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1. Introduction

1.1 Background

During the last decades, marine engines emission regulations imposed by the

International Maritime Organization (IMO) have become increasingly strin-

gent [1]. Therefore, emissions minimization has recently become one of the

main targets for engine manufacturers, leading to the creation of large-scale

research projects in which the efforts of several key manufacturers have been

focused on the common goals [2–5]. These projects concentrated around var-

ious components and subsystems constituting to proper engine operation,

including fuel injection systems (e.g., injectors and injection strategies), dual

fuel operation, advanced combustion concepts (e.g., HCCI), part-load per-

formance improvements, state-of-the-art alloys and materials for increased

engine lifetime and durability, and many more [2–5]. The work presented

in this thesis is focused on closed-loop feedback control of marine diesel en-

gines.

Speaking about modern compression ignition (CI) engines in their basic

topology, at least three major closed-loop control systems are required for

the engine to run, including common rail fuel pressure, rotational speed and

boost pressure control systems [6]. Moreover, it is often the case that mod-

ern diesel engines include an exhaust gas recirculation (EGR) system which

is meant to reduce the NOx emissions formation. Obviously, the above-

mentioned loops interact with each other and it is therefore important for

all of them to function properly as the failure of one of them can easily affect

(e.g., destabilize) the rest. In this work, such failure of closed-loop control is

investigated from the point of view of engine parameter variation, i.e. the

1
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answer to the question:“How can the performance degradation of closed-

loop engine control system due to such parameter variation be prevented?”is

sought. It should be noted that there is a separate field of research dealing

with the fault detection and diagnosis which focuses on the development

and application of tools for actual detection of the faults and their origins.

However, in this work, the goal is not to detect the exact source of a fault,

but rather to design controllers capable of sustaining satisfactory closed-loop

performance in case of a fault.

Another question discussed in this thesis is the control system design for

turbocharged exhaust gas recirculation topology which was proposed as a

way of providing stable EGR flow in turbocharged engines [7, 8]. Such a sys-

tem was designed with the goal of providing the EGR flow high and stable

enough for the marine engines to comply with the recent emission regula-

tions.

Parameter variation vs closed-loop control system in marine engines

While the above-mentioned control systems are relatively straightforward to

implement in principle, some issues occur when it comes to large scale ma-

rine engines, e.g., those installed on cruise vessels, container ships, etc. Un-

like engines in the automotive industry, marine engines are typically manu-

factured in limited quantities and are individually tailored for the customers

needs. Taking into account the significantly large scale of these engines and

thereby the extremely high running costs, thorough tuning of control sys-

tems for such engines becomes complicated [9]. Moreover, marine engines

are operated in severe conditions, often “full-throttle”-like (i.e. full load) for

long periods of time, and are subject to external disturbances (e.g., rough

seas). In addition, marine engines are operated hundreds of hours during

sailing and mechanical wear and tear of components may occur. All these

factors may cause the parameters and dynamics of the engine to alter from

the factory ones and lead to degraded behavior of the original control sys-

tem [10]. Obviously, the degraded performance of the engine control system

will compromise the engine behavior and may potentially lead to increased

fuel consumption and emission generation in the best case or to rough engine

running and failure in the worst case [11, 12].

In order to prevent such problems, the degraded component has to be pin-

pointed and replaced. While this might be relatively easy accomplished within
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the automotive industry (i.e. for engines in vehicles, trucks, etc.), the ma-

rine engines represent an additional problem. The typical driving cycle of a

large scale cruise ferry or cargo vessel includes hundreds of travel hours non-

stop [13] and the replacement of components (e.g., sensors, actuators, etc.)

can become an issue. Moreover, bringing a vessel to a stop can be simply

dangerous on busy routes [14, 15]. Therefore, it is desirable to have a con-

trol system capable of preserving stability of the closed-loop system despite

changes in the engine parameters.

While in certain cases it might be impossible to prevent these problems (for

example, in case of complete breakdown of components), the control sys-

tem should be able to deal with altered behavior of sensors, actuators, etc.

It is known that industrial solutions for engine control systems are typically

rather conservative even within the automotive industry which is normally

more advanced and developed as compared to marine industry. The latter

typically lags behind the automotive industry and adopts the solutions de-

veloped for ground vehicles. Therefore, most of the known control system

solutions for combustion engines stem from the automotive industry.

The most commonly used type of controller in the automotive industry is

the proportional-integral (PI) controller with the P and I parameters tuned

offline and fixed. This approach provides simple yet extremely reliable and

powerful closed-loop control system which can be typically difficult to out-

run (i.e. achieve better combination of stability, robustness and ease of imple-

mentation) in the case when the process dynamics and parameters remain in

their nominal conditions. Furthermore, a PI controller typically remains sta-

ble if the variation of process parameters is relatively mild. However, for the

cases when the dynamics of the process significantly deviate from the origi-

nal ones, the PI regulator may fail (e.g., become unstable). Thereby, some ro-

bustness enhancements (e.g., moderate detuning in order to provide greater

gain and phase margins) must be used if the PI controllers are utilized. Of-

tentimes, two-dimensional speed- and load-dependent maps for P and I pa-

rameters are used to account for dynamics variation at different operating

points.

Another popular approach for dealing with the degradation of closed-loop

system components, is the design of robust controllers, e.g., controllers that

can take into account some amount of dynamic or parameter uncertainty.

Various approaches for designing robust controllers for different closed-loop
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control systems of diesel engines have been proposed, including the robust

linear-parameter varying (LTV) controller designed using the H∞ loopshap-

ing procedure [16], robust sliding mode controllers [17, 18], nonlinear model

predictive control [19], robust fuzzy logic controller [20], mixed-sensitivity

H∞ [21] and internal model controller [21]. It should be noted that most of

the published research was focused on the robustness that deals with the mis-

match between the real engine and its mathematical model used for controller

tuning. While the goals of this thesis are formulated in a slightly different

manner — to design controllers that are able to deal with the time-varying

dynamics or parameters of the engine — they are similar in principle, i.e. the

controller has to deal with the process that is in some way different from the

one used for the initial tuning.

There is an aspect that is common to the above-discussed approaches to de-

sign a robust controller — they are all of fixed structure and fixed parameters

(gains). These kinds of characteristics make sure that controllers tolerate a

certain amount of uncertainty in the process, although the resultant closed-

loop performance will vary for varying process parameters. Therefore, it is a

great desire of key manufacturers of large-scale marine engines [4, 5] to have

controllers that are not only robust to some amount of engine parameter vari-

ation, but can also adjust their own parameters in order to preserve the initial

optimal performance.

Such controllers are generally called adaptive controllers and have been de-

fined differently by different researchers; however, the general line exists and

the definition given in [22] will be used here: “An adaptive controller is a

controller with adjustable parameters and a mechanism for adjusting the pa-

rameters”. In other words, an adaptive controller is able to adjust its own

gains in order to keep the predefined performance of the process when its

parameters deviate from the nominal ones.

Many papers have addressed the problem of control system adaptation to

varying engine dynamics in the automotive industry. However, similar to ro-

bust controllers, the adaptation towards engine-model mismatch or dynam-

ics variation at different operating points have been considered. The pub-

lished research includes classical adaptive controllers [23], adaptive model

predictive controllers (MPC) [24] and controllers based on neural networks

(NN), including self-tuning NN-based control [25], adaptive NN-based MPC

[26] and fuzzy NN-based sliding mode control [27].
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To the best of the author’s knowledge, little research has been published on

the problem of control system adaptivity within the marine industry. Also,

non of the existing publications focus on the adaptation to varying engine

parameters or dynamics due to components aging or mechanical wear and

tear. Therefore, a need of research in this aspect exists.

Exhaust gas recirculation by means of turbocharging

EGR is a well-known emission reduction method that has been used in CI

engines for several decades. The idea behind EGR is simple: part of the air

in the intake manifold is replaced with cooled exhaust gas in order to reduce

the overall oxygen concentration and also to lower the temperature in the

intake. As the NOx normally forms in hot environment with high oxygen

concentration, this results into its reduction [28].

A simple and most often used EGR system is implemented by connecting

the intake and exhaust manifolds and using a controllable valve to regulate

the amount of recirculated gas. This type of an EGR system is often referred

as the high-pressure EGR [18]. However, the use of such an EGR system in

turbocharged diesel engines is complicated by the fact that at most operat-

ing points pressure in the intake manifold is higher than that in the exhaust

which prevents the natural gas flow [29, 30].

Therefore, in order to tackle this problem, a variety of solutions for EGR im-

plementation has been proposed, including dual-loop [31], pump-based [29]

and EGR with reed valves [29]. One promising approach to achieving high

and stable amount of EGR is to utilize the turbocharger in the feedback path

of exhaust gas. This way the exhaust gas is pumped to a pressure that is

high enough and the proper direction of the flow can be established. Similar

systems have been described in [7, 8].

It was noticed that plenty of research on EGR control systems has been pub-

lished, including [32–34]. However, the turbocharged EGR topology has not

been investigated well from the control point of view and, therefore, this gap

should be bridged. One of the reasons of such a topology being overlooked

is the fact that most of the control-oriented research is done in the framework

of automotive industry. As the driving cycle of vehicles (for example, city

car) includes a lot of speed-load transients [35], such an EGR system would

be relatively slow to fulfill the fast changes in EGR demand. However, en-

gines installed on contemporary large ships (cruise and cargo vessels, etc.)
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spend most of their time at constant rotational speed affected by load tran-

sients (which is especially true for the electric propulsion systems and diesel-

electric gen-sets) where such an EGR would benefit.

1.2 Contributions to the field

The main contributions of the thesis are summarized hereafter:

• The adaptation of control system parameters has been proposed and shown

to successfully deal with the parameter variation of marine diesel engines.

The proposed adaptive control algorithms (indirect and direct model-reference

adaptive controller (MRAC)) demonstrated better tracking of the controlled

signal for the case of altered engine dynamics as compared to the conven-

tional approaches, such as fixed-parameter controllers (e.g., proportional-

integral (PI)). In this work, this case of parameter variation is exemplified

by controlling engine with varying time-delay of a lambda sensor.

• The adaptive controller has been proposed for dealing with the dynamic

uncertainty of the marine diesel engine, where the dynamic uncertainty

was considered to originate from a degraded VGT actuator. In these condi-

tions the proposed controller has demonstrated superior performance over

the conventional approaches, such as the proportional-integral (PI).

• The adaptive controllers have been implemented in a way that no knowl-

edge of fault origins is required for them to operate. Therefore, the use of

the proposed adaptive controllers is not limited to the specific cases dis-

cussed in this work.

• A generic physics-based model of a novel turbocharged EGR topology in-

stalled on marine diesel engine has been developed for the purpose of sys-

tem analysis as well as controller and observer design.

• A control system has been developed for the novel turbocharged EGR topol-

ogy that allowed reconstruction of unmeasured EGR fraction and its track-

ing control using only two available measurements from the “clean” part of
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the engine, thereby reducing the amount of required sensors and prevent-

ing their excessive wear due to harsh operating conditions.

1.3 Summary of the publications

This thesis is composed of six publications (2 journal and 4 conference pa-

pers) which can be split into two groups. The first three papers summarize

the research of an MRAC application for marine engines subject to parametric

or dynamic uncertainties and include the experimental verification on engine

testbeds. The other three papers present research done on control system de-

velopment for turbocharged EGR topology (simulation-based study).

Publication I. In this article, the controller adaptation to time-varying pa-

rameters of the hybrid marine diesel powertrain is evaluated. The variations

of the parameters is assumed to originate from the mechanical wear and tear

and/or aging of the powertrain components. Specifically, the case of a de-

graded universal exhaust gas oxygen (UEGO) sensor is investigated as an

example of engine components deterioration throughout its lifetime. The

sensor degradation is imitated by altering its time-delay, as it is known of

having a strong adverse effect on the closed-loop control system. In order to

adapt the controller parameters, two approaches are studied, namely direct

and indirect model-reference adaptive control algorithms. Both the adaptive

controllers demonstrated a notable improvement (with the indirect MRAC

being the best) in tracking performance as compared to the fixed parameters

proportional-integral (PI) controller. All three controllers have been validated

on the hybrid integrated propulsion powertrain (HIPPO) testbed located in

National Technical University of Athens (NTUA), Athens, Greece.

