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Editorial  
Dear  Readers, this third issue continues  the post-conference publications from ASIM’s Symposium Simulation Technique in  
Munich, September 2024, with improved English versions of the German version in the conference proceedings publications 
from ASIM’s Symposium Simulation Technique in Munich, September 2024: J. Wittmann et al. discuss in a Short Note ‘Will AI 
Make Simulation Superfluous ?’ and report in a technical paper on ‘Ultrafine Particles and the Occurrence of Heavy Rain:  
Model-Based Search for a Causal Relationship’, and  J. Stromberger et al. show the ‘Implementation of a Smart Grid in an  
Operation -independent Simulation Model, and M. Göllner et al. present a (new) ‘Methodology for the Identification of Systems 
with Non-linear Dynamic Behaviour’. 
But this issue also publishes two ARGESIM Benchmark solutions: P. G. Ioannou and V. Likhitruangsilp with a a STROBOSCOPE 
Solution to ARGESIM Benchmark C8 ‘Canal and Lock System’, in full detail, with modelling and statistical evaluation, very  
suitable for educational purposes; and as result of a student simulation project at TU Wien a try for EXCEL as simulation tool for 
ARGESIM Benchmark   C21’State Events and Structural Dynamic Systems’, case study ‘RLC with diode, again with modelling 
and implementation details, for educational purposes. We are happy to publish again solutions for the benchmarks, now in full 
detail with modelling and implementation. SNE supports this development of benchmark solutions from 1-page and 2-page  
contributions via Short Note– type solutions up to publication in length of Technical Notes.  
I would like to thank all authors for their contributions, and many thanks to the SNE Editorial Office for layout, typesetting,  
preparations for printing, electronic publishing, and much more. And have a look at the info on EUROSIM-related simulation 
events: ASIM Conference on Simulation in Production and Logistics in Dresden, I3M 2025 conference in Fes, Morocco, WinterSim 
2025 in Seattle, and further conferences and workshops of the EUROSIM societies.  

Felix Breitenecker, SNE Editor-in-Chief, eic@sne-journal.org; felix.breitenecker@tuwien.ac.at 

Contents  SNE 35(3) 
e-SNE 35(3), DOI 10.11128/sne.35.3.1074
www.sne-journal.org/sne-volumes/volume-35 
SNE Basic e-Version with Open Access, CC BY 4.0
SNE Full e-Version for Members of publication-active
EUROSIM Societies: ASIM, CEA-SMSG, CSSS, DBSS, KA-SIM, 
LIOPHANT, NSSM, PTSK, SIMS, SLOSIM, UKSIM 
print-SNE for members on demand (printer INTU TU Wien) 

STROBOSCOPE Solution to ARGESIM Benchmark 
 C8 ‘Canal and Lock System’.  
 P. G. Ioannou, V. Likhitruangsilp    ....................................   125 
Will AI Make Simulation Superfluous ? - A Subjective 
  Stocktaking –.  J. Wittmann, T. Clemen   ........................   133 
Ultrafine Particles and the Occurrence of Heavy Rain:  
  Model-Based Search for a Causal Relationship on Base 
  of Open Data.  F. Raabe, S. Steinbichl, J. Wittmann    ......   137 
Implementation of a Smart Grid in an Operation 

-independent Simulation Model.
J. Stromberger, J. Dettelbacher, A. Buchele    ................   143 

Methodology for the Identification of Systems with 
  Non-linear Dynamic Behaviour. 

M. Göllner, S. Jacobitz, X. Liu-Henke, L. Frerichs    .......   149 
EXCEL as Simulation Tool for ARGESIM Benchmark 
  C21’State Events and Structural Dynamic Systems’,  
 Case Study RLC with Diode.   C. Karner, M. Farthofer, 

L. Fellinger, G. Fellinger, F.Breitenecker    ....................   159 

EUROSIM Societies & ARGESIM/SNE Short Info  .  N1 – N5 
Conferences EUROSIM / ASIM    ..................................    Covers 
Cover:  Collage for Benchmark C8

SNE Contact & Info 
SNE Online ISSN 2306-0271, SNE Print ISSN 2305-9974 

 www.sne-journal.org
  office@sne-journal.org,  eic@sne-journal.org

  SNE Editorial Office
         Felix Breitenecker (Organisation, Author Mentoring) 
         Irmgard Husinsky (Web, Electronic Publishing), 
         ARGESIM/Math. Modelling & Simulation Group,  
      Inst. of Analysis and Scientific Computing, TU Wien 
      Wiedner Hauptstrasse 8-10, 1040 Vienna, Austria 

S N E  S I M U L A T I O N  N O T E S  E U R O P E  
WEB:  www.sne-journal.org, DOI prefix 10.11128/sne 

Scope: Developments and trends in modelling and simulation  
in various areas and in application and theory;  
comparative studies and benchmarks (documentation of  
ARGESIM Benchmarks on modelling approaches and simulation 
implementations); modelling and simulation in and for education,  
simulation-based e-learning; society information and membership 
information for EUROSIM members (Federation of European  
Simulation Societies and Groups). 

Editor-in-Chief: Felix Breitenecker, TU Wien, Math. Modelling Group 
    Felix.Breitenecker@tuwien.ac.at,   eic@sne-journal.org 
Print SNE: INTU (TU Wien), Wiedner Hauptstrasse 8-10,  

1040, Vienna, Austria – www.intu.at 

ARGESIM Publisher: ARBEITSGEMEINSCHAFT SIMULATION NEWS 
c/o Math. Modelling and Simulation Group, TU Wien / 101, 
Wiedner Hauptstrasse 8-10, 1040 Vienna, Austria;  
www.argesim.org,  info@argesim.org  on behalf of 
ASIM   www.asim-gi.org  and  EUROSIM  www.eurosim.info 

© 2025 SNE is licensed under CC BY 4.0 by ARGESIM Vienna - 
ASIM/GI - EUROSIM  



 S N E  A I M S  &  S C O P E  –  E D I T O R I A L  B O A R D  -  A U T H O R S  I N F O  

 

 ii SNE 35(3) – 9/2025 

SNE - Aims and Scope 
Simulation Notes Europe (SNE) provides an interna-

tional, high-quality forum for presentation of new ideas and ap-
proaches in simulation - from modelling to experiment analysis, 
from implementation to verification, from validation to identi-
fication, from numerics to visualisation (www.sne-journal.org).  

SNE seeks to serve scientists, researchers, developers and 
users of the simulation process across a variety of theoretical 
and applied fields in pursuit of novel ideas in simulation. SNE 
follows the recent developments and trends of modelling and 
simulation in new and/or joining areas, as complex systems and 
big data. SNE puts special emphasis on the overall view in sim-
ulation, and on comparative investigations, as benchmarks and 
comparisons in methodology and application. For this purpose, 
SNE documents the ARGESIM Benchmarks on Modelling Ap-
proaches and Simulation Implementations with publication of 
definitions, solutions and discussions. SNE welcomes also con-
tributions in education in/for/with simulation.  

SNE is the scientific membership journal of EUROSIM, the 
Federation of European Simulation Societies and Simulation 
Groups (www.eurosim.info), also providing Postconference 
publication for events of the member societies. SNE, primarily 
an electronic journal e-SNE (ISSN 2306-0271), follows an open 
access strategy, with free download in basic version (B/W, low 
resolution graphics). Members of most EUROSIM societies are 
entitled to download e-SNE in an elaborate full version (colour, 
high resolution graphics), and to access additional sources of 
benchmark publications, model sources, etc. (via group login of 
the society), print-SNE (ISSN 2305-9974) is available for spe-
cific groups of EUROSIM societies. 

SNE is published by ARGESIM (www.argesim.org) on man-
date of EUROSIM and ASIM (www.asim-gi.org), the German 
simulation society. SNE is DOI indexed with prefix 10.11128. 
Author’s Info. Individual submissions of scientific papers are 
welcome, as well as post-conference publications of contribu-
tions from conferences of EUROSIM societies. SNE welcomes 
special issues, either dedicated to special areas and/or new de-
velopments, or on occasion of events as conferences and work-
shops with special emphasis. 

Authors are invited to submit contributions which have not 
been published and have not being considered for publication 
elsewhere to the SNE Editorial Office.  
SNE distinguishes different types of contributions (Notes), i.e.  

• TN Technical Note, 6–10 p. • EN Education Note, 6–8 p. 
• SN Short Note, max. 5 p.   • PN Project Note 6–8 p. 
• SW Software Note , 4–6 p. • STN Student Note, 4-6 p., on 

supervisor’s recommendation • BN Benchmark Note, 2–10 p. 
• ON Overview Note – only 

upon invitation, up to 14 p. 
• EBN Educational Benchmark 

Note,  4–10 p. 
Further info and templates (doc, tex) at SNE’s website, or from 
the Editor-in-Chief 
        www.sne-journal.org          

office@sne-journal.org,  eic@sne-journal.org 
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Abstract. A STROBOSCOPE simulation model for a canal 
and lock system illustrates how to model barge traffic 
logic to estimate the average pooled barge transit time. 
Investigated are the impact of traffic density and of the 
number of barges allowed to pass in each cycle. Antithetic 
sampling and common random numbers illustrate vari-
ance reduction techniques. 

Introduction 
A canal and lock system is described in ARGESIM Com-
parison C8 [1]. A model of this system was developed in 
STROBOSCOPE [2], a general-purpose discrete event 
simulation system, as an example of modelling complex 
logic. A PROOF Animation model provided verification. 
Parametric analysis involving the traffic density of arriv-
ing barges and the controls for switching traffic direction 
provides additional insights into system behaviour.  

1 Canal and Lock System 
A canal and lock system consists of the west canal, the 
east canal, and the lock, as shown in Figure 1. Water level 
in the west canal is higher than 
in the east canal. The times be-
tween barge arrivals at the east 
and west canal entrances are ex-
ponential with mean . The im-
pact of traffic density as meas-
ured by  on the average barge 
transit time is investigated 
through sensitivity analysis. 

 

A barge can go through the west canal in 14 minutes 
and the east canal in 18 minutes. The time to pass through 
the lock itself can be anywhere from 22 to 34 minutes. 
Thus, the total transit time can be from 54 to 66 minutes. 

Safety considerations permit only one direction of 
traffic and only one barge in each canal at the same time. 
The direction of traffic alternates in cycles between east-
bound and westbound barges. Within each cycle, barges 
enter the system on a first-come, first-served basis.  

1.1 Traffic direction 
The direction of barge traffic changes in cycles that can 
be full or partial. A full cycle ends when the number of 
eastbound barges reaches the limit Emx or the limit Wmx 
for westbound barges.  

A partial cycle ends when there are not enough barges 
traveling in the same direction to reach Emx or Wmx, but 
there are barges waiting to cross in the opposite direction. 
In such cases, the following traffic rules apply: 

1. If at the end of a cycle, no barges are waiting to cross 
in either direction, the system remains idle until a 
barge arrives and starts a new cycle in its direction. 

2. If at the end of a full cycle, there are barges queued in 
the opposite direction, then a new cycle is initiated in 
the other direction. 

SNE 35(3), 2025, 125-132,   DOI: 10.11128/sne.35.bn08.10741 
Submitted: 2025-06-23 
Received Improved: 2025-07-28; Accepted: 2025-08-01 
SNE - Simulation Notes Europe, ARGESIM Publisher Vienna 
ISSN Print 2305-9974, Online 2306-0271, www.sne-journal.org 
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Figure 1: Canal and Lock System Layout. 



Ioannou & Likhitruangsilp   STROBOSCOPE Solution - ARGESIM Benchmark  ‘Canal and Lock System’ 

126        SNE 35(3) – 9/2025 

B N 
3. If no barges are queued in the opposite direction, but 

there are barges waiting to cross in the current direc-
tion, then a new cycle is initiated in the current direc-
tion. The barge count for the new cycle is reset to zero 
and can reach the corresponding limit Emx or Wmx. 

1.2 Lock operations and times 
The lock can lower one eastbound barge and raise one 
westbound barge at a time. Lock operations and times 
during an eastbound cycle are as follows (lock operations 
and times for a westbound cycle are the same). 

• Case A: Lock passage time = 34 min (= maximum). 
Setting: An eastbound barge has just exited the lock 
into the east canal and another eastbound barge is al-
ready waiting at the lock entrance. 
1. Water in lock raised to west canal level, 12 min. 
2. Waiting barge enters lock, 5 min. 
3. Barge lowered to east canal level, 12 min. 
4. Barge exits into the east canal, 5 min. 
 Total time = 12+5+12+5 = 34 min. 

• Case B: Lock passage time = 22 min (= minimum). 
Setting: The next eastbound barge arrives at the lock 
12 or more minutes after the previous barge has exited. 
Only steps 2–4 are needed. 
 Total time = 5+12+5 = 22 min. 

• Case C: Lock passage time = from 22 to 34 min. 
Setting: The next eastbound barge arrives t minutes af-
ter the lock has started refilling (0 < t < 12 min). 
 Total time = (12-t) min (wait time to refill lock)  
                    + 22 min (steps 2–4) = (34-t) min. 

2 Simulation Model 
The network for the STROBOSCOPE simulation model 
of the canal and lock system is shown in Figure 2. The 
blue nodes (queues and activities) model the movement 
of eastbound barges. The green nodes model the symmet-
rical movement of westbound barges. 

Three types of resources are defined: Sequence, Lock, 
and Barge. Queues EBSeq, WBSeq, Set2EBSeq, and 
Set2WBSeq are initialized with 1 unit of the generic re-
source Sequence to start loops that create serial instances 
of the succeeding combi activities. Queue Lock-
WithRsdWL is initialized with 1 unit of the compound 
type LockSystem to start the loop of activities LowerWL 
and RaiseWL that change the lock water level when no 
barge is in the lock.  

 

Barges are modelled as characterized resources of 
type Barge with two subtypes, EBBarge and WBBarge. 
Barges are generated dynamically while the simulation 
runs. The current direction of travel is stored in savevalue 
Direction, whose values can be EB or WB. 

he time between eastbound arrivals is modelled by 
combi activity EBBargesArrive whose duration is expo-
nential with mean . When each instance of EBBargesAr-
rive ends, a new arriving EBBarge is created dynamically 
by a GENERATE statement. The arriving EBBarge then 
enters queue EBBWait2Enter, where it waits until the 
semaphore of activity EBBEnterSystem allows it to start. 

SEMAPHORE EBBEnterSystem 'Direction==EB 
  & EBBCount<Emx & !EBBTraverseWC.CurInst 
  & !EBWt2EntrLock.CurCount’; 
BEFOREEND EBBEnterSystem ASSIGN  
 EBBCount EBBCount+1; 

The above semaphore allows EBBEnterSystem to start 
and draw EBBarge out of queue EBBWait2Enter when 
    (a) savevalue Direction equals EB,  
    (b) the count of eastbound barges allowed to cross 
          in the current cycle is less than Emx,  
    (c) there are no current instances of EBBTraverseWC 
         (i.e., the west canal does not contain another  
         eastbound barge), and  
    (d) there are no barges in queue EBWt2EntrLock  
          waiting to enter the lock. 

Activity EBBEnterSystem has a duration of zero. Before 
it ends it increments by one the count of eastbound barges 
EBBCount that have crossed in the current cycle. It then 
releases EBBarge to activity EBBTraverseWC, where it 
spends 14 minutes to traverse the west canal. EBBarge 
then enters queue EBWt2EntrLock where it waits for the 
water in the lock to be fully raised (i.e., for queue Lock-
WithRsdWL not to be empty) so it can enter the lock. Ac-
tivity EBBEnterLock can then start, draw EBBarge and 
LockSystem from the preceding queues, and keep them 
for the 5 minutes to enter the lock. At its end, both re-
sources are released to activity LowerWaterLevel where 
they remain for 12 minutes for the lock to lower the barge 
to the east canal. Activity EBBExitLock is the 5 minutes 
it takes for the barge to exit the lock.  

At that point, LockSystem is released to queue Lock-
WithLwdWL and EBBarge is released to an instance of 
activity EBBTraverseEC for the 18 minutes needed to 
traverse the east canal. At the end of EBBTraverseEC, the 
resource EBBarge is destroyed, and statistics are kept 
about its life span, which equals its total transit time. 
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The green-shaded queues and activities for the west-
bound barges are similar to the blue-shaded nodes. 

