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Abstract

Hydrogen internal combustion engines (H2-ICEs) offer a promising zero-carbon op-
tion to conventional diesel engines in the heavy-duty industry. This technology
presents challenges in air-fuel ratio (AFR) control due to the wide flammability
range and fast combustion characteristics of hydrogen. Maintaining the relative
AFR ()\) value within acceptable limits is critical to reducing NO, emissions while
ensuring stable engine operation. This thesis studies the feasibility of implementing
an air-path A-control strategy to improve AFR regulation in the engine. A grey-box
modeling approach was employed to map system parameters for the gas transport
dynamics, utilizing engine test cell data collected under various operating conditions.
The estimated parameters were then used to design and tune a feedback controller
with dead time compensation. The control strategy was tested in a simulation en-
vironment, demonstrating improved A tracking with minimal impact on the engine
performance compared to a baseline strategy. The results demonstrate that air-path
lambda control is a promising approach for managing the air-fuel ratio in H2-ICEs,
with potential for further improvements under extended operating conditions.

Keywords: Hydrogen, Combustion, Air-path, Automotive, Sensor fusion, Dynamic
systems, Embedded control, Simulation.
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Introduction

Initiatives for reducing emissions and protecting the environment are increasing due
to the global demands set by the Paris Agreement, which is a multilateral treaty.
The treaty legally binds all signed nations to uphold the set commitments, which
include the goal of net-zero emissions [1]. These initiatives have driven the tech-
nological development of alternative energy sources for vehicles, particularly for
heavy-duty trucks. One such solution is the hydrogen internal combustion engine
(H2-ICE), which replaces fossil-based fuels used in traditional internal combustion
engines (ICEs) by using fossil-free fuel. Without hydrocarbons in the fuel, the pri-
mary emission for H2-ICEs is water vapor [2]. H2-ICE technology offers solutions to
the challenges faced by its electric counterpart [3], such as long charging times and
limited range. Hydrogen technology is favorable for long distances, offers shorter
charging times, and minimizes dependence on rare-earth materials. With the devel-
opment of new engine technology, new challenges arise in combustion control. New
control strategies for the air-fuel ratio (AFR) are necessary to achieve optimality
for hydrogen combustion. It is imperative that the efficiency of the practical im-
plementation is equivalent to that of the existing solution to make it a commercial
reality.

1.1 Purpose

The purpose of this thesis is to develop an airflow-based control strategy using A sen-
sor feedback. The solution strategy is aimed at hydrogen combustion in heavy-duty
vehicles, contributing to the development of carbon-free technology. The resulting
control strategy is developed to optimize the efficiency of H2-ICEs, investigating the
possibilities and limits of hydrogen combustion. The implementation of the control
strategy is evaluated by assessing how well it manages the air-path system to achieve
a target AFR. A prototype model is used for validation, created from the existing
framework for the diesel ICE. The goal of the control strategy is to ensure that the
A-value is kept within the optimal range for hydrogen combustion, considering both
exhaust emissions and vehicle performance. An additional objective of the control
strategy is adaptivity to varying dynamics, for example, transient conditions. The
results of this thesis contribute to the development of efficient H2-ICE, addressing
challenges associated with A-control for hydrogen combustion.
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1.2 Problem Statement

The primary objective of this thesis is to develop a strategy for A-control in H2-
ICEs, utilizing an existing framework for diesel internal combustion engines. This is
achieved through the development of parameter maps for gas exchange and transport
dynamics, the design of air-path control strategies for effective lambda regulation,
and the evaluation of their impact on engine performance and drivability.

1.3 Ethical Aspects

The primary ethical aspect under consideration, with regard to this thesis, is the en-
vironmental impact. Hydrogen technology is an alternative energy source for heavy-
duty vehicles that operate long distances with heavy loads. This alternative provides
an opportunity for the automotive industry to transition to greener solutions. An-
other important consideration for utilizing hydrogen technology is the production of
hydrogen. The production of hydrogen can be achieved through various processes,
some of which are not green. The use of hydrogen technology is considered green
solely when the production of said hydrogen is also green. The European Commis-
sion promotes the development of clean hydrogen technology through an alliance
established in 2020 [4].

Other aspects to consider when developing hydrogen technology are health and
safety. Primary concerns with hydrogen management are storage and flammability.
Hydrogen storage challenges arise from the need for compatible metals in hydrogen
tanks and the low storage capacity of hydrogen due to its low density [5]. Hydro-
gen is highly flammable, increasing the importance of identifying possible ignition
sources and conditions. Possible hydrogen gas leaks pose a flammable risk and have
negative health and environmental impacts [5]. Using hydrogen in large-scale opera-
tions requires safety regulations to ensure public health and safety. It is essential to
conduct risk assessments for potential hazards and contingencies. Such assessments
should be unique to each use case and regularly updated to ensure that emergency
procedures are up-to-date.

1.4 Limitations

This thesis focuses on developing a control strategy that translates the measured
lambda value into a corresponding boost pressure request. An existing control strat-
egy determines the execution of the boost pressure request; no alterations are im-
plemented. The developed control strategy is implemented in the existing diesel
framework and tested in the corresponding simulation environment. Because the
emission data is based on a diesel engine and does not accurately reflect the emis-
sion profile of hydrogen combustion, the performance evaluation is limited to the
ability to track lambda. Finally, the EGR dynamics are not considered for the design
of the control strategy.
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1.5 Thesis Outline

Chapter 2, following the Introduction, presents relevant theory for understanding
combustion, engine air-path, system modeling, control theory, and parameter iden-
tification. Chapter 3 presents the methods for implementing the proposed lambda
control strategy. The results are presented in Chapter 4 and discussed in Chapter

d.
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Theory

This chapter outlines the theoretical background for the project. It covers the basic
operation of internal combustion engines, key concepts of control theory, perfor-
mance metrics for determining the effectiveness of a control strategy, and techniques
for parameter identification and mapping.

2.1 Combustion Theory and Engine Air-path

This section covers the relevant theory for understanding the combustion process in
an internal combustion engine (ICE).

2.1.1 ICE Fundamentals

Combustion engines extract energy from the injected fuel by converting chemical
energy into mechanical power. The basic principle of a combustion engine is that
oxygen reacts with fuel to release the stored chemical energy. The combustion occurs
inside a cylinder, causing movement to the piston as depicted in Figure 2.1. The
motion transfers mechanical power to a crankshaft via a connecting rod.

Intake Fuel injector Exhaust
manifold >—U_< manifold
Combustion

Stroke « = * Piston

Figure 2.1: Internal geometry of a four-stroke direct injection (DI) engine.
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In this thesis, the engine is a four-stroke direct injection ICE. As the name suggests,
a four-stroke engine has an operating cycle consisting of four distinct stages: intake,
compression, expansion, and exhaust. During the intake stroke, the intake manifold
valve opens, allowing air into the combustion chamber as the piston is pushed to
the bottom of the cylinder. Next in the compression stroke, both valves close as the
piston moves toward the top, compressing the air within the cylinder. After the air
is compressed, fuel is injected into the combustion chamber through the fuel injector.
Ignition occurs during the start of the expansion stroke, as the piston reaches its
top position. As the air-fuel mixture combusts, thermal energy is released. The
expansion from the combustion forces the piston down to the bottom, generating
five times the work of the piston during the compression stroke. Lastly, during the
exhaust stroke, the exhaust manifold valve opens. This allows the gases from the
combustion chamber to exit, completing one cycle of the four-stroke engine, [6].

2.1.2 Stoichiometric Combustion

The air-fuel ratio (AFR), defined as the ratio between the amounts of air, m,;,, and
fuel, m gy

(2.1)

is crucial for the efficiency of the combustion process. A certain amount of oxygen in
the air-fuel mixture will cause the injected fuel to completely combust. The optimal
ratio is defined as the stoichiometric AFR and is crucial for the composition of the
exhaust gases. The ratio between the actual AFR and the optimal AFR, AFR ,crval,
is denoted as A, and is calculated as

o AFRactual
B AFRstOic .

Air-fuel mixtures outside stoichiometric conditions are described as fuel-rich or fuel-
lean. In conditions where the amount of oxygen is less than optimal, the AFR is
classified as fuel-rich. The AFR is considered fuel-lean when the amount of fuel is
less than the stoichiometric value [6]. Using (2.2), A = 1 for stoichiometric mixtures,
A > 1 for fuel-lean, and \ < 1 for fuel-rich.

A (2.2)

2.1.3 Combustion Chemistry

The ideal combustion process disregards the nitrogen in the air, which in reality
affects the composition of the exhaust gases. An example of combustion for diesel

is [7]

4012H23 + 7102 — 48002 + 46H20 (23)

In ideal combustion, all fuel is oxidized and the by-products are CO, (carbon dioxide)
and HyO (water). For diesel, the stoichiometric ratio, [6], is

AFRstoic,diesel — 145 (24)
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Despite ideal conditions, diesel combustion has been proven to have a negative
impact on the climate. The release of CO5 negatively impacts the environment by
contributing to the increase in atmospheric temperature [8].