Publication II. This article presents a study on the adaptation of control

systems to the time-varying dynamics of marine diesel engines. Specifically,

the closed-loop boost pressure control is studied for the case of degraded

actuator of the variable geometry turbocharger (VGT). It is demonstrated

that the indirect adaptive controller can successfully preserve the boost pres-

sure tracking (and thus the engine performance) when the dynamics of the

VGT actuator get altered. The baseline fixed-parameter (PI) controller is also

shown for comparison. Both controllers have been evaluated in simulations
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and validated via experiments on the laboratory testbed using real-life test

case scenarios.

Publication III. In this article, a simulation study is done in order to inves-

tigate the applicability of the indirect MRAC for wastegate control in marine

diesel engines. A first-principles model is developed for the sake of controller

testing. The performance of the indirect MRAC is challenged via comparison

with the “best” possible H∞-controller.

Publication IV. This article presents a research on a novel turbocharged

EGR system which is proposed for large scale marine diesel engine (one cylin-

der, research engine) to allow for more flexibility in using EGR, and thus pro-

viding stable emissions reduction. The analysis of the system is done by us-

ing the combined first-principles model of the engine and turbocharged EGR.

Linearization of the developed nonlinear model is done for the purpose of

control design and system analysis, and a simple closed-loop feedback con-

trol is implemented under assumption of measured EGR fraction.

Publication V. This article presents research which is the continuation of

the work done in Publication IV. As the EGR fraction is typically not mea-

sured, a nonlinear observer (unscented Kalman filter) is proposed to estimate

the states of the engine and to allow the closed-loop tracking control of EGR.

It is demonstrated that the successful tracking control of the unobserved EGR

fraction can be realized with only two available measurements by using the

properly designed observer.

Publication VI. This is the third publication on turbocharged EGR control

and is based on Publications IV and V. In this paper, the model developed

in the Publication IV as well as the UKF from the Publication V are utilized,

in order to construct the closed-loop tracking control of EGR. The system is

shown to be a coupled multivariable plant (2x2) and therefore, a multivari-

able MPC is used to naturally incorporate this information as well as to take

physical engine constraints into consideration.

1.4 Structure of the thesis

This thesis presents the recent results in adaptive control of marine diesel

engines subject to parametric or dynamic uncertainty, as well as modeling

and control system design for a novel turbocharged EGR system topology in-
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stalled on marine diesel engine. Chapter 2 defines the goals of this work and

presents the first-principles engine modeling concepts required for designing

control system and verifying this system by means of numerical simulations.

The model reference adaptive controllers together with adaptive model pre-

dictive control are presented in detail in Chapter 3. In Chapter 4, the pro-

posed MRAC controllers are experimentally validated with the real-world

applications of hybrid and conventional engine control subject to parametric

and dynamic uncertainty. In addition, the proposed adaptive MPC system

is validated via numerical simulations in Chapter 4. Finally, conclusions are

given in Chapter 5.
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2. Problem formulation

This chapter formulates the problem of engine control aimed at the reduction

of emissions. The research goals of this thesis are presented and the general

challenges regarding the achievement of these goals are discussed.

In addition, the following sections show some end results of derivations

of the physics-based engine models required for control system tuning and

design. These models are presented in a rather general layout, meaning they

can be easily extended for various engine topologies. Finally, the nonlinear

state-space models are formulated for clarity.

2.1 Problem definition

Generally, emission reduction is the problem number one when it comes to

marine (and also other types of) internal combustion engines, and more or

less all the efforts of engine manufacturers are focused around it or some aux-

iliary target that is tightly connected to emission minimization [4, 5]. How-

ever, as mentioned in the foregoing chapter, certain challenges exist. There-

fore, the research done in this thesis has two goals:

1. To design the engine control system capable of preserving the original (fac-

tory) closed-loop performance even in the presence of parameter variation

throughout the engine lifetime. This will allow to limit the emissions to

their factory levels even in case of engine parameter variation.

2. To implement a control system for the turbocharged EGR topology capa-

ble of providing tracking control of EGR fraction while keeping the engine

back-pressure lowest possible and lacking the direct measurements of the
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EGR itself.

The problems concerning the above-mentioned goals are formulated here-

after.

Adaptive control to preserve original engine performance in presence of parameter
variation

Any physical system is subject to aging, external disturbances and possibly

mechanical wear and tear. All of these factors to some extent contribute to

variation of system’s parameters. It is known that such parameter variation

can easily destabilize a closed-loop control system if a standard PI controller

with fixed parameters (i.e. P and I) is used.

As the CI engines include multiple closed-loop PI control systems, it is par-

ticularly important to keep controllers stable as the instability of one of them

can destabilize others. This can result into significantly worse engine perfor-

mance as compared to the factory tuning, possibly causing rough running,

increased emissions formation and fuel consumption.

Therefore, it is desirable to have a controller that can preserve the nominal

closed-loop performance even in the case of altered system parameters. Ob-

viously, the easiest way to design such controller, is to reduce the gains of the

original fixed-parameter controller thereby increasing its robustness. How-

ever, such gains’ reduction will inevitably lead to reduced performance of

a closed-loop control system (for example sluggish response, longer settling

time, etc.).

Therefore, a better approach is to utilize a controller capable of re-adjusting

its gains in such a way that the original closed-loop performance is preserved.

Thus, instead of compromising the nominal response of the system, the gains

of the controller can be updated online depending on the current operating

conditions. While such controllers are presented in details in Chapter 3, the

general concept is discussed hereafter.

The classical adaptive control structure is shown in Fig. 2.1. It can be seen

that the controller has some fixed structure (the details will be discussed later

in Chapter 3), but the parameters (or gains) are not fixed. Rather, they are

adjusted online based on the current process parameters. It is possible that

these process parameters can or can not be measured, depending on the na-

ture of the parameters themselves. Therefore, in this work, in order to pre-
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Controller
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Diesel engine 
powertrain

y(t)

Ref. model data
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Figure 2.1. The adaptive control structure. Identifier is used to obtain the estimates of the
(possibly altered) process parameters. The controller gains are then re-adjusted
if necessary using the pre-defined gain adjustment mechanism. Disturbance d(t)
and the measured output y(t) are also shown.

serve the generality, an assumption is made that the parameters are not mea-

sured. Moreover, it is assumed that the variation can happen in one or more

parameters simultaneously and the controller has to deal with it.

Control system for turbocharged EGR topology

From the control engineering perspective, the turbocharged EGR topology is

a nonlinear multi-input multi-output process with several states being un-

observed. The control goal here is to regulate the EGR fraction to the de-

sired set-point which is dependent on the engine operating point (OP). In

addition to the nonlinearities present in such a topology (e.g., actuators hard

limits), the control task is complicated by the fact that the EGR fraction is

typically not measured directly in production type engines [30]. There is also

a number of reasons, why the use of real sensors is not possible/desirable,

including higher costs and possible mechanical faults due to harsh operating

conditions, to name a few. Therefore, some other means than direct measure-

ment have to be utilized to solve the problem of EGR regulation. One option

(discussed in detail in Subsection 3.2.1) is to introduce a soft sensor system

(e.g., based on nonlinear filtering) which can be used to reconstruct the sys-

tem states and to provide the basis for the EGR fraction control. It should be

noted that the estimate of the state vector is also needed if the model-based

approach for EGR fraction control is used. In addition, the state estimation is

necessary in order to reduce the amount of sensors around the “dirty” part of

the engine, e.g., for pressure measurements in the exhaust part of the engine.

There are essentially two ways to regulate EGR fraction in the proposed

control system topology:
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1. directly regulate the calculated EGR fraction

2. indirectly regulate the EGR fraction via controlling the process states

As the EGR fraction is essentially a function of process states, the second

approach is more appealing because it directly controls the state of the engine

in a way that desired EGR is achieved.

As mentioned above, the turbocharged EGR topology represents a multi-

variable system which comes from the fact that two states must be controlled

in order to achieve the desired EGR regulation. The first controlled state

is the pressure in the feedback loop of EGR (pressure p4 in Fig. 2.4) that is

directly correlated to the obtained EGR fraction, and the second one is the

back-pressure required to provide enough support for the mass flow in the

feedback loop (pressure px in Fig. 2.4). As these two pressures are intercon-

nected a multivariable controller is required to provide a decoupling control

action. In order to avoid confusion, it should be noted, that in this work, pres-

sure in the exhaust manifold (i.e. pressure before the exhaust control valve in

Fig. 2.4) is referred to as the back-pressure.

In this thesis, a model-based approach is proposed to achieve the desired

goal of EGR tracking.

2.2 Mean-value modeling

The physics-based modeling approach is preferred in this work as it pro-

vides deeper insight into the process behavior in comparison to the data-

based input-output models. The standard mean-value modeling technique

will be used here as it has been shown to accurately catch the main dynamics

of interest (i.e. relevant for control purposes) in combustion engines [36–40].

Furthermore, such model allows relatively detailed investigation of the vari-

ation of process parameters, e.g. how a change in various parameters affects

the engine behavior and its closed-loop control system(s). It should be noted

here that this work does not intend to contribute to engine modeling and a

number of simplifying assumptions has been taken and some physical phe-

nomena have been omitted. This way the engine models used in this work do

not provide a detailed description of engine operation, however are detailed
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Figure 2.2. Diesel engine powertrain used for adaptive control testing. Conventional and hy-
brid engine topologies are demonstrated. C - compressor, T - Turbine. The lambda
sensor placement is shown schematically (located downstream the turbine in real
setup).

enough for the scope of this work.

The engine mean-value model consists of the air- and fuel-path subsystems

which are meant to describe the transient behavior of important engine char-

acteristics, including rotational speed, torque and pressure in manifolds. As

this work deals with the conventional and hybrid CI engine powertrains,

their combined block diagram is depicted in Fig. 2.2. It can be seen, that

the hybrid integrated propulsion powertrain (HIPPO) topology is built via

addition of the electric power take in (PTI) motor on the other side of the

dynamometer and forming a closed-loop AFR control as demonstrated in

Fig. 2.2. It should be noted, that the particular studied hybrid engine topol-

ogy has a fixed-geometry turbocharger (unlike the conventional topology

which includes VGT) and the closed-loop boost pressure control is therefore

absent.

2.2.1 Engine air-path

A simple third-order model of combustion engine airpath was proposed and

validated in [37]. In this work, a few modifications to the existing model have

been done in order to improve the transient behavior of the model and obtain

more accurate predictions. The model is briefly summarized hereafter. The

time-dependency (t) in the modeling equations is omitted for clarity.
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Manifold pressure

The pressure p dynamics in manifolds of diesel engine represent the most

important dynamics for control-oriented air-path models and can be approx-

imated well by differentiating the ideal gas law and using mass conservation

law [40]
dp

dt
=

RT

V

∑
Wxy (2.1)

where T (K) is the temperature in the manifold, V (m3) is its volume, R

(J·kg−1K−1) is the specific gas constant and
∑

Wxy (kg/s) denotes the sum of

all possible mass flows in and out of the considered manifold. The subscript

xy is used to define the direction of the flow (from location x towards location

y). The effect of the temperature derivative (i.e. Ṫ ) on ṗ is neglected, however,

temperature T itself is not assumed constant (quasi-static approach) [16].

