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Abstract

The goal of this research is to try and compare different methods of
calibration in order to tune the parameters of the pumping and tank
heater monitoring functions of the AdBlue Delivery Module of a Se-
lective Catalytic Reduction (SCR) system. The goal of the SCR system
is to reduce the emission of NOx gases, which are considered as green-
house gases.
In a first step, while calibrating the parameters of the pumping func-
tion, a real-time calibration method has been used. The advantage in
this process is that a detailed model of the system is not needed to
tune it. Then, the tank heater monitoring function has been calibrated
through simulations. The understanding of the system is better in this
case, which could help tuning it more effectively.
The results shows that both methods should ensure the proper func-
tioning of the system. However, the parameters found in this study
could not be totally approved without being tested on vehicle, in real-
life conditions. Moreover, as the priority is to avoid the malfunction
of the system, the chosen parameters might not be the optimal ones in
terms of performance.
With these two methods, most of the systems could be calibrated. The
choice of the method should be done according to the initial level of
knowledge of the object of study
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Sammanfattning

Målet med denna forskning är att försöka och jämföra olika metoder
för kalibrering för att ställa in parametrarna för pumpen och övervak-
ningsfunktionen hos tankvärmaren i AdBlue-leveransmodulen i en se-
lektiv Katalytisk reduktion (SCR) system. Målsättningen med SCR-
systemet är att minska utsläppen av NOx-gaser, vilka betraktas som
växthus gaser.
I ett första steg under kalibrering av parametrarna för pumpfunktio-
nen har en realtidskalibreringsmetod använts. Fördelen i denna pro-
cess är att en detaljerad modell av systemet inte behövs för att justera
det. Sedan har övervakningsfunktionen för tankvärmaren kalibrerats
genom simuleringar. Systemets förståelse är bättre i detta fall, vilket
kan hjälpa till att stämma ut det mer effektivt.
Resultaten visar att båda metoderna bör säkerställa att systemet fun-
kar bra. Däremot kunde parametrarna inte godkännas helt utan att
provas på fordon i verkliga förhållanden. Dessutom prioritet är att
undvika funktionsfel av systemet, därför kanske de valda parametrar-
na inte är de optimala avseende prestanda. De valet av metoden bör
göras enligt den ursprungliga nivån på kunskap om studieobjektet.
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Chapter 1

Introduction

The protection of the environment is one of the most important chal-
lenges of the 21st century. In the previous century, the industrializa-
tion and the emergence of new technologies has lead to the rise of
greenhouse gases. That has started the process of global warming [13].
Nowadays the threats on the environment are clearly identified and
the goal is to fight them. Cars are one of the main source of greenhouse
gases, therefore the car industry is actively looking for an ecological
alternative for the current technologies. Currently, the best alternative
seems to be the electrical car [18]. However, it is still an expensive solu-
tion and must be improved yet to be widely present on the car market.
Therefore, it is important to find a way to reduce the greenhouse gases
while improving the green car technology. Indeed, cars will continue
to be sold everyday and the emissions of greenhouse gases will con-
tinue if nothing is done. In particular, for diesel vehicles, there is a
way to reduce these harmful gases: the Selective Catalytic Reduction
(SCR) system. This technology has just been implemented on the new
diesel vehicles. As a consequence of its novelty, the performance of
the SCR system could still be improved. Indeed, in order to calibrate
the parameters of the SCR system, there is not a precise and definite
approach which is known to give the best results. Therefore, it would
be interesting to focus on how to best calibrate the SCR system, and at
the same time, this would allow us to learn more about the system for
a better understanding of it.
The SCR system is composed of many functions and operation modes,
and it is not possible to review all them. The choice of the functions
which will be calibrated has been made such as it will be possible to go
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2 CHAPTER 1. INTRODUCTION

over different methods of calibration. In this way, it would be possi-
ble to analyze which one of them is the most relevant and gives better
results when tuning the system. The objective is to compare the differ-
ent methods used, and eventually how it is possible to improve them.
Therefore, firstly, the focus will be made on the pumping strategy, cal-
ibrated through a "real-time" calibration technique. Then secondly, the
analysis will be on a function linked to the heating strategy. In this
case, the calibration method will based on simulations of the function.
Therefore, many tests will be made to acquire the inputs which will be
used during the simulation.
In order to respect the privacy of the company, most of the numeri-
cal values in this thesis have been changed. However, the scientific
reasoning and the interpretation of the results is unchanged.



Chapter 2

The Selective Catalytic Reduc-
tion system

This chapter will deal with the Selective Catalytic Reduction system,
which could also be denoted as SCR system.
The SCR system is "an advanced active emissions control technology
system that injects a liquid-reductant agent through a special catalyst
into the exhaust stream of a diesel engine" [9].

2.1 Global warming

The environment is one of the most important discussion topics of the
current time. Indeed, in the last few decades, the temperature has in-
creased on our planet, which has already many consequences on the
earth’s ecosystem [14]. This phenomenon is called Global Warming.
One of the main reasons of this climate change is the increasing rate
of emissions of greenhouse gases. Indeed, because of these gases, the
greenhouse effect is amplified, which prevents heat from leaving the
atmosphere leading to a rise of temperature, as shown in Figure 2.1.

Transportation is responsible for 26 % of the greenhouse gases [7].
Therefore the car industry is particularly concerned by the environ-
mental issue and is trying to find a solution to limit the greenhouse
gases’ emissions.

3



4 CHAPTER 2. THE SELECTIVE CATALYTIC REDUCTION SYSTEM

Figure 2.1: Greenhouse effect [12].

2.2 NOx gases

The main greenhouse gases are: carbon dioxide (82 %), methane (9 %)
and nitrous oxide (6 %). In this thesis, the focus will be on the nitrous
oxide gases. Indeed, the goal of the SCR system is to get rid of them
by transforming them through a chemical reaction.

NOx represents a family of gases, as x is an integer which can take
several values. The most frequent ones are the Nitric Oxide (NO) and
the Nitric dioxide (NO2).
The NOx gases have many detrimental effects on the environment,
such as harming the vegetation, forming tropospheric ozone or induc-
ing acid rain [10], [2].

Theses gases are produced during the combustion of fossil fuels.
This is the reason why the car industry is particularly concerned by
the emissions of these gases.
Generally, the nitrous oxide gases emitted during combustion are in
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the form of NO, according to Zeldovich equations [8]:

N2 +O → NO +N

N +O2 → NO +O

N +OH → NO +H

This NO gas is unstable, and when reacting with the oxygen present
in the atmosphere, it forms NO2.

2.3 The SCR system

2.3.1 Introduction

The goal of the SCR system is to get rid of the NOx gases, which are
harmful for the environment, as seen in the previous section.

Figure 2.2: The SCR system [6].

Generally, in a car, the gases produced by a combustion cycle are
evacuated through the exhaust pipe. The goal of the SCR system is
to prevent the NOx gases to be released into the atmosphere. This
will be done through a chemical reaction. The idea is to transform the
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undesirable gases into a harmless ones, before they get out from the
vehicle, as shown in Figure 2.2.

2.3.2 The AdBlue

As seen in Figure 2.2, the liquid injected in the exhaust pipe is called
AdBlue. It corresponds to an aqueous solution of Urea (32,5 %), whose
formula is (NH2)2CO. In a first step, the urea will be transformed
into ammonia molecules (Formula (2.1)), and then, this ammonia will
react with the nitrous oxide (Formulas (2.2) and (2.3)). At the end of
these chemical reactions, the obtained products are water (H2O) and
Nitrogen (N2), which are harmless.

(NH2)2CO +H2O → 2 NH3 + CO2 (2.1)

2 NO + 2 NH3 +
1

2
O2 → 2 N2 + 3 H2O (2.2)

3 NO + 4 NH3 + 3 O2 →
7

2
N2 + 6 H2O (2.3)

2.3.3 The AdBlue Delivery Module

The AdBlue Delivery Module, which will be called ADM in the rest of
the thesis, is an important part of the SCR system. This module man-
ages four different tasks, which are essential for the proper functioning
of the system:

• Pumping: the ADM is responsible of the pumping of the Ad-
Blue from the tank and its injection into the exhaust pipe. This
pumping should be performed under certain requirements,for
example, on the pressure set-point.

• Tank level gauging: the ADM is responsible of the level gauging
of the AdBlue present in the tank through sensors. The technol-
ogy of the level sensor could be different from a client to another.

• Heating: the ADM’s goal is to make sure that the AdBlue is liq-
uid before pumping it. Therefore, when the AdBlue is below a
certain temperature, the heaters are activated to melt the frozen
AdBlue.
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• Diagnostics: In the case of a malfunction of the system or an un-
expected behaviour, the function corresponding to the problem
should be disabled and the car’s user should be notified of this
problem. Therefore, the ADM is permanently checking if the sys-
tem is working as expected, and in a case of a problem, it releases
an error flag to alert the user.

The main components of the ADM are: the pump, the tank heater,
the level sensor and the Electronic Control Unit (ECU) which will al-
low the control of the system. The ADM could also control the heater
of the line which is connected to it.

