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Abstract

As the share of renewable energy sources increases the
need for energy storages increases also due to fluctuat-
ing nature of renewables (solar and wind). Power-to-Gas
(PtG) is one a promising energy storing concept. In PtG
process renewable electric energy is used to produce hy-
drogen via electrolysis. Hydrogen is used together with
carbon dioxide in methanation process to produce storable
methane. Automation and operation logics of PtG plant
have been in the minority in the literature. In this work we
have studied start-up and shutdown logics of a PtG plant
with dynamic simulations. With this approach we have
identified development needs for such logics
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1 Introduction

In the Paris Agreement 2015 governments have agreed to
a long-term goal in global average temperature increase,
global emission to peak as soon as possible and rapid
emission reductions (UN, 2015). European commission
has already 2011 proposed a target for renewable energy
in EU’s overall energy mix to be 20% by 2020 (EREC,
2011). This increases the need for wind and solar energy
which are inconsistent energy forms which have negative
effect on electric grid stability (Go6tz et al., 2016). This
opens a need for long term large capacity electric energy
storage.

One option for energy storing and electric grid stabi-
lizing is the power-to-gas (PtG). The PtG works as a link
between the power grid and the natural gas grid by con-
verting electric energy to gas suitable to gas grid. The
PtG is a two-step process, where firstly H is produced by
water electrolyser and secondly H; together with CO, is
converted to CH4 by a methanation reaction (dena German
Energy Agency, 2015).

Even though the PtG process is usually driven as much
as possible due to high investment costs, sometimes pro-
cess might need to be shutdown. In the literature shut-
downs and start-ups have been presented only for individ-
ual parts of the PtG process e.g. electrolysis (Eichman
et al., 2014). Literature seems to lack of publications and
research related to full dynamic simulations of PtG pro-
cess from electric grid to gas grid. Experimental results
for this process have been presented for example by (Zu-
berbiiler et al., 2016). In this work, all parts of the process
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are modelled individually and the control logics for start-
ups and shutdowns are linked to work together as a plant-
level coordinating system. The main aim of this paper is
to demonstrate the potential of using a dynamic process
simulator in the development of such control logics for
a PtG process. To the authors’ best knowledge, the pre-
sented detailed simulation results are the first of a kind in
the literature.

2 Methodology

Since start-ups and shutdowns are inherently dy-
namic operations, a dynamic simulation platform,
Apros(®) (Savolainen et al., 2016; Silvennoinen et al.,
1989; Tihtinen et al., 2016; Weiss et al., 2016) was used.
The schematic flowsheet of the modelled PtG plant is
shown in Figure 1. The PtG plant modelled in this work
has three 3 MW electrolysers connected to power grid.
Their electrical power consumption follows the grid fre-
quency. Hydrogen and oxygen produced by electroly-
sis are flowing through interim storages before usage for
buffering and compression reasons. Hydrogen is used in
methanation while in this study oxygen does not have any
specific usage. CO, for methanation comes from a con-
stant flow power plant flue gases by MEA absorption. The
captured CO; has also an interim storage mainly for com-
pression reasons. The produced CH4 from methanation
reactor is compressed to natural gas grid pressures in a
compression station.

All individual process components are described in
upcoming subsections. More detailed description of
the process model can be found from the study by
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Figure 1. Flowsheet of the modelled PtG process.
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Savolainen et al. (2016).

2.1 Power grid connection

The power grid connection block takes grid frequency in
hertz as an input. Based on grid frequency the connection
block gives an output electrical power for the electroly-
sers. This power is determined by user given droop curve
in Figure 2. Maximum output power for one electrolyser
was set to 3SMW,.

2.2 Electrolyser

Three alkaline electrolysers working at 1 bar pressure and
70°C nominal temperature were used in this study. Elec-
trolyser modelling was done with current-voltage (IV)
curve from (Zhou and Francois, 2009). IV-curve is used to
calculate the output molar flows of hydrogen and oxygen.
Also released heat from the electrolyser cells is calculated
and the needed cooling circulations with heat exchangers
and major liquid and metal thermal masses are modelled.
The alkaline electrolyser model was validated with indus-
trial scale data and the relative errors were found to be
within +5% (Savolainen et al., 2016).

2.3 Interim gas storages

Interim gas storages for Hp, CO; and O, have similar con-
struction in them, only pressure levels and the numbers of
compression stages are different. In this study, the most
important interim storage is the one for hydrogen. Interim
H, storage has three different pressure levels connected to
each other with semi-isothermal compression trains. More
accurate description of interim H, storage can be found
from (Téhtinen et al., 2016). The purpose of the interim
storage is to stabilize gas flows from fluctuating sources
to processes that need constant inlet gas flow, to provide
storage for possible excess gas and to fill the gap when
gas production is low. For example, hydrogen flow from
electrolysis can be fluctuating heavily when electrolysis is
used to stabilize power grid frequency or when intermit-
tent energy sources are used.

24

Hydrogen and carbon dioxide are mixed before entering
to the methanation reactor. CO, feed from interim stor-
age is controlled to achieve stoichiometric molar ratio (4:1
H,:CO,) for the methanation feed flow. A constant mixed
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Figure 2. Droop curve of power grid connection.
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feed flow from storages used is approximately 0.20 kg/s.
Fixed bed methanation reactor has average pressure of
6.3 bar and the maximum temperature is controlled to be
550°C by steam cooling. A part from the output flow is
recirculated back to the methanation reactor inlet. The
amount of recirculation flow is controlled to by the qual-
ity of the gas produced in methanation. Aim for the CHy
concentration on dry basis is set to 96 mol-%. The re-
circulated flow is cooled and the steam is condensed off
before recirculation compressor. This flow is mixed with
the gas mixture from the interim gas storages. The metha-
nation reactor model was validated with laboratory mea-
surements and was found to be in good agreement with
them as indicated in Figure 3 below.

