero-Order Hold method holds its input for the sample period specified. The method accepts
one input and generates one output.
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Figure 2.12: The Inverted Pendulum Experimental Device.

Figure 2.13: The template provided by the Laboratory to control the inverted pendu-
lum.

The experimental device is depicted in figure 2.12, whereas the model in Simulink for
the experimental test is depicted if figure 2.13. The results showed a successful op-
eration of the controller, leading to a stable vertical position of the rod in spite of
disturbances induced by the user at the far end of the rod by hand. In figure 2.14 the
angle displacement of the the pendulum from the vertical position is depicted. The
position of the cart upon which the rode is mounted, during the control process, is
depicted in figure 2.15. The control input during the disturbance rejection process is
depicted in figure 2.18. The phase diagram of the the rode angle and the rotational
speed is depicted in figure 2.14, while the phase diagram of the cart position and the
cart velocity is depicted in figure 2.17. Finally, the phase diagram of the cart accelera-
tion and the cart velocity is depicted in figure 2.19.
In figures 2.14 and 2.15, it is evident that the controller, after the rejection of the im-
posed disturbances, achieves the retain of equilibrium. The angle is retained steadily
near the vertical position (0 rad), and the cart returns to a steady position, after the
disturbance rejection. The phase diagrams in figures 2.16 and 2.17 underline the above
remarks. The radius of the circles formed is greater as the force of the imposed dis-
turbances is increased. At the end of the process both the rotational speed of the rode
and the cart velocity reach zero again as in the start of the process.
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Figure 2.14: The angle displace-
ment of the rod.
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Figure 2.15: The cart position during the
disturbance rejection process.
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Figure 2.16: The phase diagram of
the rod angle and rotational speed.

-0.11 -0.1 -0.09 -0.08 -0.07 -0.06 -0.05 -0.04 -0.03 -0.02
-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

Cart Position [m]

C
a

rt
 V

e
lo

ci
ty

 [
m

/s
]

Figure 2.17: The phase diagram of the cart
position and the cart velocity.
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Figure 2.18: The control input of
the controller.
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Figure 2.19: The phase diagram of the cart
acceleration and the cart velocity.



Chapter 3

Crank Angle Modeling of the
MAN L16/24 Engine

This chapter presents the model developed to simulate discrete events during an op-
erating engine’s cycle. The model is produced with the intention of simulating the
effect of injecting compressed air downstream of the compressor to engine parameters
like cylinder pressure, temperature and their derivatives, such as the indicated effective
pressure, the brake effective pressure, the amount of air induced in the cylinders of
the engine, the flow of gas after the end of the combustion towards the turbine, and
an approximation of the heat absorbed by the working fluid, due to combustion. The
model developed is a single zone model and it was based on the work of Eriksson [10].
It was then calibrated based on past experimental in cylinder pressure data. The im-
plementation of the model and the various calibration aspects is described in chapter
4.

3.1 The Real Diesel Cycle

According to Heywood [24] and Black [17] the real diesel cycle is adequately approxi-
mated by the limited-pressure cycle (one can also find it in literature as the modified
diesel cycle [8]). In the modified Diesel cycle which is the cycle presented in figure 3.1,
the combustion begins in a constant-volume basis and ends on a constant-pressure ba-
sis. In other words, it is a combination of features found in both ideal Otto and Diesel
cycles (in the former the combustion process is entirely isochoric). Fuel is injected at
point C, while combustion is represented by the line CD. The combustion is isochoric
practically for a small period of time, during which the pressure increases sharply, until
the piston reaches a point slightly past TDC. Shortly the pressure trace stays in this
maximum pressure area before it drops slightly, as the combustion ends at point D.
Therefore, following the works of Eriksson [10], Klein [11], Guzzella [9] and Heywood
[24] and our remarks on the experimental in cylinder pressure measurements, an in
cylinder pressure model is derived, according to the modified Diesel engine cycle.

39
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Figure 3.1: The modified Diesel cycle,[24]

3.2 Analytic Model of the Cylinder Pressure for a Four
Stroke Diesel Engine

The main objective of the model is to provide an indication of the in cylinder pressure
for the closed cycle, while the crank angle of the cycle develops. The method adopted
is based on a parametrization of the Diesel cycle, being able to include variations in the
start of combustion and in the air to fuel ratio. The main parameters that are needed
as inputs to the model are the intake manifold pressure (pinl) and temperature (Tinl),
the crank angle (θ), the start and the end of the combustion (θSOC and θEOC) and
the crank angles, to which the events of intake valve closing and exhaust valve opening
(θIV C and θEV O) correspond.
The model is based on assumptions in order to be relatively simple and accurate.
The first key assumption of the model is that both compression and expansion phases
are considered as polytropic processes, therefore the pressure p and the temperature
T traces in these parts of the cycle can be measured with the use of the polytropic
equation 3.1 and 3.2 respectively. Considering as Vcyl the volume the gas takes up in
the cylinder the following equations are used.

p × V k
cyl = C (3.1)

T × V k−1
cyl = C

′ (3.2)

Adopting the above method, it is assumed that because the compression and the expan-
sion phase are short, the amount of energy exchanged with the environment is small,
therefore it is fair to consider these processes as reversible adiabatic. This assump-
tion is not entirely correct. In both processes heat is transferred between the gas and
its environment, however due to the simplicity of the equation, this approximation is
preferred. This approximation is proposed by Heywood as well in [24], however one
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should expect bigger deviations from the experimental data in the expansion stroke.
As such k is equal to γ in 3.1 and 3.2, where γ is the ratio of specific heats of the
working medium. To confirm that, pressure measurements are used from experiments.
After plotting the pressure and volume traces in a log-log diagram the slopes of the
compression and expansion asymptotes are calculated. The values obtained are then
compared with theoretical ones.
The next key assumption is that the combustion is defined by a heat release analy-
sis procedure, which is implemented through the pressure ratio management concept,
described by Matekunas in [14], [15]. Matekunas observed that the S-function of the
mass fraction burned is similar to the normalized pressure ratio function. The latter is
derived by the ratio between a motored cycle and a firing cycle as in equation 3.3.

PR(θ) =
pfiring(θ) − pmotored(θ)

pmotored(θ)
(3.3)

,after normalization equation 3.4 is derived.

PR(θ) = PR(θ)
max(PR(θ))

(3.4)

As stated in [16], [9] the crank angle at which the mass transfer function reaches the
50% mark, differs at most 1o from the crank angle that PR(θ) = 0.5. In literature the
mass fraction burned is usually described by the Wiebe function, which in its simplest
form can be found [20] as in equation 3.5.

x(θ) = 1 − ea(
θ−θSOC

∆θ
)
m+1

(3.5)

where ∆θ is the duration of combustion, a and m are parameters relating to the rate of
the burning of the fuel. Having defined the mass fraction burned per crank angle func-
tion, the combustion process is simulated by interpolating between the motored cycle
and the ideal mixed Diesel cycle. In order to simulate the pressure asymptotes, a ref-
erence point for each one is needed, to define the constants Ccompression and Cexpansion,
appearing in the right side of equation 3.1.
In the following subsections the equations describing each process are described.

3.2.1 The Compression Phase

The compression part is described by a polytropic exponent kc and a reference point.
The reference point usually used in literature is the intake valve closing at θivc. It can
be assumed, to maintain simplicity, that at the end of the intake process the pressure
in the cylinder has become equal to that in the intake manifold pressure.
The initial temperature is more difficult to define. The air entering the cylinders
through the intake manifold is heated from Tim to another temperature Ta by the
hot valves and the locally high heat transfer coefficients in the cylinder. However those
quantities are difficult to determine using a single zone thermodynamic model, to define
the amount of heat transferred to the charging air, during the intake process. Moreover,
possible residual gas fraction that remain captured in the cylinder, after the exhaust
process heat the fresh air as well. For the shake of simplicity, these effects are neglected
and therefore the temperature at the intake valve closing crank angle is considered
equal to the temperature in the intake manifold.
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The pressure and temperature traces during the compression are thus calculated
according to equation 3.6 and 3.7.

pc(θ) = pIV C (
VIV C

V (θ)
)
kc

(3.6)

Tc(θ) = TIV C (
VIV C

V (θ)
)
kc−1

(3.7)

3.2.2 The Expansion Phase

The equations describing the asymptotic expansion process are 3.8 and 3.9.

pe(θ) = pD (
VD
V (θ)

)
ke

(3.8)

Te(θ) = TD (
VD
V (θ)

)
ke−1

(3.9)

The traces pD, TD, VD refer to the state D in figure 3.1. The volume VD is equal to
the volume at the moment that the combustion ends at state D and the process in the
cylinder does not include any release of heat from the oxidization of the fuel.

3.2.3 The Combustion

Figure 3.2: Graphical representation of the combustion approximation followed, [10].

The combustion part is approximated as follows and is based on the approaches
proposed by Guzzella [9] and Eriksson [10]. An ideal instant augmentation of the
temperature in the cylinder (∆Tcomb) is considered at the start of the combustion,
which would correspond to the instant increase of the temperature in the cylinder, if it
was possible for the whole amount of fuel injected, to be oxidized as soon as it entered
the cylinder, instantly and not progressively as the combustion actually occurs. This
theoretical temperature increase is described in equation 3.10.

∆Tcomb =
mfqHV ηf(λ)

cvmtot
=

qHV ηf(λ)
(λ(A/F )s + 1)cv

(3.10)
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where:

� qHV is the lower heating value of the fuel.

� mf is the amount of fuel injected per cycle per cylinder.

� ηf(λ) is the the fuel conversion efficiency.

� cv is the thermal capacity of the gas. It is calculated at the temperature right
before the injection of fuel, at the end of the compression.

� mtot is the the sum of air and the fuel injected per cycle.

� λ is the equivalence ratio.

� (A/F )s is the stoichiometric air to fuel ratio.

The ideal temperature then becomes

Tmax = TC +∆Tcomb (3.11)

and the ideal maximum temperature at the end of the isochoric combustion part is

pmax = pC
Tmax

TC
(3.12)

The pressure and temperature traces during the combustion process are then calculated
as in equations 3.13 and 3.14. The interpolation scheme implemented is described in
figure 3.2.

p(θ) = (1 − PR(θ))pc(θ) + PR(θ)pe(θ) (3.13)

T (θ) = (1 − PR(θ))Tc(θ) + PR(θ)Te(θ) (3.14)

The terms pc and Tc are equal to 3.15 and 3.16 respectively

pc(θ) = pC (
VC
V (θ)

)
kc

(3.15)

Tc(θ) = TC (
VC
V (θ)

)
kc−1

(3.16)

,where C is defined the point at which the combustion starts in figure 3.1.
It should be noted that in 3.15 and 3.16 the exponent kc after the TDC1 is equal to
the exponent of the expansion phase of the motored cycle and before the TDC is equal
to the exponent of the firing cycle at the respective load.
The terms pe and Te are equal to 3.17 and 3.18 respectively,

pe(θ) = pmax (
Vmax

V (θ)
)
ke

(3.17)

Te(θ) = Tmax (
Vmax

V (θ)
)
ke−1

(3.18)

1Top Dead Center
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where ke is equal to the exponent of the firing cycle at the respective load before and
after the TDC.
Equations 3.13, 3.14 describe the gradual transition, from the phase of the cycle where
the pressure and temperature values are close to the corresponding values of the mo-
tored cycle, to a phase where the pressure and the temperature is greater than those of
the motored cycle. This pressure and temperature difference between the firing cycle
and the motored cycle is due to the combustion. The effect of the combustion becomes
stronger as the fuel is progressively burnt and it is inserted in equations 3.13 - 3.14
through the term PR(θ), which is an ascending function of the crank angle. Therefore,
the term 1 − PR(θ) signifies the descending effect of the motored cycle and the term
PR(θ) signifies the ascending effect of the combustion. A schematic representation
of the combustion modeling process is presented in figure 3.2, where the interpolation
approximation followed, is depicted.