Mass flows

The mass flows within the engine are briefly described hereafter. The mass

flows through a restriction (e.g., valve, turbine) are defined as

Wrestriction =
A√
RuTu

puψ

(
pu
pd

)
(2.2)

where A (m2) is the area of the restriction (which can be either a constant

or variable depending on the restriction), subscripts u and d denote the up-

stream and downstream locations, respectively, and ψ
(
pu
pd

)
is the flow cor-

rection coefficient

ψ

(
pu
pd

)
=

⎧⎪⎪⎪⎨⎪⎪⎪⎩
√

2γc
γc−1

((
pu
pd

) 2
γc −

(
pu
pd

) γc+1
γc

)
if

(
pu
pd

)
> rc

γ
1
2
c

(
2

γc+1

γc+1
2(γc−1)

)
if

(
pu
pd

)
≤ rc

(2.3)

where the critical pressure ratio is defined as rc =
(

2
γc+1

) γc
γc−1 and γc =

cp,i/cv,i is the specific heat ratio. The intake air specific heat capacities in

constant pressure and volume are denoted as cp,i and cv,i, respectively.

The mass flow Wie into the cylinders is based on the engine volumetric

efficiency (which is a simplification, as it does not include information about

intake/exhaust valves overlap) and can be defined as

Wie =
Vdωepi
v2πRiTi

ηv(ωe) (2.4)

16



Problem formulation

where Vd (m3) is the engine displacement volume and v = 2 for four-stroke

engines [41]. The engine volumetric efficiency ηv depends on several vari-

ables, but can be approximated well by the quadratic function of the engine

speed ωe (rad/s) [41]

ηv = av1 + av2ωe + av3ω
2
e , (2.5)

where the coefficients av1, av2 and av3 are used as tuning parameters and ωe

will be defined later in Subsection 2.2.2.

The mass flow Wci through the compressor is based on the definition of the

compressor isentropic efficiency

Wci =
ηcPc

Tucp,i

((
pd
pu

)μc − 1
) , (2.6)

where μc = (γc − 1)/γc.

Power

The turbine power Pt is related to the upstream and downstream pressure as

well as the mass flow through the turbine as

Pt = ηtWtcpTx

(
1−

(
pd
pu

)μx
)
. (2.7)

where ηt is the turbine efficiency, μx = (γx − 1)/γx and γx = cp,x/cv,x. The

exhaust gas specific heat capacities in constant pressure and volume are de-

noted as cp,x and cv,x, respectively.

It has been observed that the model match with the experimental data can

be greatly improved by approximating the exhaust temperature as a function

of the normalized AFR or λ [41]

Tx = Ti + at1λ
at2 + at3, (2.8)

where the coefficients at1, at2 and at3 are used as tuning parameters and λ

will be defined later in Subsection 2.2.2.

The turbocharger dynamics are defined by the power transfer between the

turbine and compressor

Ṗc =
1

τc
(ηmPt − Pc) (2.9)

where ηm is the turbine mechanical efficiency and τc is the turbocharger time-

constant [37].

17



Problem formulation

2.2.2 Fuel-path system

Fuel-path of the engine relates crankshaft rotational speed and fuel mass flow.

Modeling of fuel-path can be omitted if the goal of the model is to study the

engine behavior at constant engine speed. However, it has to be included in

the model if the speed transients are considered.

Engine rotational speed

The mean acceleration of the crankshaft is evaluated using Newton’s second

law

Jc
dωe

dt
=

∑
M, (2.10)

where
∑

M (N·m) denotes the sum of all torques acting on the crankshaft

and Jc (kg·m2) is the combined mass moment of inertia.

Engine, load, PTI motor and friction torque

The simplified equation for the mean indicated engine torque Me is writ-

ten under the assumption that the engine indicated thermal efficiency ηi is a

function of speed and lambda

Me =
WfHi

ωe
ηi(ωe, λ), (2.11)

where Hi (MJ/kg) is the lower heating value of the fuel, Wf is the fuel mass

flow (used as a control input), and ηi = (a1+a2ωe+a3ω
2
e)(1−a4λ

a5) (see [41]).

The friction losses in the engine (e.g., pumping, resistance between the

piston rings, piston skirt and cylinder wall, friction in crankshaft bearings,

gears) are accounted by introducing the friction torque Mfr proportional to

the friction mean effective pressure fmep (see [42])

Mfr =
fmepVd

2πv
, (2.12)

where fmep (kPa) is approximated with the experimental equation [42]

fmep = C1 + 48(Ne/1000) + 0.4S̄p
2
, (2.13)

where C1 = 75 kPa is the constant, S̄p = 2SNe/60 is the mean piston speed

(m/s), S is the stroke length (m) and Ne is the engine rotational speed (rpm).

The dynamics of the torque Mac produced by the PTI motor are much faster
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in comparison to those of diesel engine and it it is therefore approximated as

Mac =
K

τac + 1
ucmd, (2.14)

where ucmd is the frequency inverter control command, K and τac are chosen

such that a good match with the measured data is achieved.

It should be noted here that torque of diesel engine in Eq. 2.11 is in fact

a static function of speed and lambda and, therefore, the torque produc-

tion should be infinitely fast. However, the engine speed is a dynamic vari-

able (Eq. 2.10) which makes engine torque production considerably slower in

comparison to a PTI motor.

The load torque Ml can be treated as an external disturbance or an extra

input.

2.2.3 Relative air-fuel ratio

The controllable output of the hybrid powertrain is the relative AFR λ that

defines the air-fuel ratio normalized by the stoichiometric fuel constant λs

λ =
Wie

Wf
· 1

λs
(2.15)

where Wie is the mass flow of air into the cylinders and Wf is the fuel mass

flow [6].

2.2.4 EGR fraction

Assuming perfect gas mixing, the exhaust gas fraction χ recirculated to the

intake manifold can be evaluated as

χ =
Wrecirculated

Wtotal
× 100 (2.16)

where Wrecirculated is the mass flow of recirculated exhaust gas and Wtotal is

the total amount of mass flow in the engine intake manifold.

2.2.5 Actuator and sensor dynamics

The actuator and sensor dynamics can be modeled or omitted, depending on

the purpose of the engine model. In this work, the VGT actuator (for conven-

tional powertrain) and UEGO sensor dynamics (for HIPPO) were important
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Figure 2.3. Operating principle of the VGT guide vanes actuator. The desired position is gen-
erated by the boost pressure controller. The actuator position is limited by the
discretization step of 0.2 V (∼ 5%).

to include in the overall engine model as they were observed to introduce

significant effect on the studied outputs.

VGT actuator dynamics

The particular VGT actuator used in the testbed engine introduces significant

dynamics into the closed-loop control system. Therefore, its behavior has

to be discussed here for clarity. The full operating range of VGT actuation

from closed (0%) to open (100%) corresponds to 0 and 4.2 V, respectively.

However, the actuator can only operate at discrete time instances with the

increment of δact = 0.2 V within that range as shown in Fig. 2.3. Thus, there

is a limited amount of positions uact the actuator can actually take, and it

remains static unless the desired control signal exceeds the nearest possible

actuator position. Therefore, the actual position of the actuator is always

delayed after the desired control signal. It should be pointed out that while

this kind of actuation prevents the excessive movement of the actuator and

reduces mechanical wear, the downside is the inability of the controller to

settle down if the desired VGT position (generated by controller) happens to

be in between the physically possible ones. This creates additional difficulty

for the control system, introducing a sort of an actuator stiction.

AFR sensor

The measurements performed on the hybrid engine testbed have shown that

the λ measurements have a considerable time-delay τλ = 0.79 sec which is

explained by the exhaust gas transport delay due to the UEGO sensor place-

ment. This delay needs to be included into the model, as it is known that

time-delays can have an adverse effect on control systems. Taking the delay

into account in early stages of the control design will allow to properly tune

the controller and study the potential instability issues.

It is noted that apart from the sensor location, the time-delay is governed by
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ṗi =
RiTi

Vi

⎛⎝ ηcPc

Tacp,i

((
pi
pa

)μc − 1
) − Vdωepi

v2πRiTi
ηv(ωe)

⎞⎠
ṗx =

RxTx

Vx

(
Vdωepi
v2πRiTi

ηv(ωe) +Wf − Atf(uvgt)√
RxTx

pxψ

(
pa
px

))
Ṗc =

1

τc

(
ηmηt

Atf(uvgt)√
RxTx

pxψ

(
pa
px

)
cpTx

(
1−

(
pa
px

)μx
)
− Pc

)
ω̇e =

1

Jc

(
WfHi

ωe
ηi(ωe, λ) +Mac − (C1 + 48(Ne/1000) + 0.4S̄p

2
)Vd

2πv
−Ml

)

Ṁac =
1

τac
(Kucmd −Mac)

(2.17)

the engine speed, to which it is inversely proportional. Although the depen-

dency between the speed and delay is not investigated separately, the case of

increased time-delay is covered by the simulation and experimental studies.

2.3 State-space formulation

In this section, the nonlinear ODE models are presented for the conventional,

hybrid and turbocharged EGR engine topologies. As the hybrid model is

essentially built up on top of the conventional engine model, these are com-

bined together in Eq. 2.17 (the interested reader is referred to Publication I,

Publication II for more details on the model). For clarity, the developed first-

principles model is re-written in control-oriented nonlinear state space repre-

sentation

ẋ(t) = f(x(t), u(t)) + q (2.18a)

z(t) = g(x(t), u(t)) + r (2.18b)

where z is the controlled output and the process and measurement noises

are defined as q ∼ N(0, Q1) and r ∼ N(0, Q2), respectively. The covariance

matrices are denoted as Q1 and Q2.

2.3.1 Conventional engine model

The conventional model contains 4 states, including boost pi and exhaust px

pressure, compressor power Pc and engine rotational speed ωe. The control
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input and controlled output are the VGT position uvgt and the boost pressure

pi, respectively. The state vector x, input u and output z can be thus defined

as

x =
[
pi px Pc︸ ︷︷ ︸

air-path

| ωe︸︷︷︸
fuel-path

]T
,→ combined states

u = uvgt → control input

z = pi → measured (and controlled) output,

(2.19)

where the states in the vector x are as defined in Eq. 2.17 and Mac is not

present due to the absence of a PTI motor in this topology. The opening of

the VGT has been experimentally determined to be a quadratic function of

the control signal uvgt

f(uvgt) = avgt,0 + avgt,1uvgt + avgt,2u
2
vgt (2.20)

where avgt,0, avgt,1 and avgt,2 are the tuning parameters used to obtain good

steady-state fit for the modeled boost pressure pi.

2.3.2 Hybrid diesel-electric engine model

The HIPPO model contains 5 states, including the same states as the conven-

tional model plus one extra state for the PTI motor torque Mac (as defined

in Eq. 2.17). The control input and controllable output in this setup are the

frequency inverter command ucmd and engine-out lambda λ.

x =
[
pi px Pc︸ ︷︷ ︸

air-path

| ωe︸︷︷︸
fuel-path

| Mac︸︷︷︸
PTI motor

]T
,→ combined states

u = ucmd → control input

z = λ→ measured (and controlled) output,

(2.21)

where the states in the vector x are as defined in Eq. 2.17 and the turbine

opening function f(uvgt) = 1 due to its fixed geometry.

2.3.3 Turbocharged exhaust gas recirculation system model

The modeling configuration of the turbocharged EGR topology installed on

marine engine is shown in Fig. 2.4 and the measured states are marked with
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C

C ,
MAP

Feedback loop,
T

Figure 2.4. Turbocharged EGR topology. The locations of the sensors for MAP and tur-
bocharger speed are marked with black arrows.

black arrows (i.e. MAP and ωtc). The detailed setup description is provided

in Section 4.3.

The 6-states nonlinear model of the turbocharged EGR topology is demon-

strated in Eq. 2.22-2.23, for clarity. The turbocharger speed ωtc is defined

similarly to the engine speed (Eq. 2.10) with Newton’s second law.

ṗi =
RiTi

Vi
(Wci +Wegr,2 −Wie)

ṗx =
RxTx

Vx
(Wie +Wf −Wexh −Wegr)

ṗegr =
RxT3

Vegr
(Wegr −Wc −Wt)

ṗ4 =
RxT5

V4
(Wc −Wegr,2)

ω̇tc =
Pt,egr − Pc,egr

Jtcωtc

Ṗc,egr =
1

τc
(ηmPt,egr − Pc,egr)

(2.22)

The EGR-compressor mass flow Wc is approximated as a 2-dimensional look-

up table h(ωtc,
p4
pegr

) which is evaluated using data from compressor map pro-
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vided by the manufacturer.