Considering ideal combustion for a hydrogen engine instead, the following reaction
takes place:

The only by-product of ideal hydrogen combustion is HoO (water) [2]. From the
reactions presented in (2.5) [6] and (2.3), it can be observed that nitrogen is not
involved in ideal combustion. The stoichiometric AFR for hydrogen combustion
according to [6] is

AF Ryoiez1, = 34.3. (2.6)

In contrast to the ideal condition, nitrogen in the air tends to react with oxygen
during the combustion process, forming nitrogen oxide (NO,) emissions. These emis-
sions form at high temperatures and pressures during the combustion process [6]. To
counteract the formation of NO, emissions, the conditions within the combustion
chamber need to be controlled. The formation of NO,, for hydrogen combustion
engines, is close to zero with a A > 2 [9]. Active A-control is therefore required to
regulate the NO, emissions during operations to a negligible value. However, this
must be done without negatively impacting the engine’s performance. For example,
if the mixture is too fuel-lean, it can lead to engine misfire and loss of performance
[6]. During transient conditions, the A should be allowed to deviate in order not to
sacrifice engine power. Additionally, the mixture cannot become too rich, as this
would lead to engine knocking, which occurs when the autoignition of the air-fuel
mixture takes place. Ideally, the relative AFR would be somewhere in the range
1.8 < A < 2.7 [10]. This range might vary depending on the engine.

2.1.4 Engine Air-path

This section covers the various components that comprise the engine air path, as
well as the relevant sensors and actuators used in this thesis. The theory presented
in this section is based on [6]. Figure 2.2 shows a simplified flow chart of the engine
air-path.
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Air —) Compressor p = = = = = = = = = = = = = ® ® o w TutbineShaft ® ® ® * = = = = = = = = = = = = = ® 9§—> Exhaust
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EGR Valve Actuator
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|
_)@_) I Sensor
oY 0
|
\

Fuel

Intake Manifold —) Engine Cylinders —) Exhaust Manifold

—_ —_ —_- = -

Fuel Injector

Figure 2.2: Simplified engine air-path.

The air path begins at the compressor, where ambient air is drawn in. The speed of
the compressor can be finely tuned using a variable geometry turbocharger (VGT).
The VGT’s ability to adjust its internal geometry allows it to modulate the speed of
the turbine shaft, thereby influencing the airflow entering the compressor. The VGT
can effectively control the boost pressure generated by the turbocharger. However,
the VGT’s response time can be slow, particularly during certain transient behav-
iors. After the compressor, the air is cooled and directed to the intake throttle valve
(ITV). By adjusting the throttle position, the system can effectively control the
volume of air entering the intake manifold. The VGT generates the boost pressure,
establishing an upper limit on air mass that can flow into the intake manifold. This
is where the ITV provides a more precise means of regulating the air mass flow
into the engine intake. By allowing for rapid adjustments, the I'TV can enhance the
overall responsiveness of the engine, resulting in good performance under varying
driving conditions.

The intake manifold precedes the combustion chamber, as seen in Figure 2.2. In
this DI engine, it is responsible for distributing air and exhaust gases to the engine
cylinders. Inside the manifold, two sensors are located to monitor the intake man-
ifold pressure (p;) and temperature (7;,). It is assumed that the control structure
between the boost pressure demand and the adjustment of the VGT and ITV has
been established. Consequently, boost pressure is treated as a direct control input
to the air-path controller, rather than tracing the entire process back through the
VGT geometry.

In a DI engine, fuel is injected directly into the combustion chamber. The fuel injec-
tor distributes the fuel under high pressure to the engine cylinders. This is done to
achieve an even distribution of gaseous hydrogen, which enhances flame propagation
speed and combustion efficiency. The fuel injector enables precise control over the
injected fuel, eliminating uncertainties common in port-injection engines, such as
fuel film buildup. The combustion processes, where the chemical energy of the fuel
is extracted, occur in the engine cylinders as previously mentioned in Section 2.1.1.
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With control of the fuel injectors and air distribution in the intake manifold, the
AFR can be accurately controlled.

After combustion, the exhaust gases are ejected out of the cylinder and into the
exhaust manifold, where a pressure sensor detects the exhaust pressure (p.). Ex-
haust gases are distributed (through the VGT) to the exhaust system where A is
measured, alternatively to the EGR valve. One effective method for reducing the
temperatures of the engine cylinders is the use of exhaust gas recirculation (EGR)
controlled by the EGR valve. As discussed in Section 2.1.3, the formation of NO,
occurs at higher combustion temperatures. At part load, the EGR helps to dilute
the air-fuel mixture, which lowers the combustion temperature. The exhaust gases
from the EGR, mainly composed of water vapor, increase the thermal capacity of
the air-fuel mixture. Consequently, the exhaust gases will act as inert gases during
the combustion process.

2.2 Control Theory

This section covers the relevant theory for the control strategy and the subsequent
stability analysis.

2.2.1 PID Controller

A proportional-integral-derivative (PID) controller is based on a control loop algo-
rithm that continuously calculates an error value as the difference between a desired
set-point and the measured process variable. The controller applies a correction
based on three terms: proportional (P), integral (I), and derivative (D), each con-
tributing to the overall control action. The parallel form of a PID controller can be
expressed as a transfer function [11]:

_ K;
F(s) = K, + — + Kus. (2.7)

The proportional term, with gain K, generates an output proportional to the cur-
rent error, thereby improving response speed but potentially leaving a steady-state
error. The integral term, weighted by K;, accumulates past errors to eliminate
steady-state error. However, if K; is too large, it can cause an overshoot and oscil-
lations. The derivative term scaled by K, considers the rate of change of the error
to improve stability and reduce overshoots.

The derivative term can be expressed in the low-pass filter form [11], rewriting the
transfer function as

— 1 TdS
F(s)=K, |1 . 2.8
(5) p( +Ti3+1+Tfs) (2.8)

The PID controller expressed in general form is

= '1+2CST+(S7')2
)

(2.9)
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where:
2T =T, + Ty (2.10)
7'2 ZTi(Td—FTf) (2.11)
T
= — 2.12
i- 7 (212

and the controller gains for tuning are

K

K; = =2 2.13
T (2.13)

K, =K,T,. (2.14)

2.2.2 Otto-Smith Predictor

When dead time is present in the plant model, predictive action in the control loop
is required to avoid instabilities. Methods that are computationally heavy, such as
model predictive control using a receding horizon, are rejected due to the engine’s
too fast dynamics. The Otto-Smith predictor is a more feasible approach for systems
with significant dead time [12].

» G( s) —>
u y
Otto-Smith
Predictor

Figure 2.3: Otto-Smith predictor in the closed loop system.

The Otto-Smith predictor is constructed as shown in Figure 2.3, and the correspond-
ing transfer function is [13]:

F(s)
F(s) = _ 2.15
) = T A= eGP (2:15)
where F (s) is the controller transfer function without the added Otto-Smith predic-
tor and G(s) is the plant model without the dead time. The open-loop form for the
transfer function is denoted as L(s) [11], written as

B B G(s)F(s)e st
L(s) = G(s)F(s) = 17 (1 L)) F () (2.16)
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2.2.3 Stability

Stability is important for the design of the control system. The closed-loop transfer
function from the reference signal r to the measured value y is [11]

L(s)

= Tr i) (2.17)

Gry(s)

Hence, the characteristic equation to find the poles of the closed-loop system can be
expressed as

1+ L(s) = 0, (2.18)

where L(s) is the open-loop transfer function. For a system to be stable, all poles
must be placed in the Left-Half Plane (LHP). This ensures that the system’s response
decreases over time rather than increasing without bound. The sensitivity function
is a common tool for analyzing the stability and performance of control systems [11].
The sensitivity function quantifies how the system’s output responds to changes in
the input or system parameters. It is defined as

1

) =TT

(2.19)

Another concept in control systems is the maximum sensitivity. This metric helps
to evaluate the worst-case scenario for sensitivity across all frequencies [11].

M, = max |S(jw)] (2.20)

where w represents the frequency. For the desired properties of the closed-loop
system presented in (2.16), it is essential to ensure that the maximum sensitivity
remains within acceptable limits.

2.2.4 Bilinear Transform

The bilinear transform, also known as Tustin’s method or trapezoidal rule, approx-
imates the derivative by taking the average between the current and previous input
values. Infrequency domain, this approximation looks like [14]:

—1
s:;s- ;i_l. (2.21)
For a low-pass filter of the form
Gls) = ——, (2.22)
L+ s
its dynamics in the time domain can then be expressed as:
ylk] = 1 - (zlk] + x[k — 1)) + ¢o - y[k — 1] (2.23)

11
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where z is the input signal and y is the output signal from the filter. The coefficients
are defined by:
T, 21 =T

d ey = .
o+ 1, N 2T o T

= (2.24)
This formulation in (2.23) is convenient for implementing the discrete low-pass filter
in code. Here, T, denotes the sampling period and w, is the filter cutoff frequency.
This formulation effectively preserves the frequency response characteristics, result-
ing in an accurate representation of the low-pass filter.

