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Abstract

The controls for a parallel hybrid electric truck are optimized using numerical
optimal control. Trade-o � s between catalyst light-o� times, NOx emission and
fuel consumption have been investigated for cold starts at two operating points,
as well as temperature di � erences between conventional and hybrid powertrains
during WHTC (World Harmonized Transient Cycle). A model describing the
temperature dynamics of the aftertreatment system is implemented as well as
temperature-based deNOx performance for both Cu-Zeolite and Fe-Zeolite cata-
lysts. Control is performed in a piecewise linear fashion, resulting in a total of
23 states including control signals. It is shown that high temperatures can be a
larger threat to catalyst performance when running the WHTC than low temper-
atures, for both conventional and hybrid powertrains. Furthermore, decreasing
the light-o � time of the catalyst does not always lead to decreased NOx emission,
instead there is a trade-o� between light-o � time and NO x emission. It is found
that there are controls that will realize decreased NO x emission for a hybrid truck
during cold starts at the expense of increased fuel consumption.
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1
Introduction

Hybrid electric vehicles (HEVs) have seen a surge in popularity due to the ever
increasing demands placed on emissions and e� ciency. This has opened up a
new �eld of issues relating to the additional degree of freedom provided by the
dual energy sources. The answer to the question of when to use the electric motor
(EM) and when to use the internal combustion engine (ICE) can vary depending
on what end result is desired. In the case of minimizing fuel consumption, tech-
niques such as the Equivalent Consumption Minimization Strategy (ECMS) are
well established.

While the solution provided by ECMS is near-optimal [7], it does not account for
the natural cooling of the exhaust system that occurs during prolonged electric
propulsion, potentially leading to increased particulate emissions due to the cat-
alyst falling below its operating temperature. Re-heating of the exhaust system
requires additional energy in some form, usually provided by the combustion of
additional fuel. This detracts somewhat from the apparent bene�ts o � ered by
hybridization. In order to maximize the use of the hybrids potential as an envi-
ronmentally friendly technology, it is of interest to ascertain the optimal balance
between fuel economy and heat generation required to maintain functionality of
the aftertreatment system.

1.1 Objective

The main focus of this thesis is to investigate the optimal control of a parallel
electric hybrid diesel truck with respect to maintaining low out-of-pipe emissions
while minimizing fuel consumption throughout a chosen driving cycle. The e � -
ciency of the deNOx system is directly correlated to the temperature of the cata-
lyst.
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2 1 Introduction

Power distribution for HEVs can be improved by taking into account engine and
catalyst temperatures in addition to the state of charge (SOC) and engine speed
used by established methods such as ECMS and dynamic programming (DP). The
increase in dimension caused by these additional states is severely impairing to
such methods, which is why a new optimization environment will be devised
using numerical optimal control methodology. This environment should allow
for analysis of the trade-o � between, for instance, fuel mass �ow and NO x emis-
sion. The performance and applicability of the described method can then be
compared to those of DP and ECMS where possible. Questions answered in the
process of such an analysis, and the outline of a work�ow, are:

• Which temperatures occur in the diesel engine and exhaust system dur-
ing WHTC and steady-state conditions, and are there operating conditions
where they fall below the values required by the exhaust system?

• Comparing a conventional powertrain with a hybrid powertrain, how does
the exhaust system temperature change under the same driving conditions,
and how does this a� ect NOx reduction?

• Comparing a conventional powertrain with a hybrid powertrain, what are
the optimal cold-start strategies with respect to fuel consumption and NO x?
What are their di � erences and similarities?

• Does combustion of fuel for the purpose of heating the catalyst improve
deNOx performance, and if so, what is the fuel cost per NO x reduction?

• Is numerical optimal control a suitable method for this type of problem?

1.2 Related research

Dynamic programming (DP) is a method described by Richard Bellman as a way
of treating multi-stage decision processes [4], which provides the global optimum
by minimizing a cost function. It has been applied extensively when calculating
the power distribution of HEVs, where the decision being made is whether to use
the ICE or the EM. DP su� ers from the drawback that it requires some knowledge
of the route a priori [27], which is not always available. Furthermore, signi�cant
computational e � ort is involved and its complexity grows exponentially with the
number of states included, referred to as the curse of dimensionality. Due to these
limitations DP is not considered viable as an online control strategy [13] but may
rather (in the general case) serve as a benchmark comparison for other methods.

A comparison between DP and ECMS shows that the latter may provide a local or
global optimum depending on the ful�llment of certain criteria, with little prac-
tical di � erence in results when compared to DP [7]. It could therefore potentially
serve as a benchmark instead of DP. ECMS is based on Pontryagin's minimum
principle (PMP), and associates power consumption from the battery with future
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fuel consumption via a so called Hamiltonian which, when minimized, provides
an optimal control trajectory with respect to fuel consumption [13]. Because the
costate of the Hamiltonian relating to SOC can be assumed constant, its value can
be computed at every instant with a feedback, allowing for online use.

