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ABSTRACT

IDLE SPEED CONTROL OF A DIESEL ENGINE

In this thesis, model based idle speed control of a diesel engine is studied. Since
diesel engine models derived from first principles are very complicated, a mean-value
diesel engine model which captures the dynamics of the engine to a reasonable accuracy
is used. Different operating conditions of a diesel engine are expressed as system
uncertainties in the model. Appropriate weighting functions are proposed for expressing

these system uncertainties.

A robust controller is designed via p synthesis with D — K iteration. An order
reduction algorithm based on Hankel singular values is performed for the implication
of the controller. Two different types of idle speed control problem is investigated. It is
concluded that both simulations and experiments give satisfactory results for the two

problems.



OZET

DIZEL MOTOR ROLANTI DEVRI KONTROLU

Bu tezde bir dizel motorun model tabanli rolanti devri kontrolii caligilmigtir.
Birinci prensiplerden tiiretilen dizel motor modellerinin komplike olmasindan dolayi,
motorun dinamigini makul bir dogrulukta yansitan bir ortalama-deger dizel motor
modeli kullanilmigtir. Bir dizel motorun degisik ¢aligsma kosullar: sistem belirsizlikleri

olarak ifade edilmistir. Agirlik filtreleri kullanlilarak bu belirsizlikler ifade edilmistir.

D — K iterasyonu ile p sentezi sonucunda bir dayanikli kontrolcii tasarlanmistir.
Kontrolciiniin gerceklenebilmesi i¢cin Hankel tekil degerleri tabanli bir derece azaltma
algoritmasi uygulanmigtir. Iki farkh rolanti devri kontrolii problemi incelenmigtir. Iki
problem icin de, hem simulasyon sonuglarinin hem de deneysel sonuclarin tatmin edici

oldugu sonucuna varilmistir.
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1. INTRODUCTION

As most extensively used transportation vehicles, automobiles play an important
role in our daily life. Although there is a considerable research on other prime movers,
internal combustion engines are far most widely used ones. There are two main types of
internal combustion engines namely spark ignited or gasoline and compression ignited

or diesel engines.

1.1. Technological Advances in Diesel Engines

Diesel engines have been the choice for commercial and heavy duty vehicles due
to their better fuel economy and high torque output. But in the past, diesel engines
had not been used in passenger cars very commonly because of their low speed, high
noise and vibration characteristics and low power to weight ratio. However, in the last

two decades, diesel engines have subjected to major technological advances such as:

e Effective use of turbocharging in diesel engines: Diesel engines work in
lean conditions. Thus they need more air than a gasoline engine. Atmospheric
pressure is generally sufficient to meet the air demand of gasoline engines whereas
for diesel engines it is inadequate. Therefore, turbocharging is the solution for

meeting the excessive air demand of diesel engines.

But it is very difficult to match the air supply capacity of a turbocharger with
the air demand of a diesel engine. If the turbocharger is designed for low speed
conditions, at high speeds its air pumping capacity is extremely high that it will
damage the engine and conversely if the turbocharger is designed for high speed

conditions, at low speeds it will have no use at all.

The first proposed solution to this problem was designing the turbocharger for
low speed conditions and discharging excessive air through a waste gate valve

at high speeds. But later on a much better control action was introduced. By



means of changing a turbocharger’s turbine blade angles it has become possible
to match the air demand of a diesel engine in its full operating region. This type

of turbochargers are known as variable geometry turbochargers.

New fuel injection techniques: With the introduction of common rail system
together with high pressure fuel pumps and injectors, better atomization of the
fuel has become possible. This results in a more homogeneous injection which

increases the efficiency of the combustion and low emissions.

Advances in electronic control units: Indeed this has become mandatory in
order to use the benefits of above mentioned advancements successfully. While
turbochargers are capable of meeting the air demand of the engine it is not
possible to match the air demand of the engine without a good control system.
Also the effect of fuel pressure and fuel ignition timing over combustion is severe
and this can be satisfied only with a very good control system which is capable

of providing very precise control action.

With these technological advances, diesel engines have discarded their drawbacks and

their use in automobiles has increased significantly. Main objectives of diesel engine

control system can be stated as follows:

Low fuel consumption,
High torque output,
Low emissions,

Good drivability.

These objectives are highly conflicting and a good controller should perform a

compromising solution. Among many important control problems(air to fuel ratio

control, speed and torque control), in this study idle speed control is investigated.

Indeed idle speed control is a specific version of speed control which the operating

region of the engine is very limited.



1.2. Importance and Objectives of Idle Speed Control

It should be noted that all vehicles spend some time in idling. Start-ups and
waiting in traffic lights are obvious examples for idling. But especially in the crowded
cities, the idling period of a vehicle may significantly increase due to the traffic condi-
tions which makes this problem inherently important. Particularly, the objectives of

idle speed control can be stated as follows:

e Comfort,
e Low fuel consumption,

e [ow emissions.

In idling an engine encounters torque loads from different components. These are
generally electrical accessories such as air conditioning, electric windows, headlights
etc. For comfort, an idle speed controller should be able to keep the engine speed as
close to idle speed set value as possible when it encounters torque loads. On the other
hand for low fuel consumption the idle speed set value should be as low as possible but
the idle speed controller should prevent engine from stalling when it encounters torque

loads. Also a lower idle speed set value is preferable in terms of emissions as well.