2.2.5 Padé Approximation

The Padé approximation is a method for approximating a function based on a Taylor
series expansion. For function with a time delay, the dead time e~ can be rewritten
as

el = e=Fem5F = & T (2.25)
2

where the nominator and denominator are replaced by their respective Taylor series
of order n. The phase of the approximation is ensured to be similar to the dead
time [11], using

14 Bpus+ Bpas® o 4 Bpns™
14 oSt apestt 4 st

Go(s) (2.26)

The coefficients «,; and 3,, are chosen so that the delay and G,,(s) matches up to
order 2n, [11], as shown by

dv dk»
dskp e ?® ’s:O = @GH(SNSZO k'p = 1, cee ,27’Lp. (227)

The Padé approximation is useful for approximating the dead time in the system,
as it captures the essential phase lag introduced by the delay while maintaining the
system’s realizability as a rational transfer function.

2.3 Performance Metrics

To evaluate the performance of the control strategy, some performance metrics are
defined. These metrics evaluate both tracking accuracy and the ability to maintain
the system output within acceptable boundaries. The following subsections describe
the two primary performance indicators used in this thesis.

2.3.1 Root Mean Square Error

The Root Mean Square Error (RMSE) computes the average magnitude of the error
between a predicted or controlled variable and its reference value. Given a reference

12
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signal 7(¢) and the corresponding measured or simulated output y(t) over a time
horizon of N samples, the RMSE is defined as [15]

1 N
RMSE = J — ST (y(t) — (1) (2.28)
Ni=
A lower RMSE value indicates more accurate tracking performance, showing that
the control strategy effectively minimizes the deviation from the reference signal.

2.3.2 Constraint Violation Integral

As the A-value needs to stay within some predefined limits at all times, as covered in
Section 2.1.3, the constraint violation integral (CVI) is introduced as a performance
metric. The CVI calculates the cumulative violation of the controlled variable out-
side of specified bounds. Let Yy, and y,.x denote the bounds for a controlled signal
y(t). The constraint violation metric v(t) at every time step is then defined as

y(t) — Ymax, 1f y<t) > Ymax
U(t) = Y Ymin — y(t)v if y<t) < Ymin (229>
0, otherwise.

The CVI is then computed as the sum of the absolute violations over the evaluation
horizon:

CVI = i o(?)]. (2.30)

This metric penalizes both the duration and the magnitude of constraint violations.
Thus, a low CVI shows that the control strategy effectively enforces operational
boundaries.

2.4 Parameter Identification and Mapping

The parameters of the system are determined by mapping to an operating point,
which depends on the engine’s speed and load [16]. This section covers the relevant
methods.

2.4.1 SQP for Prediction Error Minimization

To minimize the prediction error between the model predictions and the sensor mea-
surements, system identification can be used. To apply this method effectively, a
quantitative measure of the prediction error is required for estimating model param-
eters. Given input-output data Z", i.e {u(t),y(t)}, sampled with period T, the
cost function is formulated as [17]

Vn(0,ZY) = ;iei(tﬁ) (2.31)

t=1
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where e,(t) is the prediction error between the model prediction output equation
and the sensor measurements y(¢). From now on, Z" will be omitted from the
notation of the cost function for simplicity. The measurement y(t) can be described
as [17]:

y(t) = G(g, 0)u(t) + H(g, 0)ey(t) (2.32)

where H(q,0) is the transfer function of the noise model, which describes how noise
affects the system output, and G(q, 0) is the process model. (2.32) can be rewritten
to solve for e,(t,0):

ep(t,0) = H™\(¢,0)[y(t) — G(g,0)u(t)] (2.33)
If the optimization parameter € is subject to the following inequality constraints:
emin S 0 S emam (234>

the resulting constrained nonlinear optimization problem will look like

min Vv (6 N Z y(t) — G(g, 0)u(t)])? (2.35)
St Ooin < 0 < O (2.36)

Due to the nonlinear nature of the cost function and the presence of inequality con-
straints, a suitable numerical optimization method is the Sequential Quadratic Pro-
gramming (SQP) method. SQP solves the problem by iteratively solving quadratic
programming (QP) subproblems. This method is relatively fast as convergence of
the SQP method is superlinear under regularity conditions [18]. Given (2.35), SQP
begins with linearizing the objective and constraints at the current iteration 6. The
Lagrangian is then defined as

LO, N, 1) = V(D) + A(Omin — 0) — 112 (0 — Ornax) (2.37)

where A\, and u, are Lagrange multipliers. The quadratic subproblem at iteration
k is then [19]

N T
iy §d Brd+ VL, A\ pn) d, (2.38)
s.t gmm - Hk S d S Hmax - Qk (239)

where the gradient of the Lagrangian is expressed as
Vﬁ(@, A, u) = VVN(Q) — Az + e (2.40)

with VVy(0) derived as

V() =23 S H @0 ule) — Gla,0)u(t)] - H™(a, 0)lyl1) — Clg,O)u(r)]).
(2.41)
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In (2.38), d is the search direction and Bj, approximates the Hessian V2L (0, \¢)
which is often updated via the BFGS algorithm [18]. The implementation of the
BFGS algorithm is beyond the scope of this thesis. The next iteration of 8 is updated
with

6k+1 = Hk + Oékdk (242)

where «y is the step-length, which is determined by a line search on the merit
function [18]:

o(0) = Vy(0) + pl| max(0, Opin — ) + max(0,0 — Opax)|1 (2.43)

where p is the penalty parameter. This satisfies the Armijo condition [18]:

¢(9k + Oékdk) < ¢<(9k) + OAOékV¢<(9k)Tdk (2.44)

for 0 < 04 < 1, which is important to note as this guarantees convergence of the
algorithm. However, this does not guarantee convergence to the global minimum of
Vn(#), meaning that the solution found is possibly a local minimum.

2.4.2 Linear Interpolation

Interpolation is an estimation method for values between known data points. Linear
interpolation is an interpolation method best used for linear functions and curves
that can be approximated by a linear spline function. A desired data point (x,y)
between the known data points (z1,y;) and (x9,ys) is calculated with [20]

r — T
— — 2.45
y=1u+ (v y1)x2_$1 (2.45)
which can be rewritten as
Y=y _ - (2.46)

r — T To — X1

interpreted as the equality between the equation of the slopes of the interpolated
data point and the known data point. Figure 2.4 shows an illustration of this
principle.
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A
2T (%,.5)
g (x,y)
T (x,.y))
R
X, < X,

Figure 2.4: The angle of the slope between z1,y; and (z,y) is equal to the slope
between (z1,y1) and (29, y2). (z1,91) and (z3,y2) are known data points.

2.4.3 Gaussian Smoothing

Gaussian smoothing is the action of taking the weighted average of the surrounding
data based on a Gaussian smoothing kernel, expressed as

— .2
K(z,z;) = e:ch( - W) (2.47)

where ¢ is the width of the kernel [21]. The purpose of the Gaussian kernel is to
smooth local deformations, the goal is to set o to capture all prominent spikes and
dips while reducing the noise.

2.4.4 Simulated Annealing

Simulated annealing is a probabilistic optimization algorithm, [22]. Simulated an-
nealing explores a solution space to find a global optimum by initially allowing large,
random changes in the solution, which become increasingly conservative for every
iteration of the algorithm.

The algorithm begins with an initial solution and a high temperature value T 4.
At each iteration, a new solution is generated by applying a small, random change
to the current solution. If this new solution results in an improved objective value,
it is accepted as the current solution. However, if the new solution is worse, it may
still be accepted with a probability P, given by the Boltzmann distribution:

P, =exp (—?i) (2.48)
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where AF is the increase in the objective function. This probabilistic acceptance of
suboptimal solutions enables the algorithm to escape local minima and explore po-
tential solutions more comprehensively in the early stages. This leads to simulated
annealing being a suitable choice for finding the global optimum of the objective
function.

As the algorithm progresses, the temperature is gradually reduced according to
a cooling schedule, which controls the transition from exploration to exploitation.
The temperature is then updated as follows:

Tsak+1 = uTsapk, (2.49)

where Tsa, is the temperature at iteration ks and ay € (0, 1) is the cooling rate.
This schedule reduces the probability of accepting worse solutions, increasing the
likelihood of convergence to a solution close to the optimum.

2.5 Chapter Summary

This chapter outlined basic ICE theory and the theoretical foundations used in the
development of the control system. The Padé approximation was introduced to ap-
proximate system dead-time using rational functions. The structure and tuning of
PID controllers were described, along with the Otto-Smith predictor, which compen-
sates for time delays. Methods for parameter identification and optimization were
also presented, including sequential quadratic programming, linear interpolation,
smoothing techniques, and simulated annealing.
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Methods

This chapter presents the methodology used to develop and implement the air-
path lambda control system. It begins by outlining the overall control architecture,
including the procedures for calculating boost pressure and fuel demand. Next, the
lambda demand and feedback control strategies are described. The chapter then
details the system identification process based on engine test cell data. Finally, it
covers the construction of parameter maps for both the system and controller across
various operating conditions.

