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Abstract: To meet increasingly strict future greenhouse gas and pollutant emission targets,
development time and costs of heavy-duty internal combustion engines will reach unacceptable
levels. This is mainly due to increased system complexity and need to guarantee robust
performance under a wide range of real-world conditions. Cylinder Pressure Based Control
is a major contributor to achieve these goals in advanced, highly-efficient engine concepts.
Current Cylinder Pressure Based Control approaches use combustion and air-path parameters
as feedback signals. These signals are not directly linked to engine efficiency; therefore,
compensation for changing ambient conditions, engine ageing or differences in fuel qualities is
a non-trivial problem. Contrary to other methods, the method presented in this paper aims to
realise an idealised thermodynamic cycle by directly control of the entire cylinder pressure curve.
From measured in-cylinder pressure, a new set of feedback signals is derived using principle
component decomposition. With these signals, optimal fuel path settings are determined. The
potential of this method is demonstrated for a dual fuel Reactivity Controlled Compression
Ignition (RCCI) engine, which combines very high efficiency and ultra low nitrogen oxides and
particle matter emission. For the studied RCCI engine, it is shown that the newly proposed
optimisation method gave the same optimal fuel path settings as existing methods. This is an

important step towards self-learning engines.
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1. INTRODUCTION

The transportation sector is a large contributor to the
emission of greenhouse gasses and air pollutants (Jaramillo
et al., 2022). Moving to a fully electrified heavy-duty
transportation sector is, at the moment, not realistic for
heavy transport with trucks and ships, or for heavy mining
and construction machinery. Both the technology and the
required infrastructure is not matured enough to facilitate
this move. Therefore, the Internal Combustion Engine
(ICE) will remain an important power source for heavy-
duty applications in the upcoming decades. This requires
ICEs to become cleaner, more efficient and is able to run
on renewable fuels.

Effort has been made to adopt more advanced, Low Tem-
perature Combustion (LTC) techniques (e.g. Homogenious
Charge Compression Ignition, Partial Premixed Com-
bustion and Reactivity Controlled Compression Ignition
(RCCI)) (Agarwal et al., 2017). While they promise high
efficiency and low emissions, these results are only ob-
tained in a controlled lab environment. Operation under
a wide range of real-world conditions is one of the main
challenges to get these type of ICEs production ready
(Paykani et al., 2021). This entails making them more
robust towards ageing, changing ambient conditions and
difference in fuel quality. Furthermore, guarantees have to
be in place, such that the combustion process is stable, as
efficient as possible, and respects emission and mechanical
safety constraints.

Cylinder Pressure Based Control (CPBC) is an impor-
tant enabler for advanced, LTC techniques. It promises
to improve combustion robustness, and enable safe and
stable operation. With CPBC, the in-cylinder pressure
is measured and used to determine appropriate control
actions for the next combustion cycle (Willems, 2018).
However, in current approaches the combustion process is
indirectly controlled by predetermined setpoints of com-
bustion and air-path characteristics (e.g., Irdmousa et al.
(2021); Verhaegh et al. (2022)). These setpoints are, again,
determined in a controlled lab environment. With these
current approaches, robust performance can be guaran-
teed; however, it is impossible to give efficiency, emission
and safety guarantees.

Efficiency, emission and safety guarantees are required,
since LTC ICEs are sensitive to changing ambient condi-
tions, ageing and differences in fuel quality. This can result
in suboptimal efficiency or situations where emission or
safety constraints are violated. To perform a lab calibra-
tion of all these different situations is not possible; it is too
expensive and will require unacceptable development and
test times. Therefore, self-learning techniques are required
that automatically adapt control settings based on ob-
served (suboptimal) behaviour and compensate for these
unwanted effects in an online fashion (Willems, 2017).
A few examples are found in the literature. Hinkelbein
et al. (2012) present an Iterative Learning Control based
method to directly compare a measure in-cylinder pressure
to a predefined reference in-cylinder pressure of an RCCI
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Fig. 1. Experimental six cylinder PACCAR MX13 engine
equipped with a PFI-injector (Willems et al., 2020)

engine. However, no direct link to combustion efficiency
can be made. van der Weijst et al. (2019) developed a
combined fuel and air-path constrained extremum seeking
control to optimise the brake specific fuel consumption of
a heavy-duty Diesel engine. Guardiola et al. (2017) and
Jorques Moreno et al. (2022) use heat release analysis to
online optimisation of the indicated specific fuel consump-
tion and indicate efficiency of a Diesel engine. However,
non of these methods is able to control a complete in-
cylinder pressure and only track specific combustion char-
acteristics.