Wci =
ηcPci

Tacp,i

((
pi
pa

)μc − 1
)

Wegr,2 = Aegr,2(uegr,2)
p4√
RxT4

ψ4(pr, 4)

Wie =
Vdωepi
v2πRiTi

ηv(ωe)

Wexh = Aexh(uexh)
px√
RxTx

ψexh(pr,exh)

Wegr = Aegr(uegr)
px√
RxTx

ψegr(pr,egr)

Wc = h(ωtc,
p4
pegr

)

Wt = At
pegr√
RxT3

ψt(pr,t)

(2.23)

The MIMO state-space representation of the turbocharged EGR model con-

tains 6 states, including pi, px, pegr and p4 pressure, compressor power Pc

and turbocharger rotational speed ωtc. There are two feedback-control loops

in this setup which therefore require the analysis of coupling between these.

This can be done, for example, using relative gain array (RGA) which will be

discussed later in Section 3.2.

Finally, the vector of states x, inputs u, measured outputs m and controlled

output z can be defined as

x =
[
pi px pegr p4 ωtc Pc

]T → states

u =
[
uexh uegr

]T → control input

z = χ(pi, p4)→ controlled output

m =
[
pi ωtc

]T → measured output,

(2.24)

where χ(pi, p4) is defined in Eq. 2.16. The goal of this setup is EGR frac-

tion χ tracking which can be achieved via coordinated tracking of px and p4.

Therefore, the EGR fraction set-point χsp can be translated into correspond-

ing set-point psp4
psp4 =

χsp

1− χsp
θ(Pc, pi, uegr,2), (2.25)

where θ = ηcPc
√
RxT4

Tacp,i

((
pi
pa

)μc−1
)
Aegr,2(uegr,2)ψ4(pr)

. The set-point pspx can be chosen

either static or adaptive which is discussed later on in Section 4.3.
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2.3.4 Linearized models

HIPPO and conventional models

As the design procedure of the adaptive controllers is based on a linear ap-

proximation of the original process, the models defined in Subsections 2.3.1

and 2.3.2 need to be linearized. For the details on the process linearization,

interested reader is referred to Publication II. The linearized models for non-

linear processes defined in Subsections 2.3.1 and 2.3.2 are of order 4 and 5,

respectively. However, the order of both models can be reduced down to 2

using dominant pole approximation without the loss of accuracy. Therefore,

the linear approximation of the original models at specific linearization point

(LP) can be written as

G(s)|LP = k
s− z1

(s− p1)(s− p2)
. (2.26)

where k, z1, p1 and p1 are the gain, zero, pole 1 and pole 2 of the transfer

function.

Turbocharged EGR topology

A linear approximation of the model defined in Subsection 2.3.3 will be re-

quired for the control design due to the fact that it is more computationally

efficient when the predictions are to be done online. Thus, the use of a nonlin-

ear model will result in heavy calculations and require a nonlinear optimizer.

While the details of model linearization can be obtained in Publication VI, the

main points are presented hereafter. The linear state-space representation is

obtained via a first order Taylor series expansion of the nonlinear ODEs and

can be written as

ẋ6×1(t) = A(t)x6×1(t) +B(t)u2×1(t)

y2×1(t) = Cx6×1(t).
(2.27)

where A(t) ∈ R
6×6, B(t) ∈ R

6×2 and C ∈ R
2×6. The linearized LTV ma-

trices A(t) and B(t) represent the Jacobians of the nonlinear state function

f(x(t),u(t)) with respect to states and inputs

A(t) =
∂f

∂x

∣∣∣∣
x(t),u(t)

B(t) =
∂f

∂u

∣∣∣∣
x(t),u(t)

(2.28)
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and C is a static output matrix.
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3. Control design

In this chapter, the proposed advanced control algorithms are presented in

the form that is adapted for marine diesel engines control and will be later

demonstrated in the case studies in Chapter 4. Two different approaches

are discussed, each having their own advantages. The first approach is the

so-called model-reference adaptive control which is a true adaptive control,

capable of self-tuning the control gains to achieve the desired closed-loop

performance. The second approach is the adaptive model-predictive control

which is not truly adaptive in the general understanding of this term, but

rather updates the parameters of the prediction model (which has a fixed

structure) online to achieve better predictions. The benefit of the second con-

trol approach is the ability to implement multivariable control with ease and,

additionally, include process constraints into the original design.

3.1 Model-reference adaptive control

This group of controllers has become one of the most popular when it comes

to control adaptation and dates back to 1960’s [43]. The name MRAC comes

from the fact that the (usually linear time-invariant) dynamic model is used to

define the desired closed-loop behavior of the system. The two approaches to

MRAC, namely direct and indirect adaptation, are presented hereafter. The

performance of both will be experimentally verified in Chapter 4. As the

same MRACs will be used for controlling two different case-study systems,

the implementation is presented using general variables (e.g., zsp for the set-

point, z for the output, etc. because these are different for the two different

case studies), but with the same reference models and process models of the

same relative degree and order.
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3.1.1 Indirect adaptation

The indirect adaptive control offers flexibility concerning the identifier and

controller choice, as these are represented by separate subsystems. The idea

of the indirect MRAC algorithm is to first construct a fixed-parameter control

structure with the controller parameters being functions of the plant param-

eters. These parameters are then replaced by their estimates obtained via

recursive online identification, thus making the overall controller adaptive.

While the indirect MRAC has been discussed in details in [44, 45], its im-

plementation is reviewed here for the test cases systems (e.g., λ-control for

HIPPO and boost pressure pi control for the diesel engine). While the con-

trolled systems differ substantially (as well as the degraded parameter/dynamics

do), it is demonstrated that both can be controlled by MRAC of the same

structure (same controller, identifier and model of the same relative degree).

Apart from the set-point tracking, the indirect MRAC algorithm is pro-

posed for dealing with time-varying engine dynamics. Such controller pos-

sesses guaranteed asymptotic stability property under several assumptions

which will be discussed in the subsequent sections [44].

The indirect MRAC is demonstrated in Fig. 3.1 and consists of the controller,

identifier and the parameter transformation block.

Diesel engine 
powertrain

Identifier

Indirect MRAC

+
Controller

Figure 3.1. Block-diagram of indirect model reference adaptive controller. The engine block
is also shown for clarity. The control and measured signals are denoted as u and
z, respectively, Nsp

e is the engine speed set-point and Msp
e is the load torque set-

point.
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Main idea

The core of the update mechanism in this algorithm is the identification (rather

than tracking) error [44]

e(t) = ẑ(t)− z(t) (3.1)

where z(t) and ẑ are the measured and identified output, respectively. The

desired behavior of the closed-loop system in model-reference control is de-

termined by the linear model defined in such a way that its relative degree is

the same as the degree of the process

M(s) = km
nm(s)

dm(s)
=

ω2
ms+ 1

s2 + 2ζmωms+ ω2
m

, (3.2)

where km, nm(s), dm(s) are the model gain, numerator and denominator

polynomials, respectively, and ωm and ζm are the tuning parameters that can

be adjusted in order to obtain a desired response.

Observer

The goal of the observer is to produce a recursive estimate of the process pa-

rameters k, z1, p1 and p2 which can then be used to construct a controller.

In order to achieve this, a parametrization of the process in Eq. 2.26 is in-

troduced in a way that the process and the identified parameters are related

linearly [44]
Z(s)

Zsp(s)
= kp

np(s)

dp(s)
=

α2s+ α1

s2 + β2s+ β1
(3.3)

where Z(s), Zsp(s), kp, np(s) and dp(s) denote the Laplace transforms of the

output and the set-point, the process gain, numerator and denominator poly-

nomials, respectively. The following expression can be derived easily

s2Z(s) = (α2s+ α1)Z
sp(s)− (β2s+ β1)Z(s) (3.4)

As the derivatives of the process output and the set-point are typically not

available (which is required by Eq. 3.4), the following Hurwitz polynomial

ξ(s) = s2 + ξ2s + ξ1 is introduced to remedy this problem. Therefore, the

parametrization of the output Z(s) can be written as

Z(s) =
a(s)

ξ(s)
Zsp(s) +

b(s)

ξ(s)
Z(s) (3.5)
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where the time-varying polynomials a(s) and b(s) are defined as

a(s) = α2s+ α1 = kpnp(s)

b(s) = (ξ2 − β2)s+ (ξ1 − β1) = ξ(s)− dp(s)
(3.6)

In order to proceed to recursive parameter identification and control, Eq. 3.5

needs to be converted to the time-domain. This can be done by introducing

the following notation

Ξ =

⎡⎣ 0 1

−ξ1 −ξ2

⎤⎦ bξ =

⎡⎣0
1

⎤⎦ (3.7)

and defining the filters ẇ(i) for the set-point zsp and output z as [44]

ẇ(1) = Ξw(1) + bξz
sp

ẇ(2) = Ξw(2) + bξz.
(3.8)

The process output Z(s) from Eq. 3.5 can now be easily written in the time-

domain as

z(t) = a∗Tw(1)(t) + b∗Tw(2)(t) = π∗w̃T (3.9)

where the parameter vector π∗ (∗ denotes the nominal parameter value) is

defined as

π∗ =
[
a∗1 a∗2︸ ︷︷ ︸

a∗T

b∗1 b∗2︸ ︷︷ ︸
b∗T

]
=

[
α∗1 α∗2 ξ1 − β∗1 ξ2 − β∗2

]
(3.10)

and

w̃ =
[
w

(1)
1 w

(1)
2 w

(2)
1 w

(2)
2

]
∈ R

4 (3.11)

It can be seen that vector π∗ now contains the parameters that are related

linearly to the original parameters of the process G(s) (i.e. k, z1, p1 and p2)

defined in Eq. 2.26. As the original parameters, in fact, are not used by the

indirect MRAC, the reverse transformation is omitted here.

The identified output ẑ of the process is written in a similar fashion to

Eq. 3.9 as

ẑ = πw̃T (3.12)

A gradient descent method is employed to recursively update the parameter
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vector π as the new measurements become available

π̇ = −γew̃, (3.13)

where γ > 0 is the tuning parameter which solely determines the parameter

convergence speed.

The update law is extended with a robustness modification similar to the

ones discussed in [46, 47] (concerning the −σ(π − π0) term) and also with a

dead-zone which stops the adaptation once the identification error gets suffi-

ciently small ⎧⎪⎨⎪⎩π̇ = −γew̃ − σ(π − π0) if |e| > Δ

π̇ = 0 if |e| ≤ Δ,
(3.14)

where π0 denotes the previous estimate of π, σ is the tuning parameters and

Δ is the dead-zone threshold. The−σ(π−π0) modification aims at preventing

the unbounded growth of the parameter vector π and keeps the parameters

close to their previous estimate π0 while the dead-zone stabilizes the iden-

tifier parameters (hence controller gains) which results in a constant control

signal when the identification error is small (no constant update of π occurs).

Controller

The controller structure itself was proposed in [44] as

U(s) = c0Z
sp(s) +

c(s)

ξ(s)
U(s) +

d(s)

ξ(s)
Z(s)→

→ U(s) =
ξ(s)

ξ(s)− c(s)

(
c0Z

sp(s) +
d(s)

ξ(s)
Z(s)

) (3.15)

where U(s) is the Laplace transform of the control signal, c(s) and d(s) are

the time-varying controller polynomials. It can be seen from Eq. 3.15 and in

Fig. 3.1 that the final control signal U(s) consists of three parts that can each

be affected by the adaptive gains: the process measured output, the input

signal itself and the desired set-point.