3.1 Control Structure

The control structure can be divided into two main parts, as shown in Figure 3.1.
Section 3.2 presents one part, which includes the feedforward calculations for fuel
and boost pressure. The second part is described in Section 3.3, which consists of
the controller for air input. The structure does not consider EGR dynamics.

Feedforward for fuel input calculations

v
. /Check air-mass Air-mass
'\{equest feasible Calculated

Air-mass
Request

Torque _ /" Check fuel
Request v - \{equest feasible

Compute Boost
Pressure

\ 4

Erg@ Con.tr(?ller for
air input

___________________

|

I

' Boost P ‘

: Controller 00St Fressure Engine
| Request

|

|

______________________

}\' €
Measured |

Figure 3.1: Lambda control structure.
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The external signals required by the system are the current air-mass flow 7, and
the fuel flow demand to achieve a specific torque 7ivs,. These, together with the
target A, are used to compute a fuel request for the fuel injector, as well as a boost
pressure feedforward request.

The controller uses the computed boost pressure feedforward request and the \-
error, which is the difference between the target A and the measured A, to determine
the necessary boost pressure for achieving the desired value of .

3.2 Feedforward Calculations

In this section, the methods for determining the appropriate boost and fuel demands
will be presented.

3.2.1 Boost Request Calculations

To calculate the air-mass flow, 1i,,, for the corresponding fuel flow, 7i1f,¢, the
stoichiometric AFR is the deciding factor. Existing software is used to calculate the
fuel flow request from the torque demand. Thereafter, the air-mass flow is calculated
for stoichiometric combustion as:

mair,stoic = AFRstoic ' mfuel- (31)

Given myir stoic, anl air-mass flow request (1M req) is calculated with the target A as:

mair,req =A- mair,stoic- (32)
The ideal gas law,
m
PV = nRT = S-RT = (3.3)
PV M
. 3.4
m= (3.4)

can be used to calculate the boost pressure request,p; ».q. The boost pressure request
is calculated from the current input air-mass flow, 7,;., and the requested air-
mass flow, 71244y The ratio between the requested and available air mass can be
expressed as

Mair,req mair,req T+ Mair,0

- . (3.5)

Mair mair T+ Mair,0

where my is the initial mass. As only the ratio between the mass flows is of interest
and the time period (¢) can be chosen arbitrarily, mg;.o is assumed to be zero. Thus,
(3.5) can be simplified to

Mair,req o m(‘u‘r,req' (36)
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The ratio between 1My req and mg;, can then be written using (3.4), assuming that
T; stays relatively constant over short time intervals as

VM . Preq

Mairreq o Mairreq R Tin Preq (3 7)
o VM pi T )
Mair Mair R Tin Di

The requested boost pressure can then be determined as:

mair,re
DPreq = Di s q. (38)

When using EGR, additional flow is provided from the unburnt air in the exhaust
gases.

3.2.2 Fuel Quantity Request Calculations

Due to the VGT spool time during transient operations, the 114y req is not guaranteed
for every time instant. Therefore, the current air mass flow 10, is used for the
calculations. Using 7., and the given 7ifye, Aipn is calculated and checked. The
AFR is too fuel-rich for hydrogen combustion if the results yield a A below the
minimum possible relative AFR for hydrogen combustion \,,;,. Subsequently, it was
ensured that the current relative AFR was not larger than the maximum possible
Amaz- Lhese limits were covered in more detail in Section 2.1.3. The check calculates
Afeas, to ensure feasibility:

mai'r 1
Ny = K - air 3.9
M fuel AFRstoic ( )
>\feas = min(max()\m, Amm)a Amax)' (310)

In (3.10) K is the static gain in (3.13). The final fuel flow request, 7 fyer, feas, 1S
calculated from the Af.,.s given by (3.9) as

)\feas ! AFRstoic
mair

mfuel,feas —

(3.11)

The calculated 17y feqs is the input for the fuel injector.

3.3 Lambda Control

The following subsections cover the implementation of the lambda controller. An
overview of the feedback strategy is presented in Figure 3.2.
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Figure 3.2: Lambda feedback strategy overview

The implementation consists of a strategy for determining a target A, followed by
the A model response, leading to a feedback strategy. The PID controller parame-
ters are dependent on RPM and load, meaning that the controller is constructed for
each operating point using parameter maps. RPM and load-dependent parameter
maps are also implemented for the system parameters, for estimating the model re-
sponse at all operating points. The construction of all the RPM and load-dependent
parameter maps is described in Section 3.4.

3.3.1 Target Lambda

The desired AFR is set to a constant value, which is a simplified approach to imple-
ment a target demand A. A is chosen to minimize NO, emissions while optimizing
engine performance, i.e., satisfying as many torque requests as possible. As men-
tioned in Section 2.1.3, a good choice for A is found to be greater than 2 but less
than 2.7 for stable combustion with low emissions. It is mentioned that a lean AFR
will sacrifice engine power; therefore, A is set to two. Temporary deviation from the
target A is permitted during transient operations to maintain performance.

3.3.2 Lambda Feedback Strategy

In this subsection, the controller for air input, as shown in Figure 3.1, will be ana-
lyzed in detail. The feedback strategy shown in Figure 3.2 results in an Otto-Smith
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predictor mentioned in Section 2.2.2. A First-Order Plus Dead Time (FOPDT)
model is used to model the plant. The dynamics from the cylinder relative AFR ())
to the measured relative AFR (\,cqs) is expressed with the transfer function [23]

G(s) = G(s)e t* (3.12)
G(s) = ; f;g (3.13)

where G(s) is the transfer function without dead time. The constants characterizing
the model are the static gain K, the transport delay for the gas L, and the gas dy-
namics time constant 7,. Applying the Tustin approximation for s and substituting
the expression in (2.21) into (3.12) and the delay e with 2% where d = [TL]

K —d

G(z) = ——2 " (3.14)
1+ (T% : }4’;71) Tg

Simplifying the expression yields the following discrete-time transfer function:

KT,(1+z71) g

Gle) = (Ts +21,) + (T — 279)2—12

(3.15)

The plant model was approximated using the mapped values of K, L, and 7,, which
were derived using the methods presented in Section 3.4. The input to the approx-
imated plant is A;,, which is calculated according to (3.9).

A PID controller, represented by Fp;p, was implemented in accordance with Section
2.2.1, and the controller gain was determined by the maps obtained in Section 3.4.3.
F(s) is expressed as in (2.9) with ¢ = 0.7 and 3 = 5, according to [11]. Combinations
of 7 and K; were implemented to ensure sufficient stability properties. Specifically,
M, < 1.7 is desired with maximized K; [11]. The output signal from the PID con-
troller is added to the boost-pressure feedforward demand obtained in Section 3.2.1.
Lastly, the measured relative AFR is used for feedback. The PID-controller output
is also limited as follows:

90 < Preg < 400. (3.16)

These limits were chosen because the boost pressure in the intake manifold p; cannot
exceed 400 kPa. Furthermore, p; cannot fall significantly below atmospheric pressure
as this may lead to oil leakage. Anti-windup is used to avoid the build-up of integral
action in the PID-controller which increases when the desired boost pressure is
outside of the bounds 3.16. This is done by enforcing bounds on the integral term
to ensure that the combined output of the feedforward, proportional, and integral
components does not exceed the controller’s minimum and maximum limits.
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3.4 Parameter Map Creation

This section covers the creation and implementation of parameter maps for the
process model presented in (3.12), as well as for the PID controller. The reason
for creating these maps instead of computing the values dynamically is to reduce
computational complexity.

3.4.1 Data Preprocessing

Due to noisy measurements of \,,..s and the signals used to calculate \;,, prepro-
cessing is needed before system identification is performed as described in Section
3.4.2. Thus, Gaussian smoothing is applied to the measured lambda as described
in Section 2.4.3. In order to have a good trade-off of retaining the dead-time and
time-constant characteristics and reducing noise, the kernel width of the Gaussian
distribution in (2.47) is chosen as:

Tprep = O. (3.17)

3.4.2 System ldentification

Engine test cycle data ZV, where engine performance was recorded for various oper-
ating points, are used for system identification to estimate model parameters. The
operating points consisted of various combinations of RPM and load. The operating
cycle is shown in Figure 3.3.
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Figure 3.3: Test cycle used for system identification. The cycle is normalized for
privacy reasons.