Although it was stated in the introduction of this thesis that ECMS does not take
into account the heat transfer of the engine and exhaust system, Serraoet al. [32]
have shown how boundary conditions and cost function can be modi�ed to in-
clude additional states such as temperature or emissions. However, the costates
related to these added states vary with coupled dynamics and thus cannot be as-
sumed constant. In the study, the initial values for these costates are searched
for manually and the authors conclude that implementation of the strategy is
di � cult o � ine and impossible online for the case of engine and catalyst temper-
atures.

Kessels et al. [34] have evaluated the tradeo� between operational cost and NOx
emissions for a series hybrid truck. By using driveline- and aftertreatment mod-
els they estimated the monetary cost of consumed fuel and AdBlue and weighted
it against emissions on hamiltonian form, using PMP. This allowed them to plot
optimal trajectories through the ICE e � ciency map for minimization of cost or
emissions, as well as the combined solution. Simulation results using the Federal
Test Procedure cycle showed that there was little room for in�uence with regard
to cost due to the �xed power demand of the cycle and the constant cost of fuel,
whereas the emissions could be controlled over a larger range. They also noticed
how, when minimizing emissions, some constant power outtake from the ICE re-
mained in regions where the cost e� ective optimization had turned it o � , thus
preventing the temperature from dropping. Furthermore, in these regions, the
power outtake from the ICE was used to charge the battery.

Ma and Wang [28] have developed an integrated model based strategy for a par-
allel HEV which takes into account fuel consumption, NO x emissions, ammo-
nia slip and road grade. The case of ammonia slip is interesting because when
targeting high NO x conversion, more urea is injected into the exhaust gases. If
the urea quantity is too large in proportion to NO x, ammonia will exit with the
tailpipe emissions without reacting. E � ectively, reducing one pollutant can cause
an increase of the other. The strategy presented, however, showed reduced fuel
consumption, NO x emissions and ammonia slip when compared to another un-
speci�ed energy management strategy, indicating that proper control can allow
for such paradoxical phenomena to be circumnavigated.

Direct methods of numerical optimal control can be used to approximate a con-
tinuous problem with a �nite nonlinear program for which solution methods ex-
ist. Two such methods are direct multiple shooting and direct collocation. Direct
multiple shooting discretizes the time into �nite segments for each of which an
initial piece-wise constant control is guessed. The states are then integrated inde-
pendently over each segment based on these controls and end-value constraints
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help to sow together the segments. Direct collocation is a method in which the
time is discretized into segments, each containing a chosen number of so-called
collocation points. A polynomial is �tted so that its value and derivative coincide
with those of the states in these points, but is free to deviate in between.

1.3 Delimitations

The scope of this thesis has been limited in order to ensure continuous progress.
The delimitations are listed below, but may also be discussed further in relevant
chapters.

• No complete vehicle model is investigated. Only the driveline and aftertreat-
ment system is present.

• The investigated driveline is of a parallel hybrid con�guration.

• The throttle is fully opened in all experiments.

• No urea injection or ammonia slip models are implemented.

• The direct collocation optimization method is used in all experiments.



2
Theory and background

In this chapter the theory of catalysis, aftertreatment and related components is
presented in order to provide necessary background knowledge.

2.1 Catalysis

Catalysis is a phenomenon where an additional substance (called catalyst) is used
to increase the rate of a chemical reaction without consuming the substance. In
the automotive application, heterogeneous catalysts are commonly used. The
heterogenity comes from the catalyst being solid and the reactants being in gas
phase. The catalyst substance is usually introduced as a washcoat on the surface
of an inert porous structure on which the reactions take place [10].

For a reaction to occur, a certain activation energy has to be supplied to the reac-
tants. This activation energy can be reduced signi�cantly by a catalyst, which will
adsorb the reactants. In their adsorbed state, only a small amount of additional
energy is required for the reactants to undergo their desired reaction and desorb
from the catalyst. A comparison between the normal and catalytic reaction pro-
cesses is seen in Figure 2.1. It is the heat in the exhaust system that supplies the
catalytic activation energy, which is why the temperature is of importance. The
reaction rate k can can be described by the Arrhenius Equation (2.1),

k = A · e� Ea
RT (2.1)

where A is the reaction rate if there was no required activation energy, according
to the kinetic molecular theory. This rate is then a � ected by the ratio between
activation energy Ea and the kinetic energy RT, where R is the gas constant and

5



6 2 Theory and background

T is temperature. The dependence of the reaction rate on temperature is usually
visualized by rewriting Equation (2.1) on the form of Equation (2.2), the plot of
which can be seen in Figure 2.2.

ln(k) = ln(A) �
Ea

RT
(2.2)

Figure 2.1: Comparison between regular and catalytic reaction in terms of
energy required. Blue curve is the catalytic reaction which proceeds in three
steps, adsorption, reaction and desorption. The red curve is the regular re-
action which happens in one step, requiring more activation energy.