Combining the previous equation with

Z(s) = kp
np(s)

dp(s)
U(s) (3.16)
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the transfer function from Zsp(s)→ Z(s) can be written

Z(s)

Zsp(s)
=

c0kpξ(s)np(s)

(ξ(s)− c(s))dp(s)− kpnp(s)d(s)
(3.17)

Since the goal of the controller is the model following, the foregoing trans-

fer function has to match the model M(s) defined in Eq. 3.2. Therefore,

by defining ξ(s) = ξ0(s)nm(s), we can easily write the matching equality

M(s)↔ G(s) in order to evaluate the controller parameters c and d

(ξ0(s)nm(s)− c(s))dp(s)− kp(s)np(s)d(s) = c0
kp
km

ξ0(s)dm(s)np(s). (3.18)

Recalling the parametrization in Eq. 3.6, the time-varying controller polyno-

mials become apparent

c(s) = ξ(s)− 1

a2
q(s)a(s) = c2s+ c1

d(s) =
1

a2
(q(s)ξ(s)− q(s)b(s)− ξ0dm(s)) = d2s+ d1

c0 =
km
a2

,

(3.19)

where a(s) and b(s) are polynomials defined in Eq. 3.6, and the quotient q(s)

is evaluated as

q(s) =
ξ0(s)dm(s)

ξ(s)− b(s)
(3.20)

Introducing the following vector notations

θ =
[
c0 c1 c2 d1 d2

]
∈ R

5 (3.21a)

w =
[
zsp w(1)T w(2)T

]
∈ R

5 (3.21b)

the adaptive control input can be written compactly as

u = θwT . (3.22)

It should be noted that the proposed adaptive controller Eq. 3.15 does not

include the knowledge on the saturation limits of the generated control signal
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Diesel engine 
powertrain

Identifier

Direct MRAC

+

Controller

Figure 3.2. Direct adaptive control algorithm block-diagram. Designations: Nsp
e — engine

speed set-point, Msp
e — load torque set-point.

naturally and these must therefore be physically enforced

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
u = umin if u ≤ umin

u = θwT if umin < u < umax

u = umax if u ≥ umax

(3.23)

where umin and umax define the lower and upper boundaries of the control

signal.

3.1.2 Direct adaptation

Unlike in the indirect MRAC, in this algorithm the parameters of the con-

troller are directly identified from the process, meaning that control parame-

ters are the same as the identifier’s ones. This somewhat restricts the possible

choice of the controller and identifier, although results in a simpler imple-

mentation as compared to its indirect counterpart. Figure 3.2 shows a block

diagram of the direct adaptive control scheme and its structure is summa-

rized hereafter. The structure of the process parametrization and parameter

identification is similar to the indirect MRAC and therefore only the key dif-

ferences are presented here.

Main idea

Unlike for the indirect MRAC, the core of the algorithm is the set-point track-

ing error [44]

e(t) = z(t)− zm(t) (3.24)
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between the measured output of the plant z(t) and the dynamic reference

model zm(t) (which is a function of a set-point zsp(t)). It is important to notice

that the direct MRAC can be proved to be stable and the asymptotic tracking

can be guaranteed only if the plant is minimum-phase [48] which is the case

of the studied processes. The stable model is also chosen to be minimum

phase, with the numerator nm(s) and denominator dm(s) being both monic

and coprime polynomials and the gain km > 0.

In the case of direct adaptation, the implementation of the controller is

demonstrated with the example of a first-order (n = 1) reference model of

relative degree

M(s) =
Zm(s)

Zsp(s)
=

km
s+ am

, (3.25)

where Zm(s) is the Laplace transform of the model output, am is the tuning

parameter, respectively.

Controller and identifier

In general, the controller structure involves the filters for the input ẇ(1) =

Ξw(1) + bξu and the output ẇ(2) = Ξw(2) + bξzp [44] similar to the indirect

MRAC, however the design parameters Ξ ∈ R
(n−1)×(n−1) and bξ ∈ R

(n−1)

vanish when n = 1, thus simplifying the controller structure.

In addition, the vector of controller parameters θ and the vector of signals

w are reduced to

θ =
[
c0 d0

]T ∈ R
2 w =

[
zsp z

]T ∈ R
2, (3.26)

The control signal u must be limited due to the specifics of the controlled

systems which is done in the same way as in Eq. 3.23. Again, the gradient

decent algorithm is used to adapt the control parameters

θ̇ = −γew. (3.27)

Extensive simulations have shown that there are issues concerning robust-

ness of direct MRAC. Thus, two update law modifications have been done in

order to improve it:

1. Leakage term. This modifies the parameter update law with the goal of
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preventing the parameters drift into the instability region [44]

θ̇ = −γew − σθ, (3.28)

where σ > 0 is a small constant, and the term −σθ is used to keep θ

bounded.

2. Anti-windup mechanism. This is a “dead-zone”-like update law modifi-

cation which stops the adaptation, once the control signal gets saturated.

The control signal saturation error is defined as ea = usat − u, where usat

is the saturated control signal, actually used to control the process, and u is

the signal generated by the controller. The update law is modified as⎧⎪⎨⎪⎩θ̇ = −γew − σθ if |ea| ≤ g

θ̇ = 0 if |ea| > g,
(3.29)

where g is chosen small enough to stop the adaptation once the saturation

occurs.

3.1.3 Stability analysis

The diesel engine model in Section 2.3 is represented by a set of nonlinear

coupled ODEs (Eq. 2.17). The closed-loop control of such a system with

adaptive LTV controller makes an analytical stability proof a nontrivial task.

Therefore, in this section, the stability of the indirect/direct MRAC is dis-

cussed by considering a local linear approximation G(s) (Eq. 2.26) of the orig-

inal process model, and the stability of the full nonlinear adaptive control

system is demonstrated by means of experiments in Chapter 4.

When it comes to MRAC, the stability can not be proved using the Lya-

punov approach as it requires the assumption on the parameters to be ini-

tially sufficiently close to their nominal (optimal) values. In MRAC there is

typically no knowledge of the true parameter values. Therefore, the concept

of bounded-input bounded-state (BIBS) stability is normally used.

The proposed indirect/direct MRAC system has been proved (see Theorem

3.7.3 from [44]) to be BIBS stable (that is for any zsp bounded, and x(0) ∈ R
m

(m is the amount of combined states of the model, observer and controller),
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the solution x(t) remains bounded) under the following assumptions:

1. The process has to be SISO linear-time invariant (LTI) strictly proper sys-

tem defined in accordance with G(s) = kpnp(s)/dp(s) with lower-bounded

high-frequency gain kp. These criteria are satisfied by the transfer function

G(s) of the linearized process defined in Eq. 2.26.

Note: in this work, a major interest is to evaluate the ability of the con-

troller to adapt to time-varying dynamics of the engine. It is known, that the

mechanical wear and tear is typically a long term process and the dynamics

of the engine can therefore be assumed slowly-time varying. By definition,

such a system can be considered to be LTI on a small scale (i.e. approxi-

mately invariant during a short period of time) thus satisfying the stability

assumption. The key point here is that the adaptation should always oc-

cur faster than the parameter variation, to provide the parameter π → π∗

(θ → θ∗ for direct MRAC) convergence, where π∗ and θ∗ are the nominal

parameter values. Therefore, the aggressiveness of the process identifica-

tion γ in Eq. 3.13 and Eq. 3.27 should be chosen high enough, but at the

same time not overly high to prevent instability.

2. The stable, minimum phase reference model has to be defined in accor-

dance with M(s) = kmnm(s)/dm(s) where monic polynomials nm(s) and

dm(s) are of the same degree as corresponding plant polynomials and km >

0. The models in M(s) in Eq. 3.2 (for indirect MRAC) and in Eq. 3.25 (for

direct MRAC) are chosen accordingly, to provide the desired closed-loop

performance.

3. The set-points zsp utilized for the closed-loop control of HIPPO and VGT

are both piecewise continuous and bounded on R+.

Thus, the proposed direct/indirect MRAC system is BIBS stable (with the

locally linearized engine model).
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Figure 3.3. Magnitude of RGA elements |λij | for the LTV system at ω = 0 rad/s. The simu-
lation covers the main EGR range of 15 to 50 %. Diagonal dominance is observed
most of the time with the exception of large transients in the high EGR range. Leg-
end: —— |λ11| = |λ22| elements, —— |λ12| = |λ21| elements, - - - EGR set-point,
—— EGR fraction.

3.2 Model-predictive control

The adaptive MPC consists of a process model used to generate predictions, a

state-estimator needed to obtain the unmeasured states of the process and an

optimizer generating the optimal control policies. In Publication VI, the de-

sign of the adaptive MPC was used to control a marine diesel engine equipped

with turbocharged EGR which can be generalized as a 6-states 2 × 2 MIMO

system. As the modeling of the process has been presented in the previous

chapter, the design of the estimator and the predictive controller will be high-

lighted here.

The MPC is chosen to control the turbocharged EGR topology due to the

fact that it is naturally a true multivariable controller which can take into

account possible interactions between multiple inputs and outputs [49, 50].

The analysis of the relative gain array at zero frequency and different operat-

ing points (OPs are defined by the EGR% in this case) was done in order to

determine the degree of interaction (see Publication VI for details). The mag-

nitude of RGA elements |λij | for LTV system at ω = 0 rad/s is demonstrated

in Fig. 3.3. As the off-diagonal elements |λ12| = |λ21| are always greater than

0, it can be concluded that a certain amount of interaction is always present,

although it gets significant only at increased levels of EGR.

The ability of the MPC to handle constraints is another desirable feature as

the inputs for any physical system are always limited [49, 50]. In this case, it

is also important to handle saturation because at high levels of EGR one of
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the control inputs gets saturated and the control is effectively managed by

the other input. Therefore, it is important for the controller to “know” about

such constraints during generation of the control signal, in order to prevent

windup and possible instability.

The word “adaptive” here comes from the fact that in this MPC the model

parameters are updated online by using the available measurements or state-

estimator. This way, the model of the process is expected to always provide

accurate predictions.

3.2.1 State-estimator design

The reason to utilize a state-estimator here is the specific topology of the tur-

bocharged EGR. As the EGR fraction is not typically measured directly in

production type engines [30], its calculation (or estimation) will require a

number of sensors placed around the exhaust (i.e. “dirty”) side of the en-

gine, including those for the back-pressure px and pressure measured at two

different locations in the EGR feedback loop (i.e. before and after the turbine).

These locations will cause an increased level of stress on the pressure sensors,

thus making them prone to failures. In order to avoid that, soft sensors (state

estimators in this case) are used in place of their real counterparts. Thus,

an estimate of the process states can be obtained, using few easily available

measurements and a mathematical model of the process.

The turbocharged EGR model in Eq. 2.22 is nonlinear and therefore a linear

estimator (e.g., Kalman filter) cannot be used directly. Instead, its nonlinear

modification, called the unscented Kalman filter is proposed. The concept of

the UKF is similar to that of the Sequential Monte Carlo (SMC) filters (e.g.,

particle filter), which utilize the so-called particles to estimate the posterior

probability of a variable [51]. However, unlike particles that are drawn ran-

domly, sigma points (SP) in UKF are sampled deterministically according to

the algorithm. While the true posterior probability cannot be recovered in

this way, such an approach makes the UKF computationally more efficient (in

comparison to SMC filters), yet producing good results. For more informa-

tion on the UKF theory and practical implementation, the interested reader is

referred to [52] and the general idea of the UKF implementation is outlined

hereafter.

The UKF is implemented in a similar way as the regular recursive estimator
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fashion including the prediction and update phase. Therefore, the predicted

mean x̂(k) and state covariance matrix Σx(k) can be formed as

x̂(k) = x̂(k − 1)︸ ︷︷ ︸
model prediction

+ K(k)[y(k)− ŷ(k)]︸ ︷︷ ︸
measurement update

Σx(k) = Σx(k − 1)−K(k)Σy(k)K
T (k)

(3.30)

where K(k) is the suboptimal filter gain [53].