2.5 MEA CO; capture

Carbon dioxide used in methanation is captured from
flue gas flow with a monoethanolamine (MEA) scrubber
whose model is based on (Rao and Rubin, 2002). The
MEA scrubber model calculates energy needs (reboiler
duty, blower and pump electric energy) for CO, capture.
Assumption in this model is that CO, source has excess
production and is not limiting factor of the process model.
This model has no actual dynamics but it can be used in
the future to determine possible heat integrations of the
process.

2.6 CH,4 compression

Product gas from methanation is cooled and steam is con-
densed off. After water removal the methane concentra-
tion is high enough for the natural gas grid (>95 mol-%).
Methane is compressed to the natural gas grid pressure of
54 bar with a compression train consisting two compres-
sor stages and water driven heat exchangers after them.

3 Control sequences

In this section, control logics for start-up and shutdown
sequences are described. Specific control logics for each
process component are presented.

3.1 CHj compression

Product gas from methanation is cooled and steam is con-
densed off. After water removal the methane concentra-
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Figure 3. Comparison of product gas CH4 mol-% between lab-
oratory measured (CHy) and simulated (CHy, A).

985

September 12th-16th, 2016, Oulu, Finland



EUROSIM 2016 & SIMS 2016

tion is high enough for the natural gas grid (>95 mol-%).
Methane is compressed to the natural gas grid pressure of
54 bar with a compression train consisting two compres-
sor stages and water driven heat exchangers after them.

3.2 Start-up

The start-up is initiated from a cold state. Cold state start-
up is the base case for start-up and it includes every step
that is happening in a start-up. The stat-up order of equip-
ment and the equipment specific routines as well as their
inter-links are described in the following list.

3.2.1 Power grid connection

Since the time constants in power electronics are much
smaller than in other process components there are not
specific dynamic steps taken.

3.2.2 Methanation reactor

In its standby state, the methanation reactor is filled with
hydrogen to prevent unwanted reactions between nickel
catalyst and CO, (Jiirgensen et al., 2015). During the
start-up methanation reactor is firstly heated up to at least
275°C temperature before H, and CO, mixture can be fed
in. This heating is done with an electric heater. During the
start up the product quality does not meet the conditions
for natural gas grid and recirculation is used to increase
the product quality. Recirculation compressor starts when
H; -CO, mixture starts to feed in the reactor. Even though
the methane quality is low during the start-up some of the
methanation product is fed to the natural gas grid. This
is due to the fact that the hydrogen concentration up to
5vol-% is acceptable in the natural gas grid (Melaina et al.,
2013). This also prevents pressure to rise in the methana-
tion reactor uncontrollably high. Steam cooling of the re-
actor starts when methanation reactions cause temperature
at the reactor inlet to rise close to 550°C.

3.2.3 Electrolysers

The three alkaline electrolysis units are identical and their
start-up routine is the same. When alkaline electrolyser
is shut off it is filled with nitrogen gas to prevent catalyst
oxidation (@ystein et al., 2010). During start-up incom-
ing water pushes nitrogen out from the cells. Water feed
is opened when power feed from grid connection starts.
Electric current cause’s water to split into hydrogen and
oxygen and the hydrogen prevents catalyst oxidation now.

Alkaline electrolysis start-up takes from 30 to 60 min-
utes (Dystein et al., 2010). In literature it is not speci-
fied how long it takes for removing the purge gas and how
long it takes to heat up the electrolyser. For this reason
in our model production restrictive part is taken to be the
heating up of the equipment and nitrogen removal is not
modelled. Production of Hy and O, gases in the model
starts instantaneously when power feed is turned on. This
needs further validation as it is still unclear how produc-
tion behaves during start-up. Part of the hydrogen should
be used to prevent catalyst oxidation. The power feed to
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the electrolysers is started when temperature of methana-
tion reactor is 230°C.

3.2.4 Interim gas storages

Interim gas storages have a control to keep the pressure at
the inlet at the constant level. This control becomes ac-
tive whenever there is an inlet flow causing the pressure
rise. Outlet of the storages opens when downstream part
of the process is ready for this. In other words, the in-
terim hydrogen storage outlet opens when the methanation
is heated up to the "ignition" temperature (at least 275°C)
of methanation reaction. Next, CO, feed opens to fulfil
stoichiometric molar feed ratio and finally CO; feed from
MEA to interim storage is opened when storage outlet has
been opened.

3.2.5 CH,4 compression

The compression train in CH4 compression unit is turned
on when methanation reactor is heated up. Feed to the nat-
ural gas grid can be started at this point even though CHy
concentration is low and H; concentration is high. CHy
compression is set to keep the pressure in the methanation
reactor at 6.3 bars.

3.3 Shutdown

Shutdown sequence is a reverse process to start-up with
some changes in actions of some process components.

3.3.1 Methanation reactor

Methanation reactor shutdown starts by extinguishing
methanation reactions in the reactor. This is done by stop-
ping CO; feed. Only pure hydrogen is feed to the metha-
nation reactor until its H, concentration is close to 95 m-
percent. Recirculation is closed and high H; concentration
gas mixture is fed to the natural gas grid. When there is
no CO; in the reactor it is safe to turn the cooling off.
Additional cooling is not done for the reactor to reach the
ambient temperature; this cooling is done only by natural
convection.

3.3.2 CH,4 compression

Shutdown of methanation happens by decreasing the CO,
concentration in the reactor. This causes decrease in the
methnation reactions. The concentration of CH4 decreases
and H; increases. This is thought to not be a problem as
it is allowed to feed some H to the natural gas grid. CHy
compressors first follow the inlet pressure and when Hj
fed to the methanation reactor is closed are CH4 compres-
sors also closed.