The data used for system identification was

Z" = {u(t), y(t) 2y = {Nin(t), Ameas(t) 1y (3.18)

where \;,(t) was calculated from the current air mass flow 7, and the fuel mass
flow 7174, measured by the test rig in the same way as in (3.9). MATLAB’s
System Identification Toolbox was used to solve the system identification problem.
Considering a system modeled by (3.12) and a noise model that is estimated by the
algorithm, the parameter vector for the SQP described in Section 2.4.1 is defined as

0=[K,1,L]". (3.19)

The inequality constraints for 6 are

0.9 1.1
0] <6<]|2]. (3.20)
0 2

The constraints were chosen based on knowledge of the physical system. Ideally, K
should be equal to one as \;, should propagate to the lambda-sensor. However, due
to inaccuracies in 1M, and m e used to calculate Ay, the static gain is constrained
by a range of 1 £ 0.1. The constraints on 7, and L were determined based on ob-
servations of lambda-transient behavior. The optimization algorithm has a function
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tolerance f;,; to determine when to terminate based on minimal change in the cost
function Vy(0) between iterations, i.e., stopping if

frot = VN (Ors1) — Vv (6)- (3.21)

Similarly, the step tolerance s, controls termination based on change in the pa-
rameter vector @, stopping the iterations if the step size becomes sufficiently small,
i.e.

Stol Z ||‘9k+1 - ‘ng (322)
The function and step tolerance were chosen as

fror =107° (3.23)
Stor = 1077 (3.24)

as well as setting the maximum number of iterations for the algorithm to 10%. The
SQP algorithm was run for each operating point separately, mapping the parameters
to each RPM-load combination in the dataset.

3.4.3 PID Parameter Mapping and Tuning Methodology

From the criteria My < 1.7 and having K; as large as possible, covered in Sections
2.2.2 and 2.2.3, K; and 7 are calculated using simulated annealing as described in
Section 2.4.4. Having the objective function to be minimized defined as:

_Ki7 lf Ms(KiaT) S Ms,max

: (3.25)
1000, if Ms,max < MS<Ki7 T)’

f(Ki T):{

ensures that K; is maximized. The maximum sensitivity M; is denoted M(K;,7)
to highlight which parameters affect its value (having g = 5 and ¢ = 0.7 fixed as
covered in Section 3.3.2) and the maximum allowed M, is denoted M; 1ax. To obtain
M, a fifth-order Padé approximation (see Section 2.2.5) is applied to the system
presented in (3.12). If M, is larger than Mj ax, it is heavily penalized, making
the probability of accepting such a solution improbable, as seen in (2.48) with AFE
defined as:

AE = f(Ki,olda 7—old) - f(Ki,newy Tnew) (326)

and the initial temperature 7 and cooling rate a; was set to

Tsap=1 (3.27)
a, = 0.95. (3.28)

This was found to give relatively fast and accurate convergence. In this thesis,
M max Was chosen as

My pmax = 1.2, (3.29)
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as it aligns with the desire to keep M, < 1.7, and also allows for a bit less overshoot
and more robust control while maintaining a short rise time. If the algorithm fails
to find a solution that has a solution with Mj nax — M, < tol, where tol = 0.5 is the
tolerance for the solution, the algorithm is executed again for that operating point
until a satisfactory solution is found.

Using the calculated K; and 7 maps, the corresponding maps for K, and Ky must
be determined. This is done using (2.10)-(2.14), with § = 5 and ¢ = 0.7. From
(2.12),

T; = (3.30)

.
5
For the derivative gain filter constant, a map is created using (3.30) for every value
of 7. Using (2.10):

147 = T, + T}. (3.31)
Plugging in (3.30) in (3.31):
-
Ldr =T, + £ = (3.32)
T, =127, (3.33)

Rewriting (2.11) and plugging in (3.33) and (3.30)

72
T2 19
Ty=———027= —71. .
1= 1o 0.27 50" (3.35)

Having expressed T; and Ty in terms of 7, they are finally put in (2.13) and (2.14)
giving:

SK
Ki=—"" 3.36
67 (3:36)
19K, 7
Ky = P 3.37
= (337)
Since K; and 7 are the known variables, (3.36) is rewritten to solve for K,
67K
&:'%. (3.38)

Using (3.38) and (3.37), maps were created for all combinations of RPM and load
using the reduced maps for K; and 7. Once the maps are created, they are slightly
smoothed to compensate for inaccuracies of Simulated Annealing using Gaussian
Smoothing with op;p = 2.
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3.4.4 Map Structure

The map structure is two-dimensional, one axis is engine speed in RPM, and the
other is the engine load in Nm. The mapped parameters are K, L, and 7, from the
model described in (3.12) and (3.13). Simulink lookup tables are used for the map
implementation, with RPM on the x-axis and the torque on the y-axis. As seen
in Figure 3.3, not all possible combinations of RPM and load are present in the
dataset. Hence, after the system identification described in Section 3.4.2, the maps
contain some empty cells as illustrated in the example map of L in Table 3.1.

RPM
Load rpm,; | rpm, | rpms; | rpmy,
load1 L(l,l) L(lyg) L(Lg)
loadg L(QJ) L(273) L(274)
load3 L(3’2) L(3’4)
load4 L(4?1) L(474)

Table 3.1: Example map showing engine load on the y-axis and RPM on the x-axis,
with mapped parameter L.

The empty cells in Table 3.1 indicate missing data. The maps for 7, and K have
the same structure.

3.4.5 Interpolation

A functioning map requires the missing values in Table 3.1 to be filled; the linear
interpolation method was used as described in Section 2.4.2. After interpolation,
the map structure looks like

RPM
Load rpm, | rpm, | rpm; | rpmy
loadl L(l,l) L(l’g) L(Lg)
load, L(2,1) L(2,2),i L(2,3) L(2,4)
load; Ly | L | Les. | Lea
load, L1y | Lagyi | Lasy | Laa

Table 3.2: Example map showing engine load on the y-axis and RPM on the x-axis,
with mapped parameter L after interpolation.

In Table 3.2, cells indexed with ¢ indicate interpolated values. Values that cannot
be linearly interpolated, e.g. the top right cell value in Table 3.2, are filled with the
nearest value on the x-axis as shown below.
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RPM
Load rpm, | rpm, | rpm,; | rpm,
load, L(1,1) L(1,2) L(1,3) L(1,3)
load, Loy | Loz | Leg) | Liea
load; L(3,1),i L(3,2) L(3,3),z L(3,4)
load, L(4,1) L(4,2),z L(4,3) i L(4,4)

Table 3.3: Example map showing engine load on the y-axis and RPM on the x-axis,
with mapped parameter L after having replaced missing values.

The choice of method to fill the remaining missing values after interpolation is
motivated by the fact that the values in question lie on the edges of the map, where
the engine is unlikely to operate. Therefore, the accuracy of those values is not
prioritized, and the nearest value on the x-axis is a reasonable guess for the missing
data.

3.4.6 Smoothing

Due to noise and errors made by the optimization algorithm, e.g., getting stuck at
a local minimum, the maps may appear noisy. Assuming that the relations between
load and RPM are smooth, Gaussian smoothing is applied as described in Section
2.4.3. The table structure will be preserved in the smoothed map.

RPM
Load rpm, rpm, rpms; rpm,
load, L(l,l),s L(1,2),s L(l,S),s L(1,3),s
load, L(2,1),s L(2,2),i,s L(2,3),s L(2,4),s
load; L(S,l),i,s L(3,2),5 L(S,S),i,s L(3,4),5
load, Layys | La2yis | Las)is | Laas

Table 3.4: Example map showing engine load on the y-axis and RPM on the x-axis,
with mapped parameter L after interpolation and smoothing.

In Table 3.4, cells indexed with s indicate smoothed map values. The kernel width for
the smoothing was chosen as 0pqrqm = 4, which gives a good trade-off between reduc-
ing noise while not obscuring important features, often caused by over-smoothing.

3.4.7 Map Size Reduction

The original map sizes are inherently pretty large due to a large number of possible
combinations of RPM and load. Due to memory constraints on the ECU, the map
sizes need to be reduced. Both axes are constructed with a predetermined number
of data points, selected within the range of possible RPM and torque. Using Table
3.4 as an example of how the map looked before the size reduction, the reduced map
could look like Table 3.5.
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RPM
Load P TP
load, Linys | Lea)s
load, L(4,1),s L(473)7i78

Table 3.5: Reduced example map showing engine load on the y-axis and RPM on
the x-axis, with mapped parameter L.

In the implementation, a map size of 9 x 9 was chosen to balance detail and stor-
age. After this operation is performed, the maps are ready to be configured in the
Simulink model. When the maps are implemented, the software will automatically
interpolate the parameter values outside the limits of the mapped RPM and torque
values or in between the mapped values.