3.2.4 Summary of the Model

According to the above presented methodology the model for the cylinder pressure and
temperature is described in equations 3.19 and 3.20.

p(θ) =

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

pivc ( Vivc

V (θ))
kc

, θ = [IV C,SOC]
(1 − PR(θ))pc(θ) + PR(θ)pe(θ) , θ = [SOC,EOC]

pD ( VD

V (θ))
ke

, θ = [EOC,EV O]

(3.19)

T (θ) =

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

Tivc ( Vivc
V (θ))

kc−1
, θ = [IV C,SOC]

(1 − PR(θ))Tc(θ) + PR(θ)Te(θ) , θ = [SOC,EOC]

TD ( VD
V (θ))

ke−1
, θ = [EOC,EV O]

(3.20)

3.2.5 Calculation of the in Cylinder Volume

The volume the working fluid takes up in the cylinder is a function of the crank angle.
It is determined by the position of the piston, which in turn is a function of the crank
angle. The crank angle takes values between [0,720] degrees since the engine is a four
stroke one. The equation used to describe the position of the piston as a function of
crank angle is

s(θ) = r
⎛
⎝
l + r
r
−
√

l2

r2
− sin2(θ) − cos(θ)

⎞
⎠

(3.21)

Using equation 3.21, equation 3.22 is derived

V (θ) = Vcl (
1

ϵ − 1
+ s(θ)

2ϵ
) (3.22)

where:

� Vcl is the clearance volume of the cylinder.
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� ϵ is the compression ratio.

� r is the crank angle radius.

� l is the length of the connecting rod.

� θ is the running crank angle.

3.3 Combustion Parameters Analysis

In this section the process of defining various combustion parameters and a number of
derivative traces which were implemented in Simulink is described. These parameters
are required because they are inserted as inputs to the described in cylinder model.

3.3.1 Definition of the SOC and EOC Angles

In order to define θSOC and θEOC , the heat release analysis method is used, using
in cylinder pressure experimental data. The data were acquired from experiments
conducted in October of 2008 at the engine load of 25% and the measurements refer
to cylinder 5. In this method, there is no clear distinction between the burned and
the non-burned part of the air and fuel mixture, instead the mixture is regarded as
homogeneous. This analysis is based on the first Thermodynamic law, calculating the
heat absorbed by the working fluid, using only the cylinder volume and the pressure
trace.
Since the analysis refers to the closed part of the cycle, there is no exchange of mass
between the under examination open system and its environment. Therefore, the first
Thermodynamic law can be written as in equation 3.23.

dU

dθ
= dQ
dθ
− dW
dθ
+Σ

dHoi

dθ
(3.23)

where:

�
dU
dθ is the change of the internal energy of the working fluid.

�
dQ
dθ is the change of heat offered to the system.

�
dW
dθ is the change of work produced by the working fluid.

� ΣdHoi
dθ is the sum of the heat transferred between the system and its environment.

Equation 3.23 can be rewritten as in equation 3.24 for the combustion case

dQhr

dθ
= dU
dθ
+ dW
dθ
+ dQht

dθ
(3.24)

where

�
dQhr

dθ is the whole amount of heat released by the combustion of the fuel.

�
dQht

dθ is the total amount of heat transferred through the walls of the cylinder.
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Figure 3.3: Experimental data of in
cylinder pressure.

Figure 3.4: Net heat released diagram
from experimental data.

�
dU
dθ , dW

dθ as defined above.

Equation 3.24 can be divided in two parts as in equation 3.25

dQhr

dθ
= dQn

dθ
±
dU
dθ
+ dW

dθ

+dQht

dθ
(3.25)

where dQn

dθ symbolizes the net heat released by the fuel and is absorbed entirely by the
working fluid in order to change its internal energy and the work it produces. The term
dQht

dθ is the heat lost through the walls of the cylinder.
The net heat released is then calculated according to 3.26 assuming that the working
fluid is a perfect gas, with constant temperature throughout the system. This tempera-
ture defines a specific value for the parameter γ = cp

cv
. Even though this assumption can

be challengeable, since the temperature in the combustion strongly deviates, the work
of Krieger and Borman [25] states that this hypothesis inserts a small error margin. In
other words, from the start to the end of the combustion the properties of the working
fluid change, but in favor of simplicity one can safely assume that γ remains constant.
The net heat released is given by equation 3.26

dQn

dθ
= γ

γ − 1
p
dV

dθ
+ 1

γ − 1
V
dp

dθ
(3.26)

In figure 3.3 the pressure data are presented and the net heat released per crank
angle is presented in figure 3.4, for an experiment from MAN L16/24 at LME.

The pressure data were filtered with the help of Matlab. The Savitzky - Golay2

filter was used. Figure 3.4 can give a great amount of information for the combustion.
One can notice that at 320 degrees the curve reaches negative values for the first time,
before it reaches zero again at 357 degrees. This is when the combustion commences.
This range of angles between 320 and 357 signifies the combustion lag part of the cycle,
when the fuel has been injected, but is in the process of absorbing heat from the already
compressed air. The heat released stays positive but descends as soon as it reaches the

2This filter is efficient maintaining the upper and lower extrema of a function. One defines the order
of the curve interpolating the data and the frame size.
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maximum extrema 364 degrees, before the rate of the heat released becomes negative.
The end of the combustion is signified by the point, at which the curve reaches zero
again at 430 degrees. Thus, the angles θSOC = 357o and θEOC = 430o can be defined.
Finally, one can relate the remarks made on figure 3.4 with the form of the pressure
trace depicted in figure 3.3.

3.3.2 Determination of the Polytropic Exponents

The motored and the 25% load cycles were examined. Firstly, the log-log diagrams
of pressure and volume were plotted and then specific points in the compression and
expansion asymptotes were selected. These points define the polytropic exponents
according to equation 3.27.

p1V
γ
cyl1 = p2V

γ
cyl2 ⇒

p1
p2
= (

Vcyl1

Vcyl2
)
γ

→ γ = log p1 − log p2
logVcyl1 − logVcyl2

(3.27)
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Figure 3.5: Logarithmic representation of
pressure and volume traces at 25% load.
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Figure 3.6: Logarithmic representation
of pressure and volume traces for the mo-
tored cycle.

The calculation of the polytropic exponents and the points selected, are presented
in table 3.1. The results of the tables 3.1 and 3.2 confirm the results of Ebrahimi [28],
stating that as the heat offered to the working fluid augments, the polytropic exponents
are expected to decrease. The exponents are those presented in table 3.2.

3.3.3 Pressure Ratio Analysis
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Figure 3.7: Fitted and approximated
Wiebe functions using a single function
approach.

320 340 360 380 400 420 440 460
0

0.2

0.4

0.6

0.8

1

Crank angle in degrees

F
ra

ct
io

n
 o

f 
fu

e
l b

u
rn

e
d

 

 

fitted 

approximated

Figure 3.8: Fitted and approximated
Wiebe functions using a triple function
approach.

The S-type curve is depicted in figure 3.9. It ascends from 5% at 357 degrees. This
can be attributed to the fact that the pressure trace of the loaded cycle is deviating from
the motored cycle trace before the start of the combustion. This pressure difference in
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Load Case Part of Cycle Coordinates 1st point 2nd point

Motored Compression X 6.268 7.201

Motored Compression Y 12.89 14.31

Motored Expansion X 6.268 7.662

Motored Expansion Y 12.89 14.78

25% Compression X 6.233 7.831

25% Compression Y 12.98 15.28

25% Expansion X 5.755 7.395

25% Expansion Y 13.35 15.59

Table 3.1: Points selected for the calculation of kc and ke

Load Case Part of Cycle Exponent

Motored Compression kc = 1.4285

Motored Expansion ke = 1.4070

25% Compression kc = 1.3950

25% Expansion ke = 1.3658

Table 3.2: Calculated polytropic exponents
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Figure 3.9: The loaded and motored cycles, with the S type curve of the mass fraction.

turn can be attributed to the fact that the working fluid in the loaded cycle is heated
from the cylinder walls, thus augmenting the temperature and hence the pressure.
This leads to the assumption that approximately 5% of the fuel is burnt instantly at
the start of the combustion. At 364 degrees the pressure of the loaded cycle reaches
its maximum. This event coincides with the angle where the S function has reached
the value 0.5. This implies that, as soon as the loaded cycle has reached its maximum
pressure, approximately 50% of the fuel injected has been burned. From that point on,
until the end of the combustion at 430 degrees the fuel is burned at a much smaller
pace, since the rest 50% of the fuel is burned, in the following 60 degrees which is a
much larger range than the 7 degrees at which the fast burning phase of the combustion
takes place.
Having acquired an approach of the mass fraction burned as a function of the crank
angle, the duration of the combustion, θSOC and θEOC the parameters a and m of the
mass fraction burned Wiebe function described in equation 3.5 are defined, adopting
the least square error method.
Using the least square error fitting toolbox provided by Matlab, which is suitable for
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the approximation of non linear functions, the parameters a and m are defined. These
parameters according to Stiesch in [30] define specific characteristics of the combustion.
The constant m defines the form of the Wiebe function, which accounts for the heat
release curve. The constant a describes the efficiency of the combustion. For the single
Wiebe function the percentage of the fuel burnt at the end of the combustion can be
written as in equation 3.28 and 3.29.

ηconv =
Qn

Qhr
= 1 − e−a (3.28)

or
a = −ln(1 − ηconv) (3.29)

where ηconv is the conversion efficiency.
The first approach for a, m fitting 3.5 derives the following values

a = 6.5154

and
m = 2.5040

The square norm of the error achieved is 0.2044. The fitted and the experimental curves
are presented in figure 3.7. Substituting α in 3.28 yields for the conversion efficiency
ηconv = 1, which means that practically the combustion is perfect.

From figure 3.7 one can see that in the late parts of the combustion the experimental
Wiebe function is not fitted adequately. Therefore, as suggested by Yeliana in [29] a
three Wiebe-type approximation is adopted, with six parameters a1,m1, a2,m2, a3,m3

and three weighting factors ρ1, ρ2, ρ3. The equation fitted is 3.30.

x(θ) = ρ1 [1 − e−a1(
θ−θSOC

∆θ
)
m1+1
] + ρ2 [1 − e−a2(

θ−θSOC
∆θ

)
m2+1
] + ρ3 [1 − e−a3(

θ−θSOC
∆θ

)
m3+1
]

(3.30)
The results of the approach and the weights selected are presented in table 3.3.

Parameter Value

ρ1 3

ρ2 -1

ρ3 -1

a1 5.9225

m1 1.0330

a2 10.9727

m2 3.2266

a3 48.0804

m3 1.5486

Table 3.3: Results from least square error approximation of the three Wiebe function
method.

The square norm of the least square error method achieved is 0.0166. The error is 12
times smaller using this approach. The fitting achieved using this method is presented
in figure 3.8.
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3.3.4 Estimation of Air Flow during the Intake

The flow of air during the intake phase of the cycle, into the cylinder, from the intake
manifold is calculated in order to define the air to fuel ratio of the cycle, which is
essential to the combustion. The main parameters in this case is the pressure upstream
and downstream of the intake valve. The difference of these two parameters is what
forces the fluid to move from the intake manifold into the cylinder. The process is
non-linear, however one can expect that the greater the mean effective area of the
orifice and the difference between the upstream and downstream pressure, the greater
the amount of air induced in the cylinder. This is quite important as in general, the
amount of air induced is expected to be greater since there is additional air injected
in the intake manifold, which leads to an increased manifold pressure, which in turn
causes an augmentation of the upstream and downstream pressure difference.
The pressure in the cylinder, is slightly smaller than the pressure in the intake manifold.
This is confirmed by the actual measurements of the engine. During the intake process
the relative pressure trace is slightly negative, causing a suction which drives the air
into the cylinder. However a model to predict this trace is not developed, since the
accuracy that it would add would not compensate for the complexity of such a process.
Therefore, it is assumed that the downstream pressure is constantly, slightly smaller
than that in the manifold. Hence, the pressure difference is considered equal to the
intake manifold’s pressure minus 0.17 bar which is the average pressure difference. In
figure 3.10 one can see the in cylinder pressure in comparison with the mean value of
the intake manifold pressure. Equation 3.31 is used in order to calculate the intake flow.
The following assumptions are made in order to use a simple formulation, assuming
that the air induced is compressible.