3.3.3 Interim gas storages

CO;, feed to methanation is first to close during shutdown
as explained in previous section. MEA capture is kept run-
ning until pressure vessels in CO; storage are full. H, feed
to methanation is open until desired H, concentration in
methanation reactor is reached. Compressors in H, and
O, storages close as the feed from electrolysers stops.
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3.3.4 Electrolysers

The model of alkaline electrolyser doesn’t contain any real
volume to where purge nitrogen could be fed during shut-
down. For this reason the electrolyser shutdown is done
by shutting the power feed from the power grid connec-
tion. The power feed is turned off when H, interim stor-
age is full. Hj storage is filled before total shutdown so
that start-up of electrolyser and methanation can be done
simultaneously. Cooling water feed is working as long as
heat is produced in the electrolyser. Cooling to ambient
temperature is left to be done by natural convection. In
future development should be done to get the purge nitro-
gen feed for the model. Nitrogen gas flow works also as
cooling agent which is beneficial for the electrolyser as
oxidation is less severe in lower temperatures.

4 Results

In the experiment the start-up and shutdown sequences
were activated by the operator, not process conditions.
The start-up sequence was initiated after 10 minutes of
steady down period. Star-up sequence was driven for 5
hours and 50 minutes. This time was long enough to stabi-
lize the methanation process as can be seen from Figure 4.

The shutdown was started after the PtG plant had stabi-
lized to normal mode, at the 6 hour mark in Figure 4-6. As
can be seen, the shutdown process is much faster as elec-
trolysers and methanation reactor were left to cool down
only by natural convection. In total, 4 hours of shutdown
was simulated to see at least some cooling in electrolysers,
see Figure 5. Cooling of the methanation reactor was min-
imal due to the high total mass of the equipment and the
insulation effect of steam cooling jacket.

Cold start-up of the methanation reactor is the slow-
est part of the PtG plant start-up. From the literature we
did not find any time values for the methanation reactor’s
cold start-up. Heating ramp used in the simulations was
selected so that too high temperature gradients would not
happen, since a high temperature gradient could have neg-
ative effect on the catalyst durability. In the simulations
the highest temperature gradients were found to happen
when H; and CO, mixture feed was opened and closed,
at 3 and 6 hour marks respectively in Figure 3. During
start-up average temperature of the methanation reactor
experienced 100°C drop in 3 minutes. Reason for this
is the start-up of the recirculation and CH4 compression
units. Inlet gas is not heated before coming to the reactor
and sudden rise on the flow cools the reactor. Also, rapid
changes in temperature can result from changing reaction
mixture composition. In other words, if the feed H,:CO,
molar ratio deviates from the stoichiometric value of 4:1,
the reaction speeds and thus released heat is affected.

Fast changes in the gas feed causes also pressure fluc-
tuations, which are detrimental for the durability of cata-
lyst, in the methanation reactor, are seen at the lower part
of Figure 4. During the start-up the methanation reactor
experienced a pressure drop of 3.4 bars in a bit over 1.5
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minutes.

During the start-up and steady operation of electroly-
sers the power from the power grid connection was fluctu-
ating because grid frequency control was participated in.
This did not cause high temperature gradients in the elec-
trolyser and was found to be possible operation mode. To-
tal heating up time for the electrolysers was 1 hour and
43 minutes, see Figure 5, top. Reason for long heating up
time is the 1.8 MW average electric power used during the
heating up period. Start-up period was also used for power
grid frequency controlling. Start-up times from 30 to 60
minutes mentioned in literature could be achievable with
maximum electric power of 3 MW.

The alkaline electrolysis H, and O, productions start
instantaneously when electric power is switched on and
the effect of temperature has low impact to this, Figure 5
lower part. This part of the electrolyser model needs fur-
ther investigation and development.

Flow from the methanation to the natural gas grid has
high changes in quality, measured as CH4 molar-%, dur-
ing the start-up and shutdown. During start-up this flow
changes from a high H, concentration to high CH4 con-
centration (and during shutdown vice versa), as can be
seen in Figure 6. As mentioned in previous sections this
is thought to be acceptable because the natural gas grid
can take up to 5 vol-% of hydrogen. Changes are happen-
ing relatively fast (<30min) and the flow is also lower than
during the steady operation.

Above 1 vol-% CO, concentration was observed dur-
ing the start-up for a time interval of a bit less than 30
minutes. Reason for this is the same as for high tempera-
ture and pressure swings in the methanation: compressors
for the recirculation and the natural gas grid compression
having too fast start-up ramp. Other than this the prod-
uct gas quality has found to be good during start-up and
shutdown.

5 Conclusions and future work

This paper presented a simulation-aided control develop-
ment study for a PtG plant. In the results we showed ex-
ample simulations of plant start-up and a shutdown. The
first contribution of the paper was to show the potential of
using dynamic simulation in identifying control develop-
ment needs in the PtG process. The second contribution
was the actual development needs, namely:

e CH, compression start-up to minimize the amount
of CO; to the natural gas grid and to minimize the
temperature and pressure swings in the methanation
reactor.

e Nitrogen purge for alkaline electrolyser.

o Effect of temperature in the alkaline electrolyser.

In the future, partial shutdown and start-up sequences will
be implemented into the model, allowing for example the
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sequences.

methanation to be shut down when either hydrogen or car-
bon dioxide storage is empty. Also, optimization could be
done e.g. on how to do the electrolysis start-up, with max-
imum electric power vs. frequency control mode used in
this study. Also, heat integrations are planned to be done
for the model and their effect to the start-up and shutdown
logics need to be studied.

While this study presented only one case study, it can be
argued that the PtG plant wide dynamic simulation aided
control development approach taken here has wider appli-
cability. Firstly, the process under study is not in any way
uncommon to the chemical industry as it contains typical
unit operations such as electrolysis, reactors, mixing, sep-
arations and storage. Secondly, the unit operations models
utilized in the study are validated. Thirdly, as the results
show, we were able to identify control development needs
using the approach. Thus, it stands to reason that a simi-
lar approach is likely to be applicable and useful in other
cases as well.