So a good idle speed controller is the one which is able to keep the engine close

to a lower idle speed set value when under torque disturbances.

1.3. Idle Speed Control Strategies in Literature

Basically, there are two different strategies for idle speed control, these are static

gain controllers (maps) and model based controllers.

1.3.1. Static Gain Controllers (Maps)

In this methodology, different controllers are designed for different operating con-

ditions. Generally, a PID controller structure is preferred for this methodology. For



each operating condition, a controller is designed based on test bench experiments
together with an intuitive starting point for the proportional, integral and derivative
term coefficients of the controller. Then, these designed coefficients are merged into a

look up table which is called as a “map”. This methodology has certain drawbacks:

e In order to increase the performance of the controller, number of designed con-
trollers should be increased. Since obtaining these controller coefficients rely on
mostly experiments, this methodology is time consuming.

e Since these controllers are designed for a specific engine, mostly with the help
of experiments, it is not possible to directly use these designed controllers for
another engine. In most of the situations, previous designed controllers can only
be used for starting point for new controller design processes.

e From theoretical point of view, it is extremely difficult to prove the stability and
performance criteria of this "switched” system. Experiments are generally used
for performance investigation of the controller during transients. It is obvious

that this approach can give a proof neither for stability nor for performance.

Although this methodology has obvious drawbacks, it is still the solution for most

of the vehicles due to its low computation power requirements.

1.3.2. Model Based Controllers

With the advances in electronic control units, computing abilities of the processors
are increased, thus they allow more complicated controllers to be implemented. In this
methodology, first a mathematical model for a diesel engine is obtained. Then, a
controller is designed based on different analytic methods. The main advantages of

this approach is:

e The number of experiments can be reduced significantly based on the controller
generation method.
e Generally it is easy to express different engines with the same mathematical model

with different parameters. Since the controller design relies on the mathematical



model of the diesel engine, it is possible to apply a controller design methodology

for different engines with ease.

In [1], Kuang, Wang and Tan designed an H., output feedback controller for
a diesel engine which is modeled as a plant with an unknown time delay and some
uncertain parameters. By considering the time delay, the problem is converted into
feasibility of three linear matrix inequalities (LMIs). It is proven that the designed
controller is robust against the deviations in time delay but the robustness against

other uncertain parameters are only shown through simulations.

In [2], Memering and Meckl developed two self-tuning adaptive algorithms for a
heavy-duty diesel engine. A similar diesel engine model with [1] is used. The mini-
mum variance self-tuning regulator and pole placement self-tuning regulators are the

techniques that Memering and Meckl used for adaptive control algorithms.

In [3], Outbib et al. used a nonlinear approach to control engine speed using
injected fuel. The engine model is composed of both inertial dynamics as well as
manifold dynamics. Apart from engine speed regulation, possible use of this controller

for emission controls are outlined.

In [4], Karray and Conrad investigated artificial neural network based controller,

fuzzy controller and neuro-fuzzy controllers.

In [5], Song and Grigoriadis applied linear parameter varying (LPV) approach
to modeling of a diesel engine. The design method was formulated in terms of linear
matrix inequalities (LMIs) that was solved using convex optimization algorithms. The
engine speed control problem was formulated as an L5 gain optimization problem for
a simplified LPV engine model. The model contains a speed dependent engine friction
and a speed dependent time delay. The variable time delay was approximated using a
first-order Pade approximation. The designed dynamic controller was scheduled based
on the real-time measurements of the engine speed. The performance of the proposed

speed controller was validated both by a nonlinear engine model and also by hardware-



in-the-loop configuration.

In [6], Balluchi et al. proposed a new cycle detailed hybrid model of an internal
combustion engine that captures the interactions between the discrete phenomena of
torque generation and spark ignition, and the continuous evolution of the powertrain
and air dynamics. Although spark ignition engines were under investigation, the mod-
eling approach is new for idle speed control purposes and can be extended to diesel

engine idle speed control problem as well.

In [7], Mohamed and Koivo proposed a genetic algorithm self tuning PID con-
troller based on indirect estimation of the time delay and recursive least squares pa-
rameter estimation. The estimated engine parameters and time delay were used in
tuning the PID controller. It was shown that the algorithm is robust with respect to

variations in the engine time delay.

In [8], Roy, Malik and Hope obtained an explicit estimate of the plant parameters
and time delay. The estimate of the plant model then be used in a predictive controller,

which is variable according to the estimated time delay.

In [9], Jiang developed a generalized gain scheduling control mechanism based
on off-line optimization techniques for a two cylinder diesel engine. A set of linearized
models were obtained for the engine operating at three different speeds and a total of
fifteen load conditions. By the help of experimental data analysis, it is concluded that
the behavior of the engine can best be characterized by a set of fifth order difference
equations with appropriate time delays. Optimal controllers with a PID structure
are then designed by off-line numerical optimization using these mathematical models
to minimize the integral square error of the engine speed deviation subject to a step
change command. The designed controller was implemented and tested on a diesel

engine.

In [10], Karaman et al. proposed a robust controller based on parameter space

approach. The engine model used is similar to [1] and PI controller structure is chosen



in order to satisfy stability and performance criteria. Simulation results based on a

nonlinear engine model were given.