� The orifice is considered isothermal. No losses occur in the accelerating part until
the narrowest point. The potential energy stored in the flow is converted entirely
into kinetic energy causing no increase in the entropy of the flow.

� The flow after the narrowest point is considered fully turbulent. This assumption
means that the pressure in the narrowest point in the valve is no different than
the downstream pressure.

� The upstream and downstream temperatures are the same, or in other words
the kinetic energy that the working fluid may have gained inside the orifice is
dissipated into thermal energy.

ṁ(t) = cd ⋅A(t) ⋅
pup(t)√
R ⋅ Tup

⋅Ψ(
pup

pd
) (3.31)

where

� cd ⋅A(t) is the effective area of the valve, with the pressure discharge coefficient cd
accounting for friction losses. The effective area of the valve is already calculated
from PhD students of LME/NTUA.

� pup and pd are the pressure traces upstream and downstream the valve. Here are
considered as the intake manifold and cylinder pressure traces respectively.

� R is the specific air constant.



3.3 Combustion Parameters Analysis 51

0 50 100 150 200 250

0

1

2

3

4

5

6

7

Crank angle in degrees

P
re

s
s
u

re
 [

b
a

r]

 

 

Pressure during the intake phase
Intake manifold pressure

Figure 3.10: Comparison of in-cylinder pressure and intake manifold pressure during
the intake phase.

� Tup is the temperature in the intake manifold.

The flow function Ψ is defined as in equation 3.32.

Ψ(
pup

pd
) =

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

√
κ( 2

κ+1

κ+1
κ+1) , pd < pcr

[ pd
pup
⋅
√

2κ
κ−1 [1 −

pd
pup

κ−1
κ ]] , pd < pcr

(3.32)

where

� k=1.4, with the air considered as an ideal gas.

� pcr defined as the critical pressure, at which the flow reaches sonic conditions. In
other words, the difference in pressure becomes so great that the air is induced
fast in the narrowest point in the valve, therefore its velocity reaches values close
to 1 Mach. It is defined as in equation 3.33

pcr = [
2

κ + 1

κ
κ−1
] ⋅ pd (3.33)

3.3.5 Properties of Gas-Air Mixture

In order to derive the properties of the gas air mixture, the approximation proposed by
Kyrtatos [7] is used. The internal energy and the enthalpy of the mixture are calculated
as a function of the temperature, the pressure and the air to fuel ratio. The equations
used are based on curves, fitted to experimental results. The mixture is considered
homogeneous.

u(T ) = k1(T ) − k2(T )Φ, [kJ/kg] (3.34)

where the constants k1, k2 and Φ are described in equations 3.35, 3.36 ,3.37.

k1 = 0.692T + 39.17 ⋅ 10−6T 2 + 52.9 ⋅ 10−9T 3 − 228.62 ⋅ 10−13T 4 + 277.58 ⋅ 10−17T 5 (3.35)
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k2 = 3049.39 − 5.7 ⋅ 10−2T − 9.5 ⋅ 10−5T 2 + 21.53 ⋅ 10−9T 3 − 200.26 ⋅ 10−14T 4 (3.36)

Φ = Ar/Fr

Ast/Fst
(3.37)

The constant of air R is described in equation 3.38.

R = 0.287 + 0.02Φ, [kJ/kgK] (3.38)

The enthalpy of the mixture is given in equation 3.39.

h = u +RT, [kJ/kg] (3.39)

The thermal capacities cp, cv are derived according to equations 3.40 and 3.41.

cp = dh/dT, [kJ/kgK] (3.40)

cv = du/dT, [kJ/kgK] (3.41)

3.3.6 The Mean Indicated Effective Pressure

In figure 3.1 one can see two loops. The area contained in the loop defined by BCDEF,
corresponds to the closed cycle (the part where the valves are closed) while the one
defined by GAB corresponds to the open cycle (the part where at least one of the valves
is open). Defining as the indicated positive work W +

i the area contained in the closed
cycle and as the indicated negative work W−

i the area contained in the open cycle, the
trace Wi =W +

i −W −
i is defined as the indicated work. Wi is calculated as in equation

3.42.

Wi = ∮ pdV (3.42)

The indicated work is an important trace of the engine’s cycle, however it is not a liable
measure to compare the performance of different engines, since Wi is calculated as
function of the cylinder volume, which differs from one engine to another. Therefore, a
more objective measure of the performance of each cylinder is implemented by dividing
Wi by the displacement volume Vd. This gives a trace with pressure units which is
defined as in equation 3.43 .

IMEP = Wi

Vd
(3.43)

The trace IMEP is the indicated mean effective pressure. It is an indication of the
mean value of the pressure in the cylinder.
Similarly to Wi one can define the trace Wr which corresponds to the mechanical losses
of the engine. One can define a representative measure of the mechanical losses with
pressure units by diving Wr by the displaced volume. This trace defined as FMEP, is
the friction mean effective pressure. According to Theotokatos [22] the friction mean
effective pressure for the MAN L16/24 can be calculated by equation 3.44.

FMEP = 0.138 + 0.001303 ⋅Neng + 0.029 ⋅ IMEP (3.44)

where Neng in RPM and IMEP in bar. Equation 3.44 calculates FMEP in bar.
The difference between IMEP and FMEP defines a new trace BMEP which is an objec-
tive indication of the break work produced by the piston divided by the displacement
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volume. Through BMEP one can define the torque T produced by the engine per cycle
on the crankshaft with the use of equation 3.45.

T =
NcylVdBMEP

2πnc
, [Nm] (3.45)

where

� nc is the number of revolutions per cycle, which in the case of a 4 stroke engine
is 2.

� Ncyl is the number of cylinder of the engine, which is 5.

Finally, based on the indicated mean output torque per cycle and given the engine’s
rotational speed the power P delivered by the engine can be calculated according to
equation 3.46.

P =
2πTNeng

60
, [W ] (3.46)

with Neng in RPM.
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Chapter 4

Simulation and Model Validation

In this chapter the implementation of engine modeling equations is described. In partic-
ular, the discrete, crank angle based events during the combustion were implemented.
The modeling elements were the analogue valve for air injection, the cylinder volume,
the pressure, the temperature, the intake of air, the air to fuel ratio, the net heat
release, the torque, the power produced and the specific fuel consumption.

4.1 Model Calibration

Suitable initial values are required for the convergence of the model following its start
in simulation. The aim of the calibration is to set initial conditions for the intake
manifold’s temperature and pressure, the exhaust manifold’s temperature and pressure,
the temperature and pressure for the fresh air inserted in the cycle and for the exhaust
gas as well. The initial conditions of the engine running at 25% percent of the rated
engine load are presented in table 4.1. This is a process that one is supposed to follow
for each run at different load, as all the above engine parameters are affected.

4.2 Modeling Elements

The model is structured in such a way that the impact, on the rest of the engine, of the
constantly changing properties of the working fluid in the engine cylinders is taken into
account. Traces that affect the behavior of the engine such as the torque output and
the exhaust flow of the cylinders are calculated and updated in a cycle to cycle basis.
The main assumption is that the cylinders of the engine produce the same fraction of

Initial Condition Value

Ambient Pressure 0.95 bar

Ambient Temperature 297 K

Intake Manifold Pressure 1.34 bar

Intake Manifold Temperature 307 K

Exhaust Manifold Pressure 1.20 bar

Exhaust Manifold Temperature 680 K

Turbocharger Shaft Speed 26200 RPM

Table 4.1: Initial Values of the model

55
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the total torque per cycle. The torque produced as an input to the engine’s shaft, is
calculated using the brake effective pressure and is multiplied at the end of each cycle
with the number of cylinders. The diagram of the model can be seen in figure 4.1.

4.2.1 The Air Injection Valve Block

The valve installed for the air injection is modeled as a needle valve as far the orifice is
concerned, while the actuator is modeled as a second order linear actuator. The cross
section of the valve can be seen in figure 1.4. The equation describing the flow through
the valve is equation 3.31, which is used to calculate the flow inside the engine cylinders
through the intake valve as well. The parameters of equation 3.31 are presented below.

� The pressure upstream is the pressure of the air provided by the air bottle. The
air bottle stores air pressurized at 30 bar, with the pressure of the air reaching
the valve regulated at 6 bar. This selection is based firstly on the upper limit the
actuator poses for the pressure difference it can withstand, which is 10 bar. Taking
in mind that the downstream pressure is approximately 1.3 bar, an approximate 5
bar pressure difference is created. Secondly, the additional amount of air inserted
in the cycle is selected to be at most half the amount of air the compressor
provides running steady at 25% load. The reason for this is the surge avoidance,
which among others is one of the objectives of the thesis.

� The downstream pressure is selected as the pressure inside the intake manifold,
with a 2% augmentation to account for possible pressure losses.

� k = 1.4 with the air considered as a perfect gas.

� R = 287J/kgK

� Tup = 300K as the temperature of the air in the air cell.

� A(h) is the instantaneous orifice passage area as a function of the required dis-
placement of the valve h. It is calculated as in equation 4.1. This approximation
of the orifice area is suggested by Matlab and is available in [32].

A(h) =
⎧⎪⎪⎨⎪⎪⎩

0 , h = 0

π ⋅ [ds − h sin(a2) cos(a2)]h sin(a2) ,0 < h <= hmax
(4.1)

where

� hmax is the maximum stroke of the valve which is 1.5 cm according to the man-
ufacturer.

� ds is the orifice diameter which is 3.8 cm.

� a is the angle that the far ends of the valve form. Since according to the man-
ufacturer’s scheme the valve is flat at its far end, the angle is selected as 90
degrees.
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Figure 4.1: The developed engine model.
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Figure 4.2: Experimental and modeled mass flow.

The actuator’s natural frequency and dumping ratio as selected in such a way that the
actual behavior of the actuator is modeled. During experiments on the valve a 100%
opening of the valve was required and once it reached its peak the valve was required
to close. The results of the experiment gave guidance on defining the rate the valve
opens and closes and verified the theoretical results regarding the mass flow. According
to the experimental data a critical dumping ratio was suitable (ζ = 1) and the natural
frequency selected was ωn = 1.05 rad/s. The experimental and the simulated mass flow
through the valve, with the valve opening at 100% percent is depicted in figure 4.2
The mass flow from the valve is considered as adiabatically mixed with the flow from
the compressor. Therefore the properties of the flow towards the intake manifold are
described as in the set of equations 4.2.

ṁtotal =ṁair injected + ṁcompressor (4.2)

Htotal =hair injectedṁair injected + hcompressorṁcompressor

The Simulink representation of the above is depicted in figure 4.3.

4.2.2 Time to Crank Angle Association block

In this block the running time and the rotational engine speed are used as inputs in
order to calculate the total radians that the engine has covered. The current crank
angle of the engine is calculated by decreasing the covered angles by the number of
the previous cycle times 4π. This way the running time is associated uniquely to a
crank angle and a cycle that this angle occurs. The only assumption made is that the
piston starts from TDC the intake process. This is considered as the start of each cycle
and therefore the engine crank angle is zero at this point. The equations described in
3.21 and 3.22 for the place of the piston and the in cylinder volume respectively were
also implemented in this block. Apart from the in cylinder volume and the place of
the piston the first derivative of the volume was calculated and the velocity and the
acceleration of the piston as well. From this block information about specific events of
the cycle are derived. Characteristic events of the cycle are considered the start and
the end of the combustion, the volume at these angles and the start and the end of the
intake and exhaust process. The block is presented in figure 4.4.
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Figure 4.3: Simulink representation of the adiabatic mix of the flows from the valve
and the compressor.

Figure 4.4: The block associating time with the crank angle.