6 Acknowledgment

The authors gratefully acknowledge the public co-
financing of Tekes, the Finnish Funding Agency for Inno-
vation, for the ’Neo-Carbon Energy’ project under grant
number 40101/14.

References

dena German Energy Agency. Power to gas system solution.
opportunities, challenges and parameters on the way to mar-
ketability., 11 2015. URL http://www.powertogas.
info/fileadmin/content/Downloads/Brosch%
C3%BCren/dena_PowertoGas_2015_engl.pdf.

J. Eichman, K. Harrison, and M. Peters. Novel Electrolyzer

DOI: 10.3384/ecpl7142984

Proceedings of the 9th EUROSIM & the 57th SIMS

Applications: Providing More Than Just Hydrogen. Sep
2014. doi:10.2172/1159377. URL http://www.osti.
gov/scitech/servlets/purl/1159377.

European Renewable Energy Council EREC. Mapping renew-
able energy pathways towards 2020, 2011.

Manuel G6tz, Jonathan Lefebvre, Friedemann Mirs, Amy Mc-
Daniel Koch, Frank Graf, Siegfried Bajohr, Rainer
Reimert, and Thomas Kolb. = Renewable power-to-gas:
A technological and economic review. Renewable
Energy, 85:1371 - 1390, 2016. ISSN 0960-1481.
doi:https://doi.org/10.1016/j.renene.2015.07.066. URL
http://www.sciencedirect.com/science/
article/pii/sS0960148115301610.

Lars Jirgensen, FEhiaze Augustine Ehimen, Jens Born,
and Jens Bo Holm-Nielsen. Dynamic biogas up-
grading based on the sabatier process:  Thermody-
namic and dynamic process simulation. Bioresource

Technology, 178:323 — 329, 2015. ISSN 0960-8524.
doi:https://doi.org/10.1016/j.biortech.2014.10.069. URL
http://www.sciencedirect.com/science/
article/pii/sS0960852414014916.

Marc Melaina, Olga Sozinova, and Michael Penev. Blending
hydrogen into natural gas pipeline networks: A review of key
issues, 01 2013.

Anand B. Rao and Edward S. Rubin. A technical, economic,
and environmental assessment of amine-based co2 capture
technology for power plant greenhouse gas control. Envi-
ronmental Science & Technology, 36(20):4467-4475, 2002.
doi:10.1021/es0158861. URL http://dx.doi.org/
10.1021/es0158861. PMID: 12387425.

Jouni Savolainen, Lotta Kannari, Jari Pennanen, Matti T#htinen,
Teemu Sihvonen, Riku Pasonen, and Robert Weiss. Opera-
tion of a PtG plant under power scheduling, 03 2016.

989

September 12th-16th, 2016, Oulu, Finland


http://www.powertogas.info/fileadmin/content/Downloads/Brosch%C3%BCren/dena_PowertoGas_2015_engl.pdf
http://www.powertogas.info/fileadmin/content/Downloads/Brosch%C3%BCren/dena_PowertoGas_2015_engl.pdf
http://www.powertogas.info/fileadmin/content/Downloads/Brosch%C3%BCren/dena_PowertoGas_2015_engl.pdf
http://dx.doi.org/10.2172/1159377
http://www.osti.gov/scitech/servlets/purl/1159377
http://www.osti.gov/scitech/servlets/purl/1159377
http://dx.doi.org/https://doi.org/10.1016/j.renene.2015.07.066
http://www.sciencedirect.com/science/article/pii/S0960148115301610
http://www.sciencedirect.com/science/article/pii/S0960148115301610
http://dx.doi.org/https://doi.org/10.1016/j.biortech.2014.10.069
http://www.sciencedirect.com/science/article/pii/S0960852414014916
http://www.sciencedirect.com/science/article/pii/S0960852414014916
http://dx.doi.org/10.1021/es0158861
http://dx.doi.org/10.1021/es0158861
http://dx.doi.org/10.1021/es0158861

EUROSIM 2016 & SIMS 2016

E. Silvennoinen, M. Hinninen, K. Juslin, K. Juslin,

Valtion teknillinen tutkimuskeskus, K. Porkholm, and O.
Tithonen.  The APROS Software for Process Simula-
tion and Model Development.  Tutkimuksia (Valtion
teknilli-nen tutkimuskeskus). Technical Research Centre of
Finland, 1989. ISBN 9789513834630. URL https://
books. google.fi/books?id=gqBvIAAAACAAJ.

Matti Tahtinen, Teemu Sihvonen, Jouni Savolainen, and Robert
Weiss. Interim H2 storage in power-to-x process: Dynamic
unit process modelling and dynamic simulations case process
and modelling principles, 03 2016.

United Natios UN. Paris agreement, 12 2015.

Robert Weiss, Jouni Savolainen, Pasi Peltoniemi, and Eero
Inkeri. Optimal scheduling of a P2G plant in dynamic
power heat and gas markets, 03 2016.

@ystein Ulleberg, Torgeir Nakken, and Arnaud Eté.  The
wind/hydrogen demonstration system at Utsira in

Norway:  Evaluation of system performance using
operational data and updated hydrogen energy sys-
tem modeling tools. International Journal of Hy-
drogen Energy, 35(5):1841 - 1852, 2010. ISSN
0360-3199. doi:https://doi.org/10.1016/
j-ijhydene.2009.10.077. URL

http://www.sciencedirect.com/science/
article/pii/S0360319909016759.