The red activities RaiseWL and LowerWL model the 
12 min to raise or lower the water level in the lock when 
it does not contain a barge. They start when their sema-
phores allow as follows. 

SEMAPHORE RaiseWL 'EBBTraverseWC.CurInst 
| EBWt2EntrLock.CurCount'; 

SEMAPHORE LowerWL 'WBBTraverseEC.CurInst 
| WBWt2EntrLock.CurCount'; 

The semaphore for combi activity RaiseWL allows the 
activity to start when an EBBarge is approaching through 
the west canal (i.e., when there is a current instance of 
activity EBBTraverseWC), or when an EBBarge is wait-
ing at the lock for the water to rise (i.e., when queue 
EBWt2EntrLock is not empty). The semaphore for combi 
activity LowerWL is similar. 

From the perspective of traffic logic, the key activities 
are SetDir2EB and SetDir2WB — they set the direction 
of barge traffic to EB or to WB and reset to zero the count 
of barges that traversed in a cycle.  

Both activities have a duration of zero and are pre-
ceded by queues that are initialized with 1 unit of Se-
quence. Thus, these two activities are in constant readi-
ness to start and perform actions whenever their sema-
phores allow. As an example, the following statements 
illustrate the semaphore logic and actions for combi ac-
tivity SetDir2WB. 

SEMAPHORE SetDir2WB 
'(EBBExitSyst.TotInst==EBBEnterSystem.TotInst) 
& ((EBBCount==Emx) | 
   (Direction==EB & !EBBWait2Enter.CurCount  

& WBBWait2Enter.CurCount))'; 
ONEND SetDir2WB ASSIGN EBBCount 0; 
ONEND SetDir2WB ASSIGN Direction WB; 

The above semaphore allows activity SetDir2WB to start 
under one of two logical conditions that correspond to the 
end of a full cycle or the end of a partial cycle.  
• Both cycles require that all eastbound barges that have

entered have also exited the system (red code).
• A full cycle ends when, in addition, the number of

eastbound barges has reached Emx (green code).

 Figure 2:  STROBOSCOPE Simulation Network. 
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• A partial cycle ends when, in addition, (a) the current 

Direction is EB, (b) there are no eastbound barges 
waiting to enter, and (c) there are westbound barges 
waiting to enter (blue code).  

Whenever one of the above conditions is satisfied, combi 
activity SetDir2WB starts and ends immediately. Before 
it ends, it performs the following two important actions: 
• It resets the barge count EBBCount to zero . 
• It sets Direction to WB. 

The semaphore and actions for combi activity SetDir2EB 
are similar.  

It should be noted that at the end of a full eastbound 
cycle, activity SetDir2WB may switch Direction to WB 
only for an instant.  

If at that point there are no westbound barges ready to 
cross, but there are more eastbound barges waiting, then 
activity SetDir2EB will immediately complete a partial 
cycle and start a new eastbound cycle by setting Direc-
tion to EB. Thus, activities SetDir2WB and SetDir2EB 
may start and reset Direction at the same simulation time, 
as needed. 

2.1 Model validation 
The initial validation of the model was done by using the 
deterministic datasets described in [1] and produced the 
required results. 

2.2 PROOF Animation 
A PROOF Animation model driven by STROBOSCOPE 
was also developed as an effective way to verify the sim-
ulation model logic.  

 

Figure 3 is a snapshot of the animation and shows 
static data — such as Emx=5, Wmx=5, and the mean time 
between barge arrivals, =75 min—as well as dynamic 
data—such as SimTime=66.7 hrs, the current values of 
Te=292.66 min and Tw=216.04 min, the number of 
barges processed in each cycle (En=4, Wn=5), and the 
number of barges waiting to enter the west and the east 
canals (Eq=3, Wq=9). The snapshot also shows the lock 
while lowering an eastbound barge, another eastbound 
barge currently waiting to enter the lock, three more east-
bound barges waiting in line to enter the west canal (red 
column), and nine westbound barges waiting in line to 
enter the east canal (blue column).  

3 Sensitivity Analysis 
The STROBOSCOPE simulation model produces three 
basic performance metrics as output: 
• Te = Average Eastbound Barge Transit Time. 
• Tw = Average Westbound Barge Transit Time. 
• Tp = Average Pooled Barge Transit Time for all barges 

irrespective of direction of travel. 

Of these, the average pooled barge transit time Tp is the 
most indicative measure of overall system performance 
and is discussed in the following sections. 

The model also includes control statements for per-
forming sensitivity analysis and comparing alternatives: 
• The traffic control parameters Emx and Wmx can vary 

over a range of values (e.g., 1 to 50). 
• The mean time between barge arrivals, , can also vary 

over a range (e.g., 70 to 85 min). 

 

 
            Figure 3: Animation Screen Shot, Emx = 5, Wmx = 5, and  = 75 min. 
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• Multiple replications can be performed for all sets of 
values of the above parameters Emx, Wmx, and , to 
increase output statistical accuracy (e.g., 100 reps). 

Figure 4 shows the average pooled barge transit times Tp 
for (Emx=5, Wmx=5), (Emx=10, Wmx=10), and mean 
values  = 75, 80, 85 min. As shown, when the system is 
simulated for T = 1 year, most transit time curves Tp go 
through a transient phase and then approach steady-state 
values. Only the dashed red Tp curve for Emx=5, Wmx=5, 
and =75 min (which unfortunately are the values sug-
gested in [1]) continues to rise to infinity, indicating that 
the limits Emx=5 and Wmx=5 are too small for the large 
traffic volume caused by =75 min. (This is also ob-
served in [3], which switched to =85 min as a better 
mean value.)  

For the same mean =75 min, the solid red Tp curve 
for the larger values Emx=10 and Wmx=10 does approach 
steady state values close to 9-10 hours. This shows that 
larger (but balanced) values of Emx and Wmx decrease 
the average pooled transit times Tp. 

Figure 4 also shows that as  increases from 75 to 80 
to 85 minutes, demand for the use of the lock decreases, 
and consequently, the average pooled transit times Tp 
also decrease from about 9 hrs to about 3 hrs.  

Figure 5 shows the steady state (T=1 yr) average 
pooled barge transit times Tp over 10 replications, for 
=85 min and for Emx and Wmx values from 3 to 10. 

Clearly, the average pooled transit times Tp decrease to 
about 3 hours as both limits Emx and Wmx increase to 10. 
Simulations for even larger values of Emx and Wmx (as 
high as 50) show that average transit times Tp continue to 
decrease asymptotically (but only by a little) to 2.8 hours. 

 

 
            Figure 4:  Steady-State Avg Pooled Transit Times, Tp (hrs). 

 

            Figure 5:  Average Pooled Transit Times Tp (hrs) vs. Emx and Wmx for  = 85 min. 
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4 Variance Reduction 
4.1 Antithetic Random Variates (ARV) 
An investigation of variance reduction using antithetic 
variates for the estimation of 90% confidence intervals for 
the average pooled transit times Tp (min) was conducted 
for the values suggested in [1], Emx=5, Wmx=5, =75 min, 
and T=10 days (14400 min). The results are shown in 
Table 1 and are very close to those in [4]. 
 

  100 
Independent 
Replications 

50 Replications 
using Antithetic 
Variates 

Run Avg 
Tp 

90% 
CI 

 90% 
CI 

 

1 494.9 37.7 227.10 25.8 108.91 
2 520.0 37.1 223.46 24.7 104.23 
3 489.5 41.2 247.87 25.2 106.32 

Table 1:  Antithetic variates-Average pooled transit times 
Tp (min), Emx=5, Wmx=5, =75 min, T=10 days. 

A total of 100 replications were divided into two groups, 
50 using independent samples and 50 using the 
corresponding antithetic variates. The sample for the 
independent statistics used all 100 average pooled transit 
time Tp values. For antithetic sampling, each pair of Tp 
values (standard and its antithetic) was added and divided 
by two to give a sample of 50 averages.  

Table 1 shows the independent and antithetic sta-
tistics for the average pooled transit times Tp (min) from 
three separate runs for comparison.  

Clearly, antithetic random variates are an effective 
variance reduction technique and reduce the half-width 
of the confidence intervals and the standard deviation  
significantly in all three runs. 

4.2 Common Random Numbers (CRN) 
Variance reduction using common random numbers was 
used to compare the pooled transit times Tp between two 
alternative policies: policy Mx5 = (Emx=5, Wmx=5) and 
Mx6 = (Emx=6, Wmx=6). The null hypothesis was that 
“Tp5 is less than Tp6” (i.e., that the Tp for Mx5 is less 
than the Tp for Mx6).  

Table 2 shows the results from 50 replications for 
=75 min and T=10 days (14400 min). For comparison, 

three separate runs are shown. The confidence intervals 
for the difference Tp5-Tp6 from independent simulations 
contain negative values, and thus the null hypothesis 
cannot be rejected. When using CRN, however, the 
confidence intervals for the difference Tp5-Tp6 contain 
only positive values and thus the null hypothesis can be 
rejected at the 10% level of significance. 

 

 Average Ind: Tp5-Tp6 CRN: Tp5-Tp6 

Run Tp5-Tp6 90%CI  90%CI  

1 57.3 79.1 333.6 9.0 37.9 
2 69.8 78.2 330.0 8.2 34.6 
3 59.6 63.6 268.4 7.5 31.6 

 

Table 2: CRN- Tp5-Tp6 (min) for Mx5=(Emx=5,Wmx=5) vs. 
Mx6=(Emx=6,Wmx=6), for =75 min, T=10 days 

The 150 pairs of values (Tp5, Tp6) 
from successive independent and 
matched pairs (CRN) for all three 
runs are shown in Figure 6. The 150 
orange pairs of independent values 
(Tp5, Tp6) are scattered and cannot 
be used to discern whether “Tp5 is 
less than Tp6” or vice versa.  
     In contrast, the 150 blue matched 
pairs (Tp5, Tp6) produced by CRN 
lie below the diagonal and show a 
strong positive correlation. This 
indicates clearly that the null 
hypothesis that “Tp5 is less than 
Tp6” can safely be rejected. For the 
same stream of barge arrivals, the 
operating policy Mx6 produces 
shorter and thus better average 
pooled barge transit times Tp6<Tp5 
and should be preferred. 

 

            Figure 6: Average Pooled Transit Times Tp (hrs)  
             vs  for (Emx=5, Wmx=5) vs. (Emx=6, Wmx=6). 
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Figure  7 shows a comparison of Tp5 vs Tp6 for values 
of the mean barge interarrival time  from 75 to 85 min. 
The solid red curve shows the average Tp5 from 10 
replications and the dotted red curves show the 90% 
confidence intervals around the average for the true mean 
barge transit time for Mx5. The solid and dotted green 
curves are similar but for Tp6 and Mx6.  

For each value of , 10 replications were performed 
using CRN (i.e., the same stream of random barge 
arrivals) to produce one matched pair (Tp5, Tp6). These 
10 pairs were then averaged to produce the red and green 
pairs (Tp5, Tp6) for that value of . However, because the 
number of replications, 10, is small, the 90% confidence 
intervals for Tp5 and Tp6 shown in Figure 7 overlap, and 
thus it is not possible to discern whether the mean Tp5 is 
strictly greater and thus worse than the mean Tp6. To 
make this determination, each of the 10 replications also 
calculated one sample for the difference Tp5-Tp6 from 
the matched pair (Tp5, Tp6) for that value of . These 10 
samples of the difference Tp5-Tp6 gave the average and 
the 90% confidence intervals for the difference Tp5-Tp6, 
shown by the solid and dotted blue curves.  

The important point is that the blue curve values for 
Tp5-Tp6 are due mainly to differences in performance 
between policy Mx5 and Mx6 and are not due to chance. 
The blue curves for the 90% confidence intervals for 
Tp5-Tp6 in Figure 7 are positive for all . Thus, the null 
hypothesis that the mean Tp5 is less than the mean Tp6 
can be rejected at the 10% level of significance for all 
values of the mean interarrival time . As a result, policy 
Mx6 results in shorter average transit times than Mx5 for 
all . 

 
The remarkable reductions in the width of the 90% 

confidence intervals and the standard deviation  shown 
in Table 2 and Figure 7 illustrate the effectiveness of 
matched pairs and common random numbers as a 
variance reduction technique for the comparison of 
alternative policies. 

5 Comments 
The canal and lock system is an interesting transportation 
problem that is similar to an earthmoving project for the 
construction of a dam in California that used heavy trucks 
to haul fill material [5]. In that project, most of the rural 
road from the borrow area to the dam could handle two-
way traffic (similar to the east and west waterways) 
except for a narrow segment at the side of a cliff, which 
could accommodate only one-way traffic (similar to the 
canal and lock system). The narrow segment was divided 
into two parts of about the same length (similar to the east 
and west canals) by a temporary bridge (similar to the 
lock) that could support only one heavy truck at a time. 

A STROBOSCOPE simulation model for this 
earthmoving project for the construction of a dam used 
engineering calculations to determine the optimum mix 
of trucks, to evaluate traffic policies, and to investigate 
the construction of two bridges to streamline traffic to 
save time [5]. 

As also noted in [3], the original assumptions of a 
mean time of =75 min for the exponentially distributed 
barge interarrival times, together with the limits of 
Emx=5 and Wmx=5 barges, result in queues at the canal 
entrances that grow to infinity. A better choice would 
have been =85 min as was assumed in [3]. 

 

            Figure 7:  Average Pooled Transit Times Tp (hrs) vs  for (Emx=5, Wmx=5) vs. (Emx=6, Wmx=6). 
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The complete data for Figure 5 for a long simulation 

run, T=1 year, that reaches steady state, show that the av-
erage pooled barge transit times Tp for a system with a 
mean time of =85 min continue to decrease as the values 
of Emx and Wmx increase from 1 to 50. Values of 
Emx=Wmx=14 give Tp=173 min. Values as high as 
Emx=Wmx=50 continue to decrease Tp, but only by a lit-
tle to 169.3 min.  

The corresponding figure for =75 min and values of 
Emx and Wmx from 1 to 50 is similar in shape to Figure 5 
but has higher Tp values. For a simulation run T=10 days, 
the minimum value is Tp=255 min, while for T=1 year, 
the minimum value is Tp=317 min. Both occur at large 
values of Emx and Wmx  40. 

The fact that higher values for Emx and Wmx result in 
lower average pooled barge transit times Tp indicates that 
the best traffic policy for the canal and lock system might 
be to abolish the Emx and Wmx limits and allow all 
queued barges that travel in the same direction to cross 
without an upper limit. The direction of traffic would 
then switch whenever there are no more barges that travel 
in the current direction (i.e., similar to the end of a partial 
cycle with infinite limits). For =85 min, this would give 
a minimum average pooled transit time of Tp 169.3 min. 

The canal and lock system described in [1] (with mi-
nor changes) is well suited to education and the teaching 
of simulation. The authors have used it as an assignment 
in a graduate course on simulation with success.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

STROBOSCOPE [2] (an acronym for State and Re-
source-Based Simulation of Construction Processes) is a 
general-purpose discrete-event simulation system and 
language co-developed by the first author. Its simulation 
models use a graphical network-based representation 
similar to activity cycle diagrams. Its design is based on 
three-phase activity scanning that can model the complex 
resource interactions that characterize cyclic operations 
without the need to make a distinction between the re-
sources that serve (servers or scarce resources) and those 
served (customers or moving entities). The late Thomas 
J. Schriber [1] was a member of the doctoral committee 
that oversaw the development of STROBOSCOPE. 
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Abstract.   Based on current success stories using AI me-
thods, this paper examines the relationship between the 
problem-solving methods AI and system simulation. An 
analysis of the process steps of the two approaches high-
lights the fundamental difference between the black-box 
approach of learning methods and the glass-box ap-
proach of structure-explaining simulation models. The 
mutual benefits of the two approaches can then be explai-
ned using four use cases. A further result of the analysis 
is the question of the extent to which simulation and AI 
methods can lead to the same or different results. To this 
end, the concept for a structural analysis is presented, 
which is based on the idea of analysing the intersection 
between the results of AI and the simulation method. 