Also in [11], preliminary version of this thesis with a different expression for time

delay was published.

1.4. Conclusions of Literature Survey

As stated previously, diesel engine idle speed control problem is very important
because of its effects on comfort, fuel consumption and emissions. Throughout the
possible idle speed control strategies, model based control approach has significant
advantageous over static gain controllers and considerable research was conducted for
possible model based solutions of this problem. In this thesis, a diesel engine idle speed
controller will be designed based on p synthesis with D — K iteration approach. In the

next section overview of this thesis can be found.

1.5. Outline of the Thesis

Chapter 2: Diesel Engine Modeling

This chapter presents the mean-value modeling of the engine. Starting from non-
linear differential equations, affine fits for the torque production and friction torque of
the engine are obtained. Different operating points are expressed as system uncertain-
ties. With real engine data it is shown that derived mathematical model shows a good

characterization of the diesel engine.

Chapter 3: Controller Synthesis

In this chapter, first appropriate weighting functions are designed for expressing
the system uncertainties. Also additional weighting functions are proposed for zero
steady state error and reducing the conservatism related with reference input tracking.

i synthesis with D — K iteration is performed which ensures robust stability and



robust performance conditions. For implementation of the controller an order reduction

algorithm based on Hankel singular values of the controller is performed.

Chapter 4: Results

The designed controllers are tested in two different types of situations. These are:
torque disturbance for a reference engine speed and change in reference speed without
any torque disturbance. It is observed that, the designed controllers give good results

both in simulations and experiments.

Chapter 5: Summary and Conclusions

A brief summary of this thesis can be found in this chapter. Also possible future

work is highlighted.



2. DIESEL ENGINE MODELING

Diesel engines have substantial difficulties in modeling because of highly transient
characteristics of thermodynamic boundary conditions and combustion process. For
the purpose of engine development, models relying on first order principles are used.
Although these models can express the combustion process quite accurately [12], they

are very complicated to use for control purposes.

For controller design, models reflecting input-output behavior of the diesel engine
subsystems are used. These models are typically composed of non-linear differential
equations and provide reasonable accuracy with low computational complexity. How-
ever, even though these models are less complicated compared to first principle models,

for certain control problems they can be further simplified for controller design.

The diesel engine model in this thesis is mainly adapted from [13] and [14].
Starting from the proposed non-linear, high order diesel engine model in [13] and
[14], and taking into account that the engine is working in a very limited operating
region in idling, the engine model becomes a first order system with time-delay and
system uncertainties. The advantage of this simplification is obvious in designing robust
controllers. In this chapter details of above mentioned simplification in the engine

model can be found.

2.1. Mean Value Modeling of Diesel Engine

As stated before the engine model in this thesis reflects input-output behavior
of the engine rather than dealing with the combustion process explicitly. A further
simplification in modeling approach is using the mean properties of all cylinders in-
stead of using the dynamics of individual cylinders. Although this can seem as a very
crude approach, for certain applications, like idle speed control, air-path control etc.,

it captures the dynamics of the engine reasonably.
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Using Newton’s 2" law, it is possible to express engine angular acceleration in

terms of net torque as

Te(t) = Ti(t) = Jewe(t), (2.1)

where T,(t) is the mean engine torque and 7}(t) stands for all the load torque that the
engine have to stand for. In idle conditions typical loadings come from air-conditioning
system, electric windows, headlights etc. Also in equation (2.1) J, is the inertia of the

engine and w,(t) is the engine speed in rad/s.

The engine torque can be represented as

T.(t) = T.(t — 1), (2.2)

where 7 is "Input to power-stroke delay” and it represents the time delay arising from

the discrete cylinder firing. For a four-stroke engine it is approximated as

where N is number of cylinders.

An important performance measure of an internal combustion engine is the
"Brake mean effective pressure” pm.. It is the pressure that the piston has to un-
dergo in a full expansion stroke in order to produce the same amount of work as the
real engine does in one complete thermodynamic cycle. (Two engine revolutions for
a four-stroke engine) Using the definition of p,,.(t), net engine work can W, can be

expressed as

We(t) = pme(t) - Ay - S - N, (2.4)

where A, is the piston area and S is the stroke of the engine. On the other hand in
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terms of mean engine torque 7,(t) it is possible to express W,(t) as

We(t) = T.(t) - 4. (2.5)

Using equations (2.4) and (2.5), it is possible to express T,(t) as

2 — pme(t)‘/d

T.(t) y— (2.6)

where Vj is displacement volume.

Another important concept in internal combustion engines is the ”Fuel mean
effective pressure” pps. It is the pressure that the piston has to undergo in a full
expansion stroke in order to produce the same amount of work as the ideal engine with
a 100% efficiency does in one complete thermodynamic cycle. It is given by

pung(t) = F7ulE) @)

Va
where H, is the lower heating value of the fuel and m;(t) is the injected fuel. In [15],
it was observed that an affine relation between brake mean effective pressure and fuel
mean effective pressure captures the dynamic characteristics of a diesel engine quite

satisfactorily as

Pme(t) = €(We)Pmy (t) = Prar(t) (2.8)

In equation (2.8), e(w,) is related with efficiency of the engine and it will be mentioned
in the sequel and p,,,(t) stands for various friction losses, thus, p,,,(t) can be interpreted
as the "Friction mean effective pressure”. Based on real diesel engine data, an empirical

relationship for p,,.(t) was given in [14] as
By

pmr(t) = kl ([05 + kQCnm]Hd + k3pme(t)) E (29)
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Equation (2.9) relies on experiments and ki, ko, k3, i1, By are the parameters to be found.
Typical values for these parameters for passenger car four-stroke engines which are

given in [14] can be found in table (2.1).