Tao Zhou and Bruno Francois. Modeling and control design of
hydrogen production process for an active hydrogen/wind
hybrid power system. [International Journal of Hydro-
gen Energy, 34(1):21 - 30, 2009. ISSN 0360-3199.
doi:https://doi.org/10.1016/j.ijhydene.2008.10.030. URL
http://www.sciencedirect.com/science/

article/pii/S0360319908013141.
U Zuberbiiler, M Specht, H Jachmann, S Schwarz, B Stiirmer,

B Feigl, and S Steiert. Project: automatic operation of a
power-to-gas plant based on simulated timetables in scenar-
ios with high shares of renewable power and the development
of a smart gas grid injection concept, 03 2016.

DOI: 10.3384/ecp17142984 Proceedings of the 9th EUROSIM & the 57th SIMS
September 12th-16th, 2016, Oulu, Finland

990


https://books.google.fi/books?id=qBv9AAAACAAJ
https://books.google.fi/books?id=qBv9AAAACAAJ
http://dx.doi.org/https://doi.org/10.1016/j.ijhydene.2009.10.077
http://www.sciencedirect.com/science/article/pii/S0360319909016759
http://www.sciencedirect.com/science/article/pii/S0360319909016759
http://dx.doi.org/https://doi.org/10.1016/j.ijhydene.2008.10.030
http://www.sciencedirect.com/science/article/pii/S0360319908013141
http://www.sciencedirect.com/science/article/pii/S0360319908013141

	Introduction
	Materials and Methods
	Results and Discussion
	Conclusions
	Introduction
	Calculation formulas
	Calculation of Intra-Ocular Lens for Non-Normal Eyes

	Back ground of studies
	Artificial Neural Network
	Real data
	Collected Data
	Specification of Patients Data Selected for Collection
	Specification of Preprocessing Parameters


	Results
	Objective
	ANN training
	ANN settings
	Results

	Conclusion
	Future work
	Introduction
	Homeostasis, Disturbance Rejection and Set Point Tracking
	Controller Motifs

	Results
	Dynamic Properties of Controller Motifs
	Tuning of Individual Controllers

	Conclusions
	Introduction
	Modelling the pharmacokinetics of propofol
	The 3-compartmental model
	Effect-site concentration model
	Model parameters

	Model verification
	Simulation results
	Propofol inflow
	Plasmatic concentration
	Effect-site concentration
	Evaluation of the predictive quality of the model

	Conclusion
	Introduction
	Modular Model Predictive Control Concept
	Building Setup
	Modular Predictive Control Concept

	Energy Supply Level - ESS - Models
	Linear Models
	Hybrid Models

	Model Predictive Controllers
	Objective Function
	LMPC
	MI-MPC

	Simulation Results
	Simulation Setup
	Demonstration of MPCC Performance
	Comparison between MPCC and RBC

	Conclusion
	Introduction
	Data Properties
	Macro Money Systems in QEs
	Behavior in QE1=(2008m11,2010m06)
	Behavior in QE2+=(2010m11,2012m08)
	Behavior in QE3=(2012m09,2014m10)

	Transmission Path of Housing Price from Reserve to Economic Activity
	Decomposition of M2 into Transaction and Precautionary Money Demands in (1975m10, 2016m03)
	Estimation of Precautionary Money Demand
	The Role of Business Condition u(t)=napm-50 in Transmission Mechanism of QEMP during QE1, QE2+ and QE3

	Conclusion
	Introduction
	Mathematical Model
	Model Parameters and Geometry
	Results and Discussions
	Conclusions
	Introduction
	Field Excitation Control
	Capability Curve
	Classical Control

	Concept and Formulation of MPC
	MPC as Excitation Control
	Modeling and Control Workflow

	Tuning the MPC Controller
	Time Response
	Open Circuit Conditions

	First-swing Angle Stability Enhancement
	Long-term Voltage Stability Enhancement
	Steady-state Voltage Stability
	Power System Simulator
	LTVS Simulations

	Discussion
	Conclusion
	Introduction
	Grid impedance model
	Impedance-based instability studies
	Practical implementation
	Conclusion
	Aknowledgements
	Introduction
	Literature Review
	Circulating Fluidized Bed Boilers
	Characteristics of RDF
	Agglomeration

	Methodology
	Description of Model
	Mass and Energy Balances
	Hydrodynamics

	Results and Discussion
	Validation
	Agglomerate Prediction

	Conclusion
	Introduction
	Theory
	Stability of Grid-Connected System
	Maximum-Length Binary Sequence

	Implementation in dSPACE
	System Setup
	Experiment

	Conclusions
	Introduction
	Governing Equation for Flow Modeling
	KP Numerical Scheme
	Simulation of the River Flow
	Results and Discussion
	Simulation Results
	Simulation Results for Numerical Stability Analysis

	Conclusion
	Introduction
	Air preparation process
	Fuzzy identification
	Takagi-Sugeno fuzzy model
	Fuzzy clustering

	Data collection
	Structure selection
	Input and output variables
	Representation of the systems' dynamics
	Fuzzy models granularity

	Fuzzy clustering and model validation
	Comments on resulting model performance

	Control experiments
	PID control
	Supervisory logic

	Conclusions
	Introduction
	First step - DES model
	Second Step - Portfolio optimization

	Stochastic DES model through markovian properties
	Product-Form Networks - Convolution algorithm
	Marginal probability
	Mean response time

	Load-haulage cycle
	DES model: Load-haulage system
	Project portfolio formulation
	Conclusion
	Introduction
	Overview of the Method
	Computing the Encounter Probabilities
	Example

	State Transition Matrix
	Projectile with a Single Sensor Fuzed Submunition
	Example
	Projectile with Two Sensor Fuzed Submunitions

	Failure Probability of the System
	Conclusion
	Hydro-pneumatic Accumulator
	Recent Research
	Purpose of This Study

	Logical Structure of Simulation Model
	Physics of Piston Type Hydro-Pneumatic Accumulator
	Nitrogen gas
	Mechanical Structure
	Hydraulic Fluid

	Conceptual Model

	Mathematical Model
	Equations for Nitrogen Gas
	Equations for Piston
	Equations for Friction
	Equations for Hydraulic Fluid
	Equations for Orifice