One of the key differences with the linear Kalman filter is the way the

model prediction x̂(k−1) is done. Instead of propagating the estimated state

through the model functions, the SP are used. These SP are sampled around

the mean using the state covariance and then propagated through the model

functions. The amount of these SP is taken as 2n+ 1 (where n is the number

of states) in order to account for x̂(k − 1)± Σx and x̂(k − 1). Thus, the over-

all prediction accuracy of the UKF can be greatly increased even for strong

nonlinearities [52].

As the predictions of the state estimate x̂ are essentially done by the mathe-

matical model of the process, they depend on the initial conditions and tend

to drift away from their true values accumulating small errors with time.

Therefore, it is important to correct the predictions using the available mea-

surements, thus keeping the estimate consistent. This is done by calculating

the filter gain K(k) = Σxy(k)Σ
−1
y (k) which depends on the estimated co-

variance matrix Σ−1y (k) of the process output and also the cross-covariance

Σxy(k) between the output and the state of the system. More details on co-

variance matrices calculation can be found in Publication V.

Sigma points evolution for p̂4 is exemplified in Fig. 3.4 for better compre-

hension. The amount of sigma points sampled at each time instant is 2n + 1

(i.e. 13 for a 6-states system), but only minimum Xmin(k) and maximum

Xmax(k) SP are seen due to their tight placement around the mean.

3.2.2 Predictive control

While the detailed implementation of the predictive controller for the 2 × 2

MIMO system is presented in Publication VI, the general structure is pre-

sented in this section.

The block diagram of the predictive controller is shown in Fig. 3.5. It can be

subdivided into the three main blocks:
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13 sigma 
points

Figure 3.4. Propagation of sigma points via nonlinear model f(x(k), u(k)) for pegr. The initial
sigma points X are denoted in red, transformed X̂ in blue.

1. Parameter update of the linear model

2. Model-based predictor

3. Optimizer

In order to increase the accuracy of predictions, the parameters of the linear

model (Eq. 2.27) are updated online at the current engine operating point.

The model-based predictor then creates the Np-steps ahead prediction model

which is utilized by the optimizer to generate an optimal control sequence of

length Nc, where Np and Nc are the prediction and control horizons, respec-

tively. Only the first control move from that sequence is applied to the engine

control, and the whole procedure is repeated at the next sampling interval

once the new feedback signals from the engine are obtained.

Model-based 
predictor

Optimizer

Parameter 
update

Adaptive MPC

A B

Set-point(s)

State estimate/
measurement

Control signal(s)

Figure 3.5. Adaptive MPC block diagram. A and B are the state and input matrices of the
linear model, F and Φ are the corresponding matrices of the Np-steps prediction
model.

In this work the linear time-invariant (LTI) model, which parameters are
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recursively updated at every sampling interval k (see Eq. 2.27), is used to

construct the linear prediction model. It should be noted here that the model

parameters are kept constant over the prediction horizon Np. The main rea-

son to keep the parameters constant within the prediction horizon Np is that

the operating conditions of the engine are mostly defined by the instanta-

neous demand from the driver (or in case of marine industry the sea state,

i.e. sudden waves, gale or storm) and are therefore hard to predict.

The Np-steps ahead prediction model is formed with respect to the devia-

tion variables Δx(k) = x(k) − x(k − 1) and Δu(k) = u(k) − u(k − 1). This

way the optimizer does not drive the input u(k) to zero, rather minimizes its

deviations from the steady-state value. In addition, the prediction model is

augmented with an integrator in order to mitigate the possible linearization

errors. More details on the the implementation of prediction models can be

found, for example, in [50].

The controller cost function J penalizes the tracking error (Rs−Y) and the

control input increments ΔU as follows

J = (Rs −Y)T (Rs −Y)︸ ︷︷ ︸
tracking error

+ ΔUT R̄ΔU︸ ︷︷ ︸
control deviation

,
(3.31)

where Y is the vector of predicted outputs, Rs the corresponding set-points

and R̄ is the penalty matrix used to tune the controller performance.

The desired optimal control signal Δu(k) is obtained by the solution of the

following constrained optimization problem

Δu(k) = argmin
Δu(k)...Δu(k+Nu)

J

s.t. AineqΔU ≤ bineq

(3.32)

where the constraints for outputs, states and inputs are stacked into a matrix

form as follows AineqΔU ≤ bineq.
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4. Case studies

The developed adaptive controllers have been analytically shown to be stable

under possible dynamic or parametric uncertainty of the process. However,

for improved confidence, these claims must be verified by means of simula-

tions and/or experiments.

In this chapter, the validation of the designed controllers is presented using

several real-life case studies. Only the main results are presented here, while

the details of these case studies can be found in Publication I-Publication VI.

The case studies include the experimental evaluation of MRAC controllers on

hybrid and conventional engine test-beds, as well as the simulation study on

adaptive MPC for turbocharged EGR topology.

4.1 Case 1: adaptive power-split control of marine hybrid
diesel-electric powertrain with time-varying measurement delay

Electric 
motor Water-brake Diesel engine

Figure 4.1. Hybrid integrated propulsion powertrain on which all the measurements and ex-
periments presented in this case study have been performed.
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In this study, a marine hybrid diesel-electric powertrain testbed was used

to achieve two goals:

1. Evaluate the possibility of diesel engine transient emissions reduction via

closed-loop lambda control by means of PTI motor.

2. Assess the capabilities of the designed direct and indirect MRAC con-

trollers to adapt to varying parameters of the diesel engine and preserve

the original closed-loop performance.

Setup description and main idea

Figure 4.1 shows the hybrid integrated propulsion powertrain on which the

MRAC controllers have been validated. The HIPPO testbed is composed of

three main parts: Caterpillar 3176B marine diesel engine (6 cylinders, 448 kW

at 2300 rpm), water-brake dynamometer (1200 kW) and PTI induction motor

(110 kW). The key powertrain characteristics are listed in Table 4.1.

Table 4.1. HIPPO: engine and motor characteristics

Engine type Caterpillar 3176B marine diesel engine
General data In-line 6 cylinders, 4-stroke, 10.3 L
Engine power 448 kW @ 2300 rpm
Engine torque (limited) 500 Nm
EGR No
Turbocharger Fixed geometry
Motor type Induction motor
Motor torque 250 Nm
PTI motor control range 0. . .0.1 V

The high-speed turbocharged diesel engine is linked to the dynamometer

and the water-brake via cardan shaft. Depending on the test mode, the water-

brake dynamometer can be used to generate a step-wise or a “propeller” type

of load. This way, various applications of hybrid marine engines can be stud-

ied, including those for ship propulsion and on-board electricity generation.

The propeller curve loading is, for example, typical when the engine acts as

a propulsion unit, while the step-wise loading characterizes the generator

mode (or the auxiliary type on-board engine) [54]. In order to provide the de-

sired load on the engine, the water-brake torque is controlled in closed-loop

using the specifically designed robust H∞ controller.
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The PTI induction motor is linked to the water-brake directly to form a

parallel hybrid engine configuration and a frequency inverter is used to reg-

ulate the torque output of the motor. The torque control mode is used for

the AC motor control and the rotational speed is defined solely by the diesel

engine. In this setup, the induction motor is powered directly from the grid.

Although, in real marine application this would not be feasible and a proper

energy storage system would be required, the HIPPO testbed serves differ-

ent purposes. The main goal here is to evaluate the possibility of transient

control of emissions, as well as to asses the feasibility of the adaptive control

algorithms.

The closed-loop lambda control topology of the hybrid powertrain is demon-

strated in Fig. 4.2. The idea of such topology is to appropriately unload the

Water
brake

λ set-point u
-

Induction 
motor

Controller

λ sensor

Hybrid integrated propulsion powertrain

Torque, ref

C

T

CI engine

Figure 4.2. Closed-loop lambda control topology for HIPPO. The location of the UEGO sensor
is not exact. The set-point for λ is taken from the pre-defined map.

engine at high torque demand and especially during transient operation. In

order to achieve this, a suitable parameter describing the engine operation

has to be chosen. In case of a diesel engine, this parameter is the air-fuel ratio

(AFR), since it directly correlates with the engine-out emissions (e.g., NOx,

particulate matter) and current load, and is easily available with an on-board

standard sensor [55, 56]. Therefore, AFR can be considered a suitable cost for

control purposes. Thus, controlling the torque supply from the PTI motor can

allow the AFR to be regulated to a set-point, thereby reducing emissions.

It should be noted that there exist a variety of technologies aimed at re-

ducing diesel engine emissions via AFR control (e.g., variable geometry tur-

bocharging (VGT), turbines with wastegate, exhaust gas recirculation (EGR))

or after-treatment (e.g., selective catalytic reduction, diesel particulate filter,

diesel oxidation catalyst). However, the conventional AFR control affects the
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combustion mixture directly by means of intake air regulation or exhaust gas

recirculation, while the proposed PTI topology utilizes extra available elec-

tricity to reduce the loading of the propulsion engine. Thus, the in-cylinder

gas composition is still affected, but indirectly via load moderation. There-

fore, the proposed topology can be utilized in a combination with the exist-

ing more standard AFR regulation techniques and after-treatment systems

to provide additional degrees of freedom for the emissions reduction. The
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Figure 4.3. Experimental study: lambda closed-loop control by means of electric PTI motor
when the ship is a subject to transient loading. Legend: (top plot) —— PTI motor,
—— diesel engine, —— powertrain torque, - - - load; (middle plot) - - - lambda

set-point, —— measured lambda; (bottom plot) - - - control boundaries, ——
control signal.

closed-loop lambda control during ship active maneuvering (e.g., berthing,

harbor pilotage, tugging) is demonstrated in Fig. 4.3. Such operation implies

heavy transients of speeds and loads imposed on the propulsion engine (e.g.,

t=190—260 sec). The lambda set-point is taken from the predefined map [57]

to engage the PTI motor specifically during such transients.

The performance of the designed adaptive controllers (direct and indirect

MRAC) has been evaluated with nominal and altered engine parameters. In

order to exemplify the engine components degradation with time, the mea-

surement time-delay of the universal exhaust gas sensor (UEGO) was as-

sumed to be affected (it is known that faulty UEGO sensors can exhibit biased

and/or delayed measurement). It is also known that delayed measurement

can cause an adverse effect on the closed-loop control system and ultimately

result into instability [58]. Thereby, measurement delay is taken as an exam-

ple of process parameters variation due to components degradation.
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Control system evaluation

The proposed MRAC controllers (see Section 3.1) were initially implemented

and tested in Matlab/Simulink using the model (Eq. 2.17) instead of real

powertrain. After thorough testing by means of numerical simulations, the

controllers were deployed to the testbed using the rapid-prototyping system

dSpace. Although, the controllers were developed in continuous-time, their

discrete counterparts have been implemented.

In this evaluation, the engine was run at 1600 rpm with the transient load

steps 500 → 300 → 500 Nm, and the steady lambda reference λsp = 3.1

was tracked. Figure 4.4 demonstrates the behavior of the closed-loop lambda

control system using the proposed MRAC algorithms as well as the baseline

fixed-parameter control (FPC) for the case of the nominal and altered mea-

surement delay.
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Figure 4.4. Experimental verification of the adaptive controllers. Lambda set-point tracking
λ = 3.1 during aggressive load step-change 500 → 300 → 500 (Nm). Nominal
and measurement delay cases are compared. Load step change 500 → 300 (Nm) is
done at 170 sec and 300 → 500 (Nm) at 185 sec. Legend: —— nominal case, ——
measurement delay, —— load, - - - lambda set-point.

All the controllers have been tuned to have similar time-response charac-

teristics for the nominal delay case to achieve fair comparison. Figure 4.4

shows that increase in measurement delay causes the FPC to oscillate while

the adaptive controllers demonstrate only a slight change in their responses

and preserve good tracking of λ.

The time-domain characteristics (e.g., including settling time, overshoot

and peak, under the nominal and degraded sensor conditions) have been

recorded for the adaptive and fixed parameter controllers for the experiment

demonstrated in Fig. 4.4 and are shown in Table 4.2. It can be seen that the in-

crease of the measurement time-delay slightly deteriorates the performance
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of adaptive controllers, causing the settling time to increase by approximately

4 sec for OA and IA algorithms. In addition, the lambda overshoot for these

controllers grows by about 3% and 5.5 %, respectively. However, the FPC

fails to maintain the desired performance and starts to oscillate.