In this paper, a novel energy-based CPBC approach ap-
plied to an RCCI engine will be presented. Efficiency and
safety consideration are directly linked to the in-cylinder
pressure in a way that is applicable to a large range of
control methods. Pan et al. (2019) and Vlaswinkel et al.
(2022) used Principle Component Decomposition (PCD)
to model in-cylinder pressures, and Chung et al. (2017)
used PCD as an in-cylinder pressure noise filter. In this
paper, PCD is used to formulate a new feedback control
approach. The Otto cycle, an Idealised Thermodynamic
Cycle (ITC), is used as a reference. It will be shown
that this new metric directly links to the efficiency of the
combustion process and safety constraints. This paper will
not go into the robustness problem, but it is believed that
the approaches mentioned before can be adapted to use
the proposed metric.

The structure of this paper is as follows. First, the general
control problem is described and a brief overview is given
of the state-of-the-art control method. Thereafter, a novel
energy based control method is presented followed by some
simulation results.

2. CONTROL PROBLEM

In the following study an RCCI engine running on Diesel
and E85 will be used. Fig. 1 shows the used six cylinder
PACCAR MX13 engine available in the Zero-Emission Lab
of the Eindhoven University of Technology. Only cylinder
1 is active. The cylinder heads of cylinders 2-6 have been
removed and no fuel is injected into these cylinders. The
cylinder pressure of cylinder 1 is measured using a Kistler
6125C. To enable RCCI operation, the engine uses a direct
injection system to inject diesel directly into the cylinder
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Fig. 2. General engine control scheme with reference gener-
ator and separate air and fuel-path controllers, where
Sim and Sem are the conditions at the intake and
exhaust manifold, u,;, and ug,e are the inputs to the
air and fuel path actuators and p(f) is the measured
in-cylinder pressure.

and a port fuel injection system to inject E85 in the intake
port. An electric machine is used to generate the torque
required to keep the engine running at a constant speed.

A general ICE control scheme for the fuel and air-path
is shown in the gray area of Fig. 2. The main goal of
this engine controller is to realise the requested power
with maximal thermal efficiency, while meeting tailpipe
emission limits and guarantying safe operation. In this
paper, the focus is on the fuel-path controller. Three
controlled inputs are available in the studied engine. To
control the requested power, the total injected fuel energy
is used:

Qfuet = mpriLHVprr + mpiLHVpy, (1)

where mpp; and mp; are the mass of Port Fuel Injected
(PFI) and Direct Injected (DI) fuels and LHVpp; and
LHVpi the lower heating value of these fuels, respectively.
Second, the energy based Blend Ratio (BR)

BR — mprILHVpp; ()

quel

is used to control the in-cylinder fuel reactivity. Third, the
start-of-injection of the directly injected fuel SOIp; affects
combustion phasing.

To evaluate thermal efficiency, in this work we focus on
the gross indicated efficiency

GIE(ufueh Sim) = ! / p(ea Utyel s Sim) dV(9)7 (3)
quel €}

with cylinder pressure p(f, u), cylinder volume V() and
crank angle © = [-180CAD, 180 CAD] with focus on
the high pressure part of the four stroke engine cycle.
To limit mechanical stresses and combustion noise, peak
pressure and peak pressure rise rate are constrained by,
respectively:

Pmax = m;axp(@) (4)

@) o

Using (3) to (5), the optimisation problem during engine
calibration can be formulated as

and
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u* = argmax GIE(u)
ueuU

S.t. Pmax < Pmax,ub (6)

dp dp
(de)max = (do)max,ub’

where u € U is the inputs to the system and U the input
the allowed upper

max,ub
bound of the peak pressure and peak pressure rise rate.

. d
domain, and pmax,up and <d—§)

3. STATE-OF-THE-ART CYLINDER PRESSURE
BASED CONTROL

A common way to define the feedback control problem
is to use the feedback error as e = = — X e, Where x
and z,¢ are vectors consisting of measured and references
of combustion related parameters, respectively (Willems,
2018). For combustion control, traditionally, the metrics
in & show good correlations with the high level objectives
z, such as thermal efficiency and emissions. These metrics
are often based on a measured in-cylinder pressure signal.
Examples of such high level objectives and related metrics
are given in Table 1.