Table 2.1. Typical values for parameters in equation (2.9)

Constant Value
ky 1.4-10°
ko 8.6-1073
ks 2.15-1077
i 1.8
By 0.075

Also in equation (2.9), I, is the boost ratio of the engine, i.e. the ratio of intake
manifold pressure over ambient pressure and B is the bore of the engine. The term ¢,
in equation (2.9) is the mean piston speed and it is defined as

S - we

Co 1= : (2.10)
T

where S is the stroke of the engine.

Going back to equation (2.8), it is obvious that e(w,) is related with the efficiency
of the engine. In fact e is a function of engine speed, Exhaust Gas Recirculation (EGR)
rate, air to fuel ratio etc. SO the engine speed, w, is not the only parameter affecting
efficiency. But the effect of w, is more dominant on e especially in idle conditions [13].
Later on, in the next section, tolerances for e will be kept larger, in order to cover the

minor effects of EGR rate, air to fuel ratio etc. Proposed form for e(w,) is

e(we) = eaw? + eywe + €, (2.11)

where ey, €1, ¢y are the parameters to be found. In table (2.2), typical values for these

parameters which is given in [14] can be found.
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Table 2.2. Typical values for coefficients in equation (2.11)

Constant Value

€9 —10_6

el 6.5-1074
€o 0.35

2.2. Input-Output Behavior of the Diesel Engine Model

Equations (2.6) to (2.11) give an input-output relationship between m;(t) and
T.(t), where the former is the controlled input and the latter together with T}(t) are
the main terms affecting controlled output w.(¢) through equations (2.1) to (2.3).

Putting together all the equations from (2.6) to (2.11), it is possible to express
T,(t) in the form of

Te(t) = ,j;f(we) ’ mz(t> - Ter(we)' (212)

Using the data given in table (2.1), it is possible to characterize fer(we) as an affine

function of w,. Figure (2.1) shows that an affine relation in the form of

Ter(we) =a-we+b (2.13)

reflects the characteristics of Ter(we) astonishingly well. Constants for the affine fit,

i.e. equation (2.13) are given in table (2.3) where w, in rad/s.

Table 2.3. Constants for the equation (2.13)

Constant | Value
a 0.0375
b 19.6339
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Figure 2.1. T,, based on the data given in table (2.1) (blue), affine fit to T,, (red)

Going back to equation (2.12) and using the data given in table (2.2), Z.¢(w,) is
shown in figure (2.2). Although it is possible to construct an affine relation for 7gf(w,),
a nominal value for 7; #(we) and deviation about that nominal value will be considered,

advantage of this approach will be evident in controller design. Thus

Tep(we) = Tefmom + 07, (2.14)

where 7T, fnom 18 determined according to figure (2.2). Also 0z ; is considered as 10% of

7. nom such that

67, < 0.1 T fmom (2.15)

The values of ’j; #nom and 5¢e ; based on the figure (2.2) can be found in table
(2.5).
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Figure 2.2. ¢ based on the data given in table (2.2)

Table 2.4. Constants for the equation (2.14) based on figure (2.2)

Constant | Value

%f,nom 4.61

max [0z | | 0.46

In fact, with looking at figure (2.2), it is clear that, 10% is more than enough but

as it is noted earlier, 5q-ef is chosen in order to cover minor effects of EGR rate, air to

fuel ratio, etc.



16

2.3. Validation of the Diesel Engine Model
Using equations (2.13) and (2.14), it is possible to rewrite equation (2.12) as:
Tot) = (Topom +62,) - malt) — 0 (1) b (2.16)
At 800 rpm equation (2.16) becomes
T, = (4.61 F 0.46) - m; — 22.77 (2.17)

In the figure (2.3), engine torque characteristics of a diesel engine at 880 rpm can be

found.

Torque [Nm]

10 Il Il Il Il Il Il Il
7 8 9 10 11 12 13 14 15

Fuel Volume [mm3]

Figure 2.3. Engine torque at 880 rpm, (blue) measured engine data, (red) affine fit

for the measured data
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Again, an affine fit is constructed to express torque production. Note that men-
tioned affine fit expresses the torque production characteristics very accurately. In
table (2.5), the constants for this affine fit can be found. It is observed that, constants
in table (2.5) are covered by equation (2.17), so it is concluded that equation (2.16)

gives a good characterization of the torque production of the engine.

Table 2.5. Constants for the affine fit for the real diesel engine data (2.14) based on
figure (2.3)

Constant Value

Tefmeas | 4.9219

Tormeas | —22.7962




18

3. CONTROLLER SYNTHESIS

The engine model obtained in chapter (2) is shown as a block diagram in figure

(3.1).

