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Comparison 8: Canal-and-Lock System

The objectives in this discrete comparison are 10
investigate features for modeling complex logic, to
validate logic through use of deterministic data, and to
check for variance-reduction capabilities.

The Canal-and-Lock System

The following figure shows a Canal-and-Lock Sy-
stem used by barges moving from one waterway to
another. The system 1s composed of a West Canal, a
Lock, and an East Canal,
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Canal and East Canal are 14 and 18 minutes, respecti-
vely (deterministic as a hirst approximation). (Barges
might spend more time than this in the Canals, however,
because of potential delay at the Lock.) After having
arrived at the Lock and being nextin line to use it, from
22 to 34 minutes are spent by a barge before it has
finished using the Lock. Detals are given below,

Raocance tha Canale ava narrmae harose can mnse

Vol. 35 No.3, September 2025 ISSN Online 2306-0271

reached but there are no m
in that direction (this 1s cal

3. When a barge-movem
barges waiting to move in
acycle s intuated in that o

4. When a cycle ends a
move in the opposite direct
barges waiting to move in 1
cycle in the current directn
freshly initiated cycle, the
moved through the system
cycle 1s set to zero and then
reaching the "Eastmax” or'

of movement is pr

macycele ends anc
i either directio

Gl Lok East Canal ves and considera
Westt y wk itself can holc

Eastbound 22 : e
barges .’ 14 minutes 1034 18 minutes ‘_m der for Lock use 1

arrive / mins
§———— Westbound

currently in the L

amive
‘onsider the parti
1c Lock. Assume

¢ West Canal is hi

: Lock is used 104
10 raise westbound traffic, A
of barge movement is eas
barge has just moved out
Canal. and that the next ea
arrived at the Lock in the W
use the Lock. Then 10 mow
through the Lock, these stej

1. The water level of the |
he West!
bound b
S.

el in the
s takes |
ves out
minutes

Journal on Developments and Trends in Modelling and Simulation
EUROSIM Scientific Membership Journal

DOI 10.11128/sne.35.3.1074




I3M 2025

International Multidisciplinary Modeling & Simulation Multiconference

September 17-19, 2025, Fes, Morocco
www.msc-les.org/i3m2025/

SIMS 2025

S I M Scandinavian
Simulation
Sacery September 23-24, 2025, Stavanger, Norway
www.scansims.org

Simulation in Produktion und Logistik 2025

September 24-26, 2025, Dresden, Germany
2] -Fachtagung www.asim-gi.org/spl2025

GMULATIG,
e,

Winter Simulation Conference 2025

December 7-10, 2025, Seattle, WA, USA
meetings.informs.org/wordpress/wsc2025/

EUROSIM Congress 2026

6 o 2026, Italy

date to be announced
www.eurosim.info

SIMS 2026

s I M Scandinavian
Simulation
Socehy September 16-17, 2026, Eskilstuna, Sweden
www.scansims.org




SNE EDITORIAL -

CONTENT -

INFORMATION

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 Al
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. Géllner 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. loannou 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
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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

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.

2.1If 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.

Eastbound )

and west canal entrances are ex- Eastbound
ponential with mean f. The im- barges

West Canal
14 minutes

Lock Westbound
East Canal :
22. to 34 18 minutes bar.ges
minutes arrive

pact of traffic density as meas- are
ured by S on the average barge
transit time is investigated
through sensitivity analysis.

( Westbound

Figure 1: Canal and Lock System Layout.
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3.1f 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).

e 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.

e 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.

e Case C: Lock passage time = from 22 to 34 min.
Setting: The next eastbound barge arrives f minutes af-
ter the lock has started refilling (0 < ¢ < 12 min).

Total time = (12-£) min (wait time to refill lock)
+ 22 min (steps 2—4) = (34-f) 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.

m SNE 35(3) - 9/2025

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.

The 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+l;

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 EBBEXxitLock 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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Figure 2: STROBOSCOPE Simulation Network.

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 EBBTraverseW(C), 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 SetDir2 WB.

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 SetDir2 WB 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).
e A full cycle ends when, in addition, the number of
eastbound barges has reached Emx (green code).

SNE 35(3) - 9/2025 NV¥4
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e 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:
o It resets the barge count EBBCount to zero .
o 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.