2.3.4 Goal of the thesis

The design of the system has been made by the control engineers of
the company. However, the system is not tuned at all, and it is the
role of the calibration engineers to choose the value of the parameters,
define the thresholds and make sure that the system works properly,
following the requirements. The parameters which need to be cali-
brated could be of different types : controller parameters such as the
proportional coefficient and time constants of a PID controller; con-
figuration parameters which are binary parameters used to enable or
disable a specific part of the function; time parameters e.g debounce
time; thresholds and limitation parameters to make sure the system is
functioning in the allowed range.
In order to reach this goal, tests have to be designed and set up. This
will allow to choose the most appropriate values for the parameters.
Moreover, ideally, a Tuning Test Plan (TTP) should be written for each
test. These TTPs should be clear enough such that they could allow
any technician to perform the tests without any difficulty. They also
should be as generic as possible, in order to be able to perform them
regardless of the project. Indeed, each of the clients, which are car
constructors, e.g Renault, Peugeot, or SsangYong, has its own require-
ments, and if the test is too specific, it will be complicated to perform
it for another project.

In this thesis, two different calibration approaches will be studied.
First, the focus will be on the pumping. Many functions of the pump-
ing strategy will be calibrated. It will be a very experimental approach,
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as the parameters will be calibrated in "real time". First, the idea was
to find a black-box model of the whole pumping function, however
it is actually complicated to obtain it as there are many parameters to
consider.
Then, in the other part of the study, the focus will be on a function of
the heating strategy. In this case, the approach will be different, as the
parameters will be determined by analyzing some data and running
simulations on Simulink.
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Pumping

3.1 Introduction

The pumping strategy is highly important in the SCR systems. It en-
sures the proper functioning of the pump by regulating the output
pressure. Indeed, there are specific pressure specifications which could
be different from a project to another. The pump also has speed lim-
itations and it is necessary to make sure that the pump speed is in a
pre-defined working range in order to avoid any problems.
The pumping strategy is divided into sub-functions, which need to
be calibrated in order to ensure the proper functioning of the system.
In this chapter, some sub-functions of this pumping strategy will be
studied and tests will have to be done to find the most convenient pa-
rameters which need to be calibrated.

3.2 Pump description and regulation

3.2.1 Description of the pump

The pump is composed of a BrushLess DC (BLDC) motor which is able
to rotate in forward and reverse modes. These modes are controlled by
an Electronic Control Unit (ECU) and the pump driver. The motor is
a three phase one, and to ensure the proper functioning of the system,
two of the phases must be powered simultaneously. Consequently, the
pump can send the urea at the desired pressure into the line and in the
exhausting pipe just after. It can also be used during the purge of the
line, during which the pump, rotating in reverse mode, can create a

9



10 CHAPTER 3. PUMPING

depressurization into the line in order to empty it.

In order to perform these different tasks, the global functioning of
the pump has been divided into several operation modes and levels
of protection which need to be calibrated in order to make sure the
pump is working as expected. Indeed, the pump should run in a spe-
cific range of speed, as seen in Figure 3.1. Later in this chapter, the
different operation modes and protections used in this case will be ex-
plained more in details.

Figure 3.1: Expected speed working range for the pump.

It is also relevant that this calibration will be used for the systems
produced by the company, and it is highly unlikely that all the pump
have exactly the same behaviour. Indeed, each pump as its own char-
acteristics, so when the different tests are performed, it should be made
sure that these tests also work for the worst case pumps, which can be
different according to the test.
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3.2.2 Functioning mode of the pump

When the SCR system is switched on and the pump is activated, three
modes could be distinguished, which correspond to different phases
of the Ad Blue injection process. These three phases are:

• Priming: It is the first step of the process. It consists in allowing
the liquid to go into the line which is connected to the ADM.

• Run: This phase can be separated into two different parts:

– Build-Up: In this phase, the goal is to increase the pressure at
the output of the line until the pressure set-point is reached.
Consequently, the speed of the pump will adapt to allow the
set-point to be reached.

– Hold-On: The pump will maintain the pressure at the set-
point during the whole time of this phase, during which the
system could inject the AdBlue into the exhaust pipe.

• After-run: When the time comes to switch off the SCR system,
the line must be emptied from the AdBlue. Therefore, the pump
works in reverse mode to allow the transfer of the Adblue from
the line to the tank.

3.2.3 Pump regulation

In the SCR system, the pump should maintain the pressure at a chosen
level. Even in the case when urea is injected, the pressure should be
maintained at the same value, which will be possible by a change of
the pump speed. In order to design this control strategy, a cascade
control loop has been chosen.

Cascade Control Loop

The strategy chosen to regulate the pump is a cascade control loop,
which consists in an inner closed loop inside an outer closed loop [5].
Figure 3.2 represents a general case of cascade control, where H1 and
H2 are the transfer functions, d1 and d2 are the disturbances and PID1

and PID2 are the controllers of the inner and outer loop respectively.
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Figure 3.2: General representation of the cascade control loop.

One of the main advantages of this strategy is to limit the effect of
the disturbances on the inner loop. Moreover, for the system to work
properly, the dynamics of the inner loop should be faster than the outer
loop’s ones.
Generally, the strategy to tune such a system is the following:

• First start by tuning the inner loop controller. It should be kept
fixed from that moment on, in order to ensure the right behaviour
of the system.

• Then insert the inner loop into the cascade loop and tune the
outer loop. The inner loop is said to be in an external set-point
mode. [17].

The cascade control loop corresponding to the functioning pump
is shown in Figure 3.3. The disturbances are not represented in this
figure, but they are obviously present in reality. In this case, the inner
loop controls the speed of the pump. A saturation block could also be
added, to limit the speed of the pump. The outer loop corresponds to
pressure control. The "Gear" block corresponds to a gear pump, which
is a hydraulic pump and it allows to control the system outflow.

Figure 3.3: Cascade Control loop for the pump regulation.

This control loop has also another peculiarity: two different PID
controllers for the pressure are used. Indeed, the PID controller used
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for the Build Up phase is not the same one as the one for the Hold On
phase. Therefore, when a certain pressure is reached, there is a change
of the PID controller.
However, there is a problem in this case. The SCR system is not prop-
erly modeled, so, there is no transfer function describing the the be-
haviour of the system. Consequently, two methods have been used by
the company. The first one consists simply in trying a large number
of values for the PID coefficient on the bench test, and choose the val-
ues which give the best results. Then, to confirm the previous results,
the Ziegler-Nichols method has been used to tune the PIDs. Indeed,
this method does not need to have a model for the system. This is a
widely used method in feedback system tuning. However, it is not the
most suitable method if a small overshoot is needed, and the process
dynamics of the inner and outer loops must be different, otherwise it
will lead to instability problems [17].
Fortunately, in this case, the experimental and Ziegler-Nichols meth-
ods give very close results, which leads to the same performance.

3.2.4 Service mode

The system is designed in such a way that it is possible to command
it in service mode. This mode allows to fix the value of a parameter
without being disturbed by the controller. Therefore, it is really impor-
tant when performing the different tests.
Indeed, in the normal operating mode of the system, the system is
commanded in pressure. Therefore, the other parameters are either
fixed or chosen by the controllers. The service mode will allow to con-
trol these parameters and perform the desired tests.
Since there are several parameters, the system could be run in different
service modes:

• Speed service mode: In this case, the speed of the pump and the
direction of rotation of the motor could be chosen by the user.
In order to enable this service mode, the outer loop of the cas-
cade control, which corresponds to the pressure control, should
be opened.

• Tank heater service mode: The power command for the tank heater
is fixed, and will be always the same irrespective of the tempera-
ture in the tank. Moreover, the tank heater is active only below a
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specific temperature threshold, chosen by the designer of the sys-
tem. Thus, this service mode allows to activate the tank heater at
any temperature, and to choose the power command.

• Pressure service mode: the system could be controlled in pressure
service mode. This is performed by opening the inner loop of the
cascade control, corresponding to the speed control. However, it
is almost never used because there is no interest in doing this
as the system is already controlled in pressure with the cascade
loop.

3.3 Test and calibration

3.3.1 Test preparation

Bench configuration

For the tests to be described in the next subsections, a bench is needed.
The following materials are needed to ensure the smooth running of
the different experiments:

• An AdBlue Delivery module (ADM) which is in charge of the
pumping, heating and gauging of the SCR system.

• A tank to which the ADM is interlocked. The tank could be filled
with AdBlue or water for the tests.

• A line, which will be connected to the pump output, with an
injector at its end.

• A CANcase, which is a network information interface, with a
CANape (software used for the data acquisition) license which
will allow the modification of the parameters in real time and
which will also be used for the data acquisition.

• A current probe.

• An oscilloscope.

• A power supply.
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Characterization

Tank Heater Characterization In this section, the focus will be on the
characterization of the tank heater.
The characterization consists in checking that the different part of the
system, such as the pump or the tank heater, work as expected, i.e.,
that the physical parameters are within the expected range. The goal
of the characterization is also to check if the values given by the acqui-
sition tool (CANcase) are in accordance with the real ones. An oscillo-
scope will be used to measure the current and the voltage to which the
access is possible.