In automotive applications, a heterogeneous catalyst is used and bound in a wash-
coat on a metal och ceramic structure designed for large surface area. There
are a number of used compositions of catalyst used in automotive catalysts, all
with their special properties. Vanadium-based, copper-Zeolite (Cu-Zeolite) or
iron-Zeolite (Fe-Zeolite) is the most common catalyst in SCR catalysts for mo-
bile diesel engines [23]. Cu-Zeolite enables better deNOx performance at lower
temperatures than Fe-Zeolite, but Fe-Zeolite outperform Cu-Zeolites at higher
temperatures. Girard et al. has shown that a combination of Cu-Zeolite and Fe-
Zeolite can give a good compromise between the bene�ts and drawbacks of the
two [35].
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Figure 2.2: Relationship between reaction rate and temperature according
to the Arrhenius equation, where the slope is Ea=R

2.2 Emissions and aftertreatment

Diesel is composed of hydrocarbons (HC), and the chemical formula is in the
range of C10-20H8-42. When combusted, a number of substances that are harmful
to health and environment are formed. [11]

Carbon monoxide (CO) is directly harmful to human health, with symptoms
ranging from cardiovascular and neurobehavioral e � ects to unconsciousness and
death depending on the level of exposure [15]. Nitric oxide (NO) and nitrogen
dioxide (NO 2), collectively referred to as NO x, are greenhouse gasses which also
contribute to smog and acid rain which in turn contributes to acidi�cation of the
local environment [17]. Particulate matter (PM), has been linked to respiratory
and cardiovascular diseases [41]. In order to mitigate these e� ects the exhaust
gasses from the engine pass through an aftertreatment system in which various
chemical reactions convert the harmful substances into less severe ones.

For a heavy duty diesel truck, such a system can contain a plethora of compo-
nents. In the studied case, the aftertreatment system consists of components in
the following order:

1. Diesel Oxidation Catalyst (DOC)

2. Diesel Particulate Filter (DPF)

3. Selective Catalytic Reduction (SCR) + AdBlue

4. Ammonia Slip Catalyst (ASC)
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An illustration of this exhaust system can be seen in Figure 2.3 and the individual
components are described in detail section-wise below.

Figure 2.3: Schematic overview of the aftertreatment system for the heavy
duty truck examined.



2.2 Emissions and aftertreatment 9

2.2.1 Diesel oxidation catalyst

The �rst step in the aftertreatment system is a diesel oxidation catalyst, whose
function has been described extensively by Russel and Epling [33]. They de-
scribe that the traditional function of the DOC is to oxidize HC and CO which
are formed by incomplete fuel combustion. These substances are adsorbed to the
surface of the catalyst along with oxygen with which they react. HC and CO can
both inhibit conversion of the other due to competitive adsorption onto the cata-
lyst.

Nitrogen present in the air is also oxidized in the DOC, giving rise to NO and
NO2. A portion of NO (which constitutes approximately 90% of the NO x) can be
converted into NO 2 in the DOC according to Equation (2.3), which is bene�cial
to the function of downstream components.

2 NO + O2 ���! 2 NO2 (2.3)

Russel and Epling also note that controlling both NO x and PM at the same time is
di � cult below certain temperatures; 200-300 � C for light-duty engines and 300-
450 � C for heavy-duty engines.

In a study of P t-P dcatalysts, Balakotaiah et al. [18] showed results pertaining to
light-o � temperatures for di � erent constituents in diesel exhaust. The tempera-
tures di � ered based on theP t:P d ratio, but ranged between 180-230 � C for CO
and 230-330 � C for various hydrocarbons, and for a standard mixture of CO and
HC remained within the span 180-330 � C. The pure P dcatalyst showed the low-
est light-o � temperatures for most of the constituent substances, which is due to
P d having a lower light-o � temperature for CO, thus reducing the inhibition of
HC conversion.

2.2.2 Diesel particulate �lter

The next step is a diesel particulate �lter, whose main function is to trap particles
present in the exhaust gases. Such a �lter consists of multiple parallel channels
into which the exhaust gases �ow. Half of these channels are blocked at the inlet
side and the other half is blocked on the outlet side, forcing the entering gasses
to pass through the porous wall separating the channels, leaving its particles be-
hind. PM will accumulate in the �lter over time, leading to decreased e � ciency.
Techniques for counteracting these e� ects are referred to as 'regeneration', and
usually depend on combustion or catalysis [33].
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2.2.3 Selective catalytic reduction

This is where the bene�ts of the NO ! NO2 conversion in the DOC are reaped.
After leaving the DOC and DPF, ammonia (NH 3) is added to the exhaust gases
before reaching another catalyst where they are subject to selective catalytic re-
duction. SCR reduces NO and NO2 emissions by either of three reactions:

4 NH 3 + 4 NO+O2 ���! 4 N2 + 6 H2O (2.4)

2 NH 3 + NO + NO 2 ���! 2 N2 + 3 H2O (2.5)

8 NH 3 + 6 NO2 ���! 7 N2 + 12 H2O (2.6)

Where (2.4) is referred to as a standard SCR reaction, (2.5) is a fast SCR reaction,
and (2.6) is a slow ditto. It is the fast reaction that is facilitated by the presence
of NO2 in addition to NO. More speci�cally, it is the presence of both of these
substances that allow the fast reaction to occur, which is also suggested by its for-
mula. This means that when the NO 2/NO x ratio is around 0.5 all of the NO x can
be handled by the fast reaction. The ideal amount of ammonia for the fast reac-
tion is a 1:1 ratio between ammonia and NO x. Masaoki and Hirofumi [17], who
have studied the phenomenon, attributed stringent adherence to emission regula-
tions to this fast reaction caused by the synergy between the DOC and SCR. They
also state that it is di � cult to maintain the desired ratio due to changes in the
NOx concentration, �ow rate and temperature, and that it is especially di � cult
at low temperatures due to the DOC not performing its conversion to the same
degree.