4.2.3 The Cylinders Block

The cylinders block implements the theory described in chapter 3 in order to produce
the pressure and the temperature calculations. These calculations provide the required
information about the torque output of the cylinders and the efficiency of the engine
on a cycle to cycle basis. The development of such a model gives a more accurate ap-
proximation of the engine’s behavior in real time operation, but not an entirely liable
one, because the firing order of the cylinders is not included. The model predicts the
in cylinder pressure from which the engine parameters of IMEP, FMEP, BMEP and
mechanical efficiency are derived. At the end of each cycle, the torque output of the
engine is updated. The torque trace is calculated through the BMEP trace and the
volume of displacement of each piston. Based on the torque output and the engine’s
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rotational speed the power per cycle produced is also calculated. With the help of
the power per cycle trace and the input of the mass fuel injected per cycle and per
cylinder, calculated as a function of the position of the governor, the brake specific fuel
consumption is derived.
The governor block has been altered in order to update the rack position only during
a crank angle margin of 20 degrees before the start of the combustion. The difference
between the ordered rotational speed of the engine and the actual rotational speed of
the engine is given as a feedback to the PID controller only during this margin. Oth-
erwise, the controller would give a command with no immediate effect on the Torque
and hence the engine’s rotational speed.
The net heat release rate and the net heat release sum per cycle is approximated ac-
cording to the process followed in subsection 3.3.1. Finally, based on the observation
of the measured in cylinder pressure data of the approximately constant pressure dif-
ference between the intake manifold and the cylinder (as stated in subsection 3.3.4),
the air induced in the cylinders as a function of the intake valve opening is calculated.
The cylinder block is presented in figure 4.5.
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4.2.4 Intake Flow Block

This block receives as an input during the intake phase the flow of air that is inserted
in each cylinder. This flow is integrated in order to calculate the amount of air inserted
in each cylinder per cycle. Multiplying the amount of air inserted in each cylinder
per cycle with the number of the cylinders and the number of the engine’s cycles per
second, the flow of air per second towards the cylinders is derived. These calculations
take place during the intake phase. At the end of the intake phase, the air to fuel ratio
of the cycle is calculated by dividing the amount of air captured in the cylinder to the
fuel injected per cycle in each cylinder. The block is depicted in figure 4.6.

4.2.5 Exhaust Flow block

The exhaust flow block updates the flow and the enthalpy of the exhaust gases towards
the turbine at the end of each exhaust gas blow out phase. The block receives as an
input the constant flow of air calculated by the intake flow block, the temperature of
the exhaust manifold, the lower heating value of the fuel and the amount of fuel injected
per cycle and cylinder. The enthalpy of the exhaust gases is a sum of the enthalpy of
the fuel and the air inducted in the cycle at the intake phase. The specific enthalpy
of the air is calculated as a function of the temperature in the exhaust manifold. The
total enthalpy provided by the fuel is defined by multiplying the lower heating vale
with the total fuel injected every second. It was chosen not to implement the equations
of compressible fluids in order to calculate the exhaust gas flow per crank angle, as it
was done for the intake process, so as not to burden the Simulink model additionally.
This selection is justified based on the assumption that there is no accumulation of air
anywhere in the the engine and therefore the same amount of air inserting the cylinders
is blown out.

Flow of air during the intake process
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Figure 4.6: The block calculating the air to fuel ratio.
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Figure 4.7: The block calculating the exhaust flow.

4.3 Mean Value Modeling Elements

The above mentioned functions were completed with the work of [22] and [23], for the
entities of compressor turbine and manifolds. In that work the engine model was of
mean value type, with all calculations carried out in the time domain.

4.3.1 The Compressor

The compressor receives as an input the thermal characteristics of the air, downstream
and upstream the compressor. That is the intake manifold and the ambient environ-
ment respectively. The compressor rotating speed is inserted as an input. The block
loads the compressor map which has been digitized for this thesis for this specific com-
pressor ie ABB TPS48, shown in figure 4.8. In the compressor block, the downstream-
upstream pressure ratio and the rotational speed of the turbocharger shaft are used
as the data, from which the compressor derives the efficiency and the volumetric flow
of the compressor. The downstream pressure is the intake manifold’s pressure, with
a 2% augmentation, to account for the pressure losses of the flow. The compressor
block updates the mass flow and the enthalpy of the flow towards the intake manifold.
The difference between the upstream and downstream enthalpy of the flow indicates
the power required for the compressor to maintain its rotational speed. Dividing the
power with the rotational speed, one gets the torque the compressor absorbs from the
turbocharger shaft.

4.3.2 The Manifolds

The intake and the exhaust manifolds receive as inputs the enthalpy and the flow
rates that enter and exit the system. The main parameters of the calculations are the
temperature and the estimated volume of each manifold. Based on the initial conditions
given to the blocks and the change of flow rates in and out of the manifolds one gets
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Figure 4.8: The compressor map with the rotational speed as parameter.

the instant mass flows and the temperature inside the manifolds. The pressure trace is
derived from a simple application of the basic law of gases.

4.3.3 The Turbine

The turbine block loads the map which relates the effective geometrical areas of the tur-
bine and the efficiency of the turbine with the pressure ratio downstream and upstream
and receives as inputs the geometric area of the turbine, the pressure and tempera-
ture traces downstream-upstream the turbine and the mass flow rate from the exhaust
manifold. The map does not take into account the rotational speed, but rather per-
ceives the turbine as an orifice with constant cross sections. The block calculates the
static temperature and pressure at the outlet of the turbine with the help of the the
efficiency indication of the map, in order to derive the total downstream enthalpy. The
difference between the total enthalpies downstream and upstream indicates the power
absorbed from the gas by the turbine and offered to the turbocharger shaft. Using for
the first calculation an initial assumption for the shaft rotational speed and then using
the change of the rotational speed from the balance of the compressor and turbine
torques, the torque which drives the shaft is calculated.

4.4 Model Verification

In this section the simulation results are compared to measured ones. The measure-
ments are taken from runs of the engine at 25% of the rated engine load.

4.4.1 Pressure

The pressure produced by the simulation is compared with the the measured pressure
trace in figure 4.9. The p-V diagram of both simulated and experimental traces is
presented in figure 4.11. The relative error can be seen in figure 4.10. The relative
error during the closed cycle, which is the main issue of concern, is smaller that 5%.
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This value of the relative error appears mainly at the beginning of the compression and
at the end of the expansion. This can be justified by the fact that at the start of the
compression and the end of the expansion, as can be seen in figure 3.4, the slopes of
the logarithmic p v diagram appear to differ from the slopes of the rest of the process.
This deviation from the isentropic behavior can be attributed to heterogeneousness of
the working fluid in the cylinder after the closing of the intake valve and at the start
of the blow out process. Nonetheless the deviation from the simulated pressure trace
is still limited. The error at the combustion start reaches a local maximum. This can
be attributed to the methodology followed. According to Matekunas [14] and [15] the
pressure ratio curve and the heat release curve reach the 50% fuel mass fraction burnt
point with approximately 2 degrees difference. Therefore, a higher error occurs locally,
because at this point a sharp pressure augmentation takes place.

4.4.2 Temperature

Results from simulation for in cylinder temperature are presented in figure 4.12. For
the in cylinder temperature there were no measurements available from MAN L16/24
for validation. The temperature of the working fluid inserted in the cylinder has the
same temperature as the temperature in the intake manifold at the start of each engine
cycle. The heat absorbed at this part of the cycle because of the already heated cylin-
der walls is neglected. It gradually increases as the compression occurs and augments
sharply at the crank angle where the combustion starts. During the expansion the tem-
perature descends. Until the end of the expansion the temperature is calculated with
thermodynamic equations. After the exhaust valve opening the temperature descends
until it reaches again the temperature of the intake manifold. The temperature trace
is defined assuming that from the point where the exhaust valve opens, it descends
linearly with the crank angle to the intake manifold temperature.

4.4.3 Heat Release Rate

The heat release rate curve between the measured and the simulated cycle is depicted
in figure 4.13. The sum of the net heat released is depicted in figure 4.14. The latter
is calculated, by integrating the simulated net heat release rate. Its form is similar to
the mass fraction burnt function, as approximated in subsection 3.3.3 and depicted in
figure 3.8.

4.4.4 Air induced in the cylinder

The flow of air towards one cylinder and the total amount of air trapped in the intake
process are depicted in figure 4.15. The latter is calculated, by integrating the former.

4.4.5 Traces Calculated on a Cycle Basis

The traces calculated on a cycle basis are considered the IMEP, the FMEP, the BMEP,
the mechanical efficiency, the torque and the mean brake power of each cylinder. The
results of the IMEP, the Power and the torque produced are presented in the following
figures, in which the calculation of each trace during a 10 seconds operation (100 engine
cycles ) is depicted. For the shake of comparison the mean value of each measurement,
according to the experimental data, is plotted as well.
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In the following figures the depicted traces do not appear to be constant but rather
deviating between limits close to the average measured corresponding traces. In figure
4.16, the torque appears to deviate between 1005 Nm and 985 Nm, staying constantly
close to the average measured torque, which is equal to 994.8 Nm.
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Figure 4.9: The simulated and measured
pressure traces.
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Figure 4.11: Simulated and measured p-V
diagram.
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Figure 4.13: Simulated and measured heat
release rate.
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Figure 4.14: The net sum of the heat re-
leased by the fuel.
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Figure 4.16: The calculated mean torque
per cycle and the mean measured torque.
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Figure 4.17: The calculated IMEP and
the mean measured IMEP.
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Figure 4.18: The calculated mean power
per cycle and the mean measured power.
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Figure 4.19: The calculated rotational
speed of the engine and the ordered en-
gine speed.
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Figure 4.20: The air to fuel ratio calculated on a cycle basis and the average air to fuel
ratio measured.



Chapter 5

Controller Design and
Implementation

In this chapter the process of the robust controller development is described. The
controller was designed based on the linearized model acquired with numerical methods
from the non-linear model. The linear model has a transfer function form with the
output being the intake pressure and the input being the valve position. With the
linear model available, the robust controller was designed. Details from the selection of
the controller parameters and their evaluation are also presented. Finally, the controller
was tested in simulation with both the linear and the non-linear models.

5.1 The Linear Model

In order to acquire a linear model from a complicated non-linear model, one can either
perform an analytical linearization through calculations of the derivatives of the equa-
tions of the system (Jacobian matrices), or a numerical one through the processing of
perturbations in a computational environment.
In this thesis, the numerical method was chosen, because firstly three engine maps
intervened in the linearization path (the compressor and turbine maps and the rack
position to fuel injected map) and secondly because of the complexity between the
model interconnections.
In the Matlab environment Simulink provides the Linear Analysis Toolbox, which gives
the capability to derive a linear model from a complex non-linear process representa-
tion. The procedure started by defining a set of operating instances at which the model
would run in equilibrium. Then the input and output signals in the model were defined
and for these variables the linear model will provide a relation. At each instant the
toolbox would force a set of perturbation signals in the input based on the output re-
sponse a transfer function would be calculated. Since the linearization was performed
at a specific operating point, the derived function is appropriate only for this particular
point. The frequency response of the model derived through the linearization process
is depicted in the Bode diagrams of figure 5.1. The continuous transfer function of
the selected system is described in equation 5.1, whereas the discrete transfer function
(sampling time 0.001 seconds, zero order hold) is described in equation 5.2.

69
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Figure 5.1: The frequency response of the model trimmed at various operating in-
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pinlcontinuous(s) = −2.11e−06
(s)(s + 251.1)(s + 9.851)(s + 1.502)(s + 0.904)
(s + 262)(s + 11.44)(s + 9.063)(s + 1.39)(s + 0.99)2

(5.1)

pinldiscrete(z) = 8.779e−08
(z + 3.729)(z − 1)(z − 1)(z − 0.9986)(z − 0.9657)(z + 0.2677)

(z − 0.9643)(z − 0.9984)(z − 0.9987)(z − 1)3
(5.2)

The step response of both the continuous and the discrete realization of the model is
depicted in figure 5.2. It can be seen that the two transfer functions have identical
responses.
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5.2 Controller Design

Based on the acquired continuous transfer function a robust controller was designed.
The design objectives are summarized as follows:

� The converged value is desired to be tracked steadily with no steady state oscil-
lations around the reference value.