Figure 3.4: Bench configuration for the tank heater characterization.

As seen in Figure 3.4, the measured voltage is the ECU voltage and
not the tank heater one. The reason is that is not possible to get ac-
cess to that voltage without compromising the system. Otherwise, it
would have been necessary to open the wire to measure the voltage at
the tank heater. However, the measurement of the Tank Heater voltage
has been made on a test ADM, which has been opened purposely to
know the voltage drop between the ECU voltage and the tank heater
one, and then, this difference between these two voltages is considered
to be the same for all the other ADM. This difference has been evalu-
ated to 300 mV.
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These characterization tests have been made at ambient tempera-
ture, and the liquid used was water, even though urea could also be
used.

When everything is settled, the system and the tank heater are acti-
vated. Then the tank heater current and the ECU voltage are measured
and displayed on the oscilloscope. These values should be compared
to the XCP ones (acquisition tool). The real consumed power should
also be collected in order to check if it corresponds to the power set-
point. The tolerance range corresponds to 2 % of the set-point value.

It is also recommended to get the resistance of the tank heater from
this test. This can be calculated from the current and voltage obtained
with the following formula, by taking into account that the current has
a pulse waveform:

R =
URMS

IRMS

=
UMAX ∗

√
Duty Cycle

IRMS

The duty cycle value can be read on the oscilloscope or CANape (XCP
value), since the two values are similar.

These tests should also be made for different power supply volt-
ages, in order to see if the system is able to properly activate the heat-
ing or not. Consequently, the power supply will be set equal to 10, 13.5
and 16 V.
The results show that:

• The higher the supply voltage is, the lower the duty cycle. This is
the expected behaviour because the fixed parameter is the heat-
ing power, hence less current is needed if the voltage is higher.

• For a power supply voltage equal to 10 V, the power set-point
is not reached, even if the current duty cycle is equal to 1. In-
deed, the system is not fed enough to reach this set-point. As a
result, it must be avoided to supply only 10 V to the system if it
is expected to reach the tank heater power set-point.

• Otherwise, the tests are compliant as the tank heater power is in
the expected interval. Moreover, the CANape values (XCP) and
the oscilloscope ones are approximately the same.
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In Figure 3.5, there is an example on the behaviour of the current.
The decrease of the duty cycle with respect to the supply voltage can
be seen in this figure.

(a) supply voltage = 10 V (b) supply volt. = 13.5V (c) supply voltage = 16 V

Figure 3.5: Tank heater current for different supply voltage.

Pump Characterization When characterizing the system, it is impor-
tant to check the functioning of the pump. Therefore, when supplying
the system with different voltages, there are different physical param-
eters to check, e.g., the pump speed or the steady state value of the
pump pressure. The pump current and the power consumed could
also be observed in order to verify that the system is working in the
expected range.

Line Heater Characterization The line heater goal is to heat up the
urea in the line, before starting to pump. It is important to make
sure sure that the liquid in the line is not frozen when the pumping
is started, in order to avoid damaging the pump motor or the injector.

In order to measure the electrical characteristics of the line, the
bench has been set up as seen in Figure 3.6:
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Figure 3.6: Bench configuration for the line heater characterization.

As for the tank heater characterization, the line heater voltage can-
not be measured directly with the oscilloscope without damaging the
line. Therefore, the voltage drop between the ECU and the line has
been measured on only one line which has been sacrified for this pur-
pose. This voltage drop will be considered to be the same for all the
lines.
As a result of this measurement, there is a voltage drop of 100 mV be-
tween the ECU and the line heater.

The conditions of this test and the power supply voltages applied
to the system are the same as for the Tank Heater characterization test.
In this case, the electrical parameters are: Line heater current (XCP and
Oscilloscope), the power consumed by the line, the line heater voltage,
the duty cycle, and the resistance of the line.

The duty cycle is always equal to 1, for every power supply volt-
age. However, the current value is not constant throughout the test.
Indeed, the current decreases until it reaches a steady-state value, as
seen in Figure 3.7 (the scales on this figure have been changed).
This behaviour of the current is logical and will be explained in the
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next paragraph.

Figure 3.7: Line heater current behaviour.

The resistance of the line is measured simply with Ohm’s formula:
R = U

I
, as the duty cycle is equal to 1. Moreover, the resistance of

the line increases with the temperature, which is expected as resistive
heating is used in this case to increase the temperature in the line [11].
This also explains why the current is decreasing. Indeed, the voltage
of the line heater is constant, and according to Ohm’s law: U = R ∗ I ;
consequently, I must decrease, like in Figure 3.7, when R increases in
order to keep the voltage constant.
The resistance of the line heater could also be measured directly with
an Ohmmeter at the cable ends. The measured value could be com-
pared to the calculated one, However, it must be made sure that the
resistance corresponds to the same conditions of temperature. There-
fore, the resistance has been measured just before activating the line
heater, and the corresponding calculated resistance is: Rcalc = U

Imax
.
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The results are compliant as, for all the characterized lines, the dif-
ference between the calculated and the measured resistance does not
exceed 10 %.
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3.3.2 Time in stop mode

In order to protect the pump from deterioration, it is important to
make the pump stop for a few seconds when the direction of rotation
needs to be changed, which usually happens when the system goes
from hold mode to purge mode.
The calibration of the time during which the pump stops should be as
little as possible, as the system is expected to function as fast as possi-
ble, but it is also important to make sure that the system works for all
the pumps. For this test, the worst case pump is the maximum speed
pump, as it should take more time to stop. The temperature should be
equal to 60 ◦C to have the worst case conditions, because the urea is
less viscous.

The test should be performed as follows:

• Connect the ADM to the CANcase and run it until the pressure
set-point is reached.

• Initialize the calibration of the stop time (time during which the
pump stops rotating when switching from forward to reverse
mode) with a high value, for example 5000 ms.

• It should be made sure that the current reaches 0 to ensure the
stop of the pump. Therefore, using a current probe on one of the
phases of the motor, observe the current on the oscilloscope, and
determine the minimum time in which the current reaches 0.

• Once this time is determined, add 500 ms to it and the sum will
be defined as the new calibration of the time in stop mode. (It
is possible to add a longer time, such as 1000 ms to improve the
safety of the system).

• Perform the test with the new calibration to make sure it works
properly. The tests could also be done under different conditions,
for example, in cold temperature.

The test has been performed as described above, and the chosen
value of the calibration is:

Time in Stop Mode = 2000 ms
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Figure 3.8: Current of one phase of the motor during the change of
direction of rotation.

3.3.3 BLDC starting voltage

The goal of this test is to determine the minimum voltage needed to
start the motor of the pump. At the start of the pump, the system
is still in open-loop, therefore this voltage must be given by the user.
Then when the pump starts running, the system will go into closed-
loop and right then the voltage will be controlled.
The worst case pump of this test is the maximum speed pump and it
is recommended to use it. A script has been written for this test and it
performs the following steps:

• Connect the ADM to the CANcase.

• Choose a high value for the starting voltage. In this case, the first
starting voltage which has been chosen is equal to 7000 mV.

• Start the pump and, on CANape, observe if the pump is able to
rotate or not. This can also be determined simply by listening to
the sound made by the pump.
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• Stop the system, choose a new voltage and start again. The script
does these tasks automatically. It goes from 7000 mV to 2000mV
by a step of - 1000.

The test has been performed and the results are presented next:

Figure 3.9: Speed and control voltage at the start of the pump for Start-
ing voltage calibration going from 7000 to 2000 mV with a -1000 step.

When the starting voltage is not high enough the systems make
different attempts before giving up. This behaviour can be seen in the
figure 3.10, which corresponds to the current on one of the phases of
the pump motor.
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Figure 3.10: Current on one of the phase of the pump motor when the
starting voltage is too low.

From Figure 3.9, choosing the following BLDC starting voltage seems
a reasonable choice:

Starting Voltage = 5000 mV

Indeed, the risk of choosing 4000 mV is not taken due to previous
exceptional cases in which the motor did not start. Thus, the value of
5000 mV is chosen to be more sure it will hopefully work with all the
pumps.
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3.3.4 Anti stall

The goal of this test is to calibrate the anti-stall coefficient. The Anti
Stall control is generally used in systems which drive a pump to sup-
ply fluid under pressure to a motor. Its goal is to prevent the pump
from stalling, by reducing the vehicle speed when the engine speed
becomes inferior to a predetermined threshold. In order to prevent
the the overloading of the system, the anti-stall control generates an
electrical signal which leads to a decrease of the load torque on the en-
gine proportionally to the decrease of the engine speed.
Practically, the goal is to prevent the voltage from decreasing too quickly,
which can lead to the stall of the motor. Thus, in order to ensure that,
the applied voltage at time N + 1 is calculated with respect to the volt-
age at time N as follows:

VN+1 = VN −KPropAntiStall
∗ (Speedpump −MinSpeedpump)

Here KPropAntiStall
corresponds to the proportional coefficient of the

Anti Stall controller, VN is the voltage command at time N, Speedpump is
the current speed of the pump and MinSpeedpump is the allowed min-
imum speed of the pump.
Therefore, the smaller the coefficient KPropAntiStall

gets, the slower the
applied voltage will decrease.