Figure 2.4 shows NOx conversion based on temperature and composition. In
order to achieve 80% conversion for all compositions, a temperature of 350 � C
would have to be maintained, whereas if the composition is around 50% NO 2
temperatures downward of 170 � C are adequate. However, the functionality of
the DOC is limited below 200 � C, so it is unlikely to �nd a scenario where the
NO2/NO x ratio is 0.5 below such a temperature.

The �ow rate of the exhaust gasses a� ect NOx conversion in such a way that
a higher �ow may result in the gasses passing by the catalyst too quickly for
a reaction to occur. This e� ect is often measured using the space velocity of
the gas, which is de�ned as the volumetric �ow rate divided by catalyst reactor
volume. Baik et al. [8] reported on the e � ects on NOx conversion of various
space velocities for a Cu-Zeolite catalyst, showing that the largest e � ects occur at
temperatures below 200 � C and increase again above 400-450� C.

Urea injection and decomposition

Ammonia is a very suitable reactant for reducing NO x in exhaust gases. Due to
its odour, toxicity at high concentrations and boiling point of -33 � C it is hard
to handle and store in a mobile application such as a vehicle [16]. Urea, on the
other hand, will with ease decompose to ammonia through direct or through mul-
tiple reactions. DEF (Diesel Exhaust Fluid) or AdBlue consists of 32.5% urea and
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Figure 2.4: Schematic NOx conversion for di � erent temperatures and com-
positions using a Fe-Zeolite catalyst. Recreated from data compiled by
Masaoki and Hirofumi [17].

67.5% de-ionized water and is most commonly used in automotive applications
[3].

When AdBlue (CO(NH 2)2 + H2O) is injected into the exhaust gas stream, the wa-
ter will quickly evaporate due to the high temperatures of the exhaust gas �ow,
leaving urea (CO(NH 2)2). If urea is heated in a slow fashion, decomposition into
biuret, triuret, ammonium isocyanate will occur alongside decomposition into
ammonia at temperatures ranging from 80 � C to about 180 � C. The ammonia
formed by decomposition of urea reacts with the urea itself. Above 180 � C urea
may decompose to cyanuric acid or other compounds of higher molecular weight.
However, if urea is subject to very fast heating the main reaction occurring is de-
scribed by Equation (2.7), producing ammonia and isocyanid acid (HNCO). [36]

CO(NH 2)2 + 185:5 kJ=mol ���! NH 3 + HNCO (2.7)

HNCO + H 2O ���! NH 3 + CO2 + 95:9 kJ=mol (2.8)

If urea is not heated fast enough, isocyanid acid from reaction (2.7) may re-
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act with urea or even with itself to create aforementioned compounds of higher
molecular weight, especially in high temperatures [36]. Isocyanid acid will hy-
drolyze rapidly according to Equation (2.8) on the surface of any metal oxide,
such as V2O5 or TiO 2, that is present in the SCR [9]. Kleemann et al. [20] have
made an extensive analysis of HNCO decomposition on various catalysts contain-
ing various compositions of tungsten (W) and vanadium (V) and they found that
there is a sharp decrease in conversion e� ciency at temperatures below 180 � C
for most catalyst compositions.

In ideal conditions, reaction (2.7) and reaction (2.8) may be carried out simultane-
ously accordingly to reaction (2.9), only 185.5 - 95.9 = 89.6 kJ/mol of activation
energy will be required for the reaction to occur [36].

CO(NH 2)2 + H2O + 89:6 kJ=mol ���! 2 NH 3 + CO2 (2.9)

There are many di� culties with urea injection as it is hard to predict how much
ammonia is required in the SCR for best performance during the acting condi-
tions. Temperature variations will a � ect the catalysts ability to store ammonia
and variations of compositions of the exhausts will e � ect the reaction processes.
Furthermore, too high NH 3/NO x ratio will lead to ammonia-slip which may lead
to increased pollution through N 2O production in the ASC.

2.2.4 Ammonia slip catalyst

In some conditions, the ammonia injected into the exhaust gases will fail to react
and bypass the SCR. This is often referred to as ammonia slip. Ammonia has
a very strong odor and is irritating on the mucous membrane when exposed to
high doses. Ammonia occurs naturally as a fertilizer and will thereby contribute
to soil acidi�cation [14].

Fine and ultra �ne particle emissions from diesel engine are formed by two modes.
Solid soot from the combustion process, ranging from 40 to 150 nm and nucle-
ation mode of more volatile compounds, often smaller than 30 nm. While solid
soot is e� ectively converted to less harmful substances in the DOC and DPF,
aerosols formed by nucleation is not considered in legislation and are thereby
often neglected [21]. Koronen et al. [22] has found that the presence of ammonia
in the atmosphere enhances the binary H2SO4 – H2O nucleation rate by several
magnitudes. Ammonia emission, however, is legislated for diesel trucks and are
therefore considered in the aftertreatment system.

Girard et al. [6] have identi�ed three routes to ammonia slip:
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• Incomplete SCR reaction (i.e. NO x conversion e� ciency less than
NH 3/NO x ratio from urea injection).