SimTime (hours)  66.7

Easthlax (max bargesicycle, then switch dir.y 5
East Bound Barges Processed this Cycle: 4
Barges Waiting (Red Bar). 3

East Bound Average Transit Time (min):

4

Mean Time Eetween Barge Arrivals {Exp[lAMean])y

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 (Eg=3, Wg=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.
o Tw = Average Westbound Barge Transit Time.
o Tp = Average Pooled Barge Transit Time for all barges
irrespective of direction of travel.
Of these, the average pooled barge transit time 7p 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:
e 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).

75 {min)

Westhlax (max barges'cycle, then switch dir.y 5§
West Bound Barges Processed this Cycle: 5
Barges Waiting (Blue Bar): 9

West Bound Average Transit Time (min):  216.04

Figure 3: Animation Screen Shot, Emx =5, Wmx =5, and 8 =75 min.
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Steady-State Transit Times Tp (hrs) for B =75,80,85 min, (Emx=5, Wmx=5) and (Emx=10, Wmx=10)

=
[¢2]

14

12

Emx=10, Wmx=10, B=85min
Emx=10, Wmx=10, B=80min
Emx=10, Wmx=10, B=75min

----- Emx=5, Wmx=5, B=85min
----- Emx=5, Wmx=5, B=80min
----- Emx=5, Wmx=5, B=75min

0 50 100 150

Average Pooled Transit Times, Tp (hrs)

200 250 300 350

SimTime, T (days)

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

e Multiple replications can be performed for all sets of
values of the above parameters Emx, Wmx, and f, 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 7= 1 year, most transit time curves Tp go
through a transient phase and then approach steady-state
values. Only the dashed red 7p 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 f=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 7p 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 7p.

Figure 4 also shows that as f increases from 75 to 80
to 85 minutes, demand for the use of the lock decreases,
and consequently, the average pooled transit times 7p
also decrease from about 9 hrs to about 3 hrs.

Figure 5 shows the steady state (7=1 yr) average
pooled barge transit times 7p over 10 replications, for
£=85 min and for Emx and Wmx values from 3 to 10.
Clearly, the average pooled transit times 7p 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 7p continue to
decrease asymptotically (but only by a little) to 2.8 hours.

Average Pooled Barge Transit Times Tp (hrs) for g =85 (min.)
@7.00-8.00

@8.00-9.00

Emx 8

m6.00-7.00

m5.00-6.00 m4.00-5.00

9.00
8.00
7.00
6.00
5.00
4.00
3.00
2.00
1.00
0.00

Average Pooled Transit Times Tp (hrs)

Figure 5: Average Pooled Transit Times Tp (hrs) vs. Emx and Wmx for 8 = 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 7p (min) was conducted
for the values suggested in [1], Emx=5, Wmx=5, /=75 min,
and 7=10 days (14400 min). The results are shown in
Table 1 and are very close to those in [4].

100 50 Replications
Independent  using Antithetic
Replications Variates
Run Avg 90% o 9% o
Tp CI CI

1 4949 37.7 227.10 25.8 10891

2 5200 37.1 22346 247 104.23

3 4895 412 24787 252 10632

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 7p values. For antithetic sampling, each pair of 7p
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 7p (min) from
three separate runs for comparison.

Independent Sample Pairs vs. Matched Sample Pairs (CRN)

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 7p 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 MxS5 is less
than the Tp for Mx6).

Table 2 shows the results from 50 replications for
S=75 min and 7=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 7p5-7p6 contain
only positive values and thus the null hypothesis can be
rejected at the 10% level of significance.

Average Ind: 7p5-Tp6 CRN: TpS5-Tp6
Run 7pS5-Tp6 90%CI o 90%CI o
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 2684 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 (7p35, Tp6)
from successive independent and
matched pairs (CRN) for all three

1400 ~ o
o Tp5 < Tpé for points above the diagonal Lo runs are SI}OWH 11.1 Figure 6. The 150
1200 ® " e orange pairs of independent values
° b ° (Tp5, Tp6) are scattered and cannot
1000 ° ® ° °0 be used to discern whether “Tp5 is

800 L

600 ®

Tp6
Y

Independent Pairs
@ Matched Pairs (CRN)

less than 7p6” or vice versa.