Table 4.2. Experimental study: step response characteristics of the closed-loop control system
when adaptive controllers are used for the case of nominal and altered time-delay.
Tracking the reference λ = 3.1. FPC — fixed parameters control, DA — direct
adaptive, IA — indirect adaptive.

Time delay Controller FPC DA IA
Rise time (sec) 4.40 8.65 8.50

τ = 0.79 (sec) Settling time (sec) 22.91 21.58 23.63
Overshoot (%) 4.00 0.07 3.21
Peak value 3.22 3.05 3.19

Time delay Rise time (sec) 4.50 6.34 8.50
Settling time (sec) oscillating 25.20 27.46

τ = 2.29 (sec) Overshoot (%) 10.42 3.25 8.96
Peak value 3.42 3.14 3.31

As it is known that engine AFR (and consequently λ) is directly correlated

to engine-out NOx production [55], it is highly undesirable to have lambda

oscillating. Figure 4.5 demonstrates the NOx emissions measured during

load transient 300 → 500 Nm for the case of degraded UEGO sensor (corre-

sponding to the test shown in Fig. 4.4). It can be seen that oscillatory closed-

loop control of engine-out lambda λ is reflected in NOx production which

oscillates with significant amplitude of almost 200 ppm.

0 5 10 15 20 25 30
0

200

400

600

800

1000

N
O

x, p
pm

NOx emissions

300

500

Lo
ad

 (N
m

)

0 5 10 15 20 25 30
Time (sec)

0

0.05

0.1

P
TI

 m
ot

or
 c

on
tro

l

FPC
Direct adaptive
Indirect adaptive
Load

Figure 4.5. Experimental study: case of degraded UEGO sensor. Measured NOx emissions
with the AFR closed-loop control.

Moreover, such oscillatory control of the PTI motor will cause oscillations

in the whole powertrain which is unacceptable during sailing. Figure 4.6

demonstrates the measured speed-load dependency for the case of increased
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UEGO delay. Rough running of the powertrain can be seen when the con-

troller with fixed-parameters is used. On the contrary, the use of both MRAC

controllers allows the powertrain to stay on target of about 320 Nm torque. It

should be noted, that the rotational speed of the powertrain is relatively sta-

ble for all three cases, while the roughness comes from the irregular torque

production.
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Figure 4.6. Experimental study: case of degraded UEGO sensor. Speed-load when fix-
parameter and adaptive controllers are online. The irregular torque production
can be seen when FPC is online, while adaptive controllers converge to target
torque of 320 Nm.

Therefore, it can be concluded that the use of adaptive controllers can pro-

vide superior performance over controllers with fixed-parameters for the case

of increased measurement delay. The advantages can be directly observed

from the increased and unstable emissions generation and from the power-

train oscillating torque production. The importance of the latter can not be

overestimated as it directly affects driving capabilities and passengers com-

fort.

4.2 Case 2: adaptive boost pressure control for marine diesel
engine in presence of dynamic uncertainties

This case study exemplifies the application of the indirect MRAC control to

dealing with the time-varying dynamics of marine diesel engines. The varia-

tion of engine dynamics originating specifically from the degraded VGT actu-

ator is studied; however, the results can be easily translated to a more general

case where the dynamics variation is caused by other factors (e.g., external
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disturbances or mechanical wear of other components).

Automation 
cabinets

Figure 4.7. Engine testbed on which all experiments discussed in this case study have been
performed. The air flow via compressor into the intake is shown with arrows.

The engine testbed (Fig. 4.7) used for evaluation of the indirect MRAC con-

trol system consists of 4.4 liter 4-cylinders CI diesel engine linked to elec-

tromagnetic dynamometer. The variable geometry turbocharger is installed

to regulate the boost pressure. The exhaust gas recirculation system is not

present in this engine layout. The powertrain characteristics are summarized

in Table 4.3.

Table 4.3. Engine testbed characteristics

Engine type AGCO turbocharged diesel engine
General data In-line 4 cylinders, 4-stroke, 4.4 L
Engine power 115 kW @ 2200 rpm
Engine torque 600 Nm @ 1400 rpm
Turbocharger VGT
EGR No
Dynamometer Electromagnetic
Control interface NI LabView full engine control

The original and altered dynamics of the VGT actuator used in simulation

and experimental study are shown in Fig. 4.8.
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Figure 4.8. Dynamics of the VGT actuator. Commanded input is shown together with the
actual actuator position for the cases of nominal and altered actuator dynamics.

4.2.1 Simulation study

At first, the adaptive and conventional approaches for boost pressure track-

ing control were compared by means of a simulation study which is demon-

strated in Fig. 4.9. The engine model defined in Section 2.3.1 is used in place

of real engine. The altered dynamics of the VGT actuator are introduced at

450 sec. It can be seen that both of the controllers demonstrate stable re-

sponse and are tuned for the same time-domain characteristics with MRAC

having slightly bigger overshoot. The small ripples shown in the response of

the engine controlled by conventional PI controller are due to the specifics of

the actuator (discussed in Section 2.2.5) which do not allow the controller to

achieve the exact reference value.

Once the new VGT dynamics are introduced at 450 sec, the PI controller

starts oscillating immediately due to the fact that the controller was not set-

tled down completely.

The MRAC remains stable despite the inability to achieve the exact set-

point value, because its design includes the “dead-zone” modification which
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Figure 4.10. Simulation study: process identification for indirect MRAC (corresponds to the
simulation in Fig. 4.9). The regions of parameter update due to altered actuator
dynamics are shown at 600 and 800 sec.

“freezes” the control signal once the identified output is sufficiently close to

the measured one. However, once a change in the boost pressure set-point

appears, the controller starts to oscillate, because the original gains are not

able to provide proper tracking anymore. This is where the first adaptation

takes place (see Fig. 4.9 at 490 sec) and a little overshoot appears. Such an

adaptation causes to controller to settle on the set-point value pspi = 1.2 bar.

However, once the set-point is stepped up to pspi = 1.4 bar, the controller

needs to adapt its gains again which is fully completed by the time the third

step is done at 960 sec. After the adaptation is over, the normal set-point

tracking can be continued and the response of the closed-loop system is sim-

ilar (although not exactly the same) to that of the original system before the

change in VGT dynamics occurred. At the same time, the PI controller with

fixed-parameters yields marginally stable response and requires manual re-

tuning if the stability is to be achieved.

The identification of the process dynamics (corresponding to the test run

in Fig. 4.9) is shown in Fig. 4.10 (bottom) where the parameters π1 . . . π4

are those defined in Eq. 3.10. The adaptation of controller gains θ1 . . . θ4 is

done according to Eq. 3.19 based on the freshly identified process parame-

ters π1 . . . π4 and is shown in Fig. 4.10 (top). It can be seen that the change in

process parameters occurs during each step change in the output (e.g., at 290,

490, 690 in Fig. 4.10).

It is obvious that complete adaptation does not happen instantaneously and

requires time to be completed, which depends on several factors, including

fault size and set-point change magnitude, as well as the controller aggres-
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siveness. Thereby, the indirect MRAC might yield oscillatory response dur-

ing the adaptation phase. However, once the adaptation is through, the nor-

mal engine operation can be continued which is not the case of PI regulator.

4.2.2 Experimental study

The evaluation of the indirect model-reference adaptive controller was done

using two different scenarios which are summarized in table 4.4. The goal

of these scenarios was to evaluate the controller’s ability to track boost pres-

sure set-points variations as well their ability to provide desired closed-loop

performance when the engine’s operation at constant speed is affected by the

load disturbance. The latter is the most popular operating scenario in marine

industry, especially speaking about large cargo vessels. Both of the above

Table 4.4. Experimental verification scenarios for adaptive controller

Scenario Engine speed ωe Load Ml Boost pressure
set-point pspi

1 (Evaluation) Constant Constant Step
2 (Realistic) Constant Step Optimal map

scenarios have been evaluated with nominal and altered actuator dynamics.

The altered dynamics conditions are implemented as software (rather than

real actuator damage) which allows repeatable experiments without the need

to replace the damaged components.

Test scenario 1

In the first scenario, the controller’s ability to track set-point step changes

was evaluated. Figure 4.11 demonstrates the test run for the scenario 1 when

the engine was run @(1400 rpm, 200 Nm), the step-change for the boost pres-

sure set-point was done as pspi = 1.1 → 1.3 bar and nominal VGT actuator

dynamics were assumed. Both of the controllers are initially tuned for ap-

proximately the same step response characteristics for fair comparison (see

Fig. 4.11).
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Figure 4.11. Experimental results: MRAC vs PID under nominal dynamics of the VGT actua-
tor. The response of both controllers is demonstrated for the step change in boost
pressure set-point pspi = 1.1 → 1.3 bar. The experiment is run at the engine speed
ωe = 1400 rpm and load torque Me = 200 Nm.

In the next run, the dynamics of the actuator were altered according to

Fig. 4.8, in order to imitate the degraded (worn out) performance. The same

engine OP was used in this test run as in the previous run with the nominal

parameters. The response of both controllers for the step-change in set-point

pspi = 1.1→ 1.3 bar is demonstrated in Fig. 4.12. It can be clearly seen that the

adaptive controller outperforms the fixed-parameters PI-controller when the

operating conditions are deviating from the original ones. The time-domain

characteristics of the engine response with MRAC remain relatively unaf-

fected by the new actuator dynamics and the controller is stable. However,

PI controller is strongly affected by the slower dynamics of the new actuator

and becomes marginally stable.
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Figure 4.12. Experimental results: MRAC vs PID under altered dynamics of the VGT actuator.
The response of both controllers is demonstrated for the step change in boost
pressure set-point pspi = 1.1 → 1.3 bar. Considerable oscillations appear for PID-
controlled engine. The experiment is run at the engine speed ωe = 1400 rpm and
load torque Me = 200 Nm.
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Test scenario 2

In the second scenario (realistic), the engine was operated at constant rota-

tional speed ωe = 1400 rpm and the transient load changes Me were applied.

The boost pressure set-point pspi is taken from the engine map and depends

on the current engine operating point described by rotational speed ωe and

load Me. In this experiment, the adaptive controller was compared to the

fixed-parameter PI controller for the case of degraded VGT actuator. The

measured data from the engine testbed is demonstrated in Fig. 4.13. It can

be clearly seen, that the adaptive controller outperforms the PI-controller in

terms of the set-point tracking. The adaptive controller remains on target

while the PI-controlled boost pressure becomes oscillatory. While such boost

pressure oscillations do not degrade the engine rotational speed or produced

torque, they do affect the engine out lambda. As it is known that lambda is

directly correlated to engine out emissions and smoke, it is highly undesir-

able to have lambda oscillating [55].
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Figure 4.13. Experimental results: MRAC vs PID under altered dynamics of the VGT actuator.
The boost pressure set-point pspi comes from the engine map f(Me, ωe). The load
transient 250 → 300 Nm is shown @ 1500 rpm.

Figure 4.14 presents the comparison of measured lambda for the previous

test-run (Fig. 4.13). Significant oscillations of lambda in the PI controlled en-

gine can be observed. While the MRAC controlled engine demonstrates sta-

ble lambda tracking, the PI controlled one becomes only marginally stable

producing significant oscillations.
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Figure 4.14. Experimental results: measured engine-out lambda comparison for adaptive and
fixed-parameter control corresponding to the test-run in Fig. 4.13 (degraded ac-
tuator dynamics). It can be seen that oscillatory PI-controlled boost-pressure re-
sulted in lambda oscillations with significantly greater amplitude than that of
MRAC. Steady-state value of λ is evaluated as mean value of λMRAC with MRAC
controlled engine. Peak values of λPI are also shown.