In order to perform the calibration of such a constant, the system
must be set in Service Mode in order to choose the speed of the system.
Here is how the test is performed:

• Connect the ADM to the CANcase.

• Set the system in service mode, and remove the following cali-
brations: the speed and pressure slew rate, the anti wind. These
calibrations are used to protect the system, so if they are acti-
vated, we might not see the effect of the desired action, which is
the anti stall.

• Disconnect the injector from the line, because otherwise the pres-
sure will be too high. The output of the line could be put in the
tank, so no liquid is wasted.

• Start the pump by setting the pump speed at 3500 rpm, then
change it to 420 rpm, in order to see if the anti stall is working or
not. Try this for several values of the anti stall coefficient.
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A first test has been made and the results could be seen in the fol-
lowing Figure 3.11. The effect of the anti stall should be analyzed on
the part where the speed changes from 3500 to 420 rpm.

Figure 3.11: Speed (blue) and Command Voltage (red) during the An-
tiStall Test.

In Figure 3.11, the system is not stalling when the proportional co-
efficient is equal to 0.1 and 0.2, which is logical because these coeffi-
cients are small, which prevents the voltage to drop too quickly. How-
ever, the system does not stall also for high values of the anti stall
coefficient, which is not logical.
The reason is that, even if the service mode is activated, there is still
a closed loop to control the pump speed. Hence, this controller might
distort the effect of the anti stall controller. Therefore, after modifying
the coefficients of this controller to disable it, the test is run again and
the results are shown in Figure 3.12.
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Figure 3.12: Speed (blue) and Command Voltage (red) during the An-
tiStall Test with disrupted speed controller.

This new test shows now that the system is not stalling for anti
stall coeffficents equal to 0.1 and 0.2, and that the system is stalling for
all the other values (0.3 to 1.5 with a 0.1 step), and especially for the
highest values, which was expected.
There are now two values of the coefficient of the anti stall controller
which prevent the system from stalling, and a choice should be made
between the two values. The Figure 3.13 is a zoom of the speed of the
pump and the applied voltage for these two values.
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Figure 3.13: Speed (blue) and Command Voltage (red) during the An-
tiStall Test with disrupted speed controller (on the left, the anti stall
coefficient is equal to 0.1 and 0.2 on the right).

Anti stall controller coefficients 0.1 0.2
Command
Voltage

Overshoot Yes (140 mV) Yes (238 mV)
Settling time 2.4 1.5

Speed
Overshoot Yes (56 rpm) Yes (98 rpm)

Settling time 2.2 1.2

Table 3.1: Characteristics of the controlled voltage for anti stall coeffi-
cients equals to 0.1 and 0.2

As could be seen in Table 3.1, the overshoot is less significant when
the anti stall coefficient is equal to 0.1, but the system takes more time
to reach the steady state value.
Consequently, for the choice of the anti stall coefficient, there are two
possibilities: If the user would rather have a safer system (fewer risks
of stalling), thus the anti stall coefficient should be equal to 0.1. Other-
wise, if the user prefers a faster system, the coefficient should be equal
to 0.2.
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3.3.5 Anti windup

The Integral windup is a phenomenon which can take place in sys-
tems including a PID controller. It happens when, after a change in
the set-point, the control command exceeds the limit of the actuator,
which saturates. Even if the saturation limit of the actuator is reached,
the integral error keeps increasing. This phenomenon could lead to
important overshoot and oscillations. Moreover, even when the error
starts decreasing, the system takes much time to get back to the oper-
ating range of the actuator because the integral value, which is large,
must decrease first. Therefore, the system is delayed.
The reason for implementing anti windup controllers is to avoid this
behaviour. The main idea of the anti windup strategies is to stop inte-
grating once the input saturates [3].

In this study, the following test has been made:

• The original set-point is fixed at 1800 rpm and the maximum
speed is set at 2200 rpm.

• The set-point is changed to 2500 rpm, the first time without the
anti windup strategy, and the second one with it.

Figure 3.14: Change of the speed setpoint, without (1st test) and with
(2nd test) the anti windup strategy. The white curve is the speed curve
and the yellow corresponds to the current of the pump’s motor

The results of this test are shown in Figure 3.14. As it could be seen,



30 CHAPTER 3. PUMPING

the overshoot for the test without the anti windup strategy (t=21s) is
higher than the one with it (t=38s).

3.3.6 Minimum speed limitation

This calibration objective is to make sure that the system does not run
below the chosen minimum speed. It consists in a proportional con-
troller which should be suitably determined. The goal of this controller
is to increase the voltage when the system is out of the working range,
which will lead to the increasing of the speed. The functioning of this
function is quite similar to the anti-stall controller.
The test is performed as follows:

• Disconnect the injector from the line, and make the line evacuate
back in the tank or in an external container.

• Activate the service mode, remove the slew rates and the Near
min speed strategy (which will be explained later). Set the speed
to 700 rpm.

• For different values of the Minimum Speed Calibration coeffi-
cient (10 values from 0.1 to 1),the minimum speed calibration of
the pump is changed from 420 to 2800 rpm in order to create a
situation in which the system is below the minimum speed, and
hence, we can analyze how the system reacts.

The results of this test are shown in Figure 3.15. It shows that an
overshoot appears when the Min speed controller coefficient increases,
more precisely, when it becomes larger than or equal to 0.4.
Therefore, for the choice of the Min speed calibration coefficient, tak-
ing 0.35 is suitable, as it corresponds to a fast system without over-
shoot.
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Figure 3.15: Pump speed during the minimum speed coefficient cali-
bration test (coefficient values from 0.1 to 1).

Figure 3.16: Pump speed when Minimum speed coefficient is equal to
0.35 and the minimum speed limit goes from 420 to 2800 rpm.
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As seen in Figure 3.16, the pump speed, which is settled at 700
rpm, reacts smoothly to a change in the minimum speed limit (420 to
2800 rpm). In this example, the settling time is equal to 0.15 s, without
overshoot.

3.3.7 Near min speed calibration

In this section, the goal is to calibrate the near minimum speed calibra-
tion. Previously, it has been checked that the system does not go below
the minimum speed, however, it is recommended to add an additional
layer of protection, which is done here. Indeed, the idea is that, when
the difference between the pump speed and the minimum speed limit
becomes equal to a Delta of speed (which will be calibrated next), the
system prevents the control voltage from decreasing more, and as a
result, the applied control voltage is at least equal to the previous ap-
plied voltage, as show in the following equations, where f represents
the decreasing behaviour of the pump’s speed.

VN = f(VN−1) when Speed−Minspeed > ∆speed (3.1)
VN = max(VN−1, f(VN−1)) when Speed−Minspeed < ∆speed (3.2)

The test plan is:

• Connect the system and remove the injector from the end of the
line.

• Run the system in service mode.

• For different values of the Near Min speed calibration, change
the speed from being above the maximum speed limit to being
below, and analyze how the system reacts.

The results of this test are shown in Figure 3.17.
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Figure 3.17: Pump speed and Control Voltage for Near Min speed cal-
ibration equals to 50, 100, 150 and 200 rpm.

It can be seen in Figure 3.17 that when the Near Min speed is in-
creased, the speed is further from the minimum speed limit, when the
set-point is modified. However, the speed does not correspond exactly
to the expected value. For example, when the Delta near speed is equal
to 50 rpm, the speed should stabilize around Min speed limit + 50 rpm,
which is not the case as seen in Figure 3.18. The explanation is that our
system is very fast, and while the controller decides to prevent the
control voltage to decrease, the speed has already decreased a little bit
before being "blocked" (not able to decrease anymore). Consequently,
the real value of the speed during the Near Min speed situation is be-
low the expected one.
If the speed would change more slowly, we would have the speed ex-
pected value, which is Minimum speed limit + Delta Near Min Speed.
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Figure 3.18: Zoom on Pump speed and Control Voltage for Near Min
speed calibration equals to 50 rpm.

3.3.8 Maximum speed limitation

In this section, the focus will be on the maximum speed limitation. The
goal is to make sure that the system does not run above the maximum
speed. Unlike the minimum speed limitation, the calibration is not a
proportional coefficient calibration. In this case, the value to be cali-
brated is a voltage decrease by unit of time, which is enabled when
the system goes over the maximum speed. (The voltage at time N − 1

when the maximum speed limit is reached.) Thus, when the speed
goes above the authorized maximum speed, the voltage decrease is
applied to the control voltage in order to decrease it, which results in
a decrease of speed too.
In order to calibrate this voltage decrease, the following test will be
performed:

• Disconnect the injector from the line, and make the line evacuate
back in the tank or in an external container.

• Activate the service mode, remove the slew rates and the Near
max speed strategy (which will be explained later). The speed
proportional controller coefficient must be lowered as well. In-
deed, if this coefficient is kept equal to its standard value, it can
lead to high peaks of speed when the pump set point will be
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above the maximum speed limitation, as it will be done later .
Set the speed to 4000 rpm and first, choose a Maximum speed
limitation above the speed set-point.

• Change the maximum speed limitation to a value below the speed
set-point in order to create a situation in which the system is
above the maximum speed authorized, so we can analyze how
the system reacts to this.