• Release of stored NH3 from SCR, primarily from a catalyst temperature
change a� ecting catalyst storage capacity.

• Incomplete decomposition of the injected urea upstream the SCR, leading
to NH 3 formation in or downstream the SCR.

The amount of ammonia required for best deNO x performance is mostly depen-
dent on temperature, space velocity and composition of the exhaust gases. P.M.
Kleeman [19] has found for a TiO 2 – WO3 – V2O5 catalyst that when the am-
monia concentration exceeds 20 ppm there is only a slight increase in deNO x
performance. At this point, the SCR reactions (2.4), (2.5) and (2.6) are saturated
and the increase of ammonia content will mostly lead to increased ammonia slip.

At exhaust temperatures near but below about 200 � C, the water in the injected
urea solution will evaporate, but urea may be left in solid state. The solid urea
may be adsorbed on the surface of the catalyst. In a later stage, when the engine
is subject to a higher load and the exhaust temperatures rises, the solid urea will
decompose into ammonia. At this point, the released ammonia may contribute
to a NH3/NO x ratio higher than 1, thus resulting in signi�cant ammonia slip.
Well tuned urea dosing systems will strive to account for this e � ect by reducing
injected urea during temperature ramps. However, this e � ect is erratic, making
it di � cult to compensate for it in a satisfactory matter [38].

Furthermore, urea that already have decomposed into ammonia can be stored on
the surface of the SCR catalyst. The catalysts ability to hold ammonia is strongly
dependent on temperature. As the temperature increases, the ammonia absorbed
on the catalysts decreases. Thus, ammonia is released into the exhaust �ow. If
not properly taken into account by the urea dosing system, this may lead to a
NH 3/NO x ratio higher than 1 with extensive ammonia slip as a result [38].

While it is possible to enhance the performance of the SCR in terms of NH 3 slip,
for instance by reducing injected urea, it often comes to a cost is terms of de-
creased deNOx performance. However, by utilizing an ammonia slip catalyst
downstream the SCR, the SCR can be tuned for best deNOx performance, whilst
the excessive ammonia is taken care of downstream the SCR in the ASC.

There are three main reactions in the ASC whereas only one is desirable. Equation
(2.10) creates NO which counteracts the very bene�t of the SCR, thus reducing
the net NOx conversion e� ciency. Equation (2.11) produces N2O, nitrous oxide
which is a very potent greenhouse gas. Compared to carbon dioxide, nitrous ox-
ide is approximately 289 times more potent as a greenhouse gas. In addition,
N2O contributes in large extent to stratospheric ozone depletion [37]. The third
reaction, equation (2.12) converts the ammonia to nitrogen and water, both harm-
less. Thus, this reaction is preferred above the others.
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4N H3 + 5O2 ! 4N O + 6H2O (2.10)

2N H3 + 2O2 ! N2O + 3H2O (2.11)

4N H3 + 3O2 ! 2N2 + 6H2O (2.12)

In contrast to the SCR catalyst where the amount of ammonia available for reac-
tions can be controlled through the injection of urea, the purpose of the ASC is
to handle whatever super�uous ammonia that slips through the SCR. Therefore,
the ASC does not have any degrees of freedom except the composition of the cat-
alyst itself. The three reactions (2.10), (2.11) and (2.12) are very similar and as
the ASC lacks degrees of freedom, one is unable to tune for best selectivity to
nitrogen. However, Hünnekes et al. [38] has found that increased temperature
a� ects the selectivity to nitrogen of the ASC.

2.3 Emission standards

European emission regulations were introduced for heavy-duty trucks in 1992
with EURO I. Since then, several new stages of regulations have been introduced.
Since 2013, EURO VI is the acting emission standard in EU [12]. As a result of
the stringency of the regulations, truck manufacturers are constantly looking for
more e� cient engines in terms of energy conversion and minimization of pollu-
tion.

EURO VI regulates the amount of harmful residual products forming when burn-
ing fuel in the combustion engine. To verify that the engine complies with the
regulations, the engine is tested in laboratory environment for both steady-state
and transient behaviour as well as o� -cycle testing. As of EURO VI, the WHTC
(World Harmonized Transient Cycle) and WHTS (World Harmonized Stationary
Cycle) which is based on the world-wide pattern of real heavy commercial tucks,
is used [12].

Myung et al. [31] tested a Daimler AG HD truck for the old and new european test
cycles. Myung et al. found that the WHTC/WHSC features more realistic driving
conditions with lower engine speed and load in rural and urban areas compared
to the ETC and ESC. In these regions, the exhaust temperatures were found to
be 100–150 � C lower for the WHTC/WHSC. During motorway driving, however,
Myung et al. found that the WHTC/WHSC features higher torque demand result-
ing in 100–120 � C higher exhaust temperatures [31]. Hence, the performance of
the aftertreatment system is tested in a more widespread area of operation.