	Modelling in MATLAB/Simulink
	Calibration and Validation of the Simulation Model
	Testing Setup
	Laboratory Tests
	Validation

	Conclusion
	Introduction
	Contributions
	Setup for the analysis
	Experimental data
	Compressor Map
	Compressor Isentropic Efficiency
	Corrected Mass Flow
	Data Treatment

	 Pressure Losses in Gas Stand
	Pressure Loss in Straight Pipe
	Friction Factor - Laminar Flow
	Friction Factor - Turbulent Flow
	Pressure Loss In Bend
	Pressure Loss in Inlet Nozzle and Outlet Diffuser
	Adjust Measured Data
	Calculate New Compressor Efficiency

	Effect of pressure losses on measured compressor efficiency
	Compressor and Pipes Dimensions
	Case 1: Straight Pipes
	Case 2: Pipes with Diffuser and Nozzle
	Case 3: Pipes with Diffuser, Nozzle and Bend

	Summary and Discussion
	Future Work
	Conclusion
	Introduction
	Traffic Regulation: Stage selection
	Signal Control Schemes
	Pre-timed network control
	Max-Pressure Practical (MPract)

	Modelling and Simulation Overview
	An event-driven approach
	PointQ design

	Case Study-Data description
	From theory to applications
	System Stability
	Trajectory Delay Measurement
	Queue Delay Measurement
	Varying Traffic Conditions

	 PointQ versus AIMSUN Network Performance
	Evolution of phase (137,154)
	Evolution of phase (254,237)

	Conclusion
	Introduction
	Background
	MVB and Master Transfer
	Multifunction Vehicle Bus
	Mastership Transfer

	Model Checking with temporal logic

	System Modelling
	Bus Administrator Modelling
	basic data structure
	finite state machine of Bus Administrator

	Communication and Timing Modelling
	communication mechanism of BusAdmin
	timing mechanism


	Property Modelling
	Property Classification
	safety property
	liveness property

	Live sequence charts
	Observer Automata modelling

	Experiments
	Conclusion
	Introduction
	Experimental data
	Modeling
	Compressor
	Turbine
	EGR Blowers
	Auxiliary Blower
	Exhaust Back Pressure
	Combustion Species and Thermodynamic Parameters

	Parameterization Procedure
	Complete stationary parameterization
	Dynamic estimation

	Model Validation
	Conclusions
	Nomenclature
	Introduction
	Fundamentals
	Safe Active Learning
	The high pressure fuel supply system

	Design and Implementation
	Training of the hyperparameters
	The discriminative model
	The risk function
	The path to the next sample
	The algorithm

	Evaluation
	Evaluation in simulation
	Evaluation at a test vehicle

	Conclusion
	Introduction
	Modelling
	Centre of Gravity
	Aerodynamic Forces
	Definition of Angles
	Lever Arms
	Catenary
	Equations of Motion
	Velocities
	Self Stabilisation
	Complete Model

	Model Parameters
	Simulation Results
	Gliding Flight
	Towing Process

	Conclusions
	Introduction
	Context
	Compton scattering tomography (CST)

	Modelling of the new CST modality
	Proposed setup by back-scattering
	Direct problem : Image formation
	The half-space Radon transform (HRT)
	Image formation

	Inverse problem : Object Reconstruction
	Inversion of the HRT
	Filtered back-projection


	Simulation of the new CST modality
	Energy resolution of the detector
	Spatial discretization
	Window functions

	Conclusion and perspectives
	Introduction
	Powertrain model
	Problem formulation
	Tip-in problem constraints
	Boundary conditions for the tip-in problem
	Path constraints during tip-in

	Optimal control problem formulation
	Numerical solution of optimal control problems

	Optimal control results
	Extreme transients
	Compromise between time, Jerk and energy
	Jerk-Energy trade-off
	Efficient state and control transients

	Conclusions
	An Improved Kriging Model Based on Differential Evolution
	1 Introduction
	2 Theory of kriging model
	3 Kriging model based on DE algorithm
	3.1 Theory of DE algorithm
	3.2 Kriging interpolation based on DE algorithm
	3.3 Process of kriging Model based on DE algorithm

	4 An engineering example
	4.1 Setting DE algorithm parameters
	4.2 Data preprocessing
	4.3 Model computation and optimization

	5 Conclusion
	Introduction
	Model for slug flow
	Simulation for slug flow
	State estimation
	Control strategies
	Model predictive control
	PI control

	Simulation results and discussion
	Control structure I
	Control structure II
	Control structure III

	Computational time for MPC
	Maximum valve opening
	Conclusion
	Introduction
	Description of the loading bridge
	Modelling with Modelica
	Package of mechanical components Mechanics
	Package of causal components Blocks
	Structure and components of the overall model
	Model of the loading bridge
	World
	Cart
	Pendulum
	Drive


	Controller in Matlab Simulink environment
	Experiments
	Open loop experiments
	Closed loop experiments

	Conclusion
	Introduction
	MMT - Mathematics, Modelling and Tools
	Structure of MMT
	Usage of MMT

	Maple T.A. - Maple Testing and Assessment
	Structure MTA
	Usage MTA
	Mathapps
	MTA - Moodle Connector

	Case Study
	Conclusion
	Outlook
	Introduction
	Signal processing
	DFT and derivatives
	lp-norms and MIT-indices
	Nadaraya-Watson nonparametric regression

	Measurements and gearbox properties
	Load haul dumper front axle
	Water power station gearboxes

	Calculations from the LHD measurements
	Calculations from the WPS measurements
	Conclusion
	Introduction
	Preliminaries
	Problem Statement
	Vector Smoothing Splines

	Trajectory Planning
	Trajectory between Two Lines
	Centerline and Intermediate Time Instants
	Smoothing Spline Trajectory