In contrast, the 150 blue matched
pairs (7p5, Tp6) produced by CRN
lie below the diagonal and show a

456 °o 4 ° strong positive correlation. This
o o% $° indicates clearly that the null
200 % .0%.' [ 00. hypothesis that “Tp5 is less than
[ ] ® 29 :
P Tp5 > Tpé for points below the diagonal Tp6” can safely be rejecteq. For the
0~ same stream of barge arrivals, the
0 200 400 600 800 1000 1200 1400

Tp5
Figure 6: Average Pooled Transit Times Tp (hrs)

vs 3 for (Emx=5, Wmx=5) vs. (Emx=6, Wmx=6).

m SNE 35(3) - 9/2025

operating policy Mx6 produces
shorter and thus better average
pooled barge transit times 7p6<Tp5
and should be preferred.
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Pooled Transit Times Tp (hrs) vs. B for (Emx, Wmx)=(5,5) vs. (Emx, Wmx)=(6,6)

Tp 90% Confidence Intervals (hrs) vs. g (min.)
Emx=5, Wmx=5
Emx=6, Wmx=6
— Diff: (Emx=5,Wmx=5)-(Emx=6, Wmx=6)

Average Pooled Transit Times, Tp (hrs)

Mean Time Between Barge Arrivals, B (min.)

Figure 7: Average Pooled Transit Times Tp (hrs) vs 8 for (Emx=5, Wmx=5) vs. (Emx=6, Wmx=6).

Figure 7 shows a comparison of 7p5 vs Tp6 for values
of the mean barge interarrival time £ from 75 to 85 min.
The solid red curve shows the average 7p5 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 7p6 and Mx6.

For each value of f, 10 replications were performed
using CRN (i.e., the same stream of random barge
arrivals) to produce one matched pair (7p5, Tp6). These
10 pairs were then averaged to produce the red and green
pairs (7p5, Tp6) for that value of 5. However, because the
number of replications, 10, is small, the 90% confidence
intervals for 7p5 and 7p6 shown in Figure 7 overlap, and
thus it is not possible to discern whether the mean 7p5 is
strictly greater and thus worse than the mean 7p6. To
make this determination, each of the 10 replications also
calculated one sample for the difference Tp5-Tp6 from
the matched pair (7p5, Tp6) for that value of . These 10
samples of the difference Tp5-Tp6 gave the average and
the 90% confidence intervals for the difference 7p5-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 f. Thus, the null
hypothesis that the mean 7p5 is less than the mean 7p6
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 p.

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].
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The complete data for Figure 5 for a long simulation
run, 7=1 year, that reaches steady state, show that the av-
erage pooled barge transit times 7p 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 7p values. For a simulation run 7=10 days,
the minimum value is 7p=255 min, while for 7=1 year,
the minimum value is 7p=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 7p 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 7p~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.

m SNE 35(3) - 9/2025

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 Al me-
thods, this paper examines the relationship between the
problem-solving methods Al 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 Al
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 Al and the simulation method.

Al 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 Al support,
although the limits of Al are still evident at present [5].

On the other hand, there are many examples of appli-
cations in which the use of Al 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 Al). 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 Al 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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Figure 1: Comparison of the work steps between modelling and

data-driven learning processes.

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 Al 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.
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1.3 Comparison of Approaches

A significant difference in the resulting

labelling 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-

learning planatory simulation models on the other.
(“artificial

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 Al and Simulation
Methods: Use-Cases

The use cases described below highlight approaches to
the combined use of Al methods and simulation that have
actually been realised and are not just available in the
form of research results or pilot studies.
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For this purpose, a Google search was carried out on
the web using the search terms "Al and Simulation".

The pages listed here deal directly and intensively
with this topic:

e Simplan [6]

o Siemens "Simultelligence" [7]

e Anylogic [8]

o Mathworks [9]

o Fraunhofer IISB Erlangen [10]

e 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 Al 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 Al-based, pre-
trained model with online sensor data under real-time
conditions. However, this naturally requires the Al 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 Al using
Simulation Models

It is often problematic to obtain consistent learning data
for the learning phase of the Al. 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 Al 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 Al 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 Al and not ignored as outliers.

2.4 Testing the Al Model in a Virtual
Simulation Environment

Conversely, a simulation model can be used to test the Al
model: The Al 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 Al model must be developed
for this scenario.

A similar scenario arises when Al-supported simula-
tion models are coupled uni- or bidirectionally with loT
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 Al
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 Al approaches on the other are or can
be equivalent. Or is it conceivable that Al-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 Al 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 (¢). 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 Al.
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.