• Perform this experiment for different set-points of speed and for
different values of the Voltage decrease calibration, which is the
value which needs to be calibrated here.

The test has been performed as follows in this case. The decrease
voltage has been fixed, then the change of maximum speed limitation
has been done for three different speed set-points: 4000, 3000 and 2000
rpm. Then, the decrease voltage calibration has been increased by 50
mV and then, same changes as before. The test has been made for four
values of the calibration of interest: 0, 50, 100 and 150 mV. The calcu-
lation step of the system is 10 ms, so the true unit of the calibration
is mV/10ms, thus for example, a calibration of 100 mV in the system
corresponds truly to 10 V/s (or mV/ms).
The results of the test are shown below, in Figure 3.19.

Figure 3.19: Pump speed and Control Voltage during Maximum speed
limitation test, with decrease voltage calibration equal to 0, 50, 100 and
150 ms.
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As can be seen in Figure 3.19, when the maximum speed autho-
rized is below the pump speed set-point, the speed is oscillating around
the maximum speed limit. This can be explained as follows: the sys-
tem is supposed to follow the given set-point. So, when it tries to reach
it, the speed goes above the authorized limit, which has been chosen
inferior to the set-point, and therefore the decrease voltage protection
is enabled to bring back the pump speed below the maximum limit.
Then, the control part takes control again of the system, makes the
speed increase to reach the set-point, going above the limitation, then
activates the voltage decrease and so on and so forth. Thus, this cre-
ates oscillation.

As seen on Figure 3.19, the bigger the voltage decrease calibration
is, the more significant the oscillations are. This is normal, as the sys-
tem reacts by switching abruptly between the speed controller and the
protection of the maximum speed limitation. The voltage decrease cal-
ibration is chosen to be equal to 50 mV (so 5 V/s) in this case, because,
if it was higher, the oscillation will be very large, and if it were lower,
the systems would take more time to bring back the speed below the
maximum speed limitation. In Figure 3.20, it is possible to check if the
control voltage decreases as expected when the maximum speed limit
is exceeded.
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Figure 3.20: Control voltage when the speed exceeds the limit, with a
decrease voltage calibration at 50mV (5V/s).

By analyzing the downward slope, it can be read that the control
voltage decreases by 750 mV in 0.15 s, which gives the following de-
creasing voltage rate: 750

150
= 5 V/s which corresponds to the expected

value. Therefore, the maximum speed limitation calibration is work-
ing properly.

3.3.9 Near maximum speed

In this section, the goal is to calibrate the calibration corresponding to
the near maximum speed limitation. It consists in a protection which
works as follows: A delta of speed is chosen, and as soon as the speed
of the pump enters the zone corresponding to Maximum speed limi-
tation - Delta, the control voltage cannot increase anymore, in order to
prevent the speed from increasing too. The test should be performed
as follows:

• Connect the system and remove the injector from the end of the
line.
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• Run the system in service mode.

• For different values of the Near Max speed calibration, change
the speed from being below the maximum speed limit to being
above, and analyze how the system reacts.

The test is first made with the right calibration of the Max speed
limitation, which has been done before. The results are shown in Fig-
ure 3.21.

Figure 3.21: Pump speed and Control Voltage for Near Max speed cal-
ibration equal to 50, 100, 150 and 200 rpm, with the Max Speed voltage
decrease calibration equal to 50 mV.

It can be noticed that there is practically no difference between the
results for a Near max speed calibration equal 150 and 200 rpm. This
is normal, as such difference of speed would not be noticed as they are
in the range of the natural variations of the pump.
However, a second test has been done to help choosing the right cali-
bration. It is performed exactly as previously while only changing the
Max speed decreasing voltage equal to 200 mV. The goal is to disturb
the system to make the effect of the near max speed calibration more
visible. The results of this test can be seen in Figure 3.22.
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Figure 3.22: Pump speed and Control Voltage for Near Max speed cal-
ibration equal to 50, 100, 150 and 200 rpm, with the Max Speed voltage
decrease calibration equal to 200 mV.

From the analysis of Figure 3.22, the larger of the value of the Near
Max speed is, the better the result is. Hence, choosing this calibration
equal to 200 rpm seems to be convenient, because if it was higher, we
could be far from the set-point if it is not far from the maximum limit.

3.3.10 Speed Slew rate

The objective of this calibration is to choose the most suitable slew rate
for the pump speed.
The goal of the slew rate is to limit the rate of change of the speed,
in order to avoid abrupt change of speed, which could damage the
motor of the pump. Consequently, the requirement in this case is to
protect the system without increasing the time response. As the speed
is commanded by a voltage, the slew rate protection will be applied
on the command voltage, and as a result, the speed will be affected in
the same way.

The test is similar to the Anti Stall one. The proportional controller
of the speed closed loop will be disabled from the beginning. The test
should be performed as follows:

• Connect the ADM to the CANcase.
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• Set the system in service mode, and disable the pressure slew
rate and the closed loop proportional controller.

• Disconnect the injector from the line, because otherwise the pres-
sure will be too high, as the pump will rotate with a very high
speed. The output of the line can be put in the tank, so no liquid
is wasted.

• Start the pump by setting the pump speed at 1000 rpm, then
change it to 4500 rpm. The effect of the slew rate could be no-
ticed on the slope of the speed curve, during the change of speed
set-point. Perform this test for different values of the slew rate
calibration.

The results of the test are shown in Figure 3.23. It is also important
to know that the calculation step of the system is equal to 10 ms. Hence
the slew rate given to the system is in mV per 10 ms. Concretely, in the
software CANape, giving a value of the Slew rate calibration equal to
100 mV, which means that the Slew rate is really equal to 100 mV / 10
ms = 10 mV/ms = 10 V/s.

Figure 3.23: Pump speed and Control Voltage for Slew rate calibration
going from 100 mV to 1000 mV with a 100 mV step.

In order to check if the slew rate is working correctly, a zoom will be
made on the first step, the one corresponding to a slew rate calibration
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of 10 mV/ms.
As seen in Figure 3.24, when the speed set-point is changed, the control
voltage takes 800 ms to reach its new value, and the difference between
the new and old values of the control voltage is equal to 8000 mV. To
check if it fits with the slew rate, the slop must be calculated: 8000

800
=

10 V/s which corresponds to the slew rate. This means that the rate of
change of the control voltage is indeed limited by the slew rate.

Figure 3.24: Pump speed and Control Voltage for a slew rate calibra-
tion equals 10 V/s.

Now, the most suitable calibration should be found, and it is not
obvious. Indeed, a compromise should be made, and there are differ-
ent options which might guide the choice. As it regularly happens, the
decision will be taken in relation to speed and safety. A low slew rate
may result in a safer system by preventing sudden changes of voltages
and speed, but it might affect the performance, as the system becomes
a slightly slower. A higher slew rate might be faster, but it increases
the risks of very sudden voltage and speed changes. In this case, as
the system is generally considered as a fast system, it might be better
to choose the safety side, which is why a slew rate of 40 or 50 V/s
might seem a suitable compromise.
As seen in Figure 3.25, for a slew rate equal to 50 V/s, the pump speed
reaches the new set-point in 0.2 seconds and in 0.11 seconds for 100
V/s. The system is indeed fast enough even for a slew rate calibration
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equal to 50 V/s, which explains the choice for this value.

(a) Pump speed with a Slew rate equal 50 V/s.

(b) Pump speed with a Slew rate equal 100 V/s.

Figure 3.25: Comparison of the pump speed for two different slew rate
values.

3.3.11 Critical volume test

The goal of this test is to determine the critical volume below which the
pump is not able to maintain the pressure set-point. This test should
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also be performed in the worst case conditions, which means when
the tank is inclined. The tank could be inclined laterally or crosswise,
which makes 4 inclinations possible for each tank. Therefore, the test
will be made four times. When the tank is inclined, the pump is ac-
tivated and starts injecting until it fails as the pressure could not be
maintained anymore. This means that the critical volume is reached.
In this case, the test is made on two different tanks, one small whose
volume equals 13 L and the other one is equal to 25 L.
The results of this test depend highly on the tank shape’s design. There
is no correlation between the tank volume and the critical volume. In-
deed, for some inclination’s direction, the critical volume is smaller for
the small tank than for the bigger one, and for other directions, it is the
contrary, as it can be seen in Table 3.2.

Side Slope (%) Small tank Big tank
Transverse 1 20 0.374 1.496

Lateral 1 20 0.935 1.87
Lateral 2 20 0.935 0.561

Transverse 2 20 4.675 3.179
Transverse 2 25 5.61 5.049
Transverse 2 30 6.919 6.0775

Table 3.2: Critical volume for two different tanks at different inclina-
tions.

3.4 Conclusion of the chapter

In this chapter, the pumping strategy of the SCR system was at the
core of the study. The goal is to control the motor of the pump in or-
der to respect the pressure requirements. Besides the control strategy,
many layers of protection are implemented to ensure that the pump
will work correctly and will not be damaged.
As could be noticed, most of the calibrations were determined by test-
ing different values directly on the system in order to see which one
gives the best results. In the pumping case, there is not a complete
model of the whole system which would allow to do a prior analysis.
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Advantages

This method of calibration is time saving. Indeed, if one has an idea of
the range in which the system works properly, the most suitable value
could be find easily. Moreover, with this method, the real system is
directly manipulated. Therefore, the effect of the parameter is directly
seen on the real system.