	Numerical Examples
	Path with Piecewise Linear Boundaries
	Path in Obstacle Avoidance Problem

	Concluding Remarks
	Introduction
	Literature Review
	Dynamic multi-workstation model based on electrical components

	Simulation Model with a PI Controller
	Test and Results
	Final Remarks
	Introduction
	Related Work
	Methodology
	DataSet

	Semantic Identification Through Multiple Classifiers
	Global Feature Extraction through Wavelet Decomposition
	Deep Learning of Neural Network

	Image Retrieval
	Performance Analysis
	Conclusion
	Motivation
	Related work
	Data set and pre-processing
	Defining the curvature of a steel plate
	Experiment
	Discussion
	Conclusion
	Introduction
	New Evolutionary Computation
	Island model parallel distributed in NN-DEGA
	Self-adaptive using Neural Network
	Reconstruction of differential vector
	Elite strategy

	Numerical Experiments
	Benchmark Functions
	Experiment Results
	Comparison for Robustness

	Conclusion
	Introduction
	Classical RF Prediction
	Fuzzy Clustering Prediction
	Analysis
	Conclusion
	Introduction
	Dynamic Artificial Neural Network 
	Back Propagation Through Time (BPTT)
	Real Time Recurrent Learning (RTRL)
	Extended Kalman Filter Learning (EKF)

	Experimental Set-up
	Results
	Simulation Study
	Experimental Study

	Conclusion
	Introduction
	Overview of Toolbox
	DANN Main
	Uploading data set
	Division of data set
	Validation check
	Bias
	Learning algorithm
	Learning parameters
	Past inputs and outputs
	Additional parameters

	Parameter Tuning
	Plot Menu
	Performance plot
	Regression plot
	Prediction plot
	Parameter plot
	Error plot

	Additional information
	Installing the MATLAB DANN toolbox

	Case Studies
	Case I: BPTT learning algorithm for flow measurement
	Case II: EKF learning algorithm for temperature measurement
	Case III: RTRL learning algorithm for mortality prediction

	Conclusion
	Modeling and Simulation of Train Networks Using Max-Plus Algebra
	1. Introduction
	2. Max-plus algebra
	3. Scheduled max-plus linear systems
	4. Timetable stability
	4.1 Delay sensitivity analysis
	4.2 Dynamic Delay Propagation
	4.3 Recovery Matrix

	5. Conclusion
	Introduction
	Construction of DBN metamodels
	Utilization of DBN metamodels
	Example analysis - simulated operation of air base
	Conclusion
	Introduction
	Metastable liquids

	Model for two phase flow and phase transition
	The van der Waals equation of state

	Solver
	Stiff pressure relaxation
	Stiff thermodynamic relaxation

	Experiments
	Simulation set-up
	Results and discussion
	Conclusion
	Introduction
	ParModelica
	Previous Research on PDEs in Modelica
	Partial Differential Equations (PDE)
	Explicit Form

	Numerics
	Discretisation
	Runge-Kutta with Variable Step Length

	General-Purpose Computing on Graphics Processing Units (GPGPU)
	PDEs in Modelica
	Algorithmic Modelica and ParModelica
	Solver Framework
	User Defined State Derivative and Settings
	Types Used by the Solver
	Solvers

	Use Case — Heat in Plane
	Poor Insulation and Constant Temperature
	Constant Temperature Depending on Location

	Performance Measurement
	Pros & Cons of Solver Written in Modelica
	Conclusions
	Blood Flow in the Abdominal Aorta Post 'Chimney' Endovascular Aneurysm Repair
	1 Introduction
	2 Methodology
	2.1 Governing Equations
	2.2 Anatomical Model
	2.3 Numerical Model
	2.4 Numerical Discretization

	3 Results
	3.1 Validation
	3.2 Flow Patterns
	3.3 Flow Regime

	4 Discussion and Conclusions
	Introduction
	Spin-Image Algorithm
	The Proposed Parallel Spin-Images Algorithm
	Results and Analysis
	Platform Specification
	Experimental Data
	Results

	Conclusions and future work
	Introduction
	Overview of Python API
	Goal
	Installing the OMPython Extension
	Status
	Description of the API
	Python Class and Constructor
	Utility Routines, Converting Modelica  FMU
	Getting and Setting Information
	Operating on Python Object: Simulation, Optimization
	Operating on Python Object: Linearization


	Use of API for Model Analysis
	Case Study: Simple Tank Filled with Liquid
	Model Summary
	Modelica Encoding of Model
	Use of Python API
	Basic Simulation of Model
	Parameter Sensitivity/Monte Carlo Simulation

	Discussion and Conclusions
	Introduction
	Related Work
	Virtual Testing of Open embedded Systems
	Simulator Coupling for Network Simulation
	Network Fault Injection Testing
	Case Study
	Conclusions and future work
	Validation Method for Hardware-in-the-Loop Simulation Models
	1 Introduction
	2 Validation Methods
	2.1 Open-Loop Operation
	2.2 Independent Closed-Loop Operation
	2.3 Compensated Closed-Loop Operation

	3 Related Work
	3.1 Example Circuit
	3.2 Simulation Models

	4 Simulation Results
	4.1 Models with Different Switching Delays
	4.2 Discrete-Time Models
	4.3 Fixed-Point Models

	5 Conclusion
	Introduction
	Control Engineering: The Teacher's Challenge
	New Curriculum For Teaching Automatic Control
	Luma Activity
	Conclusion
	Introduction
	The Activated Sludge Process
	Mass balances and expression for the sludge age
	The settler

	ASP with ideal settler model
	Steady-state solutions
	Substrate input-output relationship for constant sludge age

	ASP with DZC settler model
	Steady-state solutions
	Substrate input-output relation for constant sludge age

	An approximation for S* given 0
	Numerical example
	Theorem 1
	Theorem 2

	Conclusions
	Introduction
	Materials and Methods
	Gaussian Mixture Models
	GMM based fault detection criteria