Publication Remark
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(German) conference version published in
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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 pm) and PM2.5 (with a diameter less than 2.5
um). 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].

m SNE 35(3) - 9/2025

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
Ostsee 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,

©22-374 were determined for each measurement pe-
: ;gg : ?igg riod. This analysis enabled insights into the
. % @ 1410 - 2432 distribution of higher and lower UFP meas-
\ 0! e 2483 -3708 urements in the days leading up to the heavy
] - [

rainfall event (see Figure 3 to Figure 6).
Figure 1: Number of most intense heavy rainfall events in Germany

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

d-Pfalz
concentrations tended to occur towards the
end of the period, as indicated by the right-
erstein 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.
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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.

Daily Mean of Concentration of Particles
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Time Period 28.05. - 03.06.2021

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.
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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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iy Mesni of Cooiceniralion of Parlicles Moreover, it would allow for the adoption of various

’ in 1/ cm? spatial and temporal scales for modeling, thus enhancing

7000 the understanding of relationships and providing a more

400 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.

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 Publication Remark

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 [3
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.

This contribution is the revised English version of the
(German) conference version published in
Tagungsband Langbeitrdge ASIM SST 2024,
ARGESIM Report AR 47, vol. DOI 10.11128/arep.47,
ISBN ebook: 978-3-903347-65-6
article DOI 10.11128/arep.47.a4712, p 67-72.
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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
model will provide a basis for determining optimum plant
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 CO,-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 [501 (61| [7] [8]l| This
study

Simulation study S I R I
Felxible energy prices | * O O
On-site power genera- |k
tion

Electricity storage O
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 [I] 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.
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Current simulation time ]
Operatin Energy suppl

P € |» EY SUBPYY g | Cost model

model model
Simulates production Determines energy Calculates the costs
and resulting energy requirements and checks according to the energy
demand from which sources it can be  mix used

covered

Real exchange
electricity
price data

Real weather
data
Figure 1: 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.

du
dt

au
U= Ustart+fzdt[’:>
Eout

U = internal energy of the metal
Ustare = internal energy at the start time
Einjout = incoming and outgoing flow of energy flow

= Ein — Eout

Ein

Figure 2: 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:

Energy demand —  PV-System

Energy demand
>0

Energy demand
B r r
attery storage 4% A,

Energy demand
>0

Power
exchange

Figure 3: 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 , 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 [T}

C= @ + Cspot (@)
Cyy = 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 @] 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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PV power EIBattery power Power from power exchange

100%
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0 kWh /0 kW 320 kWh /320 kW 480 kWh /340 kW 640 kWh / 340 kW 0
Figure 4: 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.

mpv powerilBatierx power CPower from power exchange|

500
100 100%

400

@
=]

-300

(=]
o
sts in €

200 §

IS
S
Ci

100

N
5]

Share of energy sources in %

100kWp 500kWp 1000kWp 2000kWp

Figure 5: 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 a 500
kWp PV system with 320 kWh of storage capacity. Fig-
ure E shows the resulting energy mix and associated
costs.
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Figure 6: Electricity 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, this 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.
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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.

3D rotating LIDAR

Stereographic Depth Camera

Inertial M nent Unit
Communication Unit
Synchronous Electric Motor
Harmonic Drive Gear Box
Omni-Wheels

Power / Comm. Distribution
support structure
Rotary Encoder

2D solid LIDAR

Drive Ball

Safety Force Clamp

Figure 1: 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].

task,
requirements
measurement a-priori
planning knowledge
measurement theoretical | _
execution model
measurement simulation

results results
£ |

parameter calculation with
optimisation function

verified
model

Figure 2: 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.
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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 € 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, Gonzélez 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)-§+C(g.9)-4+G(q) =E(q) u (1

The symmetric mass matrix M € R™*" depends on the
individual masses of the systems’ rigid bodies and the
generalised coordinates ¢ € R”. The vector C € R"™*™
describes the generalised gyroscopic forces consisting
of the centrifugal and Coriolis forces. The vector G €
R™ describes the potential energy via gravity. The ma-
nipulated variables entered are calculated with the time-
varying vector u € R". Its multiplication with the func-
tional matrix F € R"*" 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:

AG= (=L, ()7L (i) -Ag+(=L,() "L, (i) - A
foréigc
+ (=L, ()L, (D) - Aut (=L ()" - f
AP;
forgi»g forg-gi

The result is a linear state space model according to the
following equation (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.