� The output (pressure in intake manifold) should follow the reference input.

� The intake pressure signal should converge with no overshoot.

� The controller shall generate signals ranging from 0 to 1, without violating the
maximum allowed limit.

The control requirements in robust control are achieved through the specifications of
the weighting functions. Three weighting functions were chosen in order to implement
the above mentioned requirements. The most important weighting function is the per-
formance weight, which bounds and forms the shape of the sensitivity function (S).
Secondly, the control input was bounded to secure that the supplied control values
are smaller than 1. Finally, care was taken to bound the complementary performance
function so as to limit the effects from the noise in the measurements and to secure that
T is greater than 1 in small frequencies. The steps followed to design the controller are
described below.

Scaling of the system

In this application the plant was normalized with its infinity norm. This norm de-
fines the scaling gain. The scaling gain is

gscale = 8.8680e + 04

Thus, the controller is designed for a non dimensional plant. The error signal inserted
as an input to the controller is normalized with the same scaling gain. The normalized
system is the system upon which the augmentation takes place, through the inclusion
of the weighting functions.

Order reduction of the system

The order of the transfer function of the linearized system is now reduced. In this
way the lower order model will provide a controller with lower order, a beneficial fea-
ture for implementation. The transfer function of the reduced model is described in
equation 5.3. The Bode diagram of both the reduced and the original model is de-
picted in figure 5.3. For frequencies lower that 10 rad/s the reduced model retains the
characteristics of the original model.

pinlreduced = 0.0021358
[s − (5.2431 + 8.4032i)][s − (5.2431 − 8.4032i)]

(s + 0.2017)(s + 1.039)
(5.3)

Evaluation of the transfer function of the linearised reduced system
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Figure 5.3: The Bode diagram of the reduced and the non reduced model.

The transfer function 5.3 contains two conjugate RHP zeros, which are unstable. These
RHP zeros pose certain limitations to control: The main cause of concern is the band-
width and the control gain limitation posed by the RHP zeros. Firstly, over a certain
controller gain the closed loop poles (the poles of the complementary sensitivity func-
tion T) tend to reach the values of the open loop zeros (the zeros of the transfer function
L). This is concluded from equation 5.4. As the controller gain takes higher values the
closed loop poles of the system are moving close to the open loop zeros. A system with
poles in the RHP is unstable, therefore care should be taken to avoid great control
gains. Thus, the feedback control gain is upper limited.

T (s) = L(s)
1 +L(s)

= K(s)G(s)
1 +K(s)G(s)

(5.4)

To examine the bandwidth limitation of the RHP open loop zeros on the control design,
the theorem described in [2] by Zames stating that if the system has no RHP poles the
bounded sensitivity function ∣WPS∣ has as a lower limit the value of the weight WP

at the area of frequencies near the real part of the conjugate zeros. This limitation is
posed in order to secure control stability. Therefore,

∣∣WPS∣∣ ≥ ∣WP (z)∣ (5.5)

Since there is this lower limitation of the bounded sensitivity function and the objective
is to secure that

∣∣WPS∣∣∞ < 1 (5.6)

it is at least required that
∣WP (z) < 1∣ (5.7)

Adopting the form of the weighting function described in equation 2.42 the requirement
in 5.7 yields that

∣WP (z)∣⇒ ∣z/MP + ωB

z + ωBA
∣ < 1⇒ ωB < −

x

MP
+
¿
ÁÁÀx2 + y2(1 − 1

M2
P

) (5.8)
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The real and the imaginary parts of the conjugate pair of zeros are symbolized as x
and y respectively. It is thus concluded that, according to how strict the performance
requirements are (summarized as the value selected for MP ) the bandwidth is upper
limited. The limit is lower for tight control (small MP values) and greater for loose
control (greater MP values ). Therefore, the weighting specifications MP and ωB are
not selected independently, but rather the latter is calculated as a function of the former.

Weight selection

The weighting functions specifications are selected next. The performance weight-
ing function is described by equation 2.42 and the closed loop weighting function by
equation 2.44. The selected specifications are outlined in table 5.1.

Specification/Weight WP WU WT

peak M [-] 1.052 - 1.035

bandwidth ωB [rad/s] 0.8725 - 0.8725

order n [-] 2 1 2

gain [-] 1 101.25 1

Table 5.1: The selected specifications for the weighting functions

� MP and MT are selected to be small, in order to achieve the tracking of the trace
adequately, in steady state conditions. This selection yields a low bandwidth
upper limit, to satisfy the stability criterion.

� ωBP and ωBT are both selected to be equal to the upper limit of the performance
function bandwidth. It is the greatest bandwidth achievable, taking in mind that
MP and MT are selected close to 1, to achieve acceptable reference tracking.

� The order of the weight WP is selected 2, to compensate for the low upper limit of
the bandwidth. Thus, S stays below 0.707 dB for a greater range of frequencies.
This secures that the error signal is not amplified over these frequencies. The
order of the weight WT is selected 2, so as to achieve noise rejection in high
frequencies.

� The gain of Wu is selected as 101.25 a value for which the maximum expected
control requirement (close to 2 bar) was achieved and the control input did not
produce a signal greater than 1.

The Bode diagrams of the frequency response of the L, S, T and KS transfer functions
are depicted in figures 5.4 and 5.5.
The continuous transfer function of the controller is described in equation 5.9 and the
corresponding discrete transfer function (sampling time 0.001 seconds, zero order hold
method), is described in equation 5.10.

Khinfcontinuous = 1.3993
s2 + 0.2918s + 0.02166

(s + 0.02593)(s + 0.02968)
(5.9)

Khinfdiscrete = 1.3993
z2 − 1.88z + 0.9577

(z − 0.95)2
(5.10)
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Figure 5.5: The Bode diagram of KS of the
system.

The closed loop transfer function T is described in equation 5.11. T is stable and
the RHP open loop zeros have not moved to the place of the poles of the closed loop
function. The poles of T lie on the LHP and therefore T is considered stable. Hence,
closed loop instability which is a matter of concern under the presence of RHP zeros
in the transfer function of the system is avoided.

T (s) = 0.0037187
(s + 0.1175)(s2 − 10.57s + 95.76)
(s + 1.039)(s2 + 0.3735s + 0.04131)

(5.11)

5.3 Linear Model Simulation

In order to evaluate the controller performance, simulation with the linear model is
performed. The model has a conventional feedback structure and is depicted in figure
5.6. The offset point for the initial intake manifold pressure is 1.35 bar. In figure 5.7
the step response to a step reference of 1.65 bar is depicted. The output response has
an overshoot of 0.025 bar and then it converges to a steady state value with a steady
state error of 0.01 bar. This is expected due to the RHP zeros of the system. In figure
5.8 the required valve displacement is depicted. The controller requires the valve to
deviate 55% of its original position, and before the output reaches the reference value
for the first time, the control command is reduced to a 35 % steady displacement. In the
simulation, a white noise 1 signal was added in the feedback loop, to simulate possible
noisy measurements.

5.4 Non-linear Simulation

In this section, the integration of the controller in the non linear system is described.
The simulation concerned a 10 s engine operation, which corresponds to 100 engine
cycles. It is considered that the engine runs in steady state conditions, at the start of
the simulation. The air injection starts at the beginning of the simulation. The intake

1A White noise is a signal defined with statistically uncorrelated values in time, with a constant
spectral density. The mean value is zero and the variance is finite.
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Figure 5.6: The closed loop system with the linear model
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Figure 5.7: The step reference and the
step response of the closed loop linear sys-
tem.
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Figure 5.8: The control output of the con-
troller in the linear simulation.

manifold pressure reference is 1.65 bar, at a load equal to 25 % of the maximum load.
The effect of air injection on various engine parameters is examined in the corresponding
figures.

5.4.1 The Intake Manifold Pressure
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Figure 5.9: Comparison of the intake
manifold pressure in the linear and the
non linear model.
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Figure 5.10: Comparison of the control
command of the robust controller de-
signed, in the linear and the non linear
model.

In figure 5.9 the intake manifold pressure in the linear and the non-linear model
are compared. The first remark is that the linear trace, during the initial transient
period from the start of the simulation until the 4th s, follows adequately the non-
linear trace. After the 4th s, the two traces appear to differ. This is attributed to the
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fact that the system model is reduced, therefore dynamics in higher frequencies were
neglected. Moreover, in the non-linear model the valve actuator is explicitly included,
adding slower dynamics in the system, causing the overshooting avoidance. In the
linear model it is included in the general transfer function of the system.
The non linear model converges slowly and with no overshoot to the reference value
at the 6th s. After the 6th second the reference is tracked with no steady state error,
until the end of the simulation.
In figure 5.10 the control command in the linear and the non linear model are compared.
As already noted, the two control signals are similar until the 4th s.

5.4.2 Injected Air Flow
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Figure 5.11: The flows of air during the
air injection process from the valve and
the compressor.
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Figure 5.12: The rotational speed of the
turbocharger shaft.
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Figure 5.14: The air to fuel ratio during
the air injection process.

In figure 5.11 the flow rate of air, during the air injection process, from the valve and
from the compressor are depicted. The compressor flow rate decreases, as additional
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air is injected downstream the compressor at the start of the process. The trajectory of
the pressure ratio and the compressor provided flow rate on the compressor steady state
map during the air injection process is depicted in figure 5.13. The reason of the flow
decrease from the compressor is that as the air induced in the cylinders is constant due
to the constant engine speed, the additional amount of air can be provided externally.
Figure 5.14 shows the respective air to fuel ratio. In figure 5.12 the rotational speed of
the turbocharger shaft during the air injection process, is depicted.

5.4.3 Fuel Injection

In figure 5.15 the rack position and the mass fuel injected per engine cycle and per
cylinder are depicted. The feedback to the speed controller is the error between the
required rotational speed (1200 RPM) and the actual rotational speed of the engine.
The governor based on this error regulates the rack position in order to keep the en-
gine’s speed close to the reference value. As can be seen in this figure the rack position
indicates a decrease in the fuel injected as the additional air injected causes the torque
produced by each cylinder to augment.
In figure 5.18 the curve representing the kilograms of fuel consumed, for the production
of one kW is descending each cycle since the start of the air injection process. From
this figure, it can be concluded that the air injection process, as a means of augmenting
the intake pressure, decreases the cost of the production of each kW. Nevertheless, the
production of compressed air is a matter of concern. The compressor filling the air cells
consume diesel oil, or fraction of the exhaust gases. Therefore, it is possible that the
overall cost of producing compressed air overwhelms the benefits of the air injection.
The rotational speed of the engine is depicted in figure 5.16, whereas the torque pro-
duced is depicted in figure 5.17. The ratio between the fuel consumed and the power
produced per cycle is depicted in figure 5.18.
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Figure 5.15: The rack position and the
injected fuel mass.
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Figure 5.16: The rotational speed of the
engine during the air injection process.
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Figure 5.17: The torque produced by the
engine during the air injection process.
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5.4.4 In Cylinder Traces
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Figure 5.19: The maximum cylinder pres-
sure per cycle.

250 300 350 400 450 500
0

1

2

3

4

5

6

7

8

x 10
6

Crank angle [degrees]
P

re
s
s
u
re

 [
P

a
s
c
a
l]

Figure 5.20: The in cylinder pressure per
cycle.
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Figure 5.21: The maximum in cylinder
temperature per cycle.
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Figure 5.22: The in cylinder temperature
per cycle.