	Case Study: Monitoring a Secondary Settler
	Results 
	Discussions
	Conclusions
	Introduction
	Industrial Process Description
	SIAAP Waste water and sewage Sludge Treatment Process
	Incineration Process
	The Furnace
	The Heat Exchanger


	Identification Process Overview
	Sludge Incineration sub-models: Input-output interaction.
	Identification Strategy

	Validation Methods
	Absolute Criteria
	Relative reference-model criteria

	Results and Discussions
	Relative Reference-Model Criteria Results

	Conclusion
	1 Introduction
	2 Modelling
	2.1 Basic Process Components
	2.2 Boiler Evaporator Loop
	2.3 Test Model

	3 Simulation Tests
	3.1 Comparison of Numerical Solvers
	3.2 Effects of Initial State and Parameters

	4 Conclusions
	Introduction
	TCP-100 solar field description
	Mathematical modeling of TCP-100 solar field
	 Optical and geometric efficiencies
	Characteristics of the heat transfer fluid
	Thermal losses

	Simulations
	Conclusion
	Introduction
	Description of a Basic Gas Turbine Model
	Compressor
	Combustion Chamber
	Turbine Module

	Computational Causality And Conditions for Numerical Convergence
	First Principles Compression and Expansion Maps
	Compression Case
	Expansion Case

	Simulation Results
	Conclusion
	Appendix
	Introduction
	Modelling methodology, libraries and tools
	Plant Description
	Innovative aspects
	OTSG topology

	Device modelling
	Re-used components
	Custom component models
	Separator
	Feedwater heater
	Deaerator
	MS fluid model


	Plant modelling
	OTSG model
	Turbine model
	Feedwater preheaters train
	Plant control system
	Complete plant model

	Simulation objectives - methodology
	Simulation performance
	Conclusion
	Introduction
	Formal Problem Statement and SVM
	SVM by Set-Valued Training Data
	A Modification of the AdaBoost
	Imprecise Updating Weights of Robots
	Conclusion
	Introduction
	Methodology
	Power grid connection
	Electrolyser
	Interim gas storages
	Methanation
	MEA CO2 capture
	CH4 compression

	Control sequences
	CH4 compression
	Start-up
	Power grid connection
	Methanation reactor
	Electrolysers
	Interim gas storages
	CH4 compression

	Shutdown
	Methanation reactor
	CH4 compression
	Interim gas storages
	Electrolysers


	Results
	Conclusion and future work
	Acknowledgment
	Introduction
	Mathematical Model
	Assumptions
	Development of Model
	Material Balance
	Energy Balance
	Heat Exchanger


	Simulation Results and Discussion
	Simulation Results
	Comparison with Previous Work

	Conclusions
	1 Introduction
	2 Herding behavior of rhinos
	2.1 A synoptic model of space use
	2.2 Population size updating model

	3  Rhino herd (RH) algorithm
	3.1 Synoptic model
	3.2 Population size updating model
	3.3 RH algorithm

	4 Simulation results
	5 Discussions and conclusions
	Acknowledgements
	References

	Introduction
	Structure and Kinematics of the Double-Spiral Mobile Robot
	Structure
	Forward kinematics
	Gripper positions
	COG

	NESM
	Numerical Case Study
	Conditions and methods
	Results

	Discussion
	Conclusion
	Introduction
	Data analysis
	Nonlinear scaling
	Interactions
	Uncertainty
	Natural language

	Recursive analysis
	Scaling
	Interactions
	Fuzzy logic
	Smart adaptive systems

	Temporal analysis
	Trend indices
	Fluctuations
	Changes of operating conditions

	Conclusion
	Introduction
	MOEA/D
	Algorithm
	Focused Issue

	Proposed Method: Chain-Reaction Initial Solution Arrangement
	Aim and Concept
	Method

	Experimental Settings
	Results and Discussion
	Search Performance at Final Generation
	Search Performance over Generations

	Conclusions
	Introduction
	Modeling demand-side management
	Markets
	Actors
	Other elements

	Controlling consumption
	Optimizing scheduling
	Controlling (via) frequency

	Discussion and conclusions
	Introduction
	Components and Parameters of Musical Expression
	Learning Support System of Musical Representation
	Generation of Example of Musical Expression
	Construction of Kansei Space
	Image Estimation
	Parameter Values Estimation using Fuzzy Inference
	Interactive Modification of Musical Expression

	Comparison of Parameter of Musical Expression
	Advice for Parameter of Musical Expression

	Range of Learner's Musical Expression on Kansei Space
	Estimation of Range of Musical Expression
	Advice about Impression


	Experiment
	Results and Discussions

	Conclusion
	Introduction
	Formulating the GA Optimization
	The Problem Encoding
	The Objective Function (Fitness)
	Selecting The GA Operators
	Tuning the GA Parameters

	FPGA Implementation
	GA's HDL Entities
	Fitness
	Selection
	Crossover
	Mutation
	Generating Pseudo Random Sequences
	Replacement

	Performance Evaluation
	Functional Verification
	Fitness
	Selection
	Replacement
	Crossover
	Mutation
	LFSRs
	Comparator


	Integrating GA into the SoC
	Interfacing GA with the HPS
	Controlling GA from the Linux host

	Conclusion and Future Work
	Introduction
	Related Work
	Earthmoving Simulator
	Workspace Subdivision with Scoop Area
	High Point and Zero Contour Methods
	Simulation Results and Discussion
	Conclusion and Future Work
	Introduction
	SDNized Wireless LAN Testbed
	 Central Manager
	 Aggregator and Transport Network
	 Network Edge
	 Android Measurement Application
	Experiment Automation

	Mobility Management - A Use-Case Scenario Implementation
	Mobility Handling in Developed Testbed
	Logging 
	Running the Experiment
	Parsing and aggregating results


	Conclusion