Ti+b

m; ~ = We
R y—ef,nom + dtr e TS e 1 1

|
~
V2]
v

Figure 3.1. Diesel engine model

Note that Ter(we) has a constant term b which acts like a constant load torque,

so it is possible to redefine the load torque as

!

Ti(t) := Ti(t) + b. (3.1)

o~

Obviously, in order to regulate the speed of the engine, a reference input w,.(t) is needed.

Also defining speed difference:

wWaif(t) == wy(t) — we(t) (3.2)

From a system point of view, w,(t) and T;(t) are the inputs to the system and
waif(t) is the main output of the system. Engine model with introduction of reference

speed w,(t) can be found in figure (3.2).



19

T

Wr 4~ Wdi m; = N We
A, K ’ ZfJLO"L+5’j;f 677—8 - l l

v

Figure 3.2. Diesel engine model with reference input

The controller K will be implemented by closing the loop between wg;¢(t) and
m;(t), performance objective of the controller will be discussed clearly in the sequel
but for now, we only state that it should be able keep wg;¢(t) small against the changes

in w,(t) and T;(t).

A

W ———» G —» Z

K

Figure 3.3. General plant framework

For controller design purposes, it is desirable to put the system into general plant
framework figure (3.3). Therefore, uncertainty in torque production and time-delay
should be represented accordingly with norm bounded perturbation blocks. This pro-
cedure is referred as “pulling out the deltas” in the literature. In the following two
sections, proper application of mentioned approach for torque production and time-

delay can be found.
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3.1. Uncertainty Representation for Torque Production

Torque production submodel of the engine is shown in figure (3.4). It is easy to

my; -t Te f

— ,ng,nom + (Sj'ef E—

Figure 3.4. Torque production submodel of the engine

|5Tef’ 01

~ —+ ~

m; ,]; f,nom > Tef

Figure 3.5. Torque production submodel of the engine with uncertainty d;

express figure (3.4) as figure (3.5) for

161]]o0 <1

So, torque production is represented by a nominal value 7, fnom, & weighting function

max oz ; and a norm bounded dynamic uncertainty 9;.

3.2. Uncertainty Representation for Time-Delay

A broad literature exists on analysis and synthesis problems for time-delay sys-
tems. Generally, time-delay causes degradation of controller performance, even worse,
for some cases it can cause instability. A very detailed overview of time-delay systems
can be found in [16]. In this study time-delay will be represented by a linear weighting

function and a norm bounded dynamic uncertainty.

The time delay part of the diesel engine model is shown in figure(3.6) which is
equivalent to figure (3.7). The objective is to find a proper weighting function which

represents the characteristics of time delay as good as possible.
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Lo — e > Loy

Figure 3.6. Time-delay part of the engine

e ™ —1

Te f > Tef

Figure 3.7. Time-delay part of the engine

It should be remembered that the time-delay (equation (2.3)) is a function of
engine speed. Since it is inversely proportional to engine speed, the maximum time-
delay occurs in minimum engine speed. Considering the idle conditions, minimum
attainable engine speed is assumed as 600 rpm. Using equation (2.3) maximum time-

delay is calculated as
Tmaz = 0.05. (3.3)

Maximum time-delay will be primary concern in the design of the above mentioned
weighting function. In [17] an appropriate weighting function is proposed for 7 € [0,0.1]

as

0.21s

Waals) = 51541

(3.4)
Using this weighting function, it is possible to express figure (3.7) by figure (3.8) for

[A1[loe < 1.

AN Waer

T, S T,

Figure 3.8. Time-delay part of the engine with uncertainty A,
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Figure 3.9. Comparison of |e~™a=J¥ — 1| (blue) and |Wy(jw)| (green)

As it can be seen from figure (3.9), Wy, defines an upper bound for the original
time-delay part of the system. The closed loop simulation results for controller designed

using equation (3.4) as Wy can be found in [11].

It is obvious that lowering the upper bound of the weighting function in high
frequency region (w > 100 rad/s) is not possible but the time-delay representation

performance of the weighting function will be enhanced in low frequency region.

Using the recommended multiplier in [18], it is possible to obtain a proper weight-

ing function for the time-delay part of the system:

Wos) 0.282872 . 8% + Tyaz S
el\S) =
del 0.141472 52 + 0.64197,,0p 5 + 1

max

(3.5)

It should be noted that the maximum time-delay is used in this weighting function.
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Figure 3.10. Comparison of |e~ =% — 1| (blue), former |W(jw)| (green) and latter
[Waei(jw)| (red)

Frequency response of this new function together with the previous one can be found
in figure (3.10). Although nothing changes in high frequencies, in low frequency region,
the new function provide a better representation of time-delay. In fact, it represents
time-delay up to 70 rad/s astonishingly well. So the time-delay part of the system
is represented by figure (3.8) where Wy, is given by equation (3.5) and A; is a norm

bounded dynamic uncertainty.

3.3. Design of Weighting Functions for Performance Enhancement

It is known that use of appropriate weighting functions during controller design
stage significantly increases the performance of the closed loop system. With the
help of these functions it is possible to take into account of frequency content of the

disturbances, limitations in controlled input and controlled output. In the preceding
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subsections, the use of weighting functions in order to decrease steady state error in
engine speed wy; ¢(t) and taking into account of the frequency content of the disturbance

input w,(t) is shown.