The in cylinder pressure trace and the in cylinder temperature, for all engine cycles
during the simulation of 10 s are depicted in figures 5.20 and 5.22 respectively, whereas
the maximum pressure and temperature of each cycle are depicted in figures 5.19 and
5.21 respectively. The pressure trace is affected by the air injection process in more than
one ways. The compression phase offsets from a higher pressure due to the augmented
intake pressure. Therefore, the combustion phase commences from a constantly higher
pressure as well.
Nevertheless, apart from the augmented intake pressure, as more fresh air flows in the
cylinder, the maximum ideal temperature increase (defined as dTcomb in equation 3.10)
decreases, during the control process. The reason for this, is that the heat released
from the combustion, is used to heat up a greater amount of air. Hence, the maximum
temperature of the cycle is also affected towards lower values. This remark is stated by
Black in [17] as well. According to Black, when there is surplus of air, the temperature
of the mixture is decreased, because the additional products of the combustion process
(H2O, N2, O2) absorb a fraction of the heat released by the combustion. Finally, the
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fuel injected per cycle is gradually decreasing as depicted in figure 5.15. Similarly, this
affects towards lower values the maximum temperature as well.
The overall augmention of pressure in the compression phase of the cycle, according to
the model developed, overwhelms the two other contradicting effects of the air injection
procedure. Thus, greater maximum pressure is achieved.

5.5 Controller Implementation in the Experimental Facil-
ity

The controller already integrated in the non linear, Simulink, crank angle based model
of the MAN L16/24 experimental engine, is then used as a means of achieving closed
loop control of the intake manifold pressure. The tests were carried out, using a USB
data acquisition card and a Simulink interface, depicted in figure 5.23. Through the
interface, the intake pressure signal was acquired, and the control command was pro-
duced.
From the Simulink interface the data acquired were the control command and the in-
take manifold pressure. However, in order to examine the effects of the closed loop air
injection, additional data concerning the engine were required. This set of data was ac-
quired using the AVL data acquisition card, which is typically used by the Laboratory,
for data acquisition purposes concerning the MAN L16/24 experimental engine. The
measurements under consideration were the in cylinder pressure trace from cylinder 1,
the torque produced by the engine, the injected mass flow, the compressor provided
flow, the exhaust gas temperature, the rotational speed of the engine and the tur-
bocharger.

Signal Conversion

The measured pressure signal was acquired as an electrical potential difference and
the produced control command was converted to an electrical potential difference as
well. As far as the intake pressure signal is concerned, 1 Volt measured corresponded
to 105 Pa. In equation 5.12, the transfer function relating the required percentage of
the valve maximum opening and the corresponding potential difference is described.

V [V olt] = 25 +Op[%]
12.5

(5.12)

Signal Filter

The measured intake manifold pressure contained a great amount of noise in the mea-
surement, therefore, a low-pass2 filter was integrated, in order to achieve a more reliable
estimation. The Bode diagram of the transfer function of the filter is depicted in figure
5.24. The specifications of the filter are described in table 5.2. The design method
of the filter was the elliptic method. Elliptic filters offer steep roll off characteristics,
without the necessity of increasing the order of the filter. Therefore, the order of the
filter is selected 1. The frequency over which, the effect on the measurement of the

2A low-pass filter decreases the amplitude and therefore the effect of sinusoidal forms of high fre-
quencies. The noise in measurements typically consists of such high frequencies sinusoidal waveforms.
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Figure 5.23: The Simulink interface.
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Figure 5.24: The Bode diagram of the low pass filter.

Response Type Lowpass

Design Method Elliptic

Order 1

Maximum Frequency Passing 0.05

Table 5.2: The design specifications of the low pass filter.

high frequency wavelengths is decreased, is 0.05 Hz.
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Chapter 6

Experimental Results

In this chapter, the results from the air injection experiments carried out at LME using
the robust controller are presented. The experiments are divided according to the
reference setpoint. The main set of experiments were carried out using a single step
type reference. The results which are presented concern both the control performance
and the effect of air injection on various parameters in the engine (e.g. turbocharger
rotational speed, compressor mass flow, in cylinder pressure). Apart from this set, the
control results of experiments using a double step, a triple step and a ramp as setpoint
reference are presented.

6.1 Experimental Schedule

In table 6.1 the schedule of the experiments carried out, using an impulse type reference
is described, for single step input reference. For the load of 25%, linear models are
derived through linearization, as described in previous chapters.

Experiment Duration [s] Load [%] Offset [bar] Setpoint [bar]

1 10.00 20 1.30 1.60

2 10.00 20 1.30 1.75

3 10.00 20 1.30 1.90

4 10.00 25 1.34 1.64

5 10.00 25 1.34 1.79

6 10.00 25 1.34 1.94

7 10.00 30 1.42 1.72

8 11.25 30 1.42 1.87

9 11.25 30 1.42 2.00

Table 6.1: The schedule of the experiments, for single step input.

6.1.1 Experiments at 25 % Engine Load (nominal)

The results from the experiments 4, 5 and 6 are examined first. The load of 25% is
considered as the nominal operating point, as for this operating point, the linear en-
gine model was used for the controller design. In order to validate the results of the
developed model, the experimental results of the experiments are compared with the

83
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simulation results.

Experiment 4: Results

Figure 6.1: The reference, the experimental and the simulated intake manifold pressure.
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Figure 6.2: The filtered and the non filtered measurement.
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Figure 6.3: The control command produced by the controller.
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Figure 6.4: The relative error achieved.
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Figure 6.5: The experimental injected
and compressor provided mass flows.
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Figure 6.6: The simulated injected and
compressor provided mass flows.
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Figure 6.7: The experimental compres-
sor rotational speed.

12 14 16 18 20 22 24
2.6

2.65

2.7

2.75

2.8

2.85

2.9

2.95

3

3.05

3.1

3.15
x 10

4

Time [seconds]

R
o

ta
tio

n
a

l S
p
e

e
d

 [
R

P
M

]

Figure 6.8: The simulated compressor
rotational speed.

Figure 6.9: The experimental trajec-
tory of the compressor air flow rate and
the pressure ratio.
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Figure 6.10: The simulated trajectory
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Figure 6.11: The experimental rack po-
sition.
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Figure 6.12: The simulated rack posi-
tion.
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Figure 6.13: The experimental in cylin-
der pressure trace.
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Figure 6.14: The simulated in cylinder
pressure trace.
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Figure 6.15: The experimental maxi-
mum in cylinder pressure trace per cy-
cle.
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Figure 6.16: The simulated maximum
in cylinder pressure trace per cycle.
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Experiment 4 : Comparison between experimental and simulation results

In figure 6.1 the reference and the actual intake manifold pressure are shown, and
in figure 6.2 the filtered and the measured pressure traces are depicted. The control
command during the control process is depicted in figure 6.3, while the error achieved
is depicted in figure 6.4.
In figure 6.1, the experimental and the simulated pressure traces are compared and the
time constants 1 of both curves are marked. The experimental time constant is 1.75
seconds and the simulated time constant is 2.47 seconds. Reversing these constants, it
is derived that the actual bandwidth is 0.5414 rad/s, whereas the simulated is 0.4049
rad/s. Examining the Bode diagram 5.4, the crossover frequency is 0.4049 rad/s as well.
Hence, as confirmed by the results, the actual bandwidth, differs from the predicted
one by 8 %. The deviations between the experimental and the simulated results have
as a common cause the inaccuracies in the modeling of the dynamics of the system.
To this difference contribute assumptions and simplifications (ie linearization, model
reduction of linearized plant, various elements like compressor map etc.) that typically
take place.
In figure 6.3, the commands of the controller produced in the experiment and in the
non linear simulation, are compared. Even though both controllers produce initially the
same control command, the one in the simulation decreases at a slower rate, because
the non linear model’s reaction to air injection is slower than the one of the actual
system, therefore it does not converge to the setpoint as fast as the experimental trace.
In figures 6.5 and 6.6 the experimental and simulated injected and the compressor
provided mass air flows are depicted. In figures 6.7 and 6.8 the experimental and simu-
lated compressor rotating speed are described. Finally, the experimental and simulated
trajectory of the air flow and the upstream-downstream compressor pressure ratio are
depicted in figures 6.5 6.6. The simulated results appear to follow the experimental
results.
In figures 6.5 6.6 the maximum experimental injected flow reaches the value 0.09 kg/s
whereas in the simulated the value is 0.15 kg/s. Moreover the maximum is reached at
second 15.2 in the experiment, whereas the simulated reaches the maximum at second
16.3.
In figure 6.7 the rotational speed of the turbocharger reaches a lower maximum rota-
tional speed than the one in the simulation, depicted in figure 6.8. This is expected
since in the simulation the additional air induced in the engine is greater, therefore the
torque on the turbocharger shaft is greater as well. This offset reaches the value of
1000 RPM.
In figure 6.9 the trajectory of the flow provided by the compressor and the pressure ra-
tio, reaches nearest to surge instability at the point of the lowest compressor provided
flow rate. This point is approximately the same in the simulation, therefore it can
be stated that the model is capable of indicating whether the compressor flow rate is
close to reaching instabilities, even though the compressor map refers to normal operat-
ing situations, whereas this case contains transient features (rack deviation, rotational
speed of the turbocharger deviations etc.).
In figures 6.11 and 6.12 the rack position during the air injection process is indicated.

1The time constant of a signal is the time between the commence of the process and the instant the
63.3 % of the reference signal is reached.
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High frequency oscillations of due to noise are seen in the measured rack signal. In
simulation the rack position drops, indicating that the air injection process, aiming to
augment the in cylinder pressure, acts beneficially in terms of fuel consumption. A
similar drop is also shown in the experimental results.
In figures 6.13 6.14 the in cylinder pressure cycles are plotted. This set of experimental
data was acquired from cylinder 1. In figures 6.15 6.16 the maximum pressure per cycle
is depicted. The model gives an accurate estimation of the maximum pressure during
the air injection process, since the transition of the pressure trace towards greater traces
is efficiently predicted.
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Experiment 5: Results
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Figure 6.17: The reference and the experimental intake manifold pressure.
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Figure 6.18: The control command during the air injection process.

5 10 15 20 25 30
0

0.1

0.2

0.3

0.4

Time [seconds]

R
e

la
tiv

e
 E

rr
o

r

 

 

error

Figure 6.19: The relative error achieved.
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Figure 6.20: The injected and com-
pressor provided mass flows.
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Figure 6.21: The rotational speed
of the turbocharger shaft.

Figure 6.22: The trajectory of the
compressor air flow rate and the
pressure ratio.
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Figure 6.23: The rack position dur-
ing the air injection process.
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Figure 6.24: The in cylinder pres-
sure.
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Figure 6.25: The maximum in
cylinder pressure.
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Experiment 6: Results
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Figure 6.26: The reference and the experimental intake manifold pressure.
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Figure 6.27: The control command during the air injection process.
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Figure 6.28: The relative error achieved.
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Figure 6.29: The injected and com-
pressor provided mass flows.
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Figure 6.30: The rotational speed
of the turbocharger shaft.

Figure 6.31: The trajectory of the
compressor air flow rate and the
pressure ratio.
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Figure 6.32: The rack position dur-
ing the air injection process.
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Figure 6.33: The in cylinder pres-
sure.
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Figure 6.34: The maximum in
cylinder pressure.
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6.1.2 Experiments at 20 % Load

Experiments were carried out at a load lower than the nominal engine load (25%) of
the design. The aim in this set of experiments was to reach to a conclusion, on whether
the controller is capable of delivering efficient control results in cases other than the
considered one during the design. The initial intake manifold pressure was measured
1.30 bar.

Experiment 1: Results
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Figure 6.35: The reference and the experimental intake manifold pressure.
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control command

Figure 6.36: The control command during the air injection process.
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Figure 6.37: The relative error achieved.



94 Chapter 6. Experimental Results

10 12 14 16 18 20 22 24 26 28 30
0

0.1

0.2

0.3

0.4

0.5

Time [seconds]

M
a

s
s
 F

lo
w

 [
kg

/s
]

 

 

Injected
From Compressor
Total

Figure 6.38: The injected and com-
pressor provided mass flows.
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Figure 6.39: The rotational speed
of the turbocharger shaft.

Figure 6.40: The trajectory of the
compressor air flow rate and the
pressure ratio.
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Figure 6.41: The rack position dur-
ing the air injection process.
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Figure 6.42: The in cylinder pres-
sure.
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Figure 6.43: The maximum in
cylinder pressure.
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Experiment 2: Results
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Figure 6.44: The reference and the experimental intake manifold pressure.
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control command

Figure 6.45: The control command during the air injection process.
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Figure 6.46: The relative error achieved.
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Figure 6.47: The injected and com-
pressor provided mass flows.
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Figure 6.48: The rotational speed
of the turbocharger shaft.