Limitation

The first limitation is the lack of a model of the pumping strategy.
For example, it prevents to use more precise methods to control the
pump’s motor than the Ziegler-Nichols method. Indeed, this method
is not robust enough, which could lead to problems, and it is not par-
ticularly suitable for liquid pressure control [16]. The Cohen-Coon
method may be more appropriate in this case [19].
Moreover, this method does not take into account the possible effects
of the different functions on each others. Therefore, the optimal cal-
ibration of one function could affect wrongly another function. Con-
sequently, it is difficult to find the right compromise between all the
functions.
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Tank Heater Monitoring

In this chapter, the goal will be to calibrate the parameters of the tank
heater monitoring function.

4.1 Presentation of the tank heater

The tank heater consists in a heating map connected to the ADM.
When active, the power command is always the same regardless of
the temperature in the tank. However, this command could be differ-
ent for tanks of different shapes. Depending on the project (choice of
the client), there could be one or two tank heaters.
The goal of the heater is to melt the urea when it is frozen. This is
very important to make sure that the urea is effectively liquid when
the pump is turned on. Otherwise, it could led to the breaking of the
pump’s motor.
The tank heaters have also another role which is to prevent the freez-
ing of the AdBlue. When the temperature decreases and goes below a
certain threshold (which still corresponds to a liquid state), the heaters
become active to keep the AdBlue liquid.

45
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Figure 4.1: Different modes of the tank heater.

Figure 4.1 shows the different modes of the tank heaters. When
T > T2, the urea is liquid and there is no need to activate the heaters.
This mode where the heaters are disabled is called the Idle mode. Then
when T1 < T < T2, the urea is still liquid but the temperature is closer
to the freezing point. In order to keep the urea liquid, the heaters are
activated. This mode is called the Prevent mode. Finally, when T < T1,
the urea is frozen, and it needs to be melted, therefore the heaters are
activated. This is the Defrost mode.

4.2 Tank heating monitoring

The heating operation is managed by many functions. Each one of
them has a specific role and should be calibrated correctly to ensure
the proper functioning of the system. In this study, the focus will be
on the Tank Heating Monitoring function.
The purpose of this function is to check if the tank heaters are working
properly. This means to control if the temperature increases when the
heaters are active. If that is the case, this rise of temperature should
not be very slow, otherwise, there could also be a problem with the
heaters.
Thus, if the heaters are working properly, the tank heating monitoring
function will not act. Otherwise, the function will release an error flag
to alert about a problem with the heaters. It is then up to the diagnostic
strategy to manage what to do when this error flag is released.
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Figure 4.2: Simplified model of the Tank Heating Monitoring function.

Figure 4.2 represents a simplified simulink model of the tank heat-
ing monitoring function. Not all the inputs are represented in this fig-
ure (for confidentiality reasons), but only the most relevant ones for
the understanding of the strategy. The temperature is obviously nec-
essary as an input of this function, as its variation is at the core of
the strategy. The volume and the power command are also important
in order to estimate how the temperature will change regarding these
conditions.

4.3 Preliminary analysis

The goal is to calibrate the function as efficiently as possible. Therefore
an analysis of the function and how it works are needed.
As it will be noticed later, the different tests and acquisitions are highly
time consuming. That is the reason why it is very important to know
exactly what needs to be done beforehand. First of all, it is necessary to
determine the material and equipment used for the tests. The car con-
structor using this function possesses four different variants of tanks.
Ideally, the calibration of the tank heating monitoring function should
be different for each tank, as the heating performances are not the same
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for all of them. However, it would be very time consuming to perform
the calibration on each individual tank variation. Therefore, as it is of-
ten done by the calibration engineers, only one case will be considered,
which is the worst case. Indeed, if the worst case is correctly calibrated
and works properly, the other cases will surely work with the same cal-
ibrations, even if this might not be the optimum solution. Hence the
tank which has been chosen is the one with the worst heating proper-
ties: The power command of this tank is the lowest one; moreover, the
heat distribution is not optimal because of the tank shape.

Then, it is crucial to determine how to approach the calibration of
this function. Unlike the calibration of the pumping operation, it is not
suitable to calibrate it in real time. It is time consuming and not opti-
mal in this case, as it is easier to simulate on Simulink. Indeed, the tank
heating monitoring function is not physically acting on the system as
in the different pumping related functions. The role of this function is
only to detect an error if it occurs, which makes it easier to simulate.

The next step is to modify the theoretical Simulink model into an
exploitable one with real data. The idea is to use real data for the input
of the simulation, in order to be able to get the most suitable calibration
through these simulations. This will be explained more in details later.

4.4 Precalibration

The best way to act is to start precalibrating the function from the un-
derstanding of it and any other external knowledge. In this way, one
gets an idea of the order of magnitude of the calibration. Moreover,
running the simulation with well chosen precalibrated parameters al-
ready gives an idea of the functioning of the strategy.
The tank heating monitoring function possesses more than 40 calibra-
tion parameters from different types and some are easier to calibrate
than others. The main types of parameters found in this case are:

• The configuration parameters: They take only binary values. Their
role is to enable or disable some part of the function. In this case,
they are all activated to ensure that the function is working as
expected.
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• The time parameters: In this function, there are many time pa-
rameters which need to be calibrated. They are related to differ-
ent tasks: debounce time, filter time constant, soak time...

• The conversion tables: In this function, some parameters are es-
timated from the inputs. In this function, all the tables have 2
inputs and one input, consequently, they are 2-D lookup tables.
An example of such a table is a table which takes the volume of
the urea and its state as inputs and gives the estimated time it
will take the temperature to increase by 2 ◦C as the output.

The configuration parameters are easy to calibrate. The time ones take
much time to calibrate because it takes a long time to get the the worst
case experimental condition. As for the conversion table, they are
more difficult to calibrate, as many different cases need to be consid-
ered.

However, many parameters could be easily precalibrated through
the analysis of some temperature profiles, which have been already ac-
quired for another test. Other parameters could also be precalibrated
through a logical reasoning.
Once these parameters have been precalibrated, it would be really in-
teresting to run a first simulation to check how accurate are the precal-
ibrations.

At this stage of the study, all the needed inputs for this function are
not collected yet. However, it is still possible to run a simulation with
the temperature curves already acquired. For the other inputs, Matlab
vectors have been created. They may not be very accurate but they
represent roughly the reality.
For this first simulation, the results are very convincing as the function
works as expected.
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Figure 4.3: Results of the first simulation. The heaters are activated at
t=150 s

As can be seen in Figure 4.3, the initial temperature of the tank has
been set to −30◦ by putting it in a climate chamber. Then the heaters
have been activated which lead to a temperature increase. After a cer-
tain time, the enable signal is activated, which means that the result of
the function could be read at this time. As seen in Figure 4.3, the error
signal, which is initialized at 0, does not change when the enable signal
is activated. This means that the temperature of the system increases
as expected, therefore, there is no error.

Then, the goal is to check if the function, with these chosen param-
eters, works the other way around, when the temperature decreases.
In order to perform that, the temperature given by the ADM has been
saved for several hours when the system was freezing in the climate
chamber. In this way a decreasing temperature curve is obtained. A
simulation with this temperature profile has been carried out. In real-
ity, the heaters were not activated. However, in Simulink, it was given
as if they were to be able to call the Tank heater monitoring function.
The results are shown in Figure 4.4. There it can be seen that after a cer-
tain time, the Enable signal is activated. As soon as it is activated (one
sampling time later), the error signal is switched to 1. This means that
it has detected a problem, which is the decreasing of the temperature.
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Figure 4.4: Result of a simulation with decreasing temperature profile.
The error signal is activated after a drop of 2◦C

Both these tests give the expected results. This means that the pre-
calibrations have been well chosen, which will facilitate the rest of the
work. The next part will be to refine the calibration of the parameters.
Consequently, all the necessary inputs of the function should be ac-
quired, and some tests should be made to improve some calibrations.
The next simulations should be as close as possible to the reality.

4.5 Calibration of the tank heater monitoring
function’s parameters

4.5.1 Temperature thresholds

Preparation of the test

At this moment, the goal is to refine the temperature thresholds cal-
ibration. In order to make sure the calibration will be suitable irre-
spective of the conditions are, the worst case must be considered. It
should be, in this case, a tank fully filled with AdBlue, put in a climate
chamber regulated at a very low temperature, e.g., -30 ◦C. Moreover,
as there are different shapes of tanks, the one which will be used is the
one considered as the worst concerning the heating performance.
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In order to calibrate the temperature thresholds correctly, it is neces-
sary to understand how the heat spreads into the tank and how the
temperature is distributed at different points. Consequently, one tank
has been instrumented. It has been equipped with 15 thermocouples
which could be found at these positions:

Figure 4.5: Position of the 15 thermocouples in the tank.