4.3 Case 3: adaptive multivariable predictive control for
turbocharged EGR system

In this simulation study, the goal was to evaluate the designed control system

for the novel turbocharged EGR topology mounted on a marine diesel engine.

Such a system is capable of delivering a high and stable portion of the exhaust

gas to the intake manifold disregarding the pressure gradient between intake

and exhaust manifolds. As it is not a classical EGR topology, it is briefly

described for clarity hereafter. The combined EGR-diesel engine system is

Electric 
starter

EGR feedback 
loop

1-cylinder 
engine

VGT

Figure 4.15. Turbocharged exhaust gas recirculation system mounted on a single cylinder re-
search diesel engine.

demonstrated in Fig. 4.15 and can be roughly split into the following basic

components (from the modeling point of view):
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• piping, consisting of the four control volumes (manifolds)

• variably geometry turbocharger in the feedback path used for boosting the

exhaust gas

• controllable valves for EGR regulation (back-pressure control valve, “clas-

sical” EGR valve and an automatic valve for preventing reverse flow)

In this research engine, the boost pressure is controlled in a closed-loop with

a compressor driven by an electrical motor. It should be noted that a separate

electrical compressor obviously consumes extra engine power. This cannot

be circumvented due to the testbed multi-purpose configuration. However,

a mathematical model of a turbocharger was incorporated in the boost pres-

sure control system in the laboratory engine, meaning that the power of the

compressor depended on the amount of exhaust gas available. Thus, the

compressor was prevented from generating unrealistic rates of air mass flow.

The key component of the investigated EGR topology is the high-speed

turbocharger, used to create a required level of boost to overcome the gas

pressure in the intake manifold. A two-stage cooling system (not shown in

Fig. 2.4) is placed around the compressor in order to partially relieve the high

temperature stress exerted on it and to reduce the temperature of the com-

pressed gas. Both coolers are closed-loop controlled to sustain static temper-

ature at their outputs. Therefore, it is assumed constant in simulations.

There are two controllable valves in this specific setup (see Fig. 2.4 for de-

tails). First, the back-pressure px is controlled using the exhaust control valve

uexh. Second, the amount of exhaust gas flowing into the feedback loop is

regulated by the controllable valve uegr. The coordinated multi-variable con-

trol of both of these valves is required to achieve the EGR tracking and keep

the back-pressure as low as possible at all times.

A safety valve is installed between the intake manifold and the EGR feed-

back loop, and opens automatically once pressure difference across the valve

gets greater than Δp = 0.1 . . . 0.2 bar, which can be adjusted by the spring

stiffness of the valve. In this setup, mixing of the intake air and the exhaust

gas occurs at the compressor downstream location, where the pressure is

high. Therefore, in order to prevent a reverse mass flow (when p4 is lower

than pi), the safety valve is installed.

57



Case studies

The measured achieved levels of NOx and smoke emissions as well as the

EGR rate are presented in Fig 4.16. The smoke was measured at discrete in-

stances and, therefore,is depicted constant up till the next measurement. The

classical trade-off between NOx and smoke can be seen, meaning that low

level of NOx corresponds to increased smoke and vice versa. For instance,

the trade-off value of EGR% at this specific operating point could be around

25%. It can also be seen that the EGR flow is stable within the range of ap-

proximately 5-30%.
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Figure 4.16. Measured NOx and smoke emissions as well as corresponding EGR fraction
when turbocharged EGR system is used.

The primary control goal in this setup is to track the desired EGR fraction

set-point χsp. In addition, the back-pressure has to be regulated to avoid an

excessive back-pressure build up on one hand and to provide sufficient pres-

sure for the EGR flow to occur on the other. However, as mentioned earlier,

the EGR itself is typically not measured directly [30]. Moreover, the measure-

ment of pressure in the exhaust manifolds will require several sensors located

in the dirty part of the engine, thus making them prone to failures.

Therefore, in order to achieve the control objectives, a number of system

states that are not measured directly need to be known. In this work, the

state estimation is proposed to be done using an unscented Kalman filter dis-

cussed in Section 3.2.1. The estimated system states together with the true

states during the closed-loop control of p4 and pegr are presented in Fig. 4.18.

It can be seen that the convergence is quick and the estimates remain very

close to the real values throughout the simulation. The estimation of 4 states

shown in Fig. 4.18 is done based on two available measurements of intake

pressure pi and the turbocharger rotational speed ωtc. Figure 4.18 (right) also
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shows that the compressor power estimate P̂c has slower convergence speed

as compared to the other state estimates, which however, does not affect the

control performance as will be shown later.

The proposed control topology is shown in Fig. 4.17. It consists of the UKF,

MPC and set-point transformation blocks which have been described in Sec-

tions 3.2.1, 3.2 and 2.3.3, respectively. In addition, the adaptation of pspx set-

point is included. It can be seen that the EGR fraction is controlled indirectly

via tracking the corresponding state p4 which has been shown to be directly

correlated to the EGR fraction (see Section 2.3.3). The back-pressure set-point

pspx can be static or adapted depending on the current EGR demand.
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Figure 4.17. Proposed EGR control structure.
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Figure 4.18. Pressure estimates p̂egr , p̂x and p̂4 (left plot), turbo-compressor power estimate
P̂c (right plot). Set-points p̂sp4 (time-varying) and p̂spx (constant) are also shown.

It is known that increased back-pressure in four-stroke combustion engines

is undesirable as it leads to increased pumping work which results in reduced

engine efficiency, problems with scavenging and turbocharger faults [59].

However, in our setup the exhaust valve is used to explicitly build up the

back-pressure in order to provide stable EGR. On one hand, the set-point for
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Figure 4.19. EGR fraction χ tracking when UMPC is online. Low back-pressure results into
inability to satisfy the high EGR demand in a static case. Legend: —— χ static,
—— χ adaptive, - - - χsp.

the back-pressure can be simply chosen high enough to satisfy the highest in-

stantaneous EGR demand. On the other hand, during the low EGR demand

this will create unnecessarily high pumping losses, which should and could

be avoided. One way to achieve this is to adapt the back-pressure set-point

accordingly. In this case, the inlet turbine is used to create boost pressure pi

that is higher than the back-pressure px. Thereby, the pumping losses are, in

fact, negative, meaning that there is actually a small gain. Thus, the back-

pressure set-point in this work is adapted such that this gain is maximized.

For example, the pspx set-point can be adapted proportionally to the devia-

tion of p4 from its set-point psp4 . The adaptation starts from the initial value

psp,initx every time the adaptation algorithm is executed, thus always driving

the pspx set-point to its minimum value in order to maximize the pumping

gain created by the pressure differential across the cylinders.

The simulation study was done, in order to evaluate the performance of the

designed control system. The engine model, described in Section 2.3.3 was

used in place of a real engine. The tracking of the 5% step-changes of the EGR

set-point χsp within the operating region 20 . . . 50% is shown in Fig. 4.19 for

the case of both static and adaptive back-pressure set-points. The inability

to achieve increased EGR demand of 40 . . . 50% can be clearly seen when the

static back-pressure regulation is used. Although one solution here could be

to increase the back-pressure for the whole EGR range, this would potentially

lead to the reduced work across the cylinders.

Fig. 4.20 presents the tracking of the psp4 and pspx set-points (which corre-

sponds to EGR fraction adaptive tracking presented in Fig. 4.19) for the adap-

tive case using the adaptive multivariable model-predictive controller. It can

be seen that the coordinated control of the pressure p4 and px is achieved

and the back-pressure set-point pspx always tends to decrease. Fig. 4.20 also

demonstrates the control signals uegr and uexh. It can be seen that most of the
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Figure 4.20. Pressure p4 and px tracking when UMPC is online. Adaptive back-pressure set-
point. Legend: (top plot) —— p4, —— px,− · − psp4 , - - - pspx ; (bottom plot) ——
uegr , —— uexh.

EGR tracking comes from uegr when the EGR demand is medium to low, and

uexh makes small adjustments in order to track the back pressure set-point

pspx . However, when the EGR demand increases, the uegr gets saturated and

the control effectively comes from uexh regulation.
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5. Conclusions

Adaptive control for time-varying processes

Variation of parameters in marine engines can cause serious issues for its

numerous closed-loop control systems (e.g., decreased performance and in-

stability) when controllers with fixed parameters are used. These issues are

highly undesirable when it comes to large-scale marine engines (e.g., installed

on cargo vessels, large ferries, etc.) mainly due to the fact that the immediate

maintenance is not always possible. Alternatively, such maintenance would

imply, for example, that a vessel has to be brought to a stop which can be dan-

gerous on busy routes. It is obvious that an instability or even marginal sta-

bility of engine control systems will lead to various problems, starting from

increased emissions and fuel consumption, and ending with rough running

and possible breakdown.

This undesirable effect of parameter variation is conventionally dealt with

by increasing the gain margin of the closed-loop control system via compro-

mising its performance even for the nominal process parameters. Such a

compromised performance can be achieved via detuning (e.g., less aggressive

tuning) the controller with fixed parameters or utilizing a robust control ap-

proach (robust performance). While these approaches are easy to implement

and typically provide the desired performance, they are not able to provide

the best possible closed-loop control for the altered process conditions.

A better way is to utilize controllers capable of adjusting their parameters

based on the current process conditions which can be estimated, for example.

Such controllers are called adaptive and their application to marine engine

control has been investigated in this work. It was shown that adaptive con-

trollers can provide a superior performance over standard fix-parameter con-

trollers (e.g., PI) when the engine is subject to parameter variation. The exper-
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imental verification of the same controllers at two different engine testbeds

with different types of parameter variations has been performed (e.g., closed-

loop lambda of hybrid engine powertrain with varying UEGO measurement

delay and closed-loop boost pressure control with varying VGT actuator dy-

namics). In fact, the adaptive controllers have been implemented in a way

that the prior knowledge of fault origins is not needed, rather it has to sat-

isfy some worst-case magnitude. Therefore, the controllers are not limited to

dealing with the discussed uncertainties, but can also account for a combina-

tion of them, for example.

The adaptation of control parameters has been shown to improve the en-

gine performance under certain parameters variations, and is a promising

approach for control systems design which can potentially prevent many is-

sues originating from faulty closed-loop control. While, in some cases, the

overall powertrain could be still running smoothly even under faulty closed-

loop control, in the other cases serious issues could appear. For example,

marginally stable closed-loop control of boost pressure would lead to in-

creased emissions generation while faulty control of an electric motor in a

hybrid powertrain would possible require a shutdown of the whole propul-

sion unit.

Control system for turbocharged EGR topology

The inability to provide steady flow of EGR at any engine operating point

has become an issue in the view of ever tightening emission regulations im-

posed by the environmental agencies. While some methods used to overcome

this issue exist (including throttling of exhaust or raising the back-pressure

using VGT), they can typically compromise the engine performance. One

promising approach discussed in this thesis is the turbocharged EGR topol-

ogy which utilizes a turbocharger placed in the feedback loop of gas recir-

culation in order to boost the exhaust gas to pressure levels that are higher

than the intake. Such a topology has been shown to provide stable flow of

EGR at various engine operating points thus allowing continuous emission

reduction.

The proposed EGR tracking control system was designed with the ultimate

goal of utilizing the least possible amount of sensors and providing the co-

ordinated control of several regulatory valves. The designed nonlinear esti-

mator (UKF) has been shown to successfully recover the unmeasured states
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(including three pressure states in the engine exhaust side) necessary for the

closed-loop EGR control. Thus, the physical pressure sensors could be re-

moved from the exhaust side of the engine thereby reducing their costs. The

tracking control was implemented by using the adaptive model predictive

control approach where the linearized MIMO model was used to generate

predictions of the process output and also provide the information about

input-output interaction which was successfully taken into account by the

optimizer. The problem of increased back-pressure was addressed via utiliz-

ing the adaptation of the its set-point thereby keep the back-pressure as low

as possible while providing sufficient pressure for the instantaneous EGR de-

mand.

The overall multivariable adaptive MPC system was shown to successfully

achieve the desired specifications by means of simulation studies.
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