Besides the peak pressure and peak pressure rise rate in (4)
and (5), the net indicated mean effective pressure, which
is a measure for the power output, is often determined:

IMEP,, := IMEP,(u) — PMEP (7)
with gross indicated mean effective pressure:

1
IMEPg(ufueh Sim) = 7/ p(ea Ufuel Sim) dv(0)7 (8)
(]

Va
and with pumping mean effective pressure:
1 -
PMEP := W ( I p(@) av(O)+ [ O (o) dV(H)) (9)

where Vj is the displacement volume.
Moreover, the apparent rate of heat release can be derived
from the in-cylinder pressure as

~(6) av 1 dp
————p(0)— + ———V(0)—=
o -1"9% e =1V O
where v(0) is the temperature and composition dependent

specific heat ratio. Using (10), the cumulative heat release
is found by

aROHR(0) := (10)

4
HR(0) := / . AROHR()do. (11)

This heat release is used to compute combustion phasing
metrics: e.g., start of combustion (SOC), crank angle at
50% of heat released (CA50) and combustion duration
(CA90-CA10).

Table 1. Examples of combustion metrics used
for indirect control of high level objectives

High level objective z ~ Combustion metric «

Efficiency  Crank angle at 50% of heat released CA50
Pressure difference across engine Ap
Pumping loss PEMP, Air-to fuel ratio A
Emissions  Energy based BR,

EGR fraction Xggr

Energy based BR,
Intake manifold temperature Tiy,

Pmax and (%)

Indicated mean effective pressure (IMEP)

Combustion stability

Safety

max

Power output
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Fig. 3. Schematic of the proposed fuel-path control ar-
chitecture with Principle Component Decomposition
(PCD) and an Idealised Thermodynamic Cycle (ITC)
to regulate the combustion nucleus, where the colour
scheme corresponds with Fig. 2

The reference vector zes is typically determined offline
by calibration experts who tries to solve (6) over the
full operating range. The found reference vectors s
are stored into a fixed map. As a result, efficiency and
emissions are controlled indirectly by controlling x. This
approach requires the correlation z(z) to be known and
assumes that the effect of changes in these correlations on
control performance are negligible.

4. SELF-LEARNING FUEL PATH CONTROL

In this section, a novel feedback method is presented
that uses an energy based approach to control the fuel
parameters. A schematic overview of the control architec-
ture is shown in Fig. 3. It uses a PCD of the pressure
trace, which is as often used to filter out measurement
noise (Chung et al., 2017) and create data-based cylinder
pressure models (Pan et al., 2019; Vlaswinkel et al., 2022).
This decomposition reduces the dimensions of the pressure
trace to npc € Nsg values, where npc is the number of
used Principle Components (PCs). It will be shown that
this decomposition can be used to formulate an energy
based cost function using a measure cylinder pressure and
idealised thermodynamic cycle.

4.1 Principle Component Decomposition of
In-cylinder Pressure

The decomposition of the pressure trace in PCs is done
using PCD. The measured cylinder pressure is decomposed
as

p(e, Ufuel Sim) = w(ufuela sim)Tf(e) + fu(o) + 6(0)7 (12)
where w(ugyel, Sim) € R™C is a vector of weights, f(0) €
R™P¢ is the vector of PCs, f,(f) € R is the average
observed cylinder pressure over the whole operating range
and €(f) € R is the residual between measured and
modelled cylinder pressure.

To determine the PCs, n, € N5 experiments at different
fuel and intake manifold conditions are performed. During
each experiments, the cylinder pressure p € RIG* at
nca € Nsg crank angle positions for n. € Ny cycles is
recorded. All experiments are then combined into a matrix
P e RLy ™A Using P, the average observed cylinder
pressure and PCs are given by

1 NeMNc
Tul05) = 2_; P;; (13)

and f(6) are the first npc eigen vectors of (P — f,)7 (P —
Fu)-
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Fig. 4. The pV-diagram of a measured in-cylinder pressure
(-) and the corresponding idealised thermodynamic
Otto cycle (-)

Deviating from standard PCD, a work based approach is
used to determine w(u). The goals is to minimise the size
of the area of the residual in the pV-diagram as

av
() | db.

* .
W (Utyel, Sim) = arg min
w ER"PC

2
= argmin/ €(6)? (dV) de. (14)
w €R™PC Jo o
Substituting (12) into (14), this becomes
2
FO)F 0 >(%) ah v+

av\?
9 Ufuel Slm)) <%> do

w(Ufyel, Sim) = argmino’
v ER™PC )

/f ) (ful0

This problem can be algebralcally solved as
w(ufuela Sim) = _AlAgl

(15)

(16)
with

4= /@ 7(6) (£,(6)
nd
a= [ 5070 (@3)2 .