3.3.1. Integral Action for Engine Speed Difference wg;(?)

Integral action gives zero steady state error for step input therefore it is generally
desirable to have an integral action in controller synthesis. In this study, p synthesis
approach is used for controller design. Since p synthesized controllers do not give
an integral action, the system is enforced to have an integral action by means of a

weighting function.

However, standard integral term 1/s gives an uncontrollable imaginary axis pole
which violates assumptions of p synthesis theory. Thus, using standard integral term
as a weighting function in controller design is not possible. In [19] and [20] it is shown

that an approximate integral action can be achieved by

1
S+ €

Wair(s) = (3.6)

for sufficiently small € > 0. Implication of this weighting function in controller synthesis

is given in figure (3.11).

Wiif — Wap —— Quiy

Figure 3.11. Weighting function Wy for approximate integration

In this study € is chosen as 0.001. It is observed that this value of € satisfactorily

decreases the steady state error in engine speed (wgif(t)).



25

3.3.2. Frequency Content Representation of Disturbance Input w,(¢)

One of the most important advantages of the p synthesis approach comes out
in taking into account of frequency contents of disturbance inputs. One can use ap-
propriate weighting functions that reflects the characteristics of the frequency content
of the different signals or more specifically weighting functions can be introduced to

emphasize the frequencies that are interested.

In this thesis, only one weighting function is used for reference engine speed w,(t).
It is assumed that the changes in reference engine speed can not be in high frequencies.
In fact, in a real diesel engine, reference engine speed or idle speed is determined by
engine ECU, so it is possible to enforce this assumption. So during controller design
procedure a low pass filter is used to emphasize the low frequency changes in the

reference input w,(¢). The implication of this filter is shown in figure (3.12).

@7_4’ I/Vlow > Wy

Figure 3.12. Low pass filter Wiy,

Although it is possible to introduce a weighting function for the other disturbance

input 7;(t), in order not to bring optimism in controller design it is not preferred.
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3.4. General Plant Framework

Previously designed weighting functions, i.e. [07 f| for uncertainty representation
of torque production, Wy (equation (3.5)) for uncertainty representation of time-delay,
Wi for decreasing the steady state error in engine speed (wg;if(t)) and W, for taking
into account frequency content of the disturbance input w,(t) are all shown in figure

(3.13).

— I/Vdi f —» @di f

T%A

m; ,Z:af,nom

J}T e M/l ow

Wdif

Figure 3.13. Diesel engine model with reference input and weighting functions

It is possible to put diesel engine model (3.13) into general plant framework as

in figure (3.14).

A

() G e
T
my Wdi f

K

Figure 3.14. Diesel engine model in general plant framework
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where A is defined as

0 0
0 A

So, in figure (3.14), all the uncertainties are collected in A block, K is the con-
troller to be designed and G is the generalized nominal plant. Note that, in this form

G includes all the weighting functions as well.

3.5. u Synthesis

1 synthesis with D — K iteration is performed. Reader is invited to appendix A
for an overview of p synthesis. Details of u synthesis can be found in [19] and [20]. p
Analysis and Synthesis Toolboz for Matlab (with Matlab 6.5.1) was used for controller
design in early stages of this thesis, where Robust Control Toolbozx for Matlab (with
Matlab 7.0.4) was used in final work.

In table (3.1) D — K iteration summary can be found. In the 37 iteration, peak

1 value is obtained as 0.344 and with a closed loop H., norm of 0.344.

Table 3.1. D — K iteration summary

[teration # 1 2 3
Controller Order 6 12 14
Total D-Scale Order 0 6 8
v Achieved 1.773 | 0.397 | 0.344
Peak p-Value 0.964 | 0.367 | 0.344

In figure (3.15) u plot for the 37 iteration can be found. Since p < 1, robust
stability is guaranteed and and since closed loop H. norm is less than 1, robust

performance is guaranteed as well.
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Figure 3.15. u plot for the 37 iteration

Designed controller is an 14" order controller, with single input engine speed
difference wy;f(t) and single output injected fuel m;(t). In figure (3.16), Bode plot of

the designed controller can be found.

3.6. Controller Order Reduction

The drawback of the p synthesis approach is that it generally gives higher or-
der controllers. A controller with 14 states is very complicated for implementation.

Therefore an order reduction procedure is needed.

A reduced order controller is designed based on the Hankel singular values of
the controller. Hankel singular values of a stable system indicates the respective state
energy of the system. Therefore order to be reduced can be determined from Hankel

singular value plot of a system. In figure (3.17) Hankel singular values for the 14 state
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Figure 3.16. Bode plot of the controller with 14 states

controller can be found. As a performance criteria, additive error is used as

min || K — Kred||cos (3.7)

where K is the original controller and K4 is the reduced one.

Looking at (3.17) it will be concluded that a first order controller can be very
satisfactory but it was not the case, an additive error bound of 6.7723 is found for a first
order controller. However, for a 3"¢ order controller the additive error bound is found
as 0.3845 which is much more accurate and still easy to implement. In figure (3.18)
Bode plots of the reduced order controller together with original 14"* order controller
can be found. It is concluded that reduced order controller captures the frequency

response of the original controller very efficiently.
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Resulting controller matrices after order reduction are as follows:

4 5 6 7 8 9 10 11 12 13 14
Order

Figure 3.17. Hankel singular values of the controller

—0.001  —21.296 —0.004
Acomt = | —21.260 —3.22-107 —6.97-10* |,
0.022  6.39-10*  —0.952
—0.946
Beont = —104 )
—0.079

Ocont:[—0.948 —10* —1.660 |,

Dcont = [0]

30
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Bode plot of controllers: 14 order u synthesized (blue), 3 order reduced

(green)
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4. RESULTS

In the preceding pages, the response of the system for the designed controllers

can be found. Designed controllers are tested both by simulations and experiments.