The transient driving cycle WHTC consists of a normalized speed and torque
map expressed as percentage of maximal engine speed and torque. The speci�c
engine that is to be tested is �rstly tested in an engine test cell to construct an



2.3 Emission standards 15

engine map. The WHTC is then denormalized to the speci�c engine. After an
engine map is constructed and the WHTC is denormalized, the engine is forced
to cool down to 20–30 � C. A cold start emission test is than performed followed
by a hot soak period to ready the engine for the hot start emission test. Lastly, the
engine is subject to the full cycle test run. [30]

United States Environmental Protection Agency (EPA) and National Highway
Tra� c Safety Administration (NHTSA) have jointly adopted a so called ”Phase
2” program that promotes a new generation of greener trucks in terms of fuel
e� ciency and thereby CO2 emission [1]. The program stretches to year 2027 and
aims to include the e� ect of technologies not yet exploited in determining the
expected fuel consumption reduction. Up to 25% fuel reduction is expected on
class 7 and class 8 combination tractors and a up to 9% reduction is expected
for trailers. Enhancing aerodynamics, reducing rolling resistance and weight re-
duction is identi�ed as some of the areas that needs to be addressed in order to
achieve the CO2 reduction expected. For the engine itself, an up to 5% reduction
of CO2 emission is expected. Reduced internal friction, waste heat recovery and
improved emissions aftertreatment are identi�ed as some of the areas of possible
improvement.





3
Optimization environment

The optimization environment developed in this thesis consists of several di � er-
ent parts. The HEV is modeled by a diesel engine, NOx maps, electric motor loss
map, a battery pack and an aftertreatment system. No complete vehicle model
is used since the propulsion and corresponding emissions are the main interest.
All of the models are described further in Section 3.5. CasADi [40] reformulates
the models into symbolic ones. YOP [25] then uses the symbolic models in the
creation of an optimal control problem (OCP), containing initial and �nal values,
constraints and cost function etc. The OCP along with a simulated initial guess
is used to create a nonlinear problem (NLP). IPOPT [39], which is described in
its documentation as an open source software package for large-scale nonlinear
optimization, is then used to solve the NLP. For further information about these
external packages the reader is referred to their respective documentations. A
visualization of the optimization process is displayed in Figure 3.1.

3.1 Development procedure

At the start of the thesis an example case exists for optimal tip-in using only the
diesel engine. This case investigates the controls to quickest achieve steady-state
conditions after a step in engine load. The engine operates at a �xed speci�ed
speed throughout the experiment, which is insu � cient for the purposes of this
thesis. The main alterations required are integration of the additional models
(electric motor and aftertreatment system) and implementing the capability of
following a speci�ed drive cycle. The cost function can easily be adapted to suit
whatever case is desired. The model is expanded incrementally and each added
feature is tested and veri�ed before the next feature is piled on. This is to de-
crease the di� culty of debugging.

17
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Figure 3.1: Visualization of the optimization environment and process. The
models are used both in formulating an optimal control problem, simulating
to acquire an initial guess and �nally simulating using the optimal controls.

3.2 Lookup tables

To be able to de�ne a non-linear problem (NLP) using YOP, the model must be
continuously di � erentiable. Therefore, there must be no logic expressions or
other discontinuous operations within the model. To be able to include, for ex-
ample, e� ciency and N Ox maps in the model formulations, the CasADi function
casadi.interpolantis used to create lookup tables for all discontinuities and maps.

Very �nely gridded lookup tables are demanding for the NLP solver and increases
the duration of each iteration in the optimization. Furthermore, a �nely gridded
lookup table takes a long time to create. Therefore, the lookup tables are de-
signed so as to receive acceptable performance whilst keeping the complexity
low. Lookup tables are created for the following applications:
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• Electric motor power loss map

• NO x map

• WHTC engine speed pro�le

• WHTC engine acceleration pro�le

• WHTC engine torque pro�le

The electric motor power loss map was given for equally spaced values of electric
motor speed and output torque. The data is smooth and continuous which en-
ables the lookup table to be created from very few data points whilst providing
the required accuracy.

The lookup table for the WHTC engine speed pro�le is created from equally
spaced data points four times denser than the original data made by linear in-
terpolation. The acceleration pro�le is created from �nite di � erentiation of the
speed pro�le and this data is also four times denser than the original data.

The torque pro�le is erratic and occasionally jumps from a high torque value to a
negative torque from one point to the next. Therefore, it is harder to approximate
the pro�le with the casadi.interpolantfunction. The original data for the torque
pro�le consists of one torque value per second. Using an extremely dense equally
spaced grid to capture the behavior is not an option as too much computational
power is required to handle the resulting interpolant function. Still, densely sit-
uated data points are required at every original data point since large ripples
will occur otherwise, see Figure (3.2). To account for this while keeping the in-
terpolant function minimal, four data points in each direction from an original
point is linearly interpolated, see Figure (3.3). This way, the resulting interpolant
function is minimal but accurate and without large ripples around data points
where the derivative changes as can be seen in Figure (3.3).
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Figure 3.2: Ripples occur if the interpolated data is too sparse.

Figure 3.3: Four points in each direction from the original WHTC torque
data point at t = 486 s are linearly interpolated. Red curve is the resulting
lookup table.
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3.3 Denormalization of WHTC

WHTC is a normalized driving cycle designed to be adapted to each individual
engine, as previously described in section 2.3. The engine speed and torque pro-
�le of WHTC is formulated as normalized percentage values that needs to be
denormalized for the speci�c engine. This denormalization is performed in Ap-
pendix A under the assumption that the electric motor is utilizing 1000 Nm of
torque during engine braking.