3.5 Chapter Summary

This chapter outlines the control structure for the air-path lambda controller, divid-
ing it into a feedforward part for fuel input and a feedback controller for air input.
Methods for calculating boost pressure and fuel demands are detailed, followed by
methods for the identification of system parameters using engine test data. The
chapter also covers the creation of parameter maps, including data preprocessing,
interpolation, smoothing, and map size reduction to meet ECU constraints.
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Results

This chapter presents the outcomes of the parameter estimation, controller gain
scheduling, closed-loop stability analysis, and controller performance evaluation.
First, parameter maps for the key model parameters and PID-controller gains are
derived across the engine’s operating range. Following this, the closed-loop stabil-
ity of the system is analyzed. Finally, the developed controller is evaluated under
various test cases, comparing lambda tracking, torque tracking, and fuel consump-
tion against a baseline control strategy. Additional analyses consider the effects of
enabling EGR and disabling the dead-time compensator.

4.1 Parameter Maps

This section presents the resulting maps for the estimated model parameters and
controller gains.

4.1.1 Model Parameters

Computing the model parameter maps as described in Section 3.4, the maps for K,
74, and L are found.
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Map of Static Gain K

1.2 5 0.9
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) 1 1
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Figure 4.1: Map of static gain for different loads and RPM
In Figure 4.1, the parameter map for the static gain K is presented and is observed to

be close to 1 for all RPM and loads, but always slightly below. Next, the parameter
map for the time constant 7, is presented.

Map of Time Constant Ty

1.8
14

1.6 ~
' 1.2
. 0.8
0.6

Load (Normalized) RPM (Normalized)

-

Figure 4.2: Map of gas transport time constant for different loads and RPM

In Figure 4.2, 7, is observed to be highest when the RPM and load are low, and the
value decreases the higher the engine speed and torque. It is also noted that 7, is
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slightly more dependent on load than RPM. Lastly, the map of the dead time L is
presented.

Map of Time Delay L

40.09

0.1
40.08
0.08 4 0.07
0.06

0.06 |
. 0.05
0.04 0.04
0.03

0.02 |
0.02
0= 0 0.01

0

05 05

1 .
Load (Normalized) RPM (Normalized)

Figure 4.3: Map of gas transport dead time for different loads and RPM

In Figure 4.3, the map exhibits similar behavior to that of the map for 7,. Again, the
parameter value is highest when the load and RPM are low and gradually decreases
as the load and RPM increase. The estimated A is plotted using \;, (calculated as
in (3.9)) as input, with the help of the three estimated parameters.
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Comparison of Measured and Estimated Lambda During Transients
2 2 [ T T T T T T T T T ]
Measured Lambda
215 Input Lambda A
= = =—Estimated Lambda

211 .

2.05

1.75 1 1 1 1 1 1 1 1 1 L]
244 245 246 247 248 249 250 251 252 253
Time (s)

Figure 4.4: Comparison of \,cas, Ain and A.g using mapped parameters

In Figure 4.4, it is evident that the estimated relative AFR, A.s, matches the mea-
sured one quite well. Over the whole test cycle, the Root Mean Square Error (RMSE)
between A.q; and \,,.qs was calculated to be RMSE,,; = 0.02. Given that the mean
value of the measured relative AFR is A\peas = 2.29, which means that RM SE,,; is
less than 1% of \eqs.

4.1.2 Controller Parameters

The PID controllers’ parameters, computed as described in Section 3.4.3, are covered
below. First, the map of the proportional gain K, is presented.
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Map of Proportional Gain KP
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Figure 4.5: Map of proportional gain for different loads and RPM
In Figure 4.5, the maximum of the proportional gain K, is observed to be 30 and the
minimum 5. The lower values of K, are present for low RPM and load. Increasing

RPM and load, with significantly more influence on the load, is observed to increase
the K, value.

Map of Integral Gain K

50
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Figure 4.6: Map of integral gain for different loads and RPM

The maximum value for K; is 55 and the minimum is 15, as noted in Figure 4.6.
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The highest values of K; are observed for the high RPM and loads. The decrease in
K; value is primarily influenced by the decrease in RPM and load, with the latter
being the more significant factor.

Map of Derivative Gain K‘:I

20

15

- 10

/\ 1
05
05

Load (Normalized) 0 o RPM (Normalized)

Figure 4.7: Map of derivative gain for different loads and RPM

For the derivative gain in Figure 4.7, the maximum value is observed to be at 16 and
the minimum value at 2. The behavior of the derivative gain is similar in comparison
with the proportional gain in Figure 4.5. Both gains increase in value as the RPM
and load increase, with more weight to the load. The sensitivity to load changes
is slightly higher for the derivative gain in comparison to the proportional gain, as
observed in Figures 4.7 and 4.5.
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Map of Derivative Filter Constant T,
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Figure 4.8: Map of derivative filter constant for different loads and RPM

In Figure 4.8, the limits of the derivative filter constant are noted at the maximum
value of 0.11 and the minimum value of 0.04. The derivative filter constant value
decreases as the RPM and load decrease.

4.2 Closed Loop Stability

This section covers the characteristics of the closed-loop system. In accordance with
the previous sections, the controller gains and plant model constants are established
to be dependent on the RPM and load of the engine.

The stability analysis is performed for the edge cases and one operating point in
between (operating point 2). The edge cases are at the lowest (operating point
1) and highest (operating point 3) torque and RPM. The system behavior in the
resulting analysis is assumed to be applicable for various operating points. For a
complete stability analysis of all operating points, see A. The dead time observed in
the results is replaced with a fifth-order Padé approximation.

First, the Bode plot of the sensitivity function S is presented and analyzed.
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Bode Plot of S(jw)
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Figure 4.9: Bode plot of the sensitivity function

Analyzing Figure 4.9, the simulated annealing algorithm has evidently achieved a
maximum sensitivity of around M, = 1.2, as desired. The magnitude is always kept
below 1.7, as discussed in 3.3.2. Next, the poles and zeros are plotted to examine
the system’s stability.

Pole-Zero Map of Gry(z)
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Figure 4.10: Poles (marked with x) and zeros (marked with o) of the closed-loop
system

38



4. Results

In total, there are 34 poles for each operating point. Below, a closer view of the
marginally stable poles is provided.

Pole-Zero Map of Gry(z)
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Figure 4.11: Marginally stable pole at
—1 for the closed loop system
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Figure 4.12: Marginally stable pole at
1 for the closed loop system

Poles at 1 and —1 can be observed, indicating marginal stability of the closed-loop
system. As a result of the Padé approximation, the existing zeros enable multiple
pole cancellations, resulting in a minimal realization of the discretized closed-loop

system G, (z).

Imaginary Axis
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Pole-Zero Map of Minmal Realization of Gw(z)
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Figure 4.13: Poles and zeros for minimal realization of the closed-loop system

In Figure 4.13, the poles P and zeroes Z, indexed by their respective operating
point, are observed to be
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[—0.79 + 0.244] [0.92 4+ 0.08i ]
—0.79 — 0.24i 0.92 — 0.08i
—0.69 4+ 0.13i —1.52 + 0.00i
—0.69 — 0.13i —1.40 + 0.27i
Pr=1_066+000i 2= |-1.40-027i (4.1)
0.96 + 0.06i —1.15 + 0.35
0.96 — 0.06i —1.15— 0.35i
| 0.40 + 0.00i | |—1.00 4 0.00i
©0.96 + 0.044 ] [0.95 + 0.05¢ ]
0.96 — 0.04i 0.95 — 0.05i
—0.06 + 0.00i —1.04 + 0.07i
—0.96 + 0.06i —1.04 — 0.074
Py = [—0.96 —0.06i| Z, = |—1.08+0.04i (4.2)
—0.93 + 0.044 —1.08 — 0.04i
—0.93 — 0.04i —1.09 + 0.00i
—0.92 + 0.00i —1.00 + 0.00i
| —0.92 + 0.004] | —0.92 + 0.004]
©0.97 + 0.02i ] [0.97 + 0.036 7
0.97 — 0.02i 0.97 — 0.03i
—0.52 + 0.00i —1.02 + 0.03i
—0.98 + 0.03i —1.02 — 0.03i
Py = |—098 —0.03i| Z3=|-1.0440.02i (4.3)
—0.97 4+ 0.02i ~1.04 — 0.02
—0.97 — 0.02i —1.04 + 0.00i
—0.96 4 0.004 —1.00 + 0.00i
| —0.96 + 0.00i ] | —0.96 + 0.00i |

and the marginally stable poles observed in Figure 4.11 and Figure 4.12 are canceled
out. The elimination of poles with magnitude greater than 1 indicates asymptotic
stability of the system, G,,(z). Furthermore, the Nyquist diagram of L(z) is ana-
lyzed for additional insights into the system stability.
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Nyquist Plot of L(z)
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Figure 4.14: Nyquist curve of the closed-loop system

The results in Figure 4.14 present no clockwise encirclements of —1 by L(z), which,
in addition with the fact of no observable poles outside the unit circle in Figure
4.13, further confirms the stability of the system. Below, a step response of the
closed-loop system is shown

Step Response of Gry
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0 0.5 1 1.5 2 25 3
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Figure 4.15: Step response of the closed-loop system

In the step response, there are no oscillations and barely any overshoot, and the rise
time is quite quick for operating points 2 and 3.
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4.3 Controller Performance

This section presents the performance results for the controller across various test
cases, using the metrics covered in Section 2.3. The ability of the controller to achieve
desired A-tracking while keeping within its bounds is analyzed in comparison to the
baseline control strategy. Next, performance in regard to torque tracking and fuel
consumption is compared between the developed and baseline control strategies.
Two additional test cases evaluate the developed control strategy for enabled EGR
and disabled dead-time compensator. The same drive cycle was used for all test
cases.