For simulations the engine model derived in chapter (2) was used together with

the original 14" order controller.

All of the experiments of this thesis were conducted in Measurement and Control
Laboratory of ETH Ziirich, Switzerland. For experiments, a very modern passenger car
turbocharged diesel engine with EGR and VGT was used. The details of the engine is
not available due to the confidentiality agreement. In the experiments, the engine was
mounted on a test bench and the discretized version of the reduced order controller

was used . The controller was implemented by the help of a dASPACE DS 1005 board.

Two different types of situations are investigated. These are:

e Torque disturbance for a reference engine speed

e Change in reference speed with no torque disturbance

4.1. Torque Disturbance for a Reference Engine Speed

The first type of experiment simulates the primary idle speed problem. In nor-
mal idling conditions, diesel engine is subjected to torque loads from air conditioning,
electric windows, headlights and other electrical accessories. Performance of the idle
speed controller for this application can be evaluated in terms of its deviation from
reference speed and response time. A low deviation from reference speed together with

a fast response is preferable.
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4.2. Change in Reference Speed with no Torque Disturbance

The second type of experiment simulates the secondary idle speed problem. Es-
pecially in cold starts, diesel engine will be subjected to variable reference speeds.
Performance of the idle speed controller for this application can be evaluated in similar

terms. A small overshoot together with a low rise time is preferable.

4.3. Comments on Results

As it is mentioned previously, in the simulations, original 14" order controller
is used whereas for experiments the discretized version of the 3"¢ order reduced one
is used. The results for the simulations and experiments are generally very similar
and satisfactory. Only considerable inconsistency between simulation and experiment
occurs in figure (4.3) where measured maximum speed deviation is greater than sim-
ulated one. In a very low speed, engine will get closer to stalling region so that the
actual engine dynamics will deviate from the mathematical model of the engine. This

will be a possible reason for this inconsistency.
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Figure 4.1. Reference speed 880 rpm, £12 Nm torque disturbance, (blue) measured,
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Figure 4.2. Reference speed 880 rpm, £12 Nm torque disturbance, (blue) measured,

(red) simulated
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Figure 4.3. Reference speed 830 rpm, £12 Nm torque disturbance, (blue) measured,
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Figure 4.4. Reference speed 830 rpm, £12 Nm torque disturbance, (blue) measured,

(red) simulated
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5. SUMMARY AND CONCLUSIONS

In this thesis idle speed control problem of a diesel engine was investigated. All
vehicles spend some time in idling, especially in crowded cities, vehicles will spend

considerable time in idling which makes this problem inherently important.

A model based control approach was performed in this thesis. Hence, a mathe-
matical model of a diesel engine was needed first. Diesel engines have very complicated
dynamics due to the transient characteristics of thermodynamic boundary conditions
and combustion process. Although models relying on first principles are essential for

some applications, these models are not very useful for controller synthesis.

Thus, a mean-value engine model was used for controller design. This model
reflects the input-output behavior of the engine with a reasonable accuracy with very
low computational complexity. Different operating conditions were modeled as sys-
tem uncertainties. Two different weighting functions were proposed for these system

uncertainties.

In order to assure zero steady state error, an approximate integrator was used in
controller design procedure and to reduce conservatism a low pass filter was used for

emphasizing low frequency changes in reference engine speed.

i synthesis with D — K iteration was performed. Robust stability and robust
performance conditions were satisfied with the designed controller which has 14 states.
In order to implement the controller, an order reduction algorithm was carried out
based on the Hankel singular values. The resultant controller was a 3" order controller

which captures the dynamics of the actual controller quite satisfactorily.

Designed controllers were tested both in simulations and experiments. Two dif-
ferent types of problems were investigated. First one was torque disturbance for a

constant reference speed and the second one was variable reference speed for no torque
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disturbance. The results were very satisfactory.

One improvable point in this thesis is that the time delay in engine model was
assumed to be unknown. Only the upper limit of this time delay was considered
during the controller design. But this time delay is a function of the engine speed. So
a controller design approach which considers the relationship between the time delay

and the engine speed will give better results.

Also in this thesis, the effects of EGR, VGT and injection timing on torque
production were considered to be very limited. Although this assumption is reasonable
for idle speed conditions it will be very optimistic for entire engine operating region.
But the obvious advantage of this approach for idle speed conditions is that it allows
EGR, VGT and injection timing control independent of speed regulation problem to
some extent. Noting that these variables have extreme importance in emissions, one
can design the emission controller independent of the speed controller. Definitely the
multi objective structure of the combination of the two control problems have clear

benefits but it is a much more challenging task.
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APPENDIX A: ROBUST CONTROL THEORY

This appendix is an introductory material to provide the reader with the main
topics in robust control theory. For more detailed information, [25] is a very good
starting point as being very pedagogic. Additional concepts like model order reduction
together with some examples in different topics can be found in [19]. Also [20] being a

broader version of [19] is a comprehensive reference in robust control theory.

p Analysis and Synthesis Toolbox for Matlab (with Matlab 6.5.1) was used for
controller design in early stages of this thesis, where Robust Control Toolbox for Matlab
(with Matlab 7.0.4) was used in final work. The manuals of these toolboxes [26] for
the former and [27] for the latter are good references for implementation of controller

design procedure with vast amount of examples.