IR n:3sc)- 92025

A feedback gain K, which forms the control vector u

via the simple control law u” = — (K" gc)T =—x"-K"
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=—K -x+N-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 ,ﬁ) 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

Yy B O
Vy_set ? Uy _set 7 Uz_set
rections (either rotatory or translatory).

The linear equivalent state space of the system has
the manipulated variables 7j,7», 73 of the actuators as
input vector u(z), 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) of the system can be ob-
tained from the state space representation by transform-
ing it into the Laplace-domain.

functions

in the respective spatial di-

X (s) -1

G(s)==—==(s-I-A) -B 4

This system can now be divided into the system-

representation in the BCS spatial direction Gor and a

transformation of the manipulated variables using the
transformation matrix 7.
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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.

() =A-x(1) +B-

/N

_4 K)ol
(s-T-A+B-K) =B-N-W(s)

The Transfer matrix of the closed control loop in the
reference case thus becomes:

X(s)-

IS
>

—

Wi~ S TATEK)

&
=

(6)

The state controller and the set-point-filter also con-
sist of a component K K. and N, acting in the spatial di-
rections and the transformatlon of the manipulated vari-
ables to the actuator positions by the inverse transfor-
mation matrix Z’l.

In the Laplace-domain, this can be expressed by the
transfer-matrices K (s) and N(s) or K. (s) =T - K(s) and
N(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):

Gt (S) 0 0
gM R(S) :g‘ 0 sz(s) 0 .2*1 @)
) 0 0 Guls)

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:

Gy () = (I+Gy 4)-Gyy o0) Egs)) o0 ®)
Gy 5(5)-G,(5) - Ny(s)

This yields to the correspondig matrix form:

gWRot (S) gWTranm—)Rol (S)] 9)
g"VRot>—>Trans (S) gVVTrams (S)

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:

xsol] 5 sol] S so 5)
_ ®)'1és ) }Gylés ) l $ ) (10)
=Wrot o ®xsol (s) ®ysol (s) ‘sol (s)
&l ey &y
®Xsoll (s) ®)'soll (s) <soll (s)

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 (®)48; Pmod (®))
is compared with the curve of the measurement graph
(Ameas (@)4B, Pmeas (®)). The difference between sim-
ulation and measurement is represented as the Root
Mean Square Error € of both the amplitude difference
AA(®)yp = Ameas (@) — Amod (®)4p and phase differ-
ence AQ(®) = Pmeas (O®) — Pmod (®) points and is cal-
culated using the coherence-dependent weighting factor
keval-

€ = Enag + Ephase

1 Wmax
€mag = < Z (AA(w)dB)z’keval(w)>

n =
O=Win

Ephase =

N

O=Wmin

1( wi (20'10g(1+|A<P(w)))Z-kevaz(w)>

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.

IR nc350)- 972025

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.

Power conditioning Netgear PoE- Switch Measure-PC + CAN-adapter

.

CAN 1 Ethernet 2| |Ethernet |

CAN 4 |
1

Abacus 901 Signal Analyser

reconfigurable commissioning frame

— || BNC
dSPACE Embedded SPU +
dSPACE MicroAutoBox II

I roll tray I Isuppon framel

Figure 3: 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 f)x_set =1.5°to 1§x_set =
5¢ are fed in as chirp signals.

Figure 4 shows the recorded response spectra as a
frequency response in the Bode diagram.

=3

]
=]
T

I

A
S

Amplitude |Gy (jw)|ap

-3
S

Coherence

o
®

o
3

frequency logw in rad/sec

Figure 4: 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 100H z, 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 Gy (s) = 18;1 ((‘YS) 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 (¥, = 0,9, =0), as the sys-
tem oscillates around this point during the frequency
response measurement. However, the angular velocity
is not assumed to be ¥, = 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 U, (7) as the excitation signal, the angular velocity
results from the following equation:

~

B(t) = A(@) - O _ser -sin(@ -1+ @(@))

d%t(t) =A()- 1§x,set co-cos(w-t+ ¢())
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For the zero crossing at the quasi-stable point around
which the system oscillates (9 (z) = 0), the maximum
angular velocity results:

A

B () =A(@) - D ger - @ (a1

The following figure 5 shows the maximum angular
velocities associated with the measured frequency re-
sponse.