4.2 Idealised Thermodynamic Cycle

av\?
_p(ov Utyel Sim)) <d9> df

In this paper, an ITC is used. The Otto cycle is chosen
because it promises the highest thermal efficiency over a
large operating range (Heywood, 2018). It is a combination
of two isentropic and two isochoric processes as shown in
Fig. 4. It can be fully described by the Qfue1, pressure
at the start of the compression stroke piow, the cylinder
volume over time V(6) and temperature and composition
dependent specific heat ratio . The air-path is mostly
responsible for pioy and . The Otto cycle is given by

v(-=180cAD)\7 .
pow (VSRR 0 € O,
pITC(07 Qruel, Sim) = { v

-
Dhigh (7‘/(?/%?]))) , it 0 € ©

with ©. = [-180 CAD, 0 CAD], ©, = [0 CAD, 180 CAD],
0CAD

(17)

mrc quel —180 CAD piTC (9 quel) av
Phigh = 0CAD —
VA(0CAD) [~ cocap V7(0)dV(0)
and efficiency of the Otto cycle nyrc is given by
1
mrc =1— (18)

ry—1
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with 7 = max(V) min(V)~! the compression ratio. Using
(18), it is found that the thermal efficiency increases when
7 increases.

The cylinder pressure decomposition presented in Sec. 4.1
is also used to decompose prrc (8, Qtuel)-

4.8 Minimisation of energy losses

During a combustion cycle, the energy is conserved. This
means

Wind,g = IMEPng = quel + Qlossa (19)
where Wing,e is the gross indicated work applied to the
piston and Qoss are the total energy losses. These losses
are split into two parts: i) the energy loss obtained when
running a perfect Otto cycle and (i) the additionally
energy losses @nirc associated with a non-ideal cycle.
Using (18), this can be written as

Qloss = (1 = n170) Qtuel + @nrre. (20)
Substituting (20) into (19) gives
Anite = Wind,g — mreQtuel- (21)

Given a measured cylinder pressure p(f) and Otto cycle
prre(0), @nrte can be computed by

Qxiro = /O (06, u) — prro(0)) AV (0)

The goal is to reduce the size this loss; therefore, the cost
function is defined as

J = Qe = (/@ (p(a, u) — prrc(a)) dV(9)>2 - (23)

(22)

Using the decomposition of (12) to decompose p(#) and
prre, (23) can be rewritten as

= w(u Sj T € -
J = (/@ ( fuel 1m) f(e) +fu(9) + (9) av

[ e 0)+ 50) + ercl®) dV) ,
e

( (ufuCh Slm)
2( (ufuely sim)
with

wite) ' Z1 (w(Usyel, Sim) — WrTc) +

24
—wire)"Zs + Zs (24)

7 = / F00)£T(62) AV (6:) AV (62),
(€]

Zy = / F(6:)(€(62) — crre(62)) AV (61) dV (6)
and ©

Zg = ff() 91 - EITc(el)) (6(02) - ch(Qg)) dV(Gl) dV(02)
The Welghts w and wrrc are determined such that
Jo €(0)?dV () and [g errc(0)? dV (0) are minimised. When
enough PCS are used these terms will approach 0; there-
fore, it can be assumed that Z5 ~ 0 and Z3 ~ 0. This
reduces (24) to

J =~ Jire = (w(u)

The original control problem in (6) also contains con-
straints. Using (12), these can be rewritten as linear con-
straints as

w(w)" f(0) + f1(0) < Pmax.ub, V0 € O

af  df dp
T L Ae = Y
w(u) 0+ 7 < <d9>[naxub, feco (27)

where again it is assumed that the residual €(f) can be
neglected.

— wITc)T21 (w(u) — wITc). (25)

(26)
and
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Using (25) until (27), the original control problem of (6)
can be reformulated as

v =argmin  (w(u) — wrre)' Z1(w(w) — wrre)

ueU
st w(w) f(0) + fu(0) < Pmax,ub, V0 € © (28)
a  df, [dp
T e el
w(U) g * do = (de)rnaxmb7 e 67

This means that the control problem has been reformu-
lated into a quadratic cost function and linear constraints
in terms of w(u).

5. SIMULATION RESULTS

In this section, a simulation study is performed using the
same setup and experimental data as in Willems et al.
(2020). Below only the most relevant information is pro-
vided. Table 2 shows the engine specifications and nominal
operating conditions. The experimental data consist of
988 different experiments using different intake manifold
pressures, start of injection of Diesel, and mass of injected
Diesel and E85. Each experiment consist of 200 consecutive
combustion cycles. As a proof of concept, these consecutive
combustion cycles have been averaged into one average
combustion cycle p(8, tgyel, Sim) to reduce the effect of
sensor and actuator noise.