3.4 Solver initial guess

YOP requires an initial guess on the control signal vector as well as an initial
guess on the state vector. This initial guess is utilized in the solver in the �rst iter-
ation and every iteration is made by a step from the previous iteration. Also, the
solver may go back to an earlier iteration if it �nds bad solutions (complex num-
bers etc.) or if the objective function is not decreased during the last iteration.
Therefore, a good initial guess will enable the solver to �nd the optimal solution
faster and easier. Furthermore, for a non-convex problem an initial guess close
to the optimal solution may be necessary for convergence of the solver.

As the state vector largely depends on the control signals through the dynamics
of the model, the initial guess of the state vector is obtained through simulation
of a guessed control vector. For a conventional engine, the initial guess on fuel
injection can be done with good accuracy using a simple linear scaling and o � set
of the torque demand due to the strong correlation between the fuel injected and
the shaft torque. For the throttle and wastegate control signals, it is more di � -
cult to estimate the behavior throughout the cycle. Therefore, the wastegate is
assumed closed and the throttle opened.

3.5 Model description

The model is controlled in a piecewise linear manner, where the pieces are, for
example, the collocation intervals when using direct collocation. The linearity
comes from keeping the derivative of the control signals constant, as opposed to
the more common piecewise constant case where the control signals themselves
are kept constant. This provides smoother transitions between intervals since the
control signals remain continuous. Furthermore, using linear control signals in
the optimization is more realistic than constant controls for each interval. See
Figure 3.4 for an illustration.
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Figure 3.4: Schematic plot of the piece-wise constant derivative of the con-
trol signal for each time interval in bars and the piece-wise linear control
signals in solid red.

3.5.1 Electric motor

The electric motor has a maximum power of 155 kW and a maximum speed of
3000 rpm. It can deliver a maximum torque of 1500 Nm at motor speeds be-
low about 1000 rpm. Above 1000 rpm, the maximum torque decreases as the
maximum power is achieved and kept constant as the motor speed increases, see
Figure 3.5. The motor is assumed to be mounted in line with the engine, thus,
the motor speed will equal the engine speed and no mechanical losses in trans-
mission from the electric motor will be modelled. However, mechanical losses
and electrical losses are present throughout the operating range of the electric
machine as can be seen in Figure 3.6.

The constraints on the maximum torque is modelled using two independent func-
tions. The �rst is linear and will limit the torque in regions below 1000 rpm,
where the torque is not to exceed 1500 Nm. The other one is a third order polyno-
mial, which catches the behaviour of the decreasing torque at increasing motor
speeds. In Figure 3.7 the four blue curves represent the individual constraints on
motor torque and the red dotted curve is the maximum torque.
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Figure 3.5: Map of electric motor e � ciency in di � erent operating points.
The red line marks torque limit up to around 1050 rpm and power limit
thereafter.

Figure 3.6: Map of electric motor power losses (W) in di � erent operating
points. The orange line marks torque limit up to around 1050 rpm and
power limit thereafter.
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Figure 3.7: Lines and third order polynomials (blue) used to model limit on
torque (red).

3.5.2 Battery

The battery for the truck is made out of several LiFePO 4 cells. Data for a single
speci�c cell includes capacity, nominal voltage and voltages corresponding to
seven state of charge values, among with other data. The nominal voltage of each
cell is 3.3 V, the capacity is 2.3 Ah and the cell can deliver and receive a maximum
of 35 A. High currents are related to high resistive losses which can be seen by
combining Ohm's law with Joule's law, resulting in equation (3.1).

P = R· I 2 (3.1)

A high battery voltage is preferred as the current required for a speci�c power
output decreases with increasing battery voltage according to Ohm's law. How-
ever, increasing the battery voltage increases the required number of series con-
nected cells. For Li-ion batteries, each series cell pack needs to be balanced for
their voltages not to drift from each other during repetitive charge and discharge
cycling. A battery monitoring system (BMS) does just that. However, a BMS be-
comes more expensive and complex as more cell packs are con�gured in series,
which is why it is also of value to limit the number of series connections (even
though the battery pack is assumed to be balanced in the model). The nominal
battery voltage is chosen to 650.1 V, which corresponds to 197 series cells.

The battery is dimensioned to be able to handle the maximum power request
from the electric motor which occurs at an engine speed of 1154 rpm. The max-



3.5 Model description 25

imum torque produced at this engine speed is 1301 Nm with a conversion e � -
ciency of 87.64%, resulting in a required electrical power of 179.4 kW and a de-
livered mechanical power of 157.2 kW. With a nominal battery voltage of 650.1
V, the required current is approximately 276 A. Each cell can deliver up to 35
A, thus, a minimum of 8 parallel cells in each series pack is required. With this
con�guration the capacity of the battery is 18.4 Ah or about 12 kWh.

The SOC vs. open circuit voltage (Uoc) will be used in the optimization to extract
Uoc given the value of state of charge. Therefore, it is crucial that the state of
charge can be seamlessly converted to open circuit voltage throughout the usable
SOC range of the battery. This is done by utilizing a “Piecewise Cubic Hermite
Interpolating Polynomial”, `pchip' in Matlab. The result of this interpolation can
be seen as the solid blue curve in Figure 3.8.