=3

=

&
T

=3

Q

)
T
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Velocity 1, (w) in rad/sec

10°

frequency logw in rad/sec

Figure 5: 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 6, can be de-
rived in order to identify this as a free parameter via
quadratic optimisation:

Oy (s)
Te(s)

Gy(s) = = f(o,0,0) (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 7; is added to the transfer-element,
which results from the data communication process.

O (s) Ngx - Gsx(s) - Gm(s)

_ LT
B set (8) 14+ Gu(s5) - Gpul(s) - Kra(s)

Gu(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-

IR n:3sc)- 972025
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Figure 6: 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
0, = 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 U,,
two resistors Ry, Ry, an inductor L and a capacitor C, all
with continuous description between voltage and current.

ol D

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:

di; 1 du. 1.

T DY @k
So generally, two coupled differential equations have to
be solved. A basic solution approach is the Euler ODE
solver with an appropriate stepsize At = t,, 41 — t, :

) . 1 .
lin+1 = ln + At - ZuL,n =At- fn("L,n; Ucn )

1. .
Ucner = Ucn T+ At - Elc,n = At- gn(lL,n: Ucn )

EXCEL allows to implement these recursive formulas
easily step by step in consecutive rows (Table 1).

0 to ir,0 Uc,o

1l |ty ln-1="" Ucp-1 =

n L ipn=1lpp 1+ Uy = Ucp-1 +
+At-f, 4 +At g, 4

a4l | s ine1 = lpn + Ucn+1 = Ucn T

+At " fn(iL,n' uC’n ) +At " gn(iL:n’ uC'n )

Table 1: Euler solver steps in EXCEL.

SNE 35(3) - 9/2025 _
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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 f,, and
Jn, 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.

0 i ’l -
e — —Cathode——

v ——Reverse blas—Jplsg—Forward blas—
(A)
0 \'
Figure 2: Electrical symbol Figure 3: Characteristics of an
of a diode (detailed) ideal diode.

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

. (0, up>0
iup) = {i(t),uD <0

1.1 RLC Circuit - ideal diode in locking phase

In locking phase, the ideal diode is reverse biased and
therefore no current i, 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 = _U0+uR1+uL+uR2 +uC

0=up—ug, —uc

BT sne 353) - 9/2025

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

i1=iL=i2=iC

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

diL_l duC_l_
dt L™ dat c'c
Uri =11 Ry, Ur, =15 R,

allows to rearrange the equations for the voltages

up = Uy — Upy — Upy — Ug

u, =Up— i (Ry —Ry) —uc

and with substitution of U; by u; to derive the full dy-
namic description of the system:

di; 1 .
EZZ'(UO_lll(Rl_RZ)_uC)
duc 1.
at —c"

uD=i1'R2+uc, uD>0

It is to be noted, that the diode voltage up does not appear
in the state equations for 7; and u., but the equation for up
controls the locking phase u, >0

The Euler ODE solver can be applied now to the state
equations for i; and u. at an equidistant grid

to <t; <ty <tpnq<tn<tnp - <tenae1 < tena

with stepsize At = t, 1 — ty:
. . 1 )
lln+1 = lln + At - z : (Uon - lln " (R1 - Rz) - uCn)

1
Uc,,, = Uc, T 4L- (E lln)
an = iln * R2 + ucn, Up >0

Upyyy = l1pyq " R2 Uy, Up >0

This set of recursive equations is suitable for implemen-
tation in EXCEL. Additionally to the state update from
ty t0 ty.q, the relation for up or up ,, resp., must be
checked for positivity.

In case of negativity of up,_, to next step takes place
in the conduction phase. The exact time instant t¢pange
of phase change lies between t,, and t,,,, 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 ip can pass. Due to this fact the ideal
diode behaves like an ideal conductor in conducting
phase and the voltage up will be zero.

L i i

R] i1
—__=>—>
= ==

€

Figure 5: RLC circuit in conducting phase.