AI in Competition with Classic 
Simulation Methods ? 

Forecasts on the development of demand and the content 
of engineering professions show, on the one hand, that 
human intelligence will probably continue to be irre-
placeable, especially for creative tasks, but on the other 
hand, around 50 per cent of working time could be re-
placed or at least significantly supported by artificial in-
telligence methods. ([1],[2],[3],[4]). 

These forecasts will be analysed in more detail here 
with regard to the method of dynamic system simulation. 
In this area, too, there are initial approaches to generating 
simulation models automatically or at least with AI support, 
although the limits of AI are still evident at present [5].  

On the other hand, there are many examples of appli-
cations in which the use of AI and classic simulation have 
been successfully combined. We will look at these exam-
ples in detail in the section on possible use cases. 

However, in order to be able to work out the mutual 
advantages, we will first compare the way the simulation 
method works with the general approach of data-driven 
machine learning (ML) (as a sub-area of AI). The poten-
tial efficiency gains of combining the methods will then 
be presented in more detail. Following these fields of ap-
plication of coupling and/or combining AI and simula-
tion, which are already established in practice, an ap-
proach will be presented at the end that uses experiments 
on a structural, set-theoretical basis to determine whether 
the two approaches actually (only) produce the same re-
sults or whether they (can) find qualitatively different so-
lutions. 

1 Analysing the Process Steps 
oft the Isolated Methods 

1.1 Simulation Method 
The aim of using the simulation method is always to de-
velop a model in a formalism that enables the algorithmic 
processing of time progress within the scope of a simula-
tion run. The trajectories of the model variables over time 
derived from the model description allow statements to 
be made about the modelled system within the previously 
agreed validity range of the model. The decisive step in 
this procedure is the establishment of the formalism or 
the rules according to which the temporal dynamics of 
the modelled system unfold. (Figure 1).  

There are two different approaches: In the general 
case, experiments must be carried out on the real system 
and their results then analysed for dependencies and rules 
using human intelligence alone.  
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The totality of these rules represents the formal model, 
which can then be further processed algorithmically - 
usually in a simulation environment. If there is already 
prior knowledge about the system to be modelled in that 
a general theory (e.g. conservation of energy, network 
theory, etc.) can be used, no explicit system experiments 
are necessary.  

Instead, the laws of the theory are applied, from 
which the formal model can be derived. In both cases, 
however, the end result is a set of rules that can be used 
to transform the input data (consisting of initial state and 
parameter assignment) into a set of output data (results of 
the simulation run). If this approach is viewed in the form 
of an input-output box, this box is transparent and the 
modelled system is represented by an explanatory struc-
tural model in the glass box. 

1.2 Machine Learning Method 
In contrast to the simulation method, many AI learning 
methods work with a black-box approach: the essential 
starting point for this is system data that has already been 
collected. This data must first be carefully pre-processed. 
Pre-processing usually involves homogenisation and - in 
the case of supervised learning methods - classification 
(labelling) of the input according to the expected, correct 
system response. This classification of the input data sets 
using human intelligence introduces system knowledge 
into the process so that a model can then be developed in 
an automated learning phase without further intervention. 
In the work phase (model application), this model res-
ponds to any input with an output that - again only within 
the agreed validity range - corresponds to the learnt clas- 
sification. 

1.3 Comparison of Approaches 
A significant difference in the resulting 
model lies in the already explained black-
box view of the learning methods on the 
one hand and the glass-box view of the ex-
planatory simulation models on the other. 
Accordingly, the learning methods require 
a statement about the corresponding cor-
rect output for each individual input, but no 
information about the causal relationships. 
How the output is derived from the respec-
tive input does not have to be introduced as 
rule knowledge. Accordingly, when inter-
preting the results of learning models, the 
question of why cannot be systematically 
clarified because iso-morphic relationships 

are not necessarily formed between the system and the 
model that replicate the causal chain of the system. 

Another difference lies in the amount of system data 
required: Not only must the learning data contain all pos-
sible classes of result data, it must also be available in 
such large numbers that the statistical approaches used in 
automatic learning can assume a sufficiently large popu-
lation. In contrast, the rules of the glass-box model can 
also be found or derived from a small amount of data, 
even without any system data at all when using the theory 
approach. 

However, uncertainties often arise when setting up 
the rule set for simulation models, which an algorithmic 
model specification does not allow due to the require-
ment of unambiguousness. In these cases, the introduc-
tion of randomised parameters that obey defined distri-
butions helps. However, this approach practically always 
and necessarily entails a complex statistical treatment of 
the simulation results. Thus, the savings in terms of the 
amount of input or learning data are relativised in the end 
by a higher effort on the output side, because the results 
of a simulation run alone are not meaningful and must be 
statistically validated by a large number of simulation 
runs in the sense of a random experiment. 

With these general considerations in mind, construc-
tive synergies between the two different approaches will 
now be presented in the form of five use cases. 

2 Combined AI and Simulation 
Methods: Use-Cases 

The use cases described below highlight approaches to 
the combined use of AI methods and simulation that have 
actually been realised and are not just available in the 
form of research results or pilot studies.  

 
Figure 1: Comparison of the work steps between  modelling and  

data-driven learning processes. 
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For this purpose, a Google search was carried out on 

the web using the search terms "AI and Simulation".  
The pages listed here deal directly and intensively 

with this topic: 
• Simplan [6] 
• Siemens "Simultelligence" [7] 
• Anylogic [8] 
•  Mathworks [9] 
• Fraunhofer IISB Erlangen [10] 
• Merkle CAE Solutions GmbH [11] 

Although each of these providers has a slightly different 
focus, there are strong similarities and overlaps that can 
be summarised in the typical use cases presented here. 
Although one source did not contribute directly to the de-
velopment of the use cases, it should be noted here as an 
aside: If a coupling of AI and simulation succeeds con-
ceptually and in terms of software technology, the LRZ 
Munich points out that the fundamentally different hard-
ware concepts required for efficient calculation must then 
also be combined and optimised. [12] 

2.1 Using ChatBot for Knowledge 
Engineering and System Analysis 

The first use case supports a process step in the develop-
ment of simulation models that was not explicitly men-
tioned in the description in Section 1, but nevertheless 
constitutes an important part of the work on the way to a 
correct, complete and consistent model: system analysis 
and knowledge engineering, which is often carried out in 
the form of interviews with experts from the target do-
main of the model to be developed during the analysis 
phase. These tie up the time of experts with system know-
ledge. Many questions relating to model development 
could be clarified with the help of a chatbot that accesses 
the existing database of the application domain.  

It will certainly not be possible to answer all ques-
tions, but such an application should significantly reduce 
the time other-wise required for expert interviews. On the 
research side, a similar approach was investigated by 
Freydenlund et al [5]. 

2.2 Analysing Online Sensor Data using 
Pre-trained Learning Models  

A second use case is the coupling of an AI-based, pre-
trained model with online sensor data under real-time 
conditions. However, this naturally requires the AI model 
to have been trained with all potential states of the system 
beforehand.  

In addition, the question arises as to whether simply 
recognising the irregularity is sufficient or whether the 
system's set of rules must also be transparent in order to 
take countermeasures. 

2.3 Generating Learning Data for AI using 
Simulation Models 

It is often problematic to obtain consistent learning data 
for the learning phase of the AI. Such data could be ge-
nerated artificially through classic simulation. The ad-
vantage: it is structured, classified and can be generated 
in any quantity, subject to computing time. However, the 
double modelling effort is immediately apparent: both a 
simulation model and an AI model are used.  

Glass-box system understanding must be available in 
order to be able to generate learning data in a meaningful 
way. The real-time speed of the AI approach therefore 
comes at the cost of considerable additional effort in the 
design phase. In addition, the problem of "rare events" 
becomes relevant: Even if these have been explicitly gen-
erated as learning data through prior simulation, it must 
be ensured that they are correctly recognised and learned 
as such by the AI and not ignored as outliers. 

2.4 Testing the AI Model in a Virtual 
Simulation Environment 

Conversely, a simulation model can be used to test the AI 
model: The AI model is coupled with a digital twin in the 
form of a simulation model of the target environment and 
so its subsequent use in the real system can be safely 
tested in this virtual environment. Again two models, the 
simulation model and the AI model must be developed 
for this scenario. 

A similar scenario arises when AI-supported simula-
tion models are coupled uni- or bidirectionally with IoT 
sensors, drones or other physical entities. [13] This cou-
pling enables the continuous adaptation of the simulation 
state to the real system state. 

2.5 ‘Hybrid’ Simulation Models 
The last use case deals with the situation where the sys-
tem knowledge in a complex, modular-hierarchical mo-
del is not sufficient to describe the behaviour of indivi-
dual components based on rules. If the interface is 
known, these components could be replaced by an AI 
model previously trained on a black box basis.  

In this case, no causal relationships need to be speci-
fied at this point of detail, although the interpretation of 
the results of the overall model becomes more compli-
cated with this type of model design because the causal 
chain is interrupted by the affected model component. 
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3 Are the Approaches Equivalent 

in Terms of their Results? 
As the sources cited in each case show, the use cases pre-
sented in Section 2 are state of the art and can be prag-
matically adapted to the task and evaluated in terms of 
costs and benefits. However, the question arises as to 
whether there is further potential that is not yet covered 
by these use cases. One point of reference is the fre-
quently described experience that automatic data analysis 
reveals system relationships that were previously un-
known. 

With this in mind, one might ask whether the results 
obtained from classical simulation on the one hand and 
those generated by AI approaches on the other are or can 
be equivalent. Or is it conceivable that AI-based methods 
produce results that could not be achieved through clas-
sical simulation? The same applies, of course, in the op-
posite direction: are there results from the simulation ap-
proach that cannot be explored using AI methods?  

The following setup is intended to provide an outlook 
on future research activities. A complex, possibly adap-
tive input-output system is given, which is modelled once 
by a rule-based simulation model and alternatively by an 
AI/ML model.  

If we now consider the quantity of results that the two 
approaches deliver, three different cases arise in the gen-
eral case: The sets of results of the approaches com-
pletely overlap (a), they are disjoint (b), or there is the 
case of a true intersection (c). It can be assumed that cases 
b) and c) are more realistic, as both approaches are al-
ready used in practice and at least comparable results are 
obtained. However, the question then arises whether 
complete equivalence (case c) can actually be observed, 
or whether there are system states that only become visi-
ble when one of the both approaches is used.  

The authors' subjective and preliminary recommen-
dation is therefore to "think together" simulation and AI. 
This combined exploration of the state space of a com-
plex system promises interesting and possibly new in-
sights into the dynamics of the system modelled. 
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Abstract.   Investigating the influence of ultrafine parti-
cles (UFP) on heavy rainfall events reveals a nuanced rela-
tionship between atmospheric composition and weather 
phenomena. This paper analyzes heavy rainfall events 
around the region of Frankfurt Airport and UFP data ac-
quired by the Hessian Agency for Nature Conservation, 
Environment and Geology, and discusses what influence 
UFP may have on the hydrologic cycle. While a direct cor-
relation remains inconclusive, daily average analysis sug-
gests a potential link between elevated UFP counts and 
impending heavy rainfall, affecting the hydrologic cycle. 
Further in-depth analysis is required to validate this sup-
position and better understand the effects of UFP´s influ-
ence on the hydrologic cycle. 

Introduction 

Extreme weather events, including heavy rainfall and 
prolonged drought periods, are on the rise globally. A pi-
oneering study conducted by researchers from the Karls-
ruhe Institute of Technology and the independent insti-
tute Airborne Research Australia explores the connection 
between ultrafine dust or particles (UFP) in the atmos-
phere and their disruptive impact on the hydrologic cycle 
- particularly cloud physics and rainfall formation.  

The study underscores that anthropogenic UFP emis-
sions alter precipitation patterns and contribute to heavy 
rainfall events by serving as cloud condensation nuclei [1]. 
Moreover, it has already been established that the quan-
tity of UFP has notably increased in recent decades [2]. 

 

Particulate matter refers to airborne aerosol particles, 
including dust particles or droplets of specific sizes, ca-
pable of remaining suspended in the atmosphere for sev-
eral days before settling to the ground [3]. These particles 
are typically classified based on their aerodynamic diam-
eter into PM10 (particulate matter with a diameter less 
than 10 m) and PM2.5 (with a diameter less than 2.5 

m). UFP, measuring up to 100 nm in diameter, are con-
siderably smaller than PM10 particles. They are primar-
ily produced by the combustion of fossil fuels in exhaust 
gas purification systems, large combustion plants, as well 
as from air and maritime traffic. Due to their small size, 
UFP can deeply penetrate into the human body, reaching 
lung tissue and the bloodstream, where they have been 
shown to cause respiratory and cardiovascular diseases 
along with neurodegenerative diseases such as dementia, 
Alzheimer's and Parkinson's [2][4][5].  

Heavy rain, a weather phenomenon characterized by 
substantial amounts of precipitation in a short period of 
time and small geographical area, typically originates 
from convective clouds like cumulonimbus clouds.  

This precipitation can lead to floods, landslides, or 
flash floods, causing significant harm to the environment, 
buildings and infrastructure. Therefore, the German 
Meteorological Service (Deutscher Wetterdienst, DWD) 
issues severe weather warnings when expected rainfall 
reaches 15 liters per square meter within an hour or 20 
liters within six hours [6]. 

The impacts of climate change are significantly shap-
ing the frequency and intensity of these extreme precipi-
tation events. Research from the World Weather Attribu-
tion indicates that heavy rainfall occurrences in Germany 
and some neighboring countries have seen a surge, with 
probabilities increasing by 1.2 to 9 times due to human-
induced global warming.  
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Additionally, the studied areas have shown that heavy 

rainfall intensity has risen by 3 to 19% [7]. Carbon diox-
ide drives warming and increases water vapor capacity of 
the atmosphere. However, due to its long lifespan and 
uniform atmospheric distribution, carbon dioxide cannot 
solely account for the observed uptick and high variabil-
ity in frequency and distribution of heavy rainfall occur-
rences. An understanding of the hydrologic cycle´s dy-
namics is therefore essential to comprehending these 
changes [8]. 

1 Problem Statement 
Due to their impact on both the quantity and size of water 
droplets in cloud formation in the atmosphere, UFP can 
disrupt the hydrologic cycle by impeding precipitation. 
Typically, water droplets ranging from approximately 
0.01 to 0.25 mm in diameter coalesce around a cloud con-
densation nucleus (CCN) measuring roughly 0.0002 mm. 
Once the combined total size of droplets and CCN has 
reached 1 to 2 mm, they can descend to the earth as 
raindrops, surpassing the updraft speed within a cloud. 

Due to their diminutive size and highly curved sur-
face, which hastens water evaporation, UFP are poor 
CCN. As a result, the droplets which accumulate around 
an UFP remain too small to overcome air resistance for 
an extended period of time. This process generates an ad-
ditional energy reservoir in the mid-troposphere, promot-
ing extreme rainfall. When these highly enriched clouds 
eventually precipitate, the resulting rainfall events are no-
tably more intense and moisture-laden. Regions exhibit-
ing significantly heightened UFP levels increasingly ex-
perience extreme heavy rainfall and decreasing overall 
precipitation [1][2][9]. 

For this investigation an analysis was conducted, us-
ing a specific example to explore the potential link be-
tween elevated UFP concentrations in the atmosphere 
and the occurrence of particularly intense heavy rainfall 
events in a chosen region.  

The Frankfurt Airport region served as the study area, 
because turbine exhaust emissions from aircrafts have 
been identified as a major source of UFP emissions when 
operating on the ground [10]. Furthermore, this region 
stands out as one of the few in Germany where continu-
ous monitoring of UFP concentration is carried out. This 
lack of data collection is primarily attributed to the absence 
of legal regulations concerning UFP emissions [11]. 

The objective of this study is to investigate the con-
nection between UFP and heavy rainfall occurrences us-
ing freely accessible data, with the aim of implementing 
automated analysis and visualization techniques through 
a GIS dashboard in the near future. This approach could 
facilitate more extensive analyses of relationships and 
enhance the presentation of results in a visually engaging 
manner. 