The SOC vs Uoc can be approximated by a cubic polynomial function from SOC-
values ranging from 0.2 to 0.8, equation (3.2), which later can be used in the
optimal control parser. Above and below this interval, the battery is subject to
rapid voltage increase/decrease for changing SOC values, thus, these areas are
avoided. Storing LiFePO4 batteries at high SOC will decrease their lifetime [2],
emphasizing the importance of not overcharging the battery and of storing the
cells at a moderate charge level. Furthermore, J. R. Belt et al. [29] has found that
increased SOC span during battery cycle testing increases the aging of the battery.
Therefore, the SOC of the battery is chosen to be kept between 25% and 50% as
indicated by the green area in Figure 3.8. Thus, the usable capacity of the battery
is approximately 4 kWh. Due to the high charging power capacity of the cells,
the battery will fully charge in about 80 seconds during extreme conditions. This
means that the battery will be able to fully discharge/charge during relatively
short driving missions.

Uoc = 115:91 · (SOC)3 � 183:11 · (SOC)2 + 110:17 · (SOC) + 634:46 V (3.2)

3.5.3 Diesel engine

For the engine, the LiU-diesel 2 [24] model was used. Unlike the �rst LiU-diesel
it does not have exhaust gas recirculation or variable geometry turbine. The stan-
dard model has four states, to which states for NO x and engine speed has been
added for a total of six states:

• Charge air cooler pressure

• Intake manifold pressure

• Exhaust manifold pressure

• Turbocharger angular velocity
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Figure 3.8: Open circuit voltage as a function of state of charge. Red dotted
lines indicates the limits to the �tting of the polynomial in Equation (3.2).
Solid blue curve is the interpolation of the seven data points given and the
dotted black curve is the �tted polynomial. Green area indicates the SOC
range that will be used.

• Engine out NO x

• Engine speed

The engine out NOx state is required both for direct inspection of the emissions
and for passing along the values to the aftertreatment model. The state works as
an integrator so that NO x accumulates over time. While the temperature dynam-
ics of the exhaust system are slow, the out-of-engine NOx is assumed to travel
from the engine to the SCR catalyst instantaneously. Thus, no extra state for NO x
is required for each component in the exhaust system.

Engine speed is added as a state in the engine model. Since the desired driving
cycle is known, the dynamics of the state can be described by �nite di � erences
of the speed pro�le of a drive cycle. These di � erences are interpolated for resolu-
tion and stored in a CasADi lookup table. This way, only an initial value for the
engine speed needs to be speci�ed and the derivative at any given time is fetched
from the table.

The use of the lookup table for the dynamics leads to signi�cant drift in engine
speed, as shown in Figure 3.9. This is because, while the table is indeed contin-
uous, only one value is fetched for the given time and used for the entire dis-
cretization interval. This is corrected by implementing a proportional feedback
on the derivative, with the error function as the di � erence between the speed at
the given time (also retrieved from a CasADi lookup table) and the current value
of the engine speed state as seen in Equation (3.3).
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dN = dN lut + kp · (N lut � N ) (3.3)

Figure 3.9: Engine speed for the �rst 720 seconds of WHTC and correspond-
ing guess for fuel injection trajectory (black) in comparison to drifting values
acquired from a lookup table without the use of a feedback (red). The show-
cased drift in engine speed, seen as the di� erence between red and black
curves, causes the optimization to fail 720 seconds into the 1800 second cy-
cle.

The standard controls for this model are unchanged:

• Fuel injection

• Throttle position

• Wastegate position

Engine-out NOx

The NOx emissions from the engine may be of interest when, for instance, assess-
ing the performance of the aftertreatment system. By comparing the exhaust that
leaves the engine with those that exit at the tailpipe, the e � ect of the aftertreat-
ment can be seen. The engine-out NOx produced during combustion is modeled
with the use of a lookup table based on a NO x map. The map is illustrated in
Figure 3.10.

The map is extrapolated below the friction torque curve to ensure that no nega-
tive NO x values occur. While maximum torque is modeled in the LiU Diesel 2
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engine model, the minimum torque (from friction) was found by �tting a second
order polynomial to friction data acquired through iterative simulation of the
model. The extrapolation of the map is done based on points that are selected in
order to give a slightly generalized and smoothed result.

Figure 3.10: Emission map for NO x with engine operating region marked in
orange. The negative lower limit describes the friction torque when no fuel
is injected. The largest values are present when most fuel is injected, i.e. at
the maximum power.

3.5.4 Aftertreatment system

The exhaust aftertreatment system (EATS) model consists of a DOC, DPF and
SCR, and is fed with exhaust manifold temperature and mass �ow from the en-
gine model. The components of the system are split into segments, each of which
contain a state for temperature. The DOC has two segments (and thus two states),
the DPF has three, and the SCR has �ve segments and states. The temperature of
the last segment of the DOC is equal to the �rst temperature in the DPF, and the
last temperature in the DPF is equal to the �rst of the SCR.

Validation of the model is performed by comparing its output to measurement
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