Using the experimental data, the PCs are determined
according to Sec. 4.1 with npe = 7. The weights
w(u) of the measured pressure traces is given in (16).
The corresponding Otto cycle is determined by set-
ting piow = P(—180CAD, ugyel, Sim) and IMEPg s =
Vit Jo B(8) dV (6). The specific heat ratio v(sim) is deter-
mined using the measured cylinder pressure p(, ugyel, Sim)
as
lnﬁ(el, Utuel Sim) - 11117(92, Ufyel sim)
InV(02) —InV(61) ’

where 0q, 05 € [elvc, 9501] and 01 < 0y with Oyc the
crank angle where the intake valve closes. In the following
discussion, it is chosen that 6; = —160 CAD and 6, =
—100 CAD. Using (17), the full Otto cycle prrc (8, Qtuel)
is computed. The Otto cycle prrc (0, Quel) is decomposed
using the previously determined PCs and (16).

Fig. 5 shows that Jir¢ and the GIE are linked. An increase
in efficiency results in a decrease of Jrrc . Therefore,

V(Sim) = (29)

Table 2. Specifications and nominal operating
conditions of the engine setup and range of
Ugyel and Siy, used during the experiments

Parameters Value

PFT fuel E&5

DI fuel Diesel (EN590)
Compression ratio 17.2

—173°CA aTDC
146°CA aTDC
(8.5+1.0) bar

Intake valve closure
Exhaust valve opening
Gross IMEP

Engine speed 1200 rpm
Crank angle resolution 0.2 CAD
Pmax,ub 200 Bar

d;
(%) s 25 Bar/CAD
BR [0.76, 0.81]
Qfuel [3815, 4107] J/cycle
SOIp1 [-70, —35] CAaTDC
Pim [2.18, 2.53] - 10° Pa
T; [270, 320.5] K
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Fig. 6. Contour plot of Jivc at Qe = 3966.8J and
intake manifold pressure set to 2.3-10° Pa and intake
temperature to 306 K evaluate over the allowed input
space. The minimum is marked with an ‘X’

Jite, as formulated in (25), can be used to optimise the
thermal efficiency. Moreover, pi, only has a minimal effect
on the GIE. The effect of py, on the overall efficiency
mainly enters though pumping losses not included in this
discussion.

The original optimisation problem of (6) and newly for-
mulated optimisation problem of (28) using an idealised
thermodynamic cycle are solved for a range of fuel en-
ergies Q1 and constant intake manifold condition. The
in-cylinder pressure model using Gaussian Process Re-
gression presented by Vlaswinkel et al. (2022), MATLAB
R2022a and the constrained non-linear solver using the
interior-point method and a random multi-start approach
found in the Optimisation Toolbox are used to solve the
optimisation problem. The intake manifold pressure is
set to 2.3Bar, intake temperature to 306 K and v to
1.33 averagely observed on the setup using (29). Fig. 6
shows the contour plot of Jir¢ over the input space for
Qruel = 3966.8J. It can be seen that Jipc is mostly
sensitive toward SOIpy in the shown range. Solving (6) and
(28) for all studied Qfuel, the optimal GIE, BR and SOIp;
shown in Fig. 7 are found. In this figure, it can be seen
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7. Resulting GIE, BR and SOIp; with intake manifold pressure set to 2.3 - 10° Pa and intake temperature to
306 K when solving the original optimisation problem of (6) (

), the optimisation problem based on an idealised

thermodynamic cycle of (28) (--) and the difference between the two methods (-). The upper and lower bound of

the inputs are shown in red.

that both methods produce slightly different values for the
inputs, but these difference are to small to be reproduced
on a real system. Therefore, both methods result in the
same inputs.

6. CONCLUSIONS

In this paper, a novel energy-based cylinder pressure
feedback formulation has been proposed. It uses an ITC
as reference; thereby, providing a formulation that is
inline with a large range of feedback control methods.
Furthermore, the proposed method provides a direct link
with thermal efficiency and safety constraints. Hereby
promising more optimal performance during operation.
Simulated experiments show that the same GIE and fuel
inputs are reached when optimising over the GIE or
towards an I'TC.

In future work emission constraints will be added to the
optimisation problem. Henningsson et al. (2012) proposes
a method that uses Principle Component Analysis (PCA)
and a neural network to predict emission values based on
the weights w(u). This methods fits well with the method
proposed in this paper. Furthermore, the pumping loop
will be incorporated to include pumping losses and provide
the ability to optimise over the net indicated efficiency.
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