2 Data Material 
Measuring UFP values requires special techniques, as the 
particles, owing to their diminutive size, contribute min-
imally to the particle masses of coarser fine dust categories 
such as PM2.5 and PM10 [12]. Instead of mass determina-
tion, devices for particle counting are employed [13].  

This study sourced UFP data from the  Measuring 
Data Portal of the Hessian Agency for Nature Conserva-
tion, Environment and Geology (HLNUG), which has 
been collecting UFP data at varying numbers of air mon-
itoring stations in and around Frankfurt Airport since 
2015 [14]. Categorization is based on particle size rang-
ing from 10 to 500 nm. For this study, particle sizes  rang-
ing from 10 to 100 nm were considered, aligning with the 
common definition of UFP. Aircraft emissions are pri-
marily associated with the release of UFP sized between 
10 and 30 nm [13]. 

The heavy rainfall data used in this study is sourced 
from the DWD’s catalog of radar-based heavy rainfall 
events (CatRaRE) [15]. This comprehensive catalog en-
compasses all heavy rainfall events in Germany dating 
back to 2001. Unlike large-scale, prolonged precipita-
tion, locally and temporally limited heavy rainfall events 
pose a challenge for measurement. To acquire reliable 
data, the DWD employs weather radars capable of exten-
sively scanning the areas surrounding the radar device, 
effectively capturing duration and intensity of precipita-
tion, even beyond regular measuring stations. Thereafter, 
the collected datasets undergo a multi-stage quality con-
trol process, to ensure their suitability for climatological 
analysis [16]. 

3 Combined Methods 
Initially, the heavy rainfall data was imported into 
ArcGIS and filtered based on the chosen observation pe-
riod. To ensure data consistency, the period from May 1, 
2020, to December 23, 2022, was selected for investiga-
tion.  
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Furthermore, the most intense heavy 

rainfall events were identified and selected 
using criteria such as the maximum precip-
itation within the event zone (RRmax), the 
maximum heavy rainfall index (SRImax), 
and duration stage of the event (Duration) 
(see Figure 1).  

A 50 km buffer was then centered on 
Frankfurt Airport, creating a polygon layer 
that was pairwise intersected with the 
point layer representing the selected heavy 
rainfall events (see Figure 2).  

From the most intense heavy rainfall 
events identified in the studied region, two 
events per year from 2020, 2021, and 2022 
were selected for sample analysis. The 
UFP data from the seven days preceding 
each heavy rainfall event was imported, 
with the heavy rainfall event occurring on 
the last day (Day 0). For each particle size 
category, the upper and lower quartiles 
along with the respective daily mean value, 
were determined for each measurement pe-
riod. This analysis enabled insights into the 
distribution of higher and lower UFP meas-
urements in the days leading up to the heavy 
rainfall event (see Figure 3 to Figure 6). 

4 Results 
In the exemplary illustrated measuring pe-
riods from May 28, 2021, to June 3, 2021 
(see Figures 3 and 4), and from September 
8, 2022, to September 14, 2022 (see Figure 
5 and 6), the UFP values across all particle 
size categories indeed exhibited a distribu-
tion pattern. Lower concentrations were 
predominantly observed at the beginning 
of the period, indicated by a left-skewed 
chart in the lower quartile, while higher 
concentrations tended to occur towards the 
end of the period, as indicated by the right-
skewed chart in the upper quartile.  

This phenomenon was also noted in 
some of the other analyzed samples, albeit 
not consistently enough to establish a clear 
trend or regularity. The behavior of quar-
tile captures appeared rather unpredicta-
ble, given the varied distribution of data 
captures in each dataset. 

 
Figure 1: Number of most intense heavy rainfall events in Germany  

from May 1, 2020, to December 23, 2022. 

 

 
Figure 2: Intersect of buffer layer (50 km around Frankfurt Airport) and 

heavy rainfall events. 
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Figure 3:  Charts depicting the distribution of data sets per 

measurement day in the lower quartile (proportion 
of measurements with lowest UFP values) and in 
the upper quartile (proportion of measurements 
with highest UFP values) for the measurement  
period from May 28, 2021, to June 3, 2021, for each 
particle size category. 

 

 
Figure 4: Time series plot of daily mean values per  

particle size category for the measurement period  
from May 28, 2021, to June 3, 2021. 

 

 
 

 
Figure 5:   Charts depicting the distribution of data sets per 

measurement day in the lower quartile (proportion 
of measurements with lowest UFP values) and in 
the upper quartile (proportion of measurements 
with highest UFP values) for the measurement  
period from Sept. 8, 2022, to Sept. 14, 2022, for 
each particle size category. 

 
In analyzing the daily mean values of the UFP concentra-
tions, it was noted that 20 out of 30 generated curves ex-
hibited an increase in values in temporal proximity to the 
heavy rainfall event.  

However, the curves displayed varying patterns. For 
instance, some curves showed peaks at the beginning of 
the observed period and then a dip in the middle of the 
period. Others displayed a continuous increase, only to 
decrease again towards the end of the period.  

Nonetheless, a common observation was that the ma-
jority of curves featured the highest daily mean value 
within the measurement period one to two days before 
the occurrence of the heavy rainfall event. 
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Figure 6: Time series plot of daily mean values per particle 

size category for the measurement period from 
September 8, 2022, to September 14, 2022. 

5 Conclusions 
The present study did not find sufficient evidence to es-
tablish a direct correlation between increased UFP pollu-
tion in the atmosphere and the occurrence of heavy rain-
fall events. Given the complexity of weather and climate 
phenomena, more extensive analysis is necessary. This 
analysis should encompass influencing factors such as al-
titude data, terrain profiles, temperature, general precipi-
tation, air pressure and wind movements. For instance, 
wind and precipitation can impact local UFP concentra-
tions. Clouds can disperse depending on wind strength 
and velocity, moving the potentially correlated heavy 
rainfall event to an area away from the region with in-
creased UFP concentrations [We22]. 

The analysis of daily mean value did indeed provide 
suggestive evidence of a potential increase in determined 
UFP emissions leading up to a heavy rainfall event. How-
ever, to solidify this assumption, a study of significantly 
larger scope would be required. Additionally, analyses at 
various locations are essential for a more precise investi-
gation. This would not only facilitate local comparisons 
but also enable the correlation of results from different 
regions with similar geographical conditions. 

In order to facilitate a comprehensive analysis of the 
relationship between UFP pollution and heavy rainfall 
events, the implementation of an automated system for 
evaluating and visualizing freely available data via a GIS 
dashboard could be highly beneficial. This approach 
would not only enable the examination of individual data 
points but also facilitate the identification of complex 
patterns and trends within the data.  

Moreover, it would allow for the adoption of various 
spatial and temporal scales for modeling, thus enhancing 
the understanding of relationships and providing a more 
robust foundation for further research and decision-mak-
ing. Furthermore, such a system could foster communi-
cation and information exchange among different interest 
groups, which is vital for developing measures to miti-
gate the potential impact of UFP on the hydrologic cycle 
and the environment as a whole. 

In conclusion, as UFP pollution continues to rise 
steadily over time, this study endeavors to establish an 
initial foundation and impetus for further analysis. The 
ultimate goal is to ascertain the potentially significant im-
pact of UFP on the hydrologic cycle and subsequently 
implement measures to mitigate them. This could include 
the establishment of an official UFP limit to regulate 
emissions. 

Publication Remark 
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Abstract. This study describes the development of an
operation-independent simulation model for electrified
die-casting foundries which use a smart grid system to
cover their energy requirements. The model uses real
weather and electricity price exchange data for the sim-
ulation period. It can be used to determine and compare
electricity costs for production at specific times of day
and year, as well as the economic efficiency of different
photovoltaic (PV) system and electricity storage variants.
It also enables the proportion of different energy sources
for each configuration to be analysed. This can be car-
ried out using the model for locations throughout Ger-
many. Additionally, this paper presents exemplary simu-
lation studies that demonstrate the model’s wide range
of applications. The results provide an initial overview of
the potential savings and optimisation. In the future, the
modelwill provide a basis for determining optimumplant
layouts and production times using simulation-based op-
timisation.

Introduction
Against the backdrop of climate targets and the Euro-

pean Supply Chain Directive, reducing emissions dur-

ing production is becoming increasingly important, par-

ticularly for energy-intensive companies. At the same

time, companies are focusing on sourcing energy in the

most cost-effective way possible. However, these as-

pects do not necessarily compete with each other. The

volatility of renewable energies means that emission-

free electricity can sometimes be sourced very cheaply,

making CO2-emissions and low-cost electricity pro-

curement compatible.

Additionally, manufacturing companies with suit-

able sites can generate their own renewable electricity,

although this initially incurs high investment costs and

requires a certain degree of logistical flexibility, which

is not always easy to implement. To be able to test and

analyse the economic effects of corresponding adapta-

tions in companies without having to intervene in real

operations, which is always associated with economic

risks, this study will develop a simulation model for

this purpose. As part of this work, this functionality is

implemented in an existing operating model of casting

plants. To enable statements to be made about different

company sizes and to allow for possible transferability

to other sectors, the model is company-independent and

geared towards flexibility.

1 Field of Application

With an average annual demand of 12.6 TWh between

2010 and 2021, the German foundry industry is one of

the most energy-intensive sectors of the economy. In

2021, more than half of this demand was still covered

by fossil fuels [1]. In order to reduce the resulting emis-

sions, it is unavoidable that these fossil fuels must be

substituted. The most important approach is to elec-

trify the melting process. However, the effectiveness

of this measure depends heavily on the composition of

the electricity mix used. Additionally, this conversion

alters the operating process [2]. This study analyses

a simulation model of a converted plant. The model

aims to determine the energy costs of production for

any configuration of such an operation using a smart

grid system that considers weather data, electricity stor-

age, and electricity exchange prices. In this application,

the smart grid system is limited to the site in question.

Its task is to monitor electricity demand during produc-

tion and cover it as cost-effectively as possible using

the currently available electricity supply, which is also

recorded.
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2 Previous Work

The simulation model developed in this study is based

on previous work, in which two models were devel-

oped: an operation-independent model for a conven-

tional die casting operation [3], and a specific model for

an electrified operation [2]. This study focuses on im-

plementing a smart grid approach using real-time data

and variable electricity costs resulting from production.

The use of flexible energy prices and smart grids to opti-

mise costs in the manufacturing industry is a widely dis-

cussed topic in the literature. Literature analyses such

as [4] can be consulted for an overview.

Table 1 provides an overview of the focal points

of studies in this area, compared to this study. This

study is the first to analyse operational smart grids in

a foundry context alongside real weather and electricity

price data.

Contents [5] [6] [7] [8] This
study

Simulation study * * * * *

Felxible energy prices * * * *

On-site power genera-
tion

* *

Electricity storage * *

Real weather data *

Table 1: Comparison of the focus of different studies.

3 Simulation Model

The simulation model is based on the conservation laws

of energy and mass, and has been developed using the

MATLAB/Simulink programming environment. It has

an object-oriented structure and can be individually pa-

rameterised via a configuration file before a simulation

is started. The simulation uses real start and end times

to retrieve weather and electricity price data. The model

comprises three sub-models. Figure 1 shows the inter-

action of the sub-models within a simulation step. One

simulation step corresponds to one second of simulated

operating time.

Combining a detailed simulation model of a die-

casting foundry with real weather data and electricity

prices allows for insights into energy costs and the en-

ergy mix in various simulation scenarios.

Procedure of the simulation model in each
simulation step.

Thus, the model can support and evaluate strategic

decisions. More detailed explanations of the individual

sub-models can be found below.

3.1 Operating model

The model is based on the principles of energy and mass

conservation and maps the entire production process

from melting to casting in an object-oriented manner.

It considers energy and material flows together, while

a control module regulates the overall process. Energy

flows are simulated continuously and material flows are

simulated discretely. Calculations in the energy model

are based on the internal energy of the processed metal.

This is shown schematically in Figure 2. Using these

calculations, the model determines the current temper-

ature and solves the differential equations for the mass

of the liquid and solid metal. In the discrete part of the

model, each simulation step checks for the occurrence

of certain events. If necessary, processes are triggered

accordingly.

Internal energy of the processed metal.

The model consists of various simulation objects

whose properties change during the simulation accord-

ing to the parameters of the simulated operation.
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3.2 Energy supply model

In the simulation, only the electricity required to op-

erate the melting furnaces is taken into account. This

electrictiy is determined by adding the energy required

by each furnace and the heat losses that occur in each

simulation step. The electrical energy required for oper-

ation can be provided in the simulation model in three

ways (more detail on the various sources is provided

below):

1. Electrical energy from the PV system

2. Electrical energy from the battery storage system

3. Electrical energy from the power exchange

Figure 3 shows the sequence of utilisation of these

energy sources schematically:

Order of electricity usage.

Electrical energy from the PV system. The

yield of the PV system is calculated using the weather

data from the Duett project [9], which has been provid-

ing hourly data with a local resolution of 2x2 km for the

whole of Germany since the beginning of 2024, depend-

ing on the specific system data and the stored operating

location.

Electrical energy from the battery storage sys-
tem. The battery storage system is charged when

more PV electricity is produced than the site currently

requires and discharged when more electricity is re-

quired than is currently being produced. A certain de-

gree of efficiency is associated with electricity storage.

Electrical energy from the power exchange.
If the energy demand cannot be met by the electric-

ity currently being generated and stored, the difference

is purchased on the European Power Exchange (EPEX

SPOT) spot market.

3.3 Cost model

The costs of the PV system and battery storage are cal-

culated using straight-line depreciation for both acquisi-

tion and operating costs. Electricity purchased from the

spot market is included in the total costs at the current

price and required quantity for each time step. Accord-

ingly, the energy costs C in each simulation step consist

of fixed and variable costs according to equation 1:

C =
Cinv +Cop

T
+Cspot (1)

Cinv = Investment cost

Cop = Expected operating costs

Cspot = Electricity costs of exchange electricity

T = Expected life cycle

4 Simulation Study

To analyse the model’s potential, the electricity mix and

resulting costs of an operation with four casting units

and an identical production plan are investigated by

varying the battery storage sytem, the PV system and

the geographical location. Each simulation considers

an identical 24-hour operating day. The reference con-

figuration for all studies is an operation with a 1 MWp

PV system and 320 kWh storage capacity in Nurem-

berg. These simulation studies aim to demonstrate the

possible applications of the developed model.

4.1 Variation of the storage capacity

The first sub-study analyses the influence of the battery

storage system. To this end, the capacity is varied from

0 to 640 kWh, together with the corresponding power.

Figure 4 shows the resulting energy mix and associated

costs.

The study found that total costs decrease with in-

creasing storage capacity, as a larger storage volume is

associated with lower additional costs than purchasing

electricity on the spot market. The extent of this effect

depends on the storage system’s investment costs, the

PV system used and spot market prices during the rele-

vant period.
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Electricity mix and costs for various batery storage
systems.

Accordingly, studies of this type can aid decision-

making regarding the optimal size of a new or replace-

ment battery storage system for an operation with exist-

ing PV system.

4.2 Variation of the PV system

This simulation study analyses the impact of the size of

a PV system. It is varied in four stages, ranging from

100 kWp to 2 MWp. Figure 5 shows the resulting en-

ergy mix and associated costs.

Electricity mix and costs for various PV system
sizes.

Although the configuration with the largest PV sys-

tem produces the most PV electricity, a smaller system

(500 kWp) is more cost-effective. This is due to limited

storage capacity and production at night.

4.3 Variation of the location

Finally, the factory’s location varies between Bremen

(BRE), Leipzig (LPZ), Frankfurt am Main (FRA) and

Nuremberg (NBG). The simulation is based on the op-

timal configuration from simulation study 4.2: a 500

kWp PV system with 320 kWh of storage capacity. Fig-

ure 6 shows the resulting energy mix and associated

costs.

lectricity mix and costs for various production
sites.

The study shows that, for otherwise identical oper-

ations at different locations, the energy mix and energy

costs can differ significantly in some cases. This is due

to different levels of solar irradiation and the resulting

variation in PV yields. Therefore, optimal system con-

figurations depend on the location of the site, and this

must be taken into account in the simulation model.