1 | | | | TestICycIel | | |
] RPM (Normalized)
09 Torque (Nomralized) ]
0.8 [ a b
0.7 N 7

05 =

[ |

Value

0.1 4

O Il Il Il Il Il Il Il Il
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Time [s]

Figure 4.16: Test cycle containing different steady state scenarios

Figure 4.16 presents the drive cycle, containing a multitude of different operating
points and transients, to evaluate the performance of the controller. The cycle
mostly contains steady-state conditions, which is what the control strategy devel-
oped in this thesis aimed to operate under.

4.3.1 Target Lambda Tracking

The measured A-values using lambda control and the baseline control strategy are
presented in Figure 4.17.
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Lambda Tracking
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Figure 4.17: Lambda tracking comparison between the lambda control strategy
and the baseline strategy

As observed in Figure 4.17, the lambda tracking strategy is exceedingly superior
in comparison to the baseline strategy for maintaining lambda close to the target
value and within the determined bounds. The Root Mean Square Error, described
in Section 2.3.1, value for lambda using lambda control RM SE) ;. and using regular
control RMSE), are

RMSE)y;. = 0.20 RMSE), = 0.98. (4.4)

This significant improvement in lambda tracking occurs as the baseline approach
considers only basic A control, primarily mitigating combustion byproducts rather
than focusing on lambda tracking. Additionally, the constraint violation integral
from Section 2.3.2 for the two different strategies, CV I;. and CV'I, is

CV I =27 [As] CVI, = 2741 |)s]. (4.5)

4.3.2 Target Torque Tracking

Another performance metric evaluated was the target torque tracking capabilities of
the controller, analyzed by comparing the resulting torques for different strategies
with the requested torque.
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Torque Tracking for Lambda Control Strategy
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Figure 4.18: Torque tracking comparison between lambda control strategy and
baseline strategy

In Figure 4.18, the lambda control strategy is inferior at torque tracking, in compar-
ison with the baseline strategy. Due to insufficient air during high torque demands,
the fuel is reduced to maintain lambda within bounds and avoid engine knocking, re-
sulting in the inability to achieve higher torque demands. An example of unreached
high torque demand can be observed at the time 600 — 900 [s]. Instances where
the torque exceeds the desired value occur to prevent engine misfires and maintain
lambda within its limits, and are caused by the need to inject additional fuel due
to excess air. Such instances can be observed at large negative torque steps, for
example, at time 3900 — 4000 [s]. In Figure 4.19, the boost request compared with
the measured boost pressure is plotted together with the ITV valve position during
the time periods mentioned above.
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Boost Pressure

and ITV position

— 400 1100
©
o —
= ——— — — = — = X
< =
2 2
3 150 'g
?: Boost request g
& 100 [ | — — — Boost pressure =
c% ITV valve position
O Il Il Il Il Il Il Il O
600 650 700 750 800 850 900
Time [s]
T T T T T T T T T ] 100
E‘A'OO
o | —_
£300 r &
oo __
\ s
5200* N B B R E— 750 'g
9_', Boost request \ ;
8100 [ |— — — Boost pressure g ——— =
8 ITV valve position
Il Il Il Il Il Il Il Il Il
3860 3880 3900 3920 3940 3960 3980 4000 4020
Time [s]

Figure 4.19: Boost request compared to measured boost pressure using lambda

control

Figure 4.19 illustrates how the boost pressure cannot build up during low RPMs,
even when the ITV valve is fully opened. The ITV valve position results in too
high an increase in pressure in large negative torque steps, as it is kept open by the
baseline software to protect the engine. The RMSE values of the two strategies for

torque tracking are

RM S Eqgrquese = 0.09 [Nm]

4.3.3 Fuel Consumption

RMSEtorque,r

= 0.03 [Nm]. (4.6)

In Figure 4.20, the fuel consumption of the lambda control strategy is compared to

the consumption of the baseline strategy.
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Figure 4.20: Normalized fuel consumption comparison between the lambda control
strategy and the baseline strategy

As shown in Figure 4.20, at the early time points, the fuel consumption is very
similar for both strategies. During time 730 — 840 [s], the lambda control strategy
consumes less fuel than the baseline strategy due to constrained fuel appertained by
engine knocking avoidance. Towards the end, the baseline strategy has distinctively
lower fuel consumption. The excess fuel used in the lambda control strategy is due
to the additional fuel used for misfire avoidance. The fuel normalized consumption
for the two strategies is measured to be

M fuellc = 1.00 [kg] mfuel,r = 0.92 [kg] (47)

which shows a larger fuel consumption of the lambda controller compared to the
baseline strategy.

4.3.4 Performance Without Dead Time Compensation

Upon analysis of the results presented in Section 4.1.1, the difference between the
dead time L and the system time constant 7, was concluded to be minor. This
conclusion prompted the analysis of the Otto-Smith dead-time compensator and its
impact on controller performance. Lambda tracking was tested with and without a
dead-time compensator, and the results are presented in Figure 4.21.
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Lambda Tracking
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Figure 4.21: Lambda tracking comparison between the lambda control strategy
with and without the Otto-Smith compensator enabled

In Figure 4.21, the lambda tracking performance of the two control strategies are
observed to be similar. The RMSE values for the lambda control strategy with the
Otto-Smith compensator RMSE) ;. and RMSE) 005 are

RMSE)y ;. = 0.202 RMSE) 4005 = 0.203 (4.8)

which further established the similarity of the two performances. The constraint vi-
olation integral with and without the dead time compensation, C'V I}, and CV I ,,0s,
are

CVI[C = 26.8 [)\S] CVIwoOS =274 [)\8] (49)

which signifies a slight decrease in performance for the disabled Otto-Smith compen-
sator. As a consequence, the torque tracking performance metric is nearly identical
with and without dead time compensation. Fuel consumption is affected by torque
performance, leading to comparable fuel efficiency in both scenarios. See Appendix
B for the relevant graphs related to these findings.

To analyze the circumstances where the Otto-Smith predictor proved to improve
controller performance, the difference between the errors ey = Ay — Apeas, i€
exle — Exwo0s Was calculated.

47



4. Results
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Figure 4.22: The lambda error difference for the lambda control strategy with and
without Otto-Smith compensator enabled

The performance is observed to be similar for steady state behavior, evident by the
low error values in Figure 4.22. Additionally, the Otto-Smith predictor is shown to
perform better in positive transients as opposed to the negative ones.

4.3.5 Performance With EGR

The controller performance is evaluated for enabled EGR, analyzing the effect of
EGR on the developed control strategy. Firstly, the ability to track the target
lambda is analyzed.
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In Figure 4.23, the performance is shown to degrade for enabled EGR with dete-
riorating stability in multiple instances. The engine performance is also adversely
impacted by the enabled EGR. Consequently, the fuel consumption decreases for
enabled EGR. See Appendix C for detailed data supporting these observations.

4.4 Chapter Summary

The results show that the air-path lambda controller achieved better lambda track-
ing than the baseline, but at the cost of increased fuel consumption and slightly
worse torque tracking. Using the Otto-Smith compensator made little difference in
performance, likely because the system’s dead time was relatively small. Enabling
EGR led to worse torque tracking and stability. Overall, while the lambda controller
met its primary objective of protecting the engine, it came with some trade-offs in
terms of drivability and efficiency.
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Discussion and Future Work

This chapter discusses the results presented in the previous section, evaluating how
well the objectives were met. It discusses the estimated system parameters, assesses
the effectiveness of the air-path lambda control strategy, and reflects on its impact
on engine performance. Finally, it outlines potential improvements and directions
for future work based on the findings of this report.

5.1 Discussion of Results

This chapter analyzes the results presented in the preceding one. Also, the evalua-
tion of the problem statement will be presented with concluding answers.

5.1.1 Estimated System Parameters

Analyzing the parameter map for the static gain in Figure 4.1, K is close to 1,
which is reasonable because )\;, should eventually dissipate to the lambda sensor.
Looking at Figure 2.2, two paths exist for the exhaust gases upon entering the ex-
haust manifold after combustion. One through the VGT compressor and the other
through the EGR valve. Regardless of whether the EGR valve is open or closed,
the oxygen concentration in the exhaust gases flowing through the VGT compressor
to the lambda sensor should remain constant. The static gain should, therefore,
theoretically be 1, any deviations from the theoretical value are due to inaccuracies.
Inaccuracies can be ascribed to erroneous 1, and rivg,q used to calculate A, or
possible defects in the lambda sensor. Such inaccuracies can be observed in Figure
4.4 where )\;, is consistently higher than \,,..s, regardless of steady-state conditions.
The mapped K values are therefore expected to be below 1, as compensation for
the aforementioned discrepancies.