Figure 6.49: The trajectory of the
compressor air flow rate and the
pressure ratio.
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Figure 6.50: The rack position dur-
ing the air injection process.
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Figure 6.51: The in cylinder pres-
sure.

120 140 160 180 200 220 240
7

7.2

7.4

7.6

7.8

8

8.2

8.4

8.6

8.8

9

9.2
x 10

6

Cycles 

P
re

ss
u

re
 [

P
a
]

Figure 6.52: The maximum in
cylinder pressure.
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Experiment 3: Results
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Figure 6.53: The reference and the experimental intake manifold pressure.
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Figure 6.54: The control command during the air injection process.
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Figure 6.55: The relative error achieved.
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Figure 6.56: The injected and com-
pressor provided mass flows.
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Figure 6.57: The rotational speed
of the turbocharger shaft.

Figure 6.58: The trajectory of the
compressor air flow rate and the
pressure ratio.
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Figure 6.59: The rack position dur-
ing the air injection process.
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Figure 6.60: The in cylinder pres-
sure.
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Figure 6.61: The maximum in
cylinder pressure.
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6.1.3 Experiments at 30 % Load

Experiments were carried out at a load greater than the nominal load of the design.
The aim in this set of experiments was to reach a conclusion, on whether the controller
is capable of delivering efficient control results in cases other than the considered one
during the design. In particular in this case a higher operating point (30%) than the
nominal point (25%) is examined. This case of experiments is regarded rather easier for
control implementation, because the operating point on the compressor map is away
from the region over which instabilities occur.

Experiment 7: Results
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Figure 6.62: The reference and the experimental intake manifold pressure.
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Figure 6.63: The control command during the air injection process.
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Figure 6.64: The relative error achieved.
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Figure 6.65: The injected and com-
pressor provided mass flows.
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Figure 6.66: The rotational speed
of the turbocharger shaft.

Figure 6.67: The trajectory of the
compressor air flow rate and the
pressure ratio.

10 12 14 16 18 20 22 24 26 28 30
0.29

0.3

0.31

0.32

0.33

0.34

0.35

0.36

Time [seconds]

R
a

ck
 P

o
s
iti

o
n

 

 

Non Filtered
Filtered

Figure 6.68: The rack position dur-
ing the air injection process.
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Figure 6.69: The in cylinder pres-
sure.
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Figure 6.70: The maximum in
cylinder pressure.
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Experiment 8: Results
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Figure 6.71: The reference and the experimental intake manifold pressure.
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Figure 6.72: The control command during the air injection process.
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Figure 6.73: The relative error achieved.
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Figure 6.74: The injected and com-
pressor provided mass flows.
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Figure 6.75: The rotational speed
of the turbocharger shaft.

Figure 6.76: The trajectory of the
compressor air flow rate and the
pressure ratio.
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Figure 6.77: The rack position dur-
ing the air injection process.
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Figure 6.78: The in cylinder pres-
sure.
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Figure 6.79: The maximum in
cylinder pressure.
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Experiment 9: Results
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Figure 6.80: The reference and the experimental intake manifold pressure.
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Figure 6.81: The control command during the air injection process.
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Figure 6.82: The relative error achieved.
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Figure 6.83: The injected and com-
pressor provided mass flows.
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Figure 6.84: The rotational speed
of the turbocharger shaft.

Figure 6.85: The trajectory of the
compressor air flow rate and the
pressure ratio.
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Figure 6.86: The rack position dur-
ing the air injection process.
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Figure 6.87: The in cylinder pres-
sure.
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6.1.4 Remarks

Experiment 4

In this experiment the reference trace was tracked accurately as shown in figure 6.1,
since the final steady state error achieved was lower than 3 % as depicted in figure
6.4. The control command according to figure 6.3 was under the safety limit of 80 %
was not surpassed, as a result of the design requirement that prevents the controller to
overreact to small initial errors in the order of 20 %, as in this case.
The air injection under closed loop appeared to affect drastically the turbocharger. In
figure 6.7 the rotational speed of the turbocharger shaft increased and reached steady
state at its final value once the pressure in the intake manifold was traced. During
the transient of the controlled variable, the air provided by the compressor decreased,
because a fraction of the air induced in the cylinders was provided by the air injection
process. Therefore, the compressor reaches to areas closer to the surge line, according
to figure 6.9.
Once the controlled variable converged, the in cylinder maximum pressure remained
over 89 bar, thus creating crank angle - in cylinder pressure profiles that correspond
to greater loads in normal engine operation. This confirms that by augmenting the
intake manifold pressure, the in cylinder pressure augments as well, as the motored
pressure of the cycle is enhanced. The effect of the air injection on the motored pres-
sure overwhelms, as predicted by the simulation, both the decrease in the maximum
temperature of the cycle due to air injection and the fact that the fuel injected is de-
creased as the rack position in figure 6.11 indicates. To underline that, the maximum
pressure increases reaching a steady average, once the controlled signal has converged.
This indicates that the intake manifold pressure and the maximum pressure are closely
related. Thus, affecting the former, the latter is accordingly affected. The above state-
ment is based upon the comparison of the controlled variable and the maximum in
cylinder pressure trace.

Experiment 5

In figure 6.17 the controlled variable converges, however with a steady state error of 5
%, as shown in figure 6.19. The control command shortly overpasses the safety limit
of 80%. Had the upper limit been set to the maximum valve deviation, the pressure
signal would be tracked even more accurately.
At the start of the control process, an instability is noticed in the compressor flow,
as the flow heads towards the surge margin line. However, the instability is surpassed
after 2 seconds, since the controller guides the compressor to greater pressure ratios,
increasing the rotational speed of the turbocharger, as shown in figure 6.21. As can
be noted in figure 6.22, these instabilities in the flow take place at an area of the map
considered stable.
The rack position reaches, according to the indicating red line in figure 6.23, slightly
lower values, which means that the fuel consumption has decreased more than in ex-
periment 4.
The maximum pressure curve, depicted in figure 6.25, from cycle 220 until 240 when
the control process ends is stabilized around an average maximum pressure of 93 bar.
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Experiment 6

Here the reference value is increased more. In this case the controller encountered
at the start of the procedure an initial error of 45%. The steady state error at the end
of the control procedure is 7%. The control command produced exceeded the safety
limit as shown in figure 6.27. As before, better tracking behavior could be expected if
the command was not limited. However, safety could not allow for aggressive actuator
operation.
In the experiment, at the start of the air injection process at second 12.7, until second
19.0 the compressor provided mass flow goes through stalling. The compressor pres-
sure ratio due to the air injection augments. The rotational speed of the compressor
increases due to the increase in the total air reaching the turbo. Hence, the compressor
pressure ratio and the intake manifold pressure tend to augment as well. However, a
fraction of the air induced in the cylinders is provided by the air injection. Therefore,
the compressor provided flow is not fully induced in the cylinders and as such the al-
ready pressurized air at the outlet of the compressor prevents the incoming compressor
flow. The compressor provided flow decreases until the already pressurized compressor
flow is induced in the cylinders. Then, at this point the air the compressor induced in
the engine does not realize a downstream area of greater pressure anymore, and since
the rotational speed of the compressor has increased, the air is even more pressurized
from the compressor, which tends to induce a greater amount of air. This pattern of
oscillations is reiterated until the air injected is decreased, once the controlled signal is
close to convergence. At the end of the control procedure the rotational speed of the
compressor has increased enough to augment the compressor pressure ratio, hence the
compressor provided flow, under the presence of additional air injection is greater than
the one at the start of the process.
In figure 6.31, the trajectory of the compressor provided flow and the pressure ratio
completes a repeating pattern of elliptic curves, as the above described pattern of os-
cillations occurs. Even though the compressor map during transient is not valid, the
instabilities do not occur near the left far end of the map’s isospeed curves, along which
the surge line lies. In areas of the map which are considered stable, instabilities take
place. However, once the injected flow reduces, the instabilities cease to exist because
a greater fraction of the compressor provided flow is induced in the engine’s cylinders.
The maximum in cylinder pressure reaches for a short period of cycles between cycle
220 and cycle 240, a steady state of 97 bar. The air injection duration proved to be
short, as the controlled signal did not manage to remain at the steady state for more
than 2.4 seconds.

Experiment 1

In this experiment the engine load was 20% below the nominal load (25%). How-
ever, testing the controller on loads different than the nominal reveals its effectiveness
margin. In this experiment the control signal converged 5 seconds after the air injec-
tion commenced. The relative error achieved was acceptable since it is lower that 5
%. The control command was bounded and as the error decreases, so does the control
command.
In this case, as shown in figure 6.39, the rotational speed of the turbocharger converges
to a constant value of 29000 RPM from second 18 until the end of the control process,
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accordingly to the controlled variable.
As depicted in figure 6.40 the air injection leads to lower flow from the compressor
but at the same time to greater pressure ratios, due to the enhanced rotational speed
of the turbocharger. Hence, the trajectory of the compressor provided mass flow and
the pressure ratio appear to move closer to the limits of the map, yet in stable areas.
Nevertheless, instabilities are avoided, because in this case the flowjet is small in com-
parison to the compressor provided flow.
In accordance to the controlled variable, the maximum in cylinder pressure per cycle
converges to a constant average value of 85 bar. The in cylinder pressure traces, as
depicted in figure 6.42, are affected greatly during the compression part of the cycle. As
shown, in each pair of successive engine cycles, the greatest deviations are marked at a
crank angle region between the crank angle signifying the commence of the combustion
and the crank angle at which the maximum pressure occurs.

Experiment 2

In this experiment the controlled signal converged, as depicted in figure 6.44, achieving
however a higher relative error than the one in the previous case. The relative error
after 19 s is in the area of 6%. The control signal surpassed the safety limiter for a
short period of time.
In the experiment, after one second from the commence of the process, instabilities in
the compressor provided flow occurred. In this load, the normal operating point of the
compressor is closer to the surge limit, in relation to the nominal load of 25%. Hence,
the compressor provided flow is more easily lead to stalling, by injecting air.
In the control process the compressor flow instability is regarded as a disturbance which
the controller is supposed to reject. In this case, between seconds 14 and 16, such a
disturbance occurs and the controller achieves rejection, augmenting the control com-
mand value from 59 % to 70 %.

Experiment 3

In this experiment, the controlled variable did not track the reference command satis-
factorily. The intake manifold pressure reference augmentation of 0.45 bar was a great
percentage of the initial pressure which was close to 1.28 bar. The compressor provided
flow was not sustainable since the pressure in the intake manifold was greater than the
pressure downstream of the compressor. Due to these great and constant fluctuations
of the compressor provided flow, the controlled signal oscillated, and did not manage
to track the reference. The amplitude of these oscillations was 0.2 bar. As such, the
imposed disturbances on the controlled signal affected greatly the control process and
the controller did not achieve their rejection.

Experiment 7

The engine load was 30%, which is greater than the nominal engine load (25%). At
this load, the initial operation point on the compressor map is not close to the surge
margin line, therefore additional air can be injected without decreasing the compressor
provided flow to a point which would lead to instabilities.
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The controlled variable converged, achieving a relative error less than 5 %. The control
command was initially at 55 % and converged to an average control command below
10 %.
In figure 6.67 the trajectory of the air flow of the compressor and the pressure ratio is
led closer to the surge margin line, without causing instabilities in the compressor flow.
In figure 6.66 the rotational turbocharger shaft speed is depicted. The signal of the
rotational speed converges to a steady average value and so does the maximum in cylin-
der pressure.
In this experiment the rack position decreases noticeably. In comparison with the other
two corresponding experiments at the nominal load and at 20% load the rack position
decreased in a greater extent and remained on this steady position, once the controlled
signal converged.