Supporting site selection is another potential applica-

tion of such models. However, a longer time period

must be simulated to make an informed statement on

site selection.

5 Discussion
The main advantages of the model described here are

its flexible structure and the incorporation of real data.

This makes the model suitable for a wide range of ap-

plications. As the model uses real data on weather and

electricity prices, it can also take into account time- and

location-specific influencing factors in the simulation.

The test studies presented demonstrate the model’s suit-

ability for a wide range of applications. For instance, it

can be used to determine the optimal size of a storage

system for an existing PV system, and vice versa. It

is also possible to optimise the design of both compo-

nents.

Additionally, the model considers specific weather

data, enabling its flexible use for different locations.

The model can be used to aid strategic investment plan-

ning and the assessment of the profitability of changes

to the production plan or location choice. As specific

acquisition costs can be varied within the model, it can

be used to determine the marginal costs above which an

investment becomes worthwhile.

However, since a simulation model is always a sim-

plified representation of reality, it is important to vali-

date it using real data in order to confirm its validity.
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Due to the lack of electrified f oundries, t his cannot

currently be done for this model. Therefore, the current

validation is based on energy balances and a compari-

son with a validated model of a conventional die casting

foundry [3].

6 Outlook
In future, optimisation algorithms will be used to deter-

mine the best possible system configurations a nd pro-

duction times for specific operations with the help of the

model described here. Due to its flexible s tructure, the

model can be extended in many directions. While it is

primarily intended for operational production planning,

further work will investigate its potential for strategic

plant design in particular. Furthermore, the smart grid

model can be easily transferred to other industrial ap-

plication areas. All that is required is a load profile for

the new application.

This contribution is the revised English version of the

(German) conference version published in

Tagungsband Langbeiträge ASIM SST 2024,

ARGESIM Report AR 47,

ISBN ebook: 978-3-903347-6 - ,

volume DOI 10.11128/arep.47,

article DOI 10.11128/arep.47.a47 , p 61-65.

References

[1] Statistisches Bundesamt. Statistischer Bericht -
Umwelt-ökonomische Gesamtrechnungen (UGR) -
Energiegesamtrechnung - 2010 bis 2021. 2023.

Accessed on 13 May 2024:

https://www.destatis.de/DE/Themen/Gesellschaft-

Umwelt/Umwelt/UGR/energiefluesse-

emissionen/Publikationen/Downloads/statistischer-

bericht-ugr-energiegesamtrechnung-

5850014217005.html.

[2] Dettelbacher J, Schlüter W, Buchele A. Simulative
Analyse der nachhaltigen Transformation von
Gussbetrieben. In: Bergmann, Feldkamp, Souren und

Straßburger, editors. Simulation in Produktion und
Logistik 2023. Ilmenau, 2023.

https://doi.org/10.22032/DBT.57476

[3] Schlüter W, Henninger M, Buswell A, Schmidt J.

Schwachstellenanalyse und Prozessverbesserung in

Nichteisen-Schmelz- und Druckgussbetrieben durch

bidirektionale Kopplung eines Materialflussmodells mit

einem Energiemodell. In: Wenzel und Peter, editors

Simulation in Produktion und Logistik 2017, Kassel,

2017.

[4] Hiller T, Mayerhoff J, Nyhuis P. Energy Costs in

Production Planning and Control: A Categorical

Literature Review and Comparative Analysis. Journal
of Production Systems and Logistics 2021. Hannover

2021. https://doi.org/10.15488/11126

[5] Ewering C, Siebert R, Wortmann F, Youssef A. Process

control with volatile electricity prices. 2014 5th
International Renewable Energy Congress (IREC);
Hammamet, Tunisia, 2014, pp. 1-5,

https://doi.org/10.1109/IREC.2014.6827005

[6] Schultz C, Braun S, Braunreuther S, Reinhart G.

Integration of Load Management into an

Energy-oriented Production Control. Procedia
Manufacturing. 2017.

https://doi.org/10.1016/j.promfg.2017.02.017

[7] Willeke S, Prinzhorn H, Stonis M, Nyhuis P.

Preconditions for applying an energy price-oriented

sequencing rule. Prod. Eng. Res. Devel. 12, 73–81

2018. https://doi.org/10.1007/s11740-017-0782-z

[8] Roesch M, Linder C, Zimmermann R, Rudolf A,

Hohmann A, Reinhart G. Smart Grid for Industry

Using Multi-Agent Reinforcement Learning. Applied
Sciences. 2020; 10(19):6900.

https://doi.org/10.3390/app10196900

[9] Deutscher Wetterdienst. 2024. Accessed on 13 May

2024: https://opendata.dwd.de/climate_

environment/CDC/grids_germany/hourly/

duett/radiation_global/recent/

SNE 35(3) – 9/2025

https://opendata.dwd.de/climate_environment/CDC/grids_germany/hourly/duett/radiation_global/recent/
https://opendata.dwd.de/climate_environment/CDC/grids_germany/hourly/duett/radiation_global/recent/
https://opendata.dwd.de/climate_environment/CDC/grids_germany/hourly/duett/radiation_global/recent/




149

S N E T E C H N I C A L N O T E

Methodology for the Identification of Systems
with Non-linear Dynamic Behaviour

Marian Göllner1*, Sven Jacobitz1, Xiaobo Liu-Henke1, Ludger Frerichs2

1Institute for Mechatronics, Ostfalia University of Applied Sciences,
1Salzdahlumer Str. 46/48, D-38302 Wolfenbüttel; *mar.goellner@ostfalia.de
2Institute for Mobile Machines and Commercial Vehicles, Technical University Braunschweig,
1Langer Kamp 19a, D-38106 Braunschweig

SNE 35(3), 2025, 149-157, DOI: 10.11128/sne.35.tn.10745

Selected ASIM SST 2024 Postconf. Publication: 2024-12-10

Rec. Impr. English version: 2025-08-01; Accepted: 2025-08-15

SNE - Simulation Notes Europe, ARGESIM Publisher Vienna

ISSN Print 2305-9974, Online 2306-0271, www.sne-journal.org

Abstract. This paper investigates the identification and
control of unstable, under-actuated systems with non-
linear dynamic behaviour. Due to their instability and
non-linear responses to conventional control techniques,
these systems pose a particular challenge for precise
modelling and effective control. To address these prob-
lems, we developed a methodical, model-based ap-
proach using rapid control prototyping (RCP), which is
based on physical models and integrates model-in-the-
loop (MiL), software-in-the-loop (SiL) and hardware-in-
the-loop (HiL) testing. The methodological framework in-
cludes the identification of system dynamics using mea-
surement data-based approaches and the verification of
the models to ensure their accuracy. By applying these
models to the specific example of the S-Mobile, a highly
dynamic intralogistics system with a spherical electric
drive, we demonstrate the effectiveness of the approach.
The results show improved model accuracy and robust
control of the system, emphasising its potential applica-
bility in similarly complex technical systems.

Introduction and Problem
Definition
The modelling and control of intelligent dynamic sys-

tems is a fundamental aspect of modern engineering.

This task becomes particularly challenging when deal-

ing with unstable, under-actuated systems with non-

linear behaviour [1]. Such systems can be found in a

variety of applications, from robotics to energy trans-

mission systems, and require precise and reliable mod-

els for effective system design. In modern control en-

gineering, the models used are of crucial importance.

They are not only used for system design, but are an

integral part of the controller functions. Lack of accu-

racy in modelling can lead to sub-optimal performance

and even system failure. Therefore, the identification of

system dynamics, especially in non-linear and under-

actuated systems, is a key challenge. These systems are

characterised by their tendency to respond to conven-

tional control methods with unpredictable or unstable

behaviour.

2D solid LiDAR

Safety Force Clamp

Drive Ball

Omni-Wheels

Synchronous Electric Motor

Inertial Meassurement Unit

3D rotating LiDAR

Communication Unit

Rotary Encoder

Harmonic Drive Gear Box

Power / Comm. Distribution 

Stereographic Depth Camera

support structure

Function carrier S-Mobile as an exemplary
non-linear, unstable system.

Figure 1 shows such a system, the S-Mobile func-

tion carrier, which is designed as a highly dynamic in-

tralogistics system with a spherical electric drive. It

consists of a structure that is balanced on a sphere

via rotationally symmetrical actuators using omnidirec-

tional wheels. The primary problem is the identification

and validation of the control plant model as an integral

part of the control concept (see [2]). The requirements

for modelling quality are correspondingly high.
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This paper presents the concept of a new method-

ology for the identification of unstable, underactuated

systems taking into account there non-linear systems

dynamic.

It is structured as follows. Section 1 introduces

the methodology used for model-based development of

mechatronic systems and the general model-based iden-

tification process.

Section 2 gives an overview over the state-of-the-art

for identification of either non-linear or unstable sys-

tems. Subsequently, in section 3, the conception and

design of the new method and in section 5, the results

of the testing approach are laid out in detail. The paper

closes in section 6 with a conclusion and an outlook for

future work.

1 Methodology

A methodical, model-based approach is essential for the

development of complex cyber-physical systems. Fig-

ure 2 illustrates the general data-based identification

process used for this purpose, according to [3].

measurement
planning

measurement
execution

theoretical
model

parameter calculation with 
optimisation function 

task,
requirements

a-priori
knowledge

simulation
results

measurement
results

model
verification

No

Yes
verified
model

Measurement data-based model identification
process.

Holistic, end-to-end, verification-orientated rapid

control prototyping (RCP) has established itself as the

defacto method in this area.

The core is a white-box model of the system to

be controlled based on physical approaches as well

as the processes model-in-the-loop (MiL), software-

in-the-loop (SiL) and hardware-in-the-loop (HiL). The

correctness of the model used is therefore an essential

prerequisite for efficient development and valid design

results. Model identification and verification are there-

fore core elements of the modelling process [4].

Based on the task, the requirements and the a-

priori knowledge of the system, the measurement is first

planned and the parameters of the theoretical model are

initially estimated. The difference between the mea-

surement and simulation results ε is used as input for

an optimisation function to calculate the parameters.

During model verification, an assessment is made as to

whether the real behaviour is reproduced with sufficient

accuracy. If this is the case, the final model is estab-

lished. Otherwise, the theoretical model is adapted, for

example by increasing the modelling depth.

2 State-of-the Art

Identification in control engineering refers to the exper-

imental determination of the time behaviour of a pro-

cess or system by analysing measured signals. The aim

is to map the system behaviour as accurately as pos-

sible within a defined class of mathematical models,

whereby the errors between the real process or system

and its mathematical models should be minimised. The

challenge is to keep the error between the actual system

behaviour and its mathematical model as small as pos-

sible. Researchers and engineers use measured input

and output signals to characterise and model the system

dynamics. This process is crucial for the development

of precise and efficient control systems, especially in

technical fields such as robotics, aerospace and indus-

trial automation, where accurate models are essential

for optimal performance [5].

2.1 Classification of identification methods

Identification methods for dynamic systems can be

fundamentally divided into two categories according

to their basis of analysis: Time domain methods and

frequency domain methods [6]. Time domain methods

use time series data to characterise the dynamic be-

haviour of the system. These methods are particularly

useful for modelling non-linear relationships between

input and output signals [5].
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In contrast, frequency domain methods analyse the

system behaviour by examining the response of the sys-

tem to sinusoidal input signals of different frequen-

cies. These methods are effective in determining the

system characteristics by analysing the frequency re-

sponse. Frequency domain methods are particularly

suitable for identifying linear systems as they provide

a clear and descriptive representation of the system dy-

namics in the frequency spectrum [7].

In addition, there is a third category, the so-called

mixed methods, which combine elements of both ap-

proaches in order to utilise the advantages of time and

frequency domain analyses. These hybrid approaches

are often able to provide a more comprehensive analy-

sis by capturing both the direct time response and the

frequency-dependent properties of the system [1].

The methods mentioned in the discussion above as-

sume that the input/output behaviour of a system is

measured directly. However, this approach is not prac-

tical for unstable systems. In such cases, the use of ad-

vanced techniques such as Closed Loop Identification

is required [8]. When investigating under-actuated sys-

tems, it is also crucial to ensure that all system states

are fully excited and analysed.

2.2 Approaches for the identification of
non-linear, unstable systems

Current research in the field of system identification

provides a wide range of perspectives on the challenges

and methods for analysing dynamic systems, especially

with the use of artificial intelligence and machine learn-

ing [8]. A common approach is to close the control loop

to stabilise the system. A distinction is made here be-

tween direct (evaluation of the system input and output)

and indirect (evaluation of the reference variable and

the system output) identification methods. These meth-

ods make it possible both to create consistent models

and to deal with non-modelled dynamics (approximate

modelling) [9]. Xavier et al. [10] provide an in-depth

overview.

In the specific application to underactuated systems,

Chawla and Singla [11] apply adaptive neural-based

fuzzy inference systems (ANFIS). Here, the model of

an inverse pendulum is generated from input/output

data of the dynamic system response. The accuracy of

the ANFIS model is confirmed both by the mean square

error and by experimental comparisons with real system

models. However, this is a non-physics-based model,

which is not suitable for treatment with typical control

engineering methods.

Through Chen et al. [12] introduced dual input-

output parameterisation (dual IOP), a new method for

identifying linear time-invariant systems using closed-

loop measurement data. The method represents an ex-

tension of previous approaches to closed-loop identifi-

cation and simplifies the design of the stabilising con-

troller in particular. The applicability for non-linear

systems is not discussed.

Finally, González et al. [13] deal with the identifi-

cation of unstable, continuous systems using refined in-

strumental variable methods, especially in closed-loop

control. It is shown that existing approaches such as

the Simplified Refined Instrumental Variable Method

(SRIVC) in their conventional form are not reliable

when it comes to modelling unstable systems.

As a solution, an adaptation of these methods is pro-

posed, which includes the introduction of a specially

adapted all-pass filter in the pre-filtering step. These

modified methods allow the identification of unstable

systems and minimise the error at convergence. How-

ever, the presented method is only intended to be ap-

plied to linear systems.

3 Designing the New Method

In order to be able to run through the established model-

based design process and, in particular, to parameterise

and use model-integrating control methods, an in-depth

physical analysis of the system states and parameters is

required. To do this, it is necessary to set up a physical

model with fully defined parameters of the controlled

system [14].

For this purpose, a modelling method based on bal-

ance equations taking into account conservation laws is

to be favoured. According to Noether’s theorem, every

continuous symmetry of the effect results in a conser-

vation law, and conversely, every conservation law has

a continuous symmetry of the effect. This means that

the underlying physics is fundamentally captured in the

model and not obscured by approximation. This results

in non-linear models with parameters that can be de-

rived entirely from physics.

However, as mentioned at the beginning, the iden-

tification of these is non-trivial due to the non-linearity

and possibly time variance. The method described be-

low, which can in principle be carried out for any type

of system in any domain, sequentially describes the tar-

geted identification of system parameters using a me-

chanical system.
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3.1 General model description

Based on the kinematics and dynamics of the respec-

tive mechanical system to be identified, the dynamics

functions must first be derived in the form of coupled,

non-linear differential equations. The following equa-

tion shows the generalised dynamics model [2] derived

from this:

M
(
q
) · q̈+C

(
q, q̇

) · q̇+G
(
q
)
= F

(
q
) ·u (1)

The symmetric mass matrix M ∈ R
m×m depends on the

individual masses of the systems’ rigid bodies and the

generalised coordinates q ∈ R
m. The vector C ∈ R

m×m

describes the generalised gyroscopic forces consisting

of the centrifugal and Coriolis forces. The vector G ∈
R

m describes the potential energy via gravity. The ma-

nipulated variables entered are calculated with the time-

varying vector u ∈ R
n. Its multiplication with the func-

tional matrix F ∈ R
m×n leads to the torque matrix.