A.1. Systems and Signals

A.1.1. System Representations

A system is defined as a mapping between inputs and outputs. A continuous

time LTT system can be represented in state space as:

(A.1)

with the states z(t) € R", the inputs u(t) € R™ and the outputs y(¢t) € R and system
matrices A, B, C', D of suitable size. Applying Laplace transformation, transfer matrix

G(s) can be obtained as:

G(s)=C(sI —A)'B+D (A.2)
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and for zero initial condition, i.e. (0) = 0, another alternative representation for (A.1)

18

where U(s) and Y (s) are Laplace transforms of u(t) and y(t) respectively.
A.1.2. Signal Norms
Definition. (£, Spaces)

The LVS L,[0,00), for 1 < p < oo, is defined as the collection of all measurable
functions x(t) such that

/ lx(t)]P dt < 0o
0

The space L,]0,00) is equipped with the norm
00 1/p
felyi= ([ letop ar)
0

Throughout this thesis, it is assumed that all the signals belong to L.
A.1.3. System Norms
Definition. (H., Spaces)

The space Hso 1S a closed subspace of Lo, with functions that are analytic and

bounded in the open right-half plane. The space H, is equipped with the norm

|Gl|o0 := sup &[G (jw)].
weR
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The real rational subspace of H,, is denoted by R'H.,,. Thus, it consists of all

real rational proper transfer matrices.

A.2. Stability and Performance

A.2.1. Structured Singular Value - u

Definition. The structured singular value () of the matriz M with respect to the set

A is defined as

1
pa(M) = min{o(A): A € A, det(I — MA) =0}

Calculation of exact p value is not possible except for some special cases. But it

has been shown that p is bounded as
p(M) < pa(M) < 5(M).

These bounds can be arbitrarily large. However, there exists transformations which

affect p and & but do not affect . Next theorem addresses a set of transformations.

Theorem. [20] Consider the sets

Q={AeBpr: A"A=1}, (A.5)
then for all D € D and () € Q,

pa(QM) = pa(MQ) = pa(M) = pa(DMD™).
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Corollary. [20] For D € D and Q € Q, the bounds for ju can be tightened as:

< < inf & -1
max po(QM) < pa(M) < inf (DMD™).

This corollary plays an important role in design of p synthesized controllers.

A.2.2. Robust Stability

Definition. Given the description of uncertainty model set G suppose G € G is the
nominal design model and K is the resulting controller. If K internally stabilizes every

plant belonging to G then the closed loop feedback system is said to have robust stability.

Next theorem gives the relation between robust stability and pu.

Theorem. [20] The feedback interconnection shown in figure (A.1) is stable for all
A € A with ||Alle < 1 if and only if

sup jia (G(jw)) < 1.
weR

w] —* A

+

G ~— Wy

Figure A.1. Feedback interconnection
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A.2.3. Robust Performance

Definition. Given the description of uncertainty model set G and a set of performance
objectives, suppose G € G 1is the nominal design model. If all the performance objectives

are satisfied for every plant belonging to G then the closed loop feedback system is said

to have robust performance.

Next theorem gives the relation between robust performance and p.

A

w G .z

Figure A.2. Feedback interconnection

Theorem. [20] For all A € A with ||Al|« < 1, the feedback interconnection shown in
figure (A.2) is stable and | Fu(G,A)||s < 1 if and only if

sup pa, (G(jw)) <1,
weR

where A, is defined as

A 0
A, = A EA
0 Ay

Throughout this thesis || F,(G, A)||o < 11is considered as the performance criteria
in accordance with the figure (A.2).
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A.3. i Synthesis with D — K iteration

Above mentioned D scaling matrices (equation (A.4)) can be used in controller

synthesis in an iterative manner.

%G%HD_l G D [

K K

Figure A.3. G — K feedback interconnection with and without D scales

Noting that p value is not changing for the feedback interconnections shown in

figure (A.3) below iterative procedure can be used to design a controller [20].

e Holding D fixed, design K to minimize | DF.(G, K)D™
e Holding K fixed, find the new optimal D scalings

e If not satisfactory, proceed to first step

This iterative process is known as D — K iteration. There are certain theoretical
drawbacks of this method. Namely, global minimum can not be guaranteed for D —
K iteration, and worse the method gives no guarantee for convergence to any local
minimum. But in spite of theoretical shortcomings, D — K iteration is used commonly
in the design of robust controllers due to the fact that it gives satisfactory results in

most of the practical applications.

As stated earlier p Analysis and Synthesis Toolbox for Matlab (with Matlab 6.5.1)
[26] was used for controller design in early stages of this thesis, where Robust Control

Toolboz for Matlab (with Matlab 7.0.4) [27] was used in final work.
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