Now that the tank is equipped and filled at its full capacity (more
than 25L) with AdBlue, it is put in the climate chamber regulated at
-35 ◦C. In a first experiment, the goal is to freeze the whole tank, and
it could be checked through the thermocouples. This step is extremely
time consuming. Indeed, in order to freeze the whole tank, it takes
more than 72 hours, and the freezing is not homogeneous. The urea
at the edges of the tanks is easily frozen whereas at the center, it takes
an excessive amount of time. Therefore, the temperature given by the
sensor on the ADM is not exactly representative of the temperature of
the whole tank. It represents only the temperature around the ADM.
That explains the use of thermocouples in this experiment which help
to learn more about the temperature profile of the urea in the tank.
For example, the temperature at the different points has been acquired
during a part of the freezing of the tank. It can be seen on Figure 4.6
that there is a huge gap of temperature between the different points.
Some thermocouples give lower results than the ADM sensor, and oth-
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ers higher.

Figure 4.6: Temperature at different points of the tank during the freez-
ing process.

Later, during another freezing process, the temperature data have
been recorded on a wider time range. The results are shown in Figure
4.7. The difference of temperature between different areas in the tank
could be truly high, e.g., a difference higher than 15 ◦C.
On some thermocouples, it could be seen that the temperature remains
for an excessively long time. This value is around -10◦C, which corre-
sponds to the temperature of state change. It was unexpected that it
takes such a long time, but it explains why these tests are time consum-
ing. Moreover, the yellow curve starts increasing again from 7 ∗ 104 s,
but a problem probably occurred with the corresponding thermocou-
ple.
On both Figure 4.6 and 4.7, a small peak of temperature appears. It is
due to the climate chamber which has to stop for a moment every 24
hours in order to avoid being covered with frost.
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Figure 4.7: Temperature at different points of the tank during the freez-
ing process. The dashed line (–) represents the temperature of the
ADM sensor. The color code is the same as Figure 4.6

Determination of the thresholds

Three phases of the urea will be considered: the frozen one, the melt-
ing one and the mixed one. At this point, the liquid phase will be
considered as impossible to reach (the liquid phase will studied later).
Therefore, for any temperature higher than at Tmixed, the urea will be
considered as mixed (combination of liquid and frozen urea). The
states of the urea are shown in Figure 4.8.

Figure 4.8: States of the AdBlue.

Theoretically, the melting point of the urea is at -11 ◦C. However,
practically, it is not possible to say that below this temperature, the
urea is frozen and above, it is totally liquid, as the temperature is not
homogenous in the tank. Therefore, the melting point is transformed
into a melting zone, as seen in Figure 4.8. Above this zone, the urea is
mixed as said previously.
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To determine these thresholds, a defrost of the system is performed,
with a worst case ambient temperature which is equal to -30◦C. There-
fore, the heaters are activated and then the temperature profiles at the
different points are analyzed. The results are shown in Figure 4.9.
(There are 2 different figures because the communication with the sys-
tem had been lost during a moment. Therefore the data acquisition
has been made in two parts). When the system lost the communication,
it caused the stopping of the heaters’ functioning. It lead to a drop of tem-
perature at close proximity of the ADM sensor, which explains the difference
of temperature between the two parts of the figure. However, there is only a
slight difference for the temperature at the thermocouples.
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(a) Part 1

(b) Part 2

Figure 4.9: Evolution of the temperature of the system when the
heaters are activated, at an ambient temperature equal to -30 ◦C. The
dashed line (–) represents the temperature given by the ADM sensor.
The other lines represent the 15 thermocouples. The color code is the
same as Figure 4.6 except for the ADM sensor which is represented by
the dashed line
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The goal is now to determine Tfrozen and Tmixed from these curves.
For the choice of these parameters, it is very important to keep in mind
that false detections should be avoided. That means for example, that
when the temperature is below Tfrozen, the urea should be completely
frozen. That is the reason why Tfrozen is chosen even below the theo-
retical melting point. By analyzing Figure 4.9a, we see that the temper-
ature given by the ADM and some of the thermocouples is practically
the same until -13◦. Then the ADM sensor curve starts increasing more
than the others. Therefore, choosing Tfrozen = -13◦C seems to be a suit-
able choice.
For the Tmixed parameter, it should be chosen a little higher than the
theoretical value still to be sure that the urea is mixed. This tolerance
has been chosen equal to 3◦ which means that Tmixed = −11 + 3 = 8◦C.
Indeed, above -8◦C, the temperature is increasing in both Figures 4.9a
and 4.9b, which justifies the choice of Tmixed.

4.5.2 Soak time

As said previously, when the temperature is above Tmixed, the urea is
considered as a mix between frozen and liquid urea. In this operation
mode, instead of having a threshold for the liquid state as for the other
states, it is determined differently. Indeed, the system considers that
the urea is liquid only under these conditions: The initial temperature
is above the mixed temperature threshold and the vehicle has been off
longer than the soak time which will be determined here. This param-
eter corresponds to the time it takes for the temperature to homogenize
into the tank. Therefore, to choose this parameter suitably, the follow-
ing test has been made:

• The first step is to freeze the system which is done by setting the
climate chamber at -15◦C.

• Then, the heaters are activated and the temperature of the cham-
ber is changed to -3◦C in order to obtain a mixed urea.

• Finally, the heaters are cut off when the temperature is above
Tmixed and the temperatures at the different spots of the tank are
acquired in order to see in how much time they all reach the same
level.

The results of this test are show in Figure 4.10:
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Figure 4.10: Temperature at different spots of the tank during the soak
time test.

At t = 2 ∗ 105 s, it could be considered that the temperature is ho-
mogeneous in the tank. The heaters are cut off at 2 ∗ 104 s, that means
it took the system 1.8 ∗ 105 s, that being 50 hours, to homogenize. It
represents an extremely long time. Therefore, this function will rarely
consider the urea as liquid. This is not that important because if the
urea is initially liquid, the heaters will not even be activated and the
tank heating monitoring function will not be activated consequently.

4.5.3 Minimum power

In this section, the goal is to determine the minimum power required
to observe a significant change of temperature. Indeed, in order to
activate the Tank heater monitoring function, the heaters should be
activated. However, it is not relevant to declare them as activated if
their power is not enough to melt the urea. For example, setting the
heater’s power set-point at 10 W will have an insignificant effect on
the temperature.
Therefore, a test has been made with 3 tanks. They have been frozen
in a climate chamber at -30◦C. Then, before activating the heaters, the
power-set-points have been changed. The heaters of the first tank have
been set at 50 % of the maximum power, the second at 40% and the
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third at 35%.
The results of the test are shown in Figure 4.11. At 30 % of full power,
the temperature takes longer to increase, whereas at 40 and 50 %, it is
faster and almost similar. Therefore, it is possible to conclude through
this test that 40 % is enough to thaw correctly the urea in the tank.

Figure 4.11: Temperature evolution when the heaters are activated
with different power set-points, at Tamb = −30◦C.

4.5.4 Delta of temperature and Timeout

For a the working of the tank heater monitoring function, it is nec-
essary to determine the temperature behaviour. More precisely, it is
relevant to analyze in how much time it is possible to notice a relevant
change of temperature, e.g., 2◦C.
The idealistic way to find these parameters is, for each initial temper-
ature, to wait for the temperature in the tank to homogenize, activate
the heaters until a rise of a few degrees is noticed, then pick the cor-
responding time up, and then wait for the temperature in the tank to
homogenize again at the new initial temperature. However, this pro-
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cess could be very time consuming, and it is possible to optimize this
test.
Therefore, the analysis will be done on thawing curves, at 80 % of full
power. Three tanks will be used in this test: one at full volume, the sec-
ond one at mid volume and the last one at low volume. The external
temperature will be settled at -30◦C through a climate chamber. This
represents the worst case scenario as such a low external temperature
will slow the rise of temperature in the tank. Figure 4.12 shows the
thawing curves for the different volumes. As can be seen, the curve
for the full and mid-volume tanks are very similar and they are the
slowest ones, so the choice of the parameter will be based on these
curves to ensure the functioning of the function in any situations.

Figure 4.12: Thawing curves for different volumes, at Tamb = −30◦C
and 80 % of full power.

In the frozen zone, the temperature increases rapidly. However, in
the melting zone, it is extremely slow. It takes a few hours to only
have an rise of 1◦C. This is expected as the change of phase is a highly
endothermic reaction (the enthalpy is positive) [4]. Theoretically, the
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temperature must even be constant during the melting phase [1]. Then,
in the mixed state, the temperature increases slightly faster. With these
thawing curves, it would be impossible to model the liquid phase, as
it will never be reached with an external temperature equal to -30◦C.
Moreover, the liquid phase is not relevant to study, as the heaters are
not supposed to be activated when the urea is liquid.

Melting zone

Regarding the previous results, it could be interesting to focus more on
the melting zone. In order to be able to better understand what hap-
pens during the change of phase, another thawing process has been
set up. However, the external conditions have been softened. Indeed,
beforehand, the climate chamber has been set to -12◦C in order to be
just below the theoretical melting temperature (-11◦C). Then, when the
temperature is the same in every part of the tank, the heaters are ac-
tivated and the external temperature has been switched to -5◦C. The
temperature evolution during this test can be seen in Figure 4.13.