3.2 Linearisation of the model

Characteristics of the system dynamics from equation

(1) can be analysed particularly well in the frequency

range. To do this, a linear model is first required at dif-

ferent operating points. For example, a Taylor series

expansion using Jacobian matrices can be used at dif-

ferent time steps i. The linearised model at the current

operating point is corresponding:

Δq̈ = (−J
q̈
(i)−1 · J

q
(i)) ·Δq+(−J

q̈
(i)−1 · J

q̇
(i)) ·Δq̇︸ ︷︷ ︸

for Ai·x

+(−J
q̈
(i)−1 · J

u
(i)) ·Δu︸ ︷︷ ︸

for Bi·u

+(−J
q̈
(i)−1) · f

∣∣∣∣
APi︸ ︷︷ ︸

for Ei·zi

The result is a linear state space model according to the

following equation (2).

ẋ = Ai · x+Bi ·u+Ei · zi

y =C · x+D ·u (2)

3.3 Stabilisation of the system

Based on the state space representation valid for the op-

erating point, the system should now be stabilised by at

least a narrow validity range around the operating point

i using state feedback.

A feedback gain K, which forms the control vector u

via the simple control law uT =−(
KT · x)T

=−xT ·KT

through the state feedback, results from various ap-

proaches to state control and does not have to be opti-

mally designed but must be known and constant. The

system gain is normalised and the control vector is

transformed using a set-point-filter N. This results in

the control law of the controller:

u =−Ki · x+N
i
·w (3)

From the point of view of the setpoint input w,

the closed control loop now reacts like a stable multi-

variable system within the physical limits defined

mainly by manipulated variable limits. The system lim-

its must be checked in the same way as the BIBO sta-

bility.

This is given by a consideration of the controllabil-

ity; if
(
A,B

)
is completely controllable, the inherent dy-

namics can be set arbitrarily, ergo the system can also

be stabilised.

3.4 Transfer-function and decoupling of the
system

The system, which has now been stabilised by control,

is to be decoupled for identification in the coordinate

system of the rigid body (BCS) to be investigated and

the independent transfer paths are to be represented as

transfer-functions.

This provides access to the main diagonal of the

transfer matrix of the overall system via the transfer

functions ϑx
ϑx_set

,
ϑy

ϑy_set
, ϑz

ϑz_set
in the respective spatial di-

rections (either rotatory or translatory).

The linear equivalent state space of the system has

the manipulated variables τ1,τ2,τ3 of the actuators as

input vector u(t), since the effect of the manipulated

variables in the system model is already taken into ac-

count in relation to the BCS.

The transfer-matrix G
S
(s) of the system can be ob-

tained from the state space representation by transform-

ing it into the Laplace-domain.

G
S
(s) =

X(s)
U(s)

=
(
s · I−A

)−1 ·B (4)

This system can now be divided into the system-

representation in the BCS spatial direction G
S_R

and a

transformation of the manipulated variables using the

transformation matrix T .
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In the same way, the closed control loop can be

utilised by applying the control law u = −K · x+N ·w
onto the state space representation.

ẋ(t) = A · x(t)+B ·
(
−K · x(t)+N ·w(t)

)
� �

X(s) · (s · I−A+B ·K)
= B ·N ·W (s)

(5)

The Transfer matrix of the closed control loop in the

reference case thus becomes:

G
W
(s) =

X(s)
W (s)

=
(
s · I−A+B ·K)−1 ·B ·N (6)

The state controller and the set-point-filter also con-

sist of a component KR and N
R

acting in the spatial di-

rections and the transformation of the manipulated vari-

ables to the actuator positions by the inverse transfor-

mation matrix T−1.

In the Laplace-domain, this can be expressed by the

transfer-matrices K(s) and N(s) or KR(s) = T ·K(s) and

N
R
(s) = T ·N(s) of the controller and set-point-filter.

The controlled system can be reshaped for observation

in the spatial directions [15].

3.5 Identification of the system dynamics in
the frequency domain

Since the system behaviour has so far only been derived

theoretically from physical modelling, the transmission

behaviour of the system is now to be identified by fre-

quency response measurements on the real plant. Be-

cause the system to be identified is unstable, the ref-

erence transfer function of the system stabilised by a

linear controller is first identified and the transfer be-

haviour of the uncontrolled system is calculated from

this. As the calculation of a frequency response is only

applicable to linear systems, the model linearised at a

suitable operating point is used for identification.

This model should be adapted to the measured fre-

quency response by varying the parameters. Only as

few free parameters as possible should be used. The

transfer behaviour of the controller and set-point-filter

is known and results from the control parameters used

in the measurement. The transfer function of the actu-

ator should first be identified separately by a frequency

response measurement so that it can be assumed to be

known when identifying the reference transfer function.

The actuator-transfer-matrix then corresponds to

the control-transfer-matrix of the manipulated-variable-

control in the BCS (X- Y- and Z-direction):

G
M_R

(s) = T ·
⎡
⎣Gm1(s) 0 0

0 Gm2(s) 0

0 0 Gm3(s)

⎤
⎦ ·T−1 (7)

This leads to a further possibility of representing the

transfer-matrix in the referencing-case with the sepa-

rated transfer-functions in relation to the BCS:

G
W
(s) =

(
I+G

S_R
(s) ·G

M_R
(s) ·KR(s)

)−1 · . . . (8)

·G
S_R

(s) ·G
M
(s) ·N

R
(s)

This yields to the correspondig matrix form:

G
W
(s) =

[
G

WRot
(s) G

WTrans�→Rot
(s)

G
WRot�→Trans

(s) G
WTrans

(s)

]
(9)

Here, the separated transfer matrices for the reference

case describe the couplings of the rotational and trans-

lational degrees of freedom in the BCS, e.g. explicitly

for the rotational degrees of freedom:

G
WRot

(s) =

⎡
⎢⎢⎣

Θx(s)
Θxsoll

(s)
Θx(s)

Θysoll
(s)

Θx(s)
Θzsoll

(s)
Θy(s)

Θxsoll
(s)

Θy(s)
Θysoll

(s)
Θy(s)

Θzsoll
(s)

Θz(s)
Θxsoll

(s)
Θz(s)

Θysoll
(s)

Θz(s)
Θzsoll

(s)

⎤
⎥⎥⎦ (10)

If the two reference transfer matrices are equalised,

the transfer matrix of the uncontrolled system can be

deduced by identifying them and subtracting the known

transfer matrices of the state controller and any pre-

filter as well as the previously measured and trans-

formed transfer matrix of the actuator. By equating the

eq. (6) with eq. (7), it is also possible to draw conclu-

sions about the dynamics-matrix defined at the operat-

ing point and the input-matrix of the state space and to

identify individual, unknown parameters of the system

within the coefficients formed by the system parame-

ters.

3.6 Pseudo-linear identification of the
stabilised system plant

Since the uncontrolled and thus also the controlled sys-

tem is non-linear, the amplitude of the excitation has

an influence on the system behaviour, as these do not

fundamentally fulfil the amplification and superposition

principle [16].
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Frequency response measurements are therefore

carried out with different excitation amplitudes in order

to investigate this influence.

Typical non-linearities of mechanical systems are

e.g. friction in the form of Coulumb or Stribeck friction,

force transmission breakdown, dependencies of system

states e.g. on the gravity vector/velocity vector and vari-

able coefficients [15]. Since these effects within the fre-

quency spectrum are dependent on both the excitation

amplitude and the excitation frequency, the measure-

ment must be carried out in partial frequency bands and

then combined into one measurement using the evalua-

tion of coherence.

Basically, the structure of the physical model is

used to simulate an expected frequency response us-

ing known parameters. The simulated curve of the

amplitude and phase response (Amod (ω)dB,ϕmod (ω))
is compared with the curve of the measurement graph

(Ameas (ω)dB,ϕmeas (ω)). The difference between sim-

ulation and measurement is represented as the Root

Mean Square Error ε of both the amplitude difference

ΔA(ω)dB = Ameas (ω)dB−Amod (ω)dB and phase differ-

ence Δϕ(ω) = ϕmeas (ω)−ϕmod (ω) points and is cal-

culated using the coherence-dependent weighting factor

keval .

ε = εmag + εphase

εmag =
1

n

(
ωmax

∑
ω=ωmin

(ΔA(ω)dB)
2 · keval(ω)

)

εphase =
1

n

(
ωmax

∑
ω=ωmin

(20 · log(1+ |Δϕ(ω)|))2 · keval(ω)

)

The actual identification of the unknown model param-

eters is carried out by optimising this error surface ini-

tialised via estimates, using a modified downhill sim-

plex algorithm according to Nelder and Mead [5].

4 Used Test Bench
Infrastructure

To validate the concept described, the test bench shown

in Figure 3 was set up in which the S-Mobile function

carrier introduced in section can be tested under safe

and reproducible conditions.

In this test rig, the S-Mobile is restrained in a re-

configurable commissioning frame, which allows either

blocking or limiting the degrees of freedom of the su-

perstructure without inhibiting the degrees of freedom

of the ball.

The test carrier is fixed by wire ropes of a defined

length in such a way that a tilting movement up to a

maximum angle is permitted. This allows the structure

to be stabilised by a translational movement of the geo-

metric centre of the sphere while at the same time pre-

venting it from tilting.

Netgear PoE- Switch

Ethernet 2 Ethernet 1

BNC

Abacus 901 Signal Analyser

roll tray

S-Mobile

support frame

CAN 1

Power conditioning

CAN 1

reconfigurable commissioning frame

Measure-PC + CAN-adapter

dSPACE Embedded SPU +
dSPACE MicroAutoBox II

CAN 2

CAN 3

CAN 4

S-Mobile in test bench setup for identification.

The information technology linking of the measur-

ing and control devices required for identification is

also shown. The MicroAutoBox II as the RCP system

of the S-Mobile is used to execute the linear stabilisa-

tion controller required for identification. The DP Aba-

cus 901 signal analyser is coupled exclusively with this

in order to specify the target variables for the stabili-

sation controller and to be able to calculate the delay

time of the calculation duration of the control algorithm

synchronously on all measurement channels.

Accordingly, all measurement signals required for

identification are routed via the MicroAutoBox II. The

signal measurement is not only carried out directly, but

also by measurement data fusion algorithms that are

mainly executed on the internally coupled embedded

SPU. The actuators and sensors of the function carrier

are connected via a real-time CAN network. Experi-

ment preparation, remote ECU control and data record-

ing are carried out on a measurement PC that communi-

cates with both the MicroAutoBox II and the DP Aba-

cus 901 via an Ethernet network.
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5 Exemplary Application of the
Method on the S-Mobile

Using the test bench presented in the previous chap-

ter, frequency-dependent analyses were carried out on

the S-Mobile function carrier. For this purpose, target

states in the form of periodic excitations were given to

the stabilisation controller as reference variables. The

response of the closed control loop, consisting of the

controller and system as well as the actuator and sen-

sors, was then analysed.

The periodic excitations were selected on a system-

specific basis in order to take specific non-linearities

into account. For example, the amplitude of the exci-

tation has an influence on the system behaviour. Fre-

quency response measurements are therefore carried

out with different excitation amplitudes in a fixed fre-

quency range in order to investigate this influence. For

excitation, amplitudes from ϑ̂x−set = 1.5◦ to ϑ̂x−set =
5◦ are fed in as chirp signals.

Figure 4 shows the recorded response spectra as a

frequency response in the Bode diagram.

100 101
-80

-60

-40

-20

0

1.5°
2°
2.5°
3°
4°
5°

100 101
-600

-400

-200

0

100 101
0.7

0.8

0.9

1

Measured frequency responses at different
amplitude excitations, filtered by coherence.

Measurement series with a coherence of at least 0.7

across the entire spectrum have already been selected

here. It can be seen that the coherence of the mea-

surement starts to deteriorate significantly from approx.

20Hz. This is due to the data transmission via CAN

bus system from the RCP system to the actuators as

well as from the sensors. The actual body angles were

measured by an inertial measuring unit and transmit-

ted via CAN with a cycle time of 10 ms. This corre-

sponds to a sampling frequency of 100Hz, whereby the

Nyquist–Shannon sampling theorem [17] theoretically

results in a maximum sampling frequency of 50Hz. In

practice, however, the reconstructed signal is already

distorted at lower frequencies, which results in a lower

coherence of the signals. At higher amplitudes, the fre-

quency response could only be determined for low fre-

quencies, as excitation with a high frequency and high

amplitude causes the wheels to slip due to the limited

power distribution, thereby damaging the surface of the

sphere.

The amplitude responses for large excitation ampli-

tudes are close together, while the system for small ex-

citations at low frequencies (< 10Hz) has a low gain

and also poorer coherence. This is due to the large in-

fluence of static friction in the system at such low ex-

citation amplitudes. The phase response, on the other

hand, shows fewer deviations for all measurements.

The optimum parameters are identified by minimis-

ing the quadratic error between an assumed transfer-

element as the reference-transfer-function of the sep-

arated transfer path within the transfer-matrix and the

measured frequency response. Since both the transfer-

function of the actuator and the transfer-functions of the

controller (and set-point-filter) are known, the calcu-

lated reference model can be used to identify the struc-

ture of the transfer-element. This can also be estimated

by observing the measured amplitude- and phase-drop.

To identify the parameters, the system transfer func-

tion Gsx(s) =
θx(s)
Mx(s)

must first be obtained by linearis-

ing the non-linear model with the mass moment of in-

ertia as a free parameter. The model is to be linearised

at the quasi-stable point (ϑx = 0,ϑy = 0), as the sys-

tem oscillates around this point during the frequency

response measurement. However, the angular velocity

is not assumed to be ϑ̇x = 0 for the linearisation, but

should correspond to the actual angular velocity during

the measurement. However, this is not constant during

the measurement, but depends on the frequency and am-

plitude of the oscillation. With a harmonic input oscil-

lation ϑx(t) as the excitation signal, the angular velocity

results from the following equation:

ϑx(t) = A(ω) · ϑ̂x−set · sin(ω · t +ϕ(ω))

ϑ̇x(t) =
dϑx(t)

dt
= A(ω) · ϑ̂x−set ·ω · cos(ω · t +ϕ(ω))
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For the zero crossing at the quasi-stable point around

which the system oscillates (ϑx(t) = 0), the maximum

angular velocity results:

ϑ̇x(ω) = A(ω) · ϑ̂x−set ·ω (11)

The following figure 5 shows the maximum angular

velocities associated with the measured frequency re-

sponse.

100 101
0

0.01

0.02

0.03

Angular velocity at zero crossing.

These are used for the linearisation of the reference

model in order to derive the transfer-matrix using the

method described in chapter 3. This in turn shows the

structure and the parameter dependency, which can now

be resolved according to an unknown parameter. By lin-

earising the non-linear model at the operating point un-

der consideration, for example, a system transfer func-

tion dependent on the moment of inertia θx can be de-

rived in order to identify this as a free parameter via

quadratic optimisation:

Gsx(s) =
ϑx(s)
τx(s)

= f (σ ,ω,θ) (12)

In combination with the known/identified actuator (-

system) and the transfer-functions of the controller, the

reference-transfer-function for the examined degree of

freedom can be formed. The transfer-function of the

state-feedback always results as a PDn-element, since

the state controller always feeds back all minimum co-

ordinates and at least their first derivative [18]. Further-

more, a dead time Tt is added to the transfer-element,

which results from the data communication process.

Gw(s) =
ϑx(s)

ϑx−set (s)
=

NRx ·Gsx(s) ·Gm(s)
1+Gsx(s) ·Gm(s) ·KRx(s)

· e−Tt ·s

The frequency response of the applied transfer element

with free initialised parameters is shown in green in the

following figure 6. Quadratic optimisation results in the

red curve after parameter adjustment. By minimising

the error of the amplitude- and phase-response in rela-

100 101
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-60

-40

-20

0

Ident. Parameter
Init Parameter

100 101
-600

-400

-200

0

100 101
0

0.5

1

Identified transfer element for the command case.

tion to the measurement, unknown values for the free

parameters of the example system were identified. A

comparison with the design data of the system confirms

the accuracy of the identified mass moment of inertia

θx = 20.31. This method can therefore be used to iden-

tify unknown parameters on under-actuated, unstable

and non-linear systems.

6 Conclusions and Future Work
This paper discussed the identification and control of

unstable, under-actuated systems with non-linear dy-

namic behaviour. The focus was on the development

and validation of a new methodological procedure for

system identification. Using the example of the S-

Mobile, an innovative intralogistics system, it was suc-

cessfully demonstrated how the system dynamics can

be precisely identified and the system stabilised by ap-

plying the new approach.