Experiment 8

In this experiment the control signal converged, achieving a 5 % steady state error.
The control command only for a limited period of time, of half a second, surpassed the
safety limit.
In this case, the control process led the trajectory depicted in figure 6.76, closer to the
surge margin line than case 7, without causing any instabilities to the flow.

Experiment 9

Experiment 9 was successful as well since the controlled signal converged, achieving
a steady state error of 5%. However, in this case it should be noted that the air in-
jection led the compressor to stalling. This led to instabilities of the compressor flow,
which acted as disturbances on the controlled signal. The controller managed to reject
the disturbances, better than any of the previous experiments, in which instabilities
occurred.
It should be underlined that the occurrence of instabilities in this experiment signifies
an upper limit of amount of injected air, over which the compressor flow cannot be
sustained anymore without stalling.
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6.1.5 Summary of Results

The control target in the outset of this thesis was to design a robust controller for the
air injection system in a marine diesel engine. In table 6.2 an indication of the values of
specific signals measured at the end of the control process is described. In the last two
columns it is stated, whether the control process caused an instability to the system
and which was the steady state relative error. The latter column can be considered as
a means of evaluating the efficiency of the control process.
Table 6.3 provides an indication of the same signals with the engine under normal
operation, without the effect of the air injection system.

No. Exp. Load[%] Rack TC Speed [RPM] Max. Pcyl [bar] Instability Rel. Error

1 20 0.275 2.90E4 85 × 4%

2 20 0.274 3.10E4 88 ✓ 7%

3 20 0.275 3.20E4 87 ✓ 20%

4 25 0.310 3.00E4 89 × 2%

5 25 0.310 3.15E4 94 ✓ 5 %

6 25 0.310 3.35E4 96 ✓ 7%

7 30 0.339 3.20E4 92 × 3 %

8 30 0.335 3.37E4 100 ✓ 5%

9 30 0.334 3.35E4 105 ✓ 4%

Table 6.2: Summary of the control effects on the engine.

Load [%] Rack SPTC [RPM] Max. Pcyl [bar]

20 0.284 2.25E4 74

25 0.315 2.50E4 79

30 0.346 2.70E4 85

Table 6.3: Basic characteristic on various loads, under normal operation.

From the presented results a general conclusion on the margin of effectiveness of the
designed robust controller can be reached. In the experiments carried out at the nominal
load, the performance of the controller was efficient especially for the experiments 4
and 5. The instabilities which occurred during experiment 6 affected the performance
of the controller, hence the achieved error was larger than the one achieved in the other
experiments at the same load.
The controller functioned effectively at all three experiments carried out at 30% of
the maximum load. The error in each case stayed below 5%. In experiment 9, the
disturbance imposed on the system was the greater from all the other cases but still it
was rejected and the controlled variable was led to convergence.
The controller did not operate satisfactorily in the case of experiment 3. Increasing the
intake manifold pressure at loads lower than the nominal did not prove to be efficient.
The compressor was led towards instability, since the operation point is already close
to a region close to the surge margin line. Therefore, the robust controller is required
to be redesigned for this operating point, using a corresponding model.
Based on the above in can be stated that the modeling methodology which provides
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the linear model for the robust control design at the nominal point at 25% engine
load proved successful. Experiments for 20% and 30% engine load proved the effective
robustness of the H∞ paradigm.

6.2 Double Step Type Reference at 25 % Load

Results
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Figure 6.89: The reference and the experimental intake manifold pressure.
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Figure 6.90: The control command during the air injection process.
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Figure 6.91: The relative error achieved.
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6.3 Triple Step Type Reference at 25 % Load
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Figure 6.92: The reference and the experimental intake manifold pressure.
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Figure 6.93: The control command during the air injection process.
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Figure 6.94: The relative error achieved.



112 Chapter 6. Experimental Results

6.4 Ramp Type Reference at 25 % Load
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Figure 6.95: The reference and the experimental intake manifold pressure.
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Figure 6.96: The control command during the air injection process.
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Figure 6.97: The relative error achieved.
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6.5 Conclusions

After completing the presentation of the experimental results and having made remarks
on them, a summary of the conclusions is made in this section.

� The controller was successfully designed in the control design environment and
was then implemented, without the need to modify its characteristics.

� Its performance was pre-evaluated in the developed model of the engine and the
results were similar to the experimental ones.

� The control performance was efficient at the nominal load (25 %) and at the 30%
load.

� The experiments carried out at the load below the nominal were not as successful
because the compressor was led to instability.

� The experiments carried out at the load over the nominal were successful because
the total enthalpy of the exhaust gases reaching the turbine was greater, therefore
the rotational speed hence the pressure ratio was greater.

� It can be derived by the experiments that the rotational speed of the turbocharger
is a stabilizing factor for the compressor provided flow. The greater the rotational
speed is, the greater the pressure ratio is as well, hence it is easier for the tur-
bocharger to follow the augmentation of the intake manifold pressure, which is a
downstream measurement for the compressor.

� The intake manifold pressure can affect greatly the rotational speed of the tur-
bocharger and the in cylinder maximum pressure. In fact, the two latter signals
appeared to follow the dynamic form of the controlled signal in time. Moreover,
their transition to their final values was described by the exact time constant of
the intake manifold pressure signal.

6.6 Future Work

� In this thesis one of the objectives was to design a method of avoiding compressor
flow instabilities and such an algorithm was developed in simulation, adopting
the leakage method of manipulating the control signal. This method was not
experimentally tested. The compressor map was a way of predicting possible
uncertainties. A model predictive controller (MPC) could be used in order to
pre-evaluate the control reference in time, so as to lead the engine towards the
desired intake manifold pressure, without leading the compressor flow through
instabilities.

� An assumption was made to model the engine in a crank angle basis, was that the
torque produced was calculated based on the break indicated effective pressure
of each cylinder. The firing order could be implemented in the model and the
torque forced on the crankshaft could be calculated on a crank angle basis.

� While selecting the weighting functions to design the controller, the weight bound-
ing the control command signal was equal to a single gain, penalizing the value
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of the control command between the [0 -1] region. A new controller could be
designed, taking in mind while selecting a weight for the control command sig-
nal, the dynamics of the valve actuator. This would be efficient in cases when
the control process led the engine to instabilities. The control command would
not be affected by possible instabilities and it would not produce a great control
command immediately at the start of the process.

� As noted at the experimental remarks the rotational speed of the compressor is
affected by the air injection process. A transfer function between the air injection
command and the rotational speed of the turbocharger, could be defined with
the intention of designing a feedback controller capable of keeping the rotational
speed of the compressor to a suitable reference value.



Appendix A

Control Algorithm

In this chapter of the Appendices, the algorithm for the design of H∞ controllers is
described, in reference of the general control configuration problem described in figure
A.1.
The generalized plant P of figure A.1 can be partitioned as in equation A.1.

P = [ P11 P12

P21 P22
] (A.1)

A state space realization of the generalized plant P is given by A.2.

P =
⎡⎢⎢⎢⎢⎢⎣

A B1 B2

C1 D11 D12

C2 D21 D22

⎤⎥⎥⎥⎥⎥⎦
(A.2)

The signals in A.1 are :

� u the control variables

� v the measured variables

� w the exogenous inputs

� z the error signals to be minimized

P

K

z

exogenous outputs

w

exogenous inputs

v

sensed outputs

u

control signals

Figure A.1: The general control configuration.
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The closed loop transfer function between z and w is given by the linear fractional
transformation as in equation A.3

Fl(P,K) = P11 + P12K(I − P22K)−1P21 (A.3)

H∞ control aims to minimize the infinity norm of Fl(P,K). The assumptions described
below are typically made for H∞ design algorithms.

1. (A,B2,C2) is stabilizable and detectable.

2. D12,D21 have full rank.

3. [ A − jωI B2

C1 D12
] has full column rank for all ω.

4. [ A − jωI B1

C2 D21
] has full column rank for all ω.

5. D11 = 0 and D22 = 0.

Based upon these assumptions, the object is to identify a stabilizing controller K
minimizing the norm ∣∣Fl(P,K)∣∣∞. The solution required is not always the optimal
one. It is sometimes simpler, to define a suboptimal set of controllers. If γmin is the
minimum value of ∣∣Fl(P,K)∣∣∞, then the proximity to the optimum solution can be
defined by γ, where ∣∣Fl(P,K)∣∣∞ < γ, with γ > γmin. This objective can be achieved
using the algorithm of Doyle (1989). γ is iteratively reduced in order to reach the
desired proximity to the optimal solution. The algorithm of Doyle is described below.

If assumptions 1-5 are valid, there exists a set of stabilizing controllers K(s) such
that

∣∣Fl(P,K)∣∣∞ < γ

if and only if:

1. X∞ ≥ 0 is a solution to the algebraic Riccati equation

ATX∞ +X∞A +CT
1 C1 +X∞(γ−2B1B

T
1 −B2B

T
2 )X∞ = 0 (A.4)

with

Reλi[A + (γ−2B1B
T
1 −B2B

T
2 )X∞] < 0,∀i (A.5)

2. Y∞ ≥ 0 is a solution to the algebraic Riccati equation

AY∞ + Y∞AT +B1B
T
1 + Y∞(γ−2CT

1 C1 −CT
2 C2)Y∞ = 0 (A.6)

with

Reλi[A + Y∞(γ−2CT
1 C1 −CT

2 CT )] < 0,∀i (A.7)

3. ρ(X∞Y∞ < γ2)
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The set of controllers that satisfy the requirement ∣∣Fl(P,K)∣∣∞ < γ are given by the
linear fractional transformation K = Fl(Kc,Q), where :

Kc(s) =
⎡⎢⎢⎢⎢⎢⎣

A∞ −Z∞L∞ Z∞B2

F∞ 0 I
−C2 I 0

⎤⎥⎥⎥⎥⎥⎦
(A.8)

F∞ = −BT
2 X∞ (A.9)

L∞ = −Y∞CT
2 (A.10)

Z∞ = (I − γ−2Y∞X∞)−1 (A.11)

A∞ = A + γ−2B1B
T
1 X∞ +B2F∞ +Z∞L∞C2 (A.12)

and Q is a stable proper transfer function that ∣∣Q∣∣∞ < γ. Typically

Q = 0

Thus

K(s) = −F∞(sI −A∞)−1Z∞L∞ (A.13)
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Appendix B

Stability Criterion Under the
Presence of RHP Zeros

In this chapter, the stability criterion for the sensitivity function’s weight is described.
It is a requirement to secure that instability is avoided. RHP system zeros are a cause
of concern, because the closed loop poles move towards the place of the RHP zeros
especially when high control gains are required.
The theorem states that for each RHP-zero z of G(s) the sensitivity function S must
satisfy B.1.

∣∣wpS∣∣∞ ≥ ∣wP (z)∣
NP

∏
i=1

∣z + pi∣
∣z − pi∣

(B.1)

In B.1 pi signifies the Np RHP − poles of G(s). If G(s) has no RHP poles then B.1
simplifies to B.2

∣∣wPS∣∣∞ ≥ ∣wP (z)∣ (B.2)

If no weighting function is included for the sensitivity function, then

∣∣S∣∣∞ =Ms ≥
NP

∏
i=1

∣z + pi∣
∣z − pi∣

(B.3)
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Appendix C

Simulation With Leakage

In this part of the appendixes the effect of the leakage manipulating method of the
control command is described. The leakage method decreased the control command by
a certain fraction of it while the curve on the compressor map approached a specific
suge safety limit line.

Figure C.1: The trajectory on the com-
pressor map during the control pro-
cess in simulation, having implemented
the leakage method of manipulating the
control command.
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Figure C.2: The trajectory on the com-
pressor map during the control process
in simulation, without having imple-
mented the leakage method of manipu-
lating the control command.

0 1 2 3 4 5 6 7
1.35

1.4

1.45

1.5

1.55

1.6

1.65
x 10

5

Time [seconds]

P
re

s
s
u

re
 [

P
a
sc

a
l]

 

 

mannifold pressure with leakage

mannifold pressure without leakage

Figure C.3: The intake manifold pressure with and without implementing the leakage
method of manipulating the control results.
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