In Figure 4.13a, where the temperature is given by the ADMs’ sen-
sors, it can be seen that the melting time is shorter (less than 2 hours)
than the previous test where Tamb = -30◦C. In Figure 4.13b, the temper-
atures at different places in the fully filled tank can be seen. In some
parts of the tank, the temperature remains constant for 5.2*104s which
corresponds to 14,4 hours. However, after this long time, the temper-
ature at these spots increases and the temperature in every part of the
tank is above the melting zone limit. These results confirm that the
calibrations chosen earlier with respect to the worst case scenario will
certainly work in softer conditions, as the performance of the heaters
is better.
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(a) Thawing curves for 3 different volumes.

(b) Thawing curves of the fully filled tank at different spots of the tank.

Figure 4.13: Thawing curves at Tamb = -5◦C.
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4.5.5 Gradient calculation and choice of constant time

The tank heater monitoring function’s goal is to make sure that the
temperature behaves as expected. Therefore, to obtain the tempera-
ture behaviour, the gradient must be calculated.
The method used to calculate the gradient in this case uses a high-pass
filter. Indeed, this high-pass filter will work as a differentiator when
the frequency is above the cut-off frequency of the system. An exam-
ple of high-pass filter is shown in Figure 4.14, which is the magnitude
Bode diagram of the filter, whose time constant τ is equal to 2000 s
(which corresponds to a cut-off frequency of ωc = 5 ∗ 10−4 s−1).

Figure 4.14: Magnitude plot of a high-pass filter of cut-off frequency
ωc = 5 ∗ 10−4 s−1.

In Figure 4.14, it can be seen that below the cut-off frequency, the
slope of the curve is equal to +20 dB/decade. When transformed into
the Laplace domain, it gives output = s ∗ input, which corresponds to
a derivative behaviour.
At this point, the goal is to choose the most suitable time constant for
the high-pass filter. With the same input data, several simulations have
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been made with different time constants.
The results of these simulations are shown in Figure 4.15. As the goal
is to obtain the gradient, the time constant of the filter must be supe-
rior to the sampling time of the function. Therefore, the precalibrated
τ has been chosen so that it is equal to 10 times the sampling time. The
two other simulation have been run with 10 · τ and τ

10
.

The input of the high-pass filter is an averaged temperature, which
has the shape of a decreasing step. Therefore, the output of the gradi-
ent is zero except during the change of step during which the output of
the filter changes, and detects the gradient of temperature. As seen in
Figure 4.15, the gradient is easily detected with a high constant time,
however, it takes come back to zero more slowly, which can lead to
a misdetection. As for the slow time constant, it is the contrary. The
risk is not to detect a change of gradient. Therefore, the time constant τ
which has been chosen during the precalibration seems to be a suitable
choice.

Figure 4.15: High pass filter output for different time constants of the
filter.

4.6 Simulations

At this point, all the parameters have been calibrated. Now the goal is
to check if the function works as expected with these new values.
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For the first simulation, a thawing curve will be used. Therefore, the
temperature increases in this case, and the error signal should remain
at 0. This is what happens in Figure 4.16.

Figure 4.16: Test of the Tank Heating Monitoring function on an in-
creasing temperature profile.

As can be seen, when the enable signal is activated, the error stays
as 0. It is the expected behaviour. The function works correctly in this
case.

Now the function should be tested on a decreasing temperature
profile, in order to check if the error is detected or not. The results are
shown on figure 4.17.

In this case, once the enable signal is activated and the diagnosis is
allowed, the error signal switches to 1. The function works in this case
as well.
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Figure 4.17: Test of the Tank Heating Monitoring function on a de-
creasing temperature profile.

Finally, a last check should be made when the temperature is in the
melting zone. As seen previously, the rate of change of the tempera-
ture in this zone is very slow. Therefore, it can be more difficult for the
function to correctly detect the temperature behaviour, which could
led to misdetection. Figure 4.18 shows the results of the function in
the melting zone.
It could be seen that, even for a slow change of temperature, the error
signal remains disabled. Therefore, the function works correctly.
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Figure 4.18: Test of the Tank Heating Monitoring function in the melt-
ing zone.

4.7 Conclusion of the chapter

In this chapter, the focus was on a function of the heating part of the
SCR system. The method used to calibrate this function was highly
based on analysis and simulation. Indeed, a thorough understanding
of the function is necessary to start pre-calibrating it.
The last simulations show that the function works as expected even
in the worst case conditions, which was the goal from the beginning.
However, it would have been ideal to test these parameters on the
bench, in real-life conditions. This will probably be done later in the
future, as the final software which is flashed on the vehicle is not ready
yet.

Possible improvements

Even if it works, the function could be improved. The first major im-
provement which could be done is to add an additional input to the



68 CHAPTER 4. TANK HEATER MONITORING

function: The external temperature. Indeed, the function does not
take into account the external temperature and most importantly, its
variation. The underlying assumption is that a change in the outside
temperature will not affect the heat transfer in the tank. However, after
doing all these tests, this assumption might not be true. Consequently,
even if it would be hard to precisely determine the exact effect of the
variation of the ambient temperature on the variations inside the tank,
it would be relevant to consider it as an input.
The second possibility of improvement concerns the liquid state. In-
stead of determining it through a soak time, it might have been more
relevant to add a threshold for the liquid state as for the others ones,
e.g,a threshold at 4 or 5 ◦C.
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Discussion

At this point, two different approaches of calibrating a system have
been used: the "real-time" calibration method and the one through
simulations. As a first impression, it might seem that it is always better
to use simulations to calibrate before testing on the bench or directly
on the vehicle. However, in practice, it is not obvious how to have a
complete and correct model of the system.
Indeed, many systems are very complicated to model, e.g, the pump
of the ADM of the SCR system. If the pump is considered alone, with-
out being integrated to the system, the transfer function could be easily
found in many studies [15]. The equation of the pump, which contains
a BLDC motor is:

G(s) =
1
Ke

τm · τe · s2 + τm · s+ 1
(5.1)

where Ke is the electrical torque, τe is the electrical constant and τm the
mechanical constant.

Equation (5.1) does not take the disturbances into account. More-
over, it is complicated to model them, as there are many of them and
they come from different sources. Consequently, a complete model of
the pumping strategy is complicated to create.
Therefore, the "real-time" calibration method is used. The different
values of each parameter are directly tested on the bench to make sure
that the correct value is used. However, with this method, it is not
possible to understand how the different functions affect each other.
Although the system is correctly calibrated, it might not be the opti-
mum solution. However, it remains the best method to deal with the
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systems which are intricate. At least, it prevents the odd behaviour of
the system.

The second approach is the one using the beforehand simulations.
In this case, the system has a known model. In the case of the tank
heating monitoring function, the behaviour of the system is not mod-
ified, as the goal of the strategy is only to observe the behaviour of
the heaters. Therefore, it has been possible to acquire the physical in-
puts of the functions and then calibrate it on Matlab/Simulink. The
advantage of the method is that, through the model, the system is well
known. It could be time consuming to find the right model for the
strategy. The first design is never the correct one. Therefore it needs to
be improved many times. However, once the conception of the model
is done, it could help to calibrate more efficiently. For example, for the
tank heater monitoring function, it is possible to test different values
of the parameters with the same package of inputs, which is extremely
time saving knowing the time it takes for the urea to freeze. How-
ever, with this approach, some of the external conditions might not be
taken into account when calibrating the parameters. For example, the
freezing of the tank is made in a climate chamber in which the tank is
motionless and parallel to the ground. The reality might be different
and that is the reason it is always important to make tests on bench
and in real-life conditions.

Both of these methods are used in the industry. They are used in
different situations and they give both reliable results. Therefore, it is
important to master both of them to be able to calibrate all types of
systems.
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Conclusion

The objective of this thesis was to try and compare different methods
of calibrations within the scope of the tuning of a SCR system. The
"Real-time" method and the simulation one are very different. It is
interesting to see that both of them give suitable results, even if the
approach is completely different. However, it is always a plus when
there is a model of the function. That was lacking in the pumping part.
Even if the parameters seem to be correctly calibrated, a model could
be used for a beforehand analysis or even for checking.
It has been genuinely interesting to learn how to calibrate such a com-
plex system, as the SCR one, which has to follow the specific require-
ments given by the different clients. Moreover, the work of a calibra-
tion engineer is at the transition between the theory and the reality,
which makes it very informative. Indeed, trying to respect the require-
ments, understanding all the subtleties of the theoretical models and
functions while taking into accounts all the constraints from the reality
make this research an extremely learning experience.
Possible future work which could be done is to test these parameters
on the vehicle, in real-life conditions. For example, the tests for the
tank heater monitoring function should be made in a cold-weather
country in order to make the urea freeze in the tank. That would con-
firm if the parameters have been correctly calibrated or not. Moreover,
from a more theoretical point of view, it would be better to work to
find a model of the pump and all the strategies linked to it. This would
really be an improvement in the understanding of the system, and it
could be very time saving.
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