For future work, further investigation of the ap-

proach is recommended in order to cover an even wider

range of unstable, under-actuated systems. In particu-

lar, the integration of advanced machine learning meth-

ods and surrogate models [19] could further improve

the accuracy and increase the adaptivity of the control

systems. It would also be of great interest to investigate

the transferability of the developed methods to other in-

dustrial applications to test their universal applicability.
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Abstract.  Very often EXCEL is called the most-used simu-
lator – but also for continuous ODE systems? Generally, 
EXCEL allows easy implementation of recursive formula, 
as for the EULER solver (there exist also ODE solver mac-
ros for EXCEL). This student project reports on experi-
ences with a basic recursive EULER solver for ARGESIM 
Benchmark C21, case study ‘RLC with Diode, and docu-
ments also the model set up for educational purposes.  
For the event handling of diode switching, two previous 
steps of the solver had to be observed – with reasonable 
results. Some problems occurred with the numerical 
treatment of the formula, because of the big range of pa-
rameters, leading to numerical extinction errors, espe-
cially in case of the Shockley formula interpolation. 
For the reasonable results, a very fine grid had to be used 
– an EXCEL table with 40.000 rows (and some for initialisa-
tion. The answer: EXCEL can also be used for continuous 
systems with events, but cannot be really recommended. 

Introduction – Basic Modelling 
ARGESIM Benchmark C21 ‘’State Events and Struc-

tural Dynamic Systems’, Case Study RLC with Diode is 
based on the dynamics of a simple RLC circuit with a 
diode in parallel (Figure 1). 

The RLC circuit is made up from idealized parts, with 
exception of the diode: an alternating voltage source  , 
two resistors  , , an inductor L and a capacitor C, all 
with continuous description between voltage and current.  

 
 

 
Figure 1: RLC Circuit with diode in parallel, counting  

direction for currents and voltages. 

The basic dynamics are given by the active elements, by 
inductor L and a capacitor C: 
 1              1

 

So generally, two coupled differential equations have to 
be solved. A basic solution approach is the Euler ODE 
solver with an appropriate stepsize  : 

, , 1 , , , ,   

, , 1 , , , ,   

EXCEL allows to implement these recursive formulas 
easily step by step in consecutive rows (Table 1). 
 0  ,  ,  … … … … n-1  ,  ,  n  , ,  1 , ,  1 n+1  , , + + , , ,   , , + + , , ,   … … … … 

Table 1: Euler solver steps in EXCEL. 
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For the diode, the benchmark suggests three different 
model approaches: an ideal diode, a diode with Shockley 
dynamics, and a diode with interpolated/approximates 
Shockley dynamics. Generally, the diode action – con-
ducting or locking changes the ‘update’-equations  and 

, requiring IF – THEN - ELSE constructs in the EX-
CEL implementation. 

1 RLC Model – Ideal Diode  
The characteristic behaviour of an ideal diode can be de-
scribed by a discontinuous function consisting of two 
parts. One part is for the locking phase; the other is for 
the conducting phase of the diode. 
 

 
Figure 2: Electrical symbol 

of a diode (detailed) 

 
Figure 3: Characteristics of an 

ideal diode. 

The mathematical description for the ideal diode is given 
by switching between locking phase  0  and con-
duction phase 0: 0,  0, 0 

1.1 RLC Circuit - ideal diode in locking phase 

In locking phase, the ideal diode is reverse biased and 
therefore no current    can pass. Figure 4 shows the cir-
cuit with directions for current (green circles). 
 

 
Figure 4: RLC circuit in locking phase. 

 
Applying Kirchhoff’s mesh rule (green circles) gives: 0 + + + +  0  

Kirchhoff’s junction rule in case of  0  ends up 
in the following identities: 

 

Using now the dynamic equations for inductor L and ca-
pacitor C, and Ohm’s law for the resistances R1 and R2  1              1

 ,  

allows to rearrange the equations for the voltages  

 

 

and with substitution of UL by u1 to derive the full dy-
namic description of the system: 1

 1
 + ,  0 

It is to be noted, that the diode voltage uD does not appear 
in the state equations for i1 and uc, but the equation for uD 
controls the locking phase  0 

The Euler ODE solver can be applied now to the state 
equations for i1 and uc  at an equidistant grid  … …  

with stepsize  : + 1
 

+ 1
 + ,  0 + ,  0 

This set of recursive equations is suitable for implemen-
tation in EXCEL. Additionally to the state update from 

 to , the relation for or  resp., must be 
checked for positivity.  

In case of negativity of  to next step takes place 
in the conduction phase. The exact time instant   
of phase change lies between   and  and is roughly 
approximated by the next update step. 
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1.2 Circuit - ideal diode in conducting phase 

In conducting phase, the ideal diode is forward biased 
and therefore current iD can pass. Due to this fact the ideal 
diode behaves like an ideal conductor in conducting 
phase and the voltage uD will be zero. 

 
Figure 5: RLC circuit in conducting phase. 

Applying Kirchhoff’s mesh rule (green circles) again 
gives: 0 + + + +  0  

But Kirchhoff’s junction rule in conducting phase with 0  now gives: 0      0       0  

Using now as before the dynamic equations for inductor 
L and capacitor C, and Ohm’s law for the resistances R1 
and R2 allows to rearrange the equations for the voltages 
with different result: 

 

 

In the conducting phase the ideal diode is a perfect con-
ductor and no voltage drop will appear 

 

so that with substitution of iL by i1 the full dynamic de-
scription in conducting phase becomes  1

 1
 

+ 1
 

Nevertheless, UD is zero in conduction phase we have to 
recognize phase changes by calculating UD also in this 
phase: +  

As before, the Euler ODE solver can be applied now 
to the state equations for i1 and uc at an equidistant grid  … …  

with stepsize  : + 1
 

F +  

+ 1 , + 1
  +  +  

If the diode voltage becomes nonzero, 0, the 
next step takes place in the locking phase. The exact time 
instant   of phase change lies between   and  
and is roughly approximated by the next update step. 

1.3 Phase change Locking - Conducting 

The diode voltage uD is the decisive factor which implies 
whether the diode is in locking phase or conducting 
phase. The sign change or the change to zero of uD are 
so-called state events, unknown in time, which decide 
that in each phase (locking or conducting) a different set 
of equations are used for the calculation of the voltage 
and current in the circuit. 

To recognize the state event start of the conducting 
phase (SCP), the diode voltage uD in the locking phase 
must be observed. When the diode voltage uD in the lock-
ing phase sinks below zero and changes its sign, the state 
event start of conducting phase is triggered. From now 
on the diode is in conducting phase and different equa-
tions including the equation for calculating uD itself must 
be used. This can be expressed by a so-called state event 
determination equation ! +         SCP 

determining the time instant , where SCP takes place, 
i.e. where the equation has a zero (from plus to minus): + 0 

Obviously, more SCP events occur, with event times ,  , alternatingly with SLP events at , . 
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And similarly, to recognize the state event start of the 
locking phase (SLP) the diode voltage uD in the conduct-
ing phase must be observed. When the diode voltage uD 
of the conducting phase changes its sign from negative to 
positive the state event start of the locking phase is trig-
gered. From now on the set of equations for the locking 
phase must be used.  

This can also be expressed by a state event determi-
nation equation ! + +       SLP 

determining the time instant , where SCP takes place, 
i.e. where the equation has a zero (from minus to plus): + 0 

And again obviously, more SLP events occur, with event 
times ,  , alternatingly with SCP events at , . 
 

During time solution in the locking phase and in the 
conducting phase, the state events SCP and SLP must be 
found. They take place between neighbouring steps of the 
ODE solver,  

 , or  resp.  

Some simulation systems provide algorithms for finding 
these event times iteratively.  

In EXCEL, we have fixed time steps, so one can 
simply approximate the event time with the next step 
time, where it is detected, i.e. the event SCP or SLP takes 
place between  and  , the event time is fixed with 

 . or . 

But unfortunately, using the sign change of the diode 
voltage uD as an indicator of phase change works only in 
theory also here. In this case study, the sign change is 
more complex. Due to the fact that in conducting phase 
the ideal diode behaves like a perfect conductor the diode 
voltage uD equals zero in conducting phase. So, the above 
mechanism for phase change can only be used from lock-
ing phase to conducting phase.  

From conducting phase to locking phase, the classical 
mechanism fails. it’s not possible to apply these defini-
tions, because there is only a transition from uD is zero to 
uD is positive – one has to observe in this case not only 
one time step  and  , but two time steps ,  and  

, to determine SLP with  properly. 
 

1.4 EXCEL implementation – ideal diode model 

In the following, the overall structure of the developed 
spreadsheet and the ODE solve update with event detec-
tion is described.  

At the top of the spreadsheet circuit parameters (elec-
trical characteristics), initial conditions and simulation 
parameters (e.g. time step) are initialized (Table 2).  

The benchmark definition and the characteristics of 
the input voltage U0 (high frequency excitation) suggest 
a simulation horizon of  5 10  sec, so we decided for a 
time step 1.25 10   sec, resulting in indeed 
40000 EXCEL rows. This fine resolution would not be 
necessary for the Euler solver, but for approximating the 
phase change time instants it was appropriate. A finer res-
olution would make problems with numerics (extinction 
error). 

 

 
Table 2: Overall structure of EXCEL implementation for 

ideal diode circuit. 

Below the parameter definitions of the spreadsheet, the 
columns for time t , the excitation voltage U0 , the current 
through inductor i1, the voltage in capacitor uC, the volt-
age drop in diode uD  and the current through diode iD  
start (Table 3). The EXCEL setup of the recursive equa-
tions for the EULER solver follows the principle given in 
Table 1. 
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In the first ten rows of the EXCEL simulation we as-
sumed to be in locking phase and used the equations of 
the locking phase. No case distinctions between the 
phases have been made in these rows. It can be compared 
with a booting up of the simulation. This approach is nec-
essary because of the recursive case distinction which 
needs the data of the rows before.  

So e.g. the state update in row 30 (i.e. at t5)  for  i1,5  
and uC,5  are in pseudo-EXCEL notation: 

C30=C29+dt*(1/L*(B29-C29*(R1+R2)-D29)) 

D30=D29+dt*(1/C*C29) 

After this ‘booting’ for the solver update in the cells for 
i1, uC , uD and iD – i.e. in columns C, D, E and F – it is 
necessary to make use of if-then-else formula for calcu-
lating the values in a cell.  

To determine the values in these columns, the infor-
mation from three timesteps is needed for update to tk , 
from tk-2 and tk-1  for current and voltage and from  tk for 
time and voltage input.  

In cell C37, the current through inductor at timestep 
tk is calculated. To update the current i1 either the recur-
sive formula in locking phase or the recursive formula in 
conducting phase must be applied. For the distinction be-
tween these two formulas the occurrence of phase change 
must be checked.  

This is done by observing the diode voltage UD of two 
timesteps before (tk-2 and tk-1). If both are greater than zero 
(AND condition uD(tk-2) > 0 & uD(tk-2)), the value for i1  is 
calculated with equation of the locking phase. Otherwise, 
the equation of the conducting phase is used (Table 4, 
upper part).  

 
            Table 3: Start of spreadsheet simulation. 

 
 

 
            Table 4: Conditional computation of current and voltage depending on phase, ideal diode model. 
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The capacitor voltage uC is calculated in cell D37. 
Similar to calculation of i1 also here a case distinction 
between locking and conducting phase must be made. 
The case distinction is also based recursively on the 
values of uD(tk-2) and  uD(tk-2), see Table 4, lower part. 

In the general consideration wrt. phase change before, 
only one previous step was necessary. But here two steps 
must be used, because of determining the direction of 
change and taking into account that the diode voltage 
does not cross zero, it is positive or zero. 

1.5 EXCEL simulation -- results ideal diode model 

The results for capacitor voltage uC , diode voltage uD 
and diode current  iD  show the expected behaviour (Fig-
ure 6). It is obvious, that the ‘ideal’ diode is a simplified 
idealized diode. While the time course for capacitor volt-
age uC seems reasonable, the time course for diode volt-
age uD shows a jump (not possible reality), and the diode 
current  iD  passes through in locking phase with a ‘spike’. 

 

 

 
Figure 6: EXCEL simulation results for ideal diode model. 

2 RLC Model – Interpolated  
Shockley Diode  

A Shockley diode acts 
similarly to an ideal di-
ode, but smoothens the 
phase change, and is 
much nearer to reality. 
Basically, it is perfect 
insulator. When the ap-
plied voltage changes its 
sign and the Shockley 
diode is forward biased 
the behaviour is differ-
ent to an ideal diode. 

There is an exponential link between diode current and 
applied voltage (Figure 7). 

The relation between current iD and voltage uD in a 
Shockley diode follows now a continuous function: 

 1 , 00, 0  

In the conducting phase, there is an exponential-shaped 
(nonlinear) relation between diode voltage and diode cur-
rent, which cannot be resolved directly. Generally, this 
relation adds an algebraic equation to the differential 
equations for capacity voltage and inductivity current, so 
that the system becomes a differential-algebraic equa-
tions – to be discussed in the next chapter. 

2.1 Model with interpolated Shockley diode 
The suggestion in this benchmark is, to approximate the 
nonlinear characteristics of the Shockley diode model by 
a table function, in this solution by three breakpoints, 
i.e.by two linear functions. 

 
Figure 8: Shockley diode characteristics with  

approximation by linear functions. 

 
Figure 7: Shockley diode. 
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In this approach the nonlinear current - voltage rela-

tion of the Shockley diode is approximated with linear 
functions. The diode voltage of the forward biased diode 
is split up in two parts. The first part  extends between 
zero and 0,33 [V] and the second part  extends be-
tween 0,33 [V] and 1 [V] (see Figure 8):           0 0,33     +        0,33 1 

The model description with interpolated Shockley diode 
for the locking phase is the same as the model description 
with the ideal diode. 

For the conducting phase with the interpolated 
Shockley diode, now the equations change. Following 
again Figure 5 (RLC circuit with conducting phase of di-
ode) we end up with the following differential equations 
for capacitor voltage  uC  and inductor current i1:  1 + +  1

 

In these equations now the diode current appears, which 
is to be expressed and substituted by other voltages or 
currents resp. 

Kirchhoff’s mesh rule or junction rule, resp. gives the 
relations 0 +  0 +  

Now we can use the linear relations of the interpolated 
Shockley characteristics  (region ) or     +    (region ): ++        0 0,33 + +       0,33 1 

Inserting now the linear equations for the diode current  
iD into the ODEs result for  case  in  1 + + ++  1 ++  

and for case  in: 
 

1 + + + +  

1 + +  

Now the Euler solver has to be applied, which e.g. for the 
voltage equation in case  gives 

 + + +  

2.2 Phase change Locking - Conducting 

The event handling with the interpolated Shockley diode 
is similar to the event handling with the ideal diode. In 
the locking phase the diode voltage uD corresponds to the 
state event condition function of the conduction phase. In 
analogy, the diode voltage uD in conduction phase is the 
state event condition function for the locking phase.  

The interpolated Shockley diode simplifies the state 
event recognition, because there is also a voltage drop 
along the diode when it is forward biased. But in the con-
ducting phase, there are two different sets of equations 
for calculating i1, uC, iD and uD depending on the value of 
the uD in the former timestep.  

The start of conduction phase (SCP) is triggered by 
the value of uD in the locking phase. A transition of the 
value of uD from positive to a negative number indicates 
the conducting phase start: ! +  

The start of the locking phase (SLP) is triggered by the 
value of uD in the conducting phase. A transition of the 
value of uD from negative to a positive number indicates 
the locking phase start: ! +           0 0,33    +      0,33 1 

So, the change of the linear relation for the diode current 
is an additional event, which should be treated properly.  