Furthermore, the parameter map of the time constant 7, exhibits behavior that
is intuitive to the physical system, as shown in Figure 4.2. Lower RPM and torque
values induce slower gas transport dynamics, resulting in larger 7,. Increasing RPM
and torque enables faster gas flow dynamics through the exhaust system, effectively
reducing the time constant. Equivalent reasoning can be applied to the dead time
L, shown in Figure 4.3, which exhibits the same behavior. One notable aspect of
the dead time is that it yields significantly lower values compared to 7,, especially
at higher RPM and loads. These results indicate the irrelevance of a dead time
compensator, such as the Otto-Smith predictor.
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Conclusively, the intuitive behavior of the model parameters, obtained in Section
4.1.1, asserts confidence in the selected approach. A quantitative indication of the
estimated parameter accuracy is the RMSE of the estimated lambda being less than
1% compared t0 Ameqs. Hence, the selected method is proven as a practical approach
for parameter estimation of K, 7,, and L in the process model.

5.1.2 Efficiency of Air-Path Lambda Control Strategy

In Sections 4.3 and 4.2, the implemented air-path lambda control strategy was
proven to be effective in controlling the relative AFR. The closed-loop system was
verified to be asymptotically stable based on pole-zero analysis and Nyquist dia-
gram evaluation. The lambda control strategy is observed to significantly improve
the tracking of the desired A-values compared to the baseline control strategy, as
evidenced by the reduced RMSE and integral error metrics. The RMSE for lambda
tracking was reduced from 0.98 to 0.20, and the integral error outside of the ac-
ceptable bounds was reduced from 2741 [As] to 27 [As]. Acceptable A-value bounds
were maintained during both steady-state and transient conditions. This improve-
ment was expected as the baseline strategy only includes minor considerations for
A-control, such as avoiding soot formation.

Oscillations are present following many transients and are concluded as unrelated
to the controller performance. This is due to oscillations at the same time instances
for the baseline strategy, observable in Figure 4.17, where the lambda control strat-
egy is disabled. Probable causes for the oscillations are engine construction and
various component software, rather than the developed lambda control strategy.
Additionally, the lambda control strategy exhibited no oscillations in the simulated
step response of the system, as shown in Figure 4.15, which further supports the
dissociation between the lambda control strategy and oscillations.

Additional fuel is added as a countermeasure for exceeding the upper lambda limit.
However, the controller is observed to add fuel slightly before the lambda limit, which
is due to the deviation between the simulated lambda and the lambda measured in
test cells, from which the static gain K was determined for this thesis. Consequently,
when \;, is calculated according to (3.9), it will differ from the \;,-value measured
in the simulation. This explanation can also be applied to observations where \,,cqs
falls beneath the limit.

The Otto-Smith predictor had a negligible impact on the performance because the
transport delay of the lambda L was found to be lower than the time constant 7,
as mentioned in Section 5.1.1. The notable aspect is the performance improvement
during positive torque step transients and the performance degradation during neg-
ative instances, as observed by the Otto-Smith predictor in Figure 4.22. This aspect
may be attributed to the engine test cycle used for the system identification, which
did not include large negative transients, resulting in inaccurate parameters during
such conditions. Despite a favorable effect during positive torque transient, the per-
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formance results were not significantly affected by this aspect due to the test cycle,
which primarily consisted of steady-state conditions.

Performance deterioration was observed for the controller during enabled EGR. This
is attributed to the disregard of the burned air fraction in the intake manifold, as-
suming only fresh air in the intake manifold as described in (3.8). Additionally, the
parameter maps were determined using data with the EGR disabled. The dynamics
for enabled EGR are predicted to differ from the captured dynamics of the system
identification, resulting in inaccurate PID tuning fr EGR operation. Lastly, dynam-
ics described in (3.12) may be invalid for enabled EGR due to the flow through
the EGR valve. The flow, dependent on the NO, concentration measured after the
VGT, introduces an additional variable to the system.

This concludes the evaluation of the problem statement regarding the effective-
ness of using air-path A-control by stating the efficacy of the solution, achieving
AFR targets, and constraining A to acceptable limits. The Otto-Smith predictor
is observed to have a negligible positive impact on the performance of the engine
model used in this thesis. Conclusively, the implemented structure of the dead-time
compensator and the tuning methodology may benefit future projects with greater
transport delay from the engine cylinders and A-sensor. Lastly, additional work is
required for the air-path lambda-controller in systems with EGR, accounting for
enabled EGR dynamics.

5.1.3 Lambda Controller Impact on Engine Performance

The lambda control strategy is observed to have higher fuel consumption compared
to the baseline strategy, as well as reduced capability to meet the required torque
demands. The reduced capabilities are attributed to the fuel limitations imposed to
maintain lambda bounds, especially at high torque and low RPM operating points,
as shown in Figure 4.18. Additional fuel is added in instances where excessive air
supplied by the VGT and the ITV is unable to limit the flow to the intake manifold,
as observed in Figure 4.18. The inability of the I'TV is due to restrictions imposed
by the baseline software, which protects engine components from pressure buildup
between the compressor and I'TV, as well as vacuum buildup after the ITV.

The majority of operating conditions retain good torque tracking performance with
the lambda control strategy. Conclusively, a trade-off exists between torque tracking
and fuel economy for multiple operating conditions when using the lambda control
strategy, while maintaining similar performance to the baseline strategy for most
operating conditions.

5.2 Future Work

This thesis presents the feasibility of using air-path lambda control with some as-
pects left for further investigation and future improvement. One aspect that war-
rants further investigation is the modeling and compensation of EGR dynamics, a
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necessity highlighted by the degradation of controller performance when EGR is
enabled. New feed-forward boost pressure calculations are required, along with the
need for updated parameter maps and a revised process model. Modifying (3.8) to
account for the burned air fraction b € [0, 1] in the intake manifold with (leb) as the
total air mass flow, resulting in

maz"r,re mair,re
DPreq = Pi~ g, L =pi(1—b)—"" (5.1)
(1-b) Mair

Although the Otto-Smith predictor proved to be negligible for the setup used dur-
ing this thesis, it may benefit other engines with larger dead times. Exploring this
aspect, by analyzing the Otto-Smith predictor in other engines and conditions, will
further develop the evaluation of the potential in using a dead time compensator.
There is further benefit in exploring other dead time compensation solutions, such
as using a Kalman filter with measured lambda as one state and estimated cylinder
lambda as another.

Enhanced speed and precision of control during transients can be achieved with
improvements to the boost pressure feed-forward calculations, possibly by modify-
ing (3.8) to account for rapid temperature fluctuations as follows:

Tzin * Mair,req

Preq = Pi (52)

irin,req : mai’r‘
where T} .., is the intake manifold temperature mapped to the corresponding 1y req
and the current engine operating conditions. Combining (5.2) with (5.1) gives

En * Mairreq

Preq = pz(l - b) (53)

T;n,req : mair .
During this thesis, the control strategy was tested using a simulation environment
designed for diesel engines. Testing the lambda controller in either a real H2-ICE or
in a simulation environment designed to emulate a H2-ICE is crucial to evaluating
the controller’s effectiveness in mitigating NO, emissions.
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Conclusion

The hydrogen internal combustion engine (H2-ICE) is a promising zero-carbon al-
ternative to conventional diesel engines for heavy-duty applications. However, the
properties of hydrogen combustion make air-fuel ratio (AFR) control challenging.
Maintaining the relative AFR (\) within acceptable limits is key to minimizing NO,,
emissions and ensuring stable operation. This thesis explores the feasibility of an
air-path A-control strategy to augment AFR regulation.

The estimated parameters were found to represent expected physical behavior accu-
rately and demonstrated high precision. The implemented air-path lambda control
strategy proved effective in both tracking lambda and maintaining lambda within
the desired bounds. The performance in torque tracking remained relatively similar
to the baseline, with some exceptions when the fuel had to be adjusted due to both
excess and insufficient air supply. Having an Otto-Smith compensator showed little
effect on the accuracy of the controller since the dead time was small relative to the
system time constant. Some limitations were noted during EGR operation; however,
the controller maintained strong performance and stability overall.
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Figure A.1: Bode plot of the sensitivity functions for all operating points
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Torque Tracking and Fuel
Consumption Without Dead-Time
Compensation
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Figure B.1: Torque tracking comparison between lambda control strategy with
and without Otto-Smith compensator enabled
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Figure B.2: Fuel consumption comparison between lambda control strategy with
and without Otto-Smith compensator enabled



C

Torque Tracking and Fuel
Consumption With EGR Enabled
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Figure C.1: Torque tracking comparison between lambda control strategy with
and without EGR enabled
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