It must be mentioned, 
that with the diode data 
given, the exponential 
function has a very big 
slope, as well as the lin-
ear functions (Figure 9). 
So also alternatives are 
possible, e.g. linearisa-
tion (see Section 2.5) 

 
Figure 9: ‘Real size’ of  

diode characteristics. 
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2.3 EXCEL Implementation – interpolated 
Shockley diode 

The top of the spreadsheet for the model with the inter-
polated Shockley Diode is almost equivalent to the top of 
the model with ideal diode (Table 2).  Only a few param-
eters for the linear interpolation for the diode voltage – 
current relation are added.  

Also the simulation of the interpolated Shockley di-
ode model starts in locking phase – for 10 rows without 
conditions for phase change 

In Table 5, cell C37 shows the Euler solver update for 
the conductor current , with conditions for phase 
changes and interpolation selection.  

The first distinction is for determining locking or con-
ducting phase, the second one is programmed inside the 
conducting phase and decides about the linear interpola-
tion function of diode voltage  and diode current  
(shown in Table 6, cell E37 and cell F37).  

 From cell E36 to cell E37 the code changes from 
E36=C36*$B$5+D36 to 

E37=WENN(UND(E35>0;E36>0);C37*$B$5+D37; 
    WENN(E36>=-0,333;$B$17*F37; 
    $B$18*F37+$B$19)) 

2.4 EXCEL simulation interpolated Shockley 

diode model - results 

The smoothening dynamics of the (interpolated) Shock-
ley diode model should eliminate the jumping character-
istics of the ideal diode model. The results for capacitor 
voltage uC , diode voltage uD and diode current  iD  show 
the expected smoothed behaviour.  

 

 
Figure 10: EXCEL simulation results for interpolated 

Shockley model – capacitor voltage. 
 

 
     Table 5: Conditional computation of current and voltage depending on phase, interpolated Shockley diode model. 

 

 
     Table 6: Conditional computation of diode current and diode voltage depending on interpolation formula. 
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Figure 11: EXCEL simulation results for interpolated  

Shockley model – diode voltage and diode current. 

Diode voltage uD  (Figure 11, below) shows now contin-
uous behaviour, and diode current  iD  shows almost no 
‘spikes’, and the resulting capacitor voltage uC looks now 
also continuous (Figure 10) – in comparison with results 
from ideal diode model (Figure 6). 

2.5 Linearisation of Shockley formula 

A classical approximation for the nonlinear Shockley for-
mula is the linearisation of the exponential function, e.g. 
at linearisation point 0,  1! 1 + + 12 + 16 +  

so that  gets the linear approximation formula 

 1 ~ 1 + 1  1
 

Now starting again with Kirchhoff’s joint formula, 0 +  

we substitute  by the above linearised formulation 0 +  

and get linear formulas for  and  : + + ,   + +   
These relations are equivalent to the formula for the first 
region of the Shockley formula interpolation with   ~  :        1       ++  

Figure 12 shows the situation: instead of the linear func-
tion with slope  now the tangent with slope  can 
be used – and interestingly, the simulations show almost 
the same results.  

 
Figure 12: Shockley diode characteristics – interpolated, 

   linearized and approximated around zero. 

And interestingly, the indeed same results are produced 
with a slope  , with  , as some exper-
iments have shown. Reason is, that the current  is very 
low, so that approximation near to 0 is sufficient. 

Generally, one could also use a linearisation around a 
proper linearisation point  0 : 1!  ~  1 +  

so that  becomes  ++  

There is a tricky algorithmic choice for the ‘unknown’ 
: if the formula is used in the course of the Euler 

solver, then  can be estimated with the previous 
value  for the diode voltage: ++  
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3 RLC Model – Shockley Diode  
The Schockley diode model constitutes an exponential 
link between diode current and applied voltage (Fig-
ure 7). The relation between current iD and voltage uD in 
a Shockley diode follows now a continuous function: 

 0,  01 , 0 

In the conducting phase, there is an exponential-
shaped (nonlinear) relation between diode voltage and di-
ode current, which cannot be resolved directly.  

3.1 RLC Model with Shockley formula 
RLC modelling for the conducting phase first yields  1

 1 + +  

In both differential equations now iD must be substitutes 
by the Shockley formula: 1 1  

1 + + 1  

Now also in Kirchhoff’s junction formula 0 +  

 iD is substitutes by the Shockley formula: + 1  

This nonlinear algebraic equation for uD is added to the 
above differential equations for uC and  i1, which would 
need uD as further (algebraic) state variable. The result is 
a DAE system, a differential-algebraic system, which 
needs special solvers, combining ODE solving and non-
linear equation solving. 

A proper alternative is now to derive a differential 
equation for the diode voltage uD . Calculating the deriv-
ative of the algebraic equation for uD results in  

+ 1 +  

Now the derivatives  and  are replaced by the differ-
ential equations: 1 + + 1 + + 1  

         1 +  

Now the Euler solver is applied on these three differential 
equations, for state update, giving  + , ,  + , ,  +  , ,  

where the function f, g and h represent the right-hand side 
of the ODE formulas. 

 

3.2 Phase change Locking - Conducting 

In the simulation of the fully dynamic Shockley diode the 
state event recognition is again based on the diode volt-
age uD. Finding the state event of locking phase start is 
facilitated because of negative voltage uD in conducting 
phase. Another advantage is now that no further case dis-
tinction in conducting phase is needed for the computa-
tion of the diode voltage.  

The state event condition function of the conducting 
phase is given by: ! +  

whereby uD is now solution of the differential equation 
for uD in resolved form. completes the  

 
3.3 EXCEL implementation – Shockley diode 

model 
The top of the spreadsheet for the model with the inter-
polated Shockley Diode is almost equivalent to the top of 
the models before (Table 2). Only a few parameters for 
the characteristics of the Shockley equation are added, 
and an initial value for the ODE for the diode voltage. 

Also the simulation of the dynamic Shockley diode 
model starts in locking phase – for 10 rows without con-
ditions for phase change.  

Additionally, now an Euler state update for  must 
be programmed. In Table 7, cell E37 shows the Euler 
solver update for the diode voltage , with conditions 
for phase changes. 
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3.4 EXCEL simulation Shockley diode - results 

The results for the dynamics Shockley diode model show 
generally the expected continuous behaviour (Figure 13), 
comparisons with results from ideal diode model and in-
terpolated Shockley diode model see the next chapter. 
 

 

 

 
Figure 13: EXCEL simulation results for dynamic  

Shockley model. 

4 Comparison of Results 
A comparison of the results is to some extent difficult, as 
there were some problems with the numeri behaviour of 
the computation in EXCEL. So observed differences may 
also be caused by these numerical problems. 

In the Figure 14 the diode current for the three differ-
ent models are shown. The blue graph corresponds to the 
first case, the idealized diode. Its path through the locking 
phase is stable, as the diode voltage is at a relatively high 
level. As the conducting phase is entered, the current 
rises until its peak value is reached. In the second part of 
the conducting phase, the current decreases and reaches 
even positive values.  

Per definition an ideal diode is conducting only if it is 
forward biased, so the computed peaks in positive direc-
tion are wrong. The reason therefore is the chosen case 
distinction which demands two positive values for UD in 
a row for switching to the locking phase equation set. The 
simulation algorithm remains in the equation set for the 
conducting phase, although it should already have 
switched.  

Analysing the graphs of the two other diode models 
(interpolated and fully dynamic Shockley diode), the 
above discussed artefacts do not appear. Case distinction 
works properly for switching between both phases, alt-
hough the same conditions are applied. The reason there-
fore is, that there is a voltage drop along the diode also in 
conducting phase. This voltage drop is calculated with 
the diode current at timestep tk. The voltage remains neg-
ative throughout the conducting phase and becomes pos-
itive with the current getting positive.  
Due to this fact, two timesteps are calculated with the 
wrong set of equations before it is switched.  

 
     Table 7: Conditional computation of diode voltage with Euler step update. 
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In the ideal diode model at timestep tk, the diode cur-
rent is not needed for the computation of the diode volt-
age which causes the problems mentioned above. 

In Figure 15 the diode voltage for the three different 
models is shown. In the graph, major differences between 
the three diode models can be observed. The blue line 
meets the definition of an ideal diode. No voltage drop 
appears in the conducting phase. Studying the orange 
graph corresponding to the interpolated Shockley diode, 
a negative voltage drop in conducting phase can be 
viewed. The fully dynamic Shockley model shows the 
same behaviour even more distinctive.  

 

At a closer look on the diode voltage of the ideal 
model, the case switching problem mentioned above also 
is observable here. The switching from locking phase to 
conducting phase works properly, but not the following 
switch from conducting to locking phase. The equation 
for the locking phase delivers completely different values 
compared to the equation of the conducting phase in the 
timestep before. From one timestep to the following, the 
diode voltage increases by several orders of magnitude. 
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Figure 14: Comparison of simulation results for diode current – ideal diode, interpolated and dynamic Shockley diode. 

 
Figure 15: Comparison of simulation results for diode voltage – ideal diode, interpolated and dynamic Shockley diode. 
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ARGESIM is a non-profit association generally aiming for 
dissemination of information on system simulation – 
from research via development to applications of system 
simulation. ARGESIM is closely co-operating with EU-
ROSIM, the Federation of European Simulation Societies, 
and with ASIM, the German Simulation Society. 
ARGESIM is an 'outsourced' activity from the Mathemat-
ical Modelling and Simulation Group of TU Wien, there 
is also close co-operation with TU Wien (organisationally 
and personally). 

      → www.argesim.org 

  → office@argesim.org 

→ ARGESIM/Math. Modelling & Simulation Group,  
       Inst. of Analysis and Scientific Computing, TU Wien 
       Wiedner Hauptstrasse 8-10, 1040 Vienna, Austria 
      Attn. Prof. Dr. Felix Breitenecker 

ARGESIM is following its aims and scope by the follow-
ing activities and projects: 
• Publication of the scientific journal SNE –  

Simulation Notes Europe (membership journal of 
EUROSIM, the Federation of European Simulation 
Societies) – www.sne-journal.org 

• Organisation and Publication of the ARGESIM 
Benchmarks for Modelling Approaches and Simu-
lation Implementations 

• Publication of the series ARGESIM Reports for  
monographs in system simulation, and proceedings 
of simulation conferences and workshops 

• Publication of the special series  FBS Simulation – 
Advances in Simulation / Fortschrittsberichte Simu-
lation - monographs in co-operation with ASIM, 
the German Simulation Society 

• Support of the Conference Series MATHMOD  
Vienna (triennial, in co-operation with EUROSIM, 
ASIM, and TU Wien) – www.mathmod.at 

• Administration of ASIM (German Simulation Soci-
ety) and administrative support for EUROSIM 
www.eurosim.info 

• Simulation activities for TU Wien 

ARGESIM is a registered non-profit association and a reg-
istered publisher: ARGESIM Publisher Vienna, root ISBN 
978-3-901608-xx-y and 978-3-903347-xx-y, root DOI 
10.11128/z…zz.zz. Publication is open for ASIM and for 
EUROSIM Member Societies. 

 

SNE – Simulation 
Notes Europe  

 
The scientific journal SNE – Simulation Notes Europe 
provides an international, high-quality forum for presen-
tation of new ideas and approaches in simulation – from 
modelling to experiment analysis, from implementation 
to verification, from validation to identification, from nu-
merics to visualisation – in context of the simulation pro-
cess. SNE puts special emphasis on the overall view in 
simulation, and on comparative investigations. 
Furthermore, SNE welcomes contributions on education 
in/for/with simulation. 

 
SNE is also the forum for the ARGESIM Benchmarks 

on Modelling Approaches and Simulation Implementa-
tions publishing benchmarks definitions, solutions, re-
ports and studies – including model sources via web. 

 
SNE Editorial Office /ARGESIM     
→www.sne-journal.org 
   office@sne-journal.org, eic@sne-journal.org 

       Felix Breitenecker EiC (Organisation, Authors) 
       Irmgard Husinsky (Web, Electronic Publishing)) 

       ARGESIM/Math. Modelling & Simulation Group,  
       Inst. of Analysis and Scientific Computing, TU Wien 
       Wiedner Hauptstrasse 8-10, 1040 Vienna, Austria 
 
SNE, primarily an electronic journal, follows an open ac-
cess strategy, with free download in a basic version 
(B/W, low resolution graphics). This basic version is is 
licensed under CC BY 4.0 by ARGESIM Vienna -ASIM/ 
GI - EUROSIM 
SNE is the official membership journal of EUROSIM, the 
Federation of European Simulation Societies. Members 
of (most) EUROSIM Societies are entitled to download 
the full version of e-SNE (colour, high-resolution gra-
phics), and to access additional sources of benchmark 
publications, etc. (group login for the ‘publication-ac-
tive’ societies; please contact your society).  
Furthermore, SNE offers EUROSIM Societies a publica-
tion forum for post-conference publication of the soci-
ety’s international conferences, and the possibility to 
compile thematic or event-based SNE Special Issues. 

 
Simulationists are invited to submit contributions of 

any type – Technical Note, Short Note, Project Note, Edu-
cational Note, Benchmark Note, etc. via SNE’s website: 

     →  www.sne-journal.org



www.sne-journal.org

www.argesim.org

21. ASIM Fachtagung „Simulation in Produktion
und Logistik“

Als größte europäische Tagung zum Thema Simulation im
Bereich Produktion und Logistik gibt die ASIM Fachtagung
alle zwei Jahre einen Überblick der zukunftsweisenden
Trends, aktuellen Entwicklungen und erfolgreichen Projekte.
Präsentiert und diskutiert werden wissenschaftliche
Arbeiten sowie interessante Anwendungen aus der
Industrie.

24. bis 26. Sept.

2025
„Haus der Kirche“
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Methoden, Werkzeuge & Simulationstechnik
• Virtuelle Inbetriebnahme; Digitaler Zwilling; Digitaler Schatten
• Simulationsbasierte Optimierung
• Verifikation & Validierung
• Data Science; Visual Analytics; Virtual Reality; Augmented Reality
• Künstliche Intelligenz; Maschinelles Lernen
• Ereignisdiskrete Simulation; Agentenbasierte Simulation
• Interoperabilität; verteilte Simulation; Cloud -basierte Simulation

Supply Chain Simulation & Logistik
• Produktionsnetzwerke & -logistik
• Intralogistik; Lieferketten
• Transport & Verkehr
• Innovative Materialflusstechnik
• Produktionsplanung & -steuerung
• Systemresilienz; (Cyber-)Sicherheit

Simulationsanwendungen in
Industrie und Dienstleistung
• Automobilindustrie
• Maschinen - & Anlagenbau
• Halbleiterindustrie
• Simulation as a Service
• Energieeffizienz; Nachhaltigkeit
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Tagungsleitung

Prof. Dr. -Ing. habil.
Thorsten Schmidt

Professur für
Technische Logistik

Fak. Maschinenwesen
TU Dresden

Tagungsort

„Haus der Kirche“
Hauptstraße 23
01097 Dresden

Anmeldung

Alle Informationen zur
Anmeldung finden Sie
auf unserer Website:

Ausstellung

Die begleitende Ausstellung zeigt den aktuellen Stand von
Simulationswerkzeugen, verwandter Software und Dienstleistungen im
Simulationsumfeld. Falls Sie sich als Aussteller auf der Fachtagung
präsentieren möchten, kontaktieren Sie uns bitte.

Teilnahmegebühr (pro Person, inkl. Mehrwertsteuer)

Im Preis enthalten sind die Teilnahme an Vorträgen, der Ausstellung,
Mittagessen, Erfrischungsgetränke mit Pausensnack, ein Get -Together
sowie eine Abendveranstaltung. Ein gedruckter Tagungsband kann gegen
einen Aufpreis von 50,00 € optional erworben werden.

[https://asim -gi.org/spl2025]

Grundpreis
Mitglieder von ASIM, GI, EUROSIM
Einreichung Beitrag (1 x pro Beitrag und Autor)
ab dem 2. Teilnehmer einer Institution

abzgl.
abzgl.
abzgl.

1190,00 €
140,00 €
170,00 €
140,00 €

Hochschulangehörige erhalten 40 % Nachlass auf den Endpreis.
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Schlüsselrolle Simulation: Wandel gestalten.

Herausforderungen meistern.

Wir haben ein vielfältiges Programm
erstellt. Besuchen Sie unsere Website für

mehr Informationen.
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