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

0=—U0+UR1+UL+UR2+UC
0=1up—up; —uc

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

OziL_iZ_iD Ozil_iL Ozlz_lc

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

with different result:
u, = Uy —upy — Upy — Uc

u =Upg—i R —up

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

u, =Ug—i" Ry

so that with substitution of i;, by i; the full dynamic de-
scription in conducting phase becomes

di; 1 )

E=Z'(Uo_ll'R1)
duc 1
G T TR,
o 1

ip=1;+ R_z “Uc

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

up = (iy —ip) - Ry +uc

As before, the Euler ODE solver can be applied now
to the state equations for 7, and . at an equidistant grid

to <t; <ty <tnq<tn<tnp - <tena—1 < tena

with stepsize At = t, .1 — ty:
. . 1 .
Uner = ly + A4t Z ’ (Uon Tl RZ)

1
Fucn+1 = uCn + At * (_m ucn)

1 1
an = lln + R_2 ' u'Cn’ an+1 = l1n+1 + R_2 ' uCn+1

an = (iln - iDn) - RZ + uCn

Up,, = (11n+1 - an+1) "Ry + Uiy

If the diode voltage becomes nonzero, up, ., # 0, the
next step takes place in the locking phase. The exact time
instant tcpqnge Of phase change lies between t,, and t,,,4
and is roughly approximated by the next update step.

1.3 Phase change Locking - Conducting

The diode voltage up 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 up 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 up in the locking phase
must be observed. When the diode voltage up 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 up itself must
be used. This can be expressed by a so-called state event
determination equation

I —
uD = il-RZ +uc SCP

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

Up(tscp) = i1(tscp) * Ry + uc(tscp) =0

Obviously, more SCP events occur, with event times
tscpk » alternatingly with SLP events at tg;p ;.
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And similarly, to recognize the state event start of the
locking phase (SLP) the diode voltage up in the conduct-
ing phase must be observed. When the diode voltage up
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

14+
up = (i; —ip)Ry, +u, SLP
determining the time instant tg; p, where SCP takes place,
i.e. where the equation has a zero (from minus to plus):

up (tscp) = (i1 (tsip) —ip (tSlP)) "Ry +uc(tsp) =0

And again obviously, more SLP events occur, with event
times tg; p,; , alternatingly with SCP events at tgcp .

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,

ti < tspp = titq, OT Ly < Escp < Ly TESP.

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 t; and t;, ¢, the event time is fixed with

tsp = Lit1 - OF tscp = Lipyg.

But unfortunately, using the sign change of the diode
voltage up 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 up 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 up is zero to
up is positive — one has to observe in this case not only
one time step t; and t;,, but two time steps t;_;, t; and
t;+1, to determine SLP with tg;p = t;,; properly.
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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 Uy (high frequency excitation) suggest
a simulation horizon of 5 - 107% sec, so we decided for a
time step At = 1.25-1078 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).

A B Z D E
1
2
3 Parameter Simulationsparameter
4 |R1[ohm] 1000| Zeilenzahl [1] 40000
5 |R2 [ohm] 20 Simulationsdauer [s] 0,0005
6 |L[H] 2,52E-05 dt[s] 1,25E-08
7 |CIF] 1,00E-07| 10 [s] 0|
8 [Is[A] 1,00E-08|
9 |Ut[v] 0,026
10 |f[Hz] 142857
1
12
13
14 Initial Conditions
15 i1 0[4] [i
16 Uc_0 V] 0|

17
18
19
20
21
22
23 |Start with Locking Phase
24

25 |t uo il Uc ud Id
26 0] 0] 0f 0f 0,00E+00)
27 1,25e-08] 0,01121573 0,00E+00] 0,00E+00) 0,00E+00)
28 0,000000025| 0,02243804 5,57E-06) 0,00E+00) 1,11E-04]
29 3,75E-08] 0,03365353 1,39E-05] 6,96E-07| 2,73E-04]
30 0,00000005| 0,04486475 2,36E-05] 2,43E-06 4,73E-04
31 6,25E-08| 0,05607033 3,39E-05] 5,37E-06 6,83E-04|

Table 2: Overall structure of EXCEL implementation for
ideal diode circuit.

Below the parameter definitions of the spreadsheet, the
columns for time 7, the excitation voltage Uy, the current
through inductor 7;, the voltage in capacitor uc, the volt-
age drop in diode up and the current through diode ip
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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A B C D E F
22
23 |Start with Locking Phase
24
25 |t uo il Uc ud Id
26 0 0 0| 0 0,00E+00 0
27 1,25E-08| 0,0112197| 0,00E+00 0,00E+00 0,00E+00 0
28 0,000000025| 0,022438 5,57E-06 0,00E+00 1,11E-04 0
29 3,75E-08( 0,0336535 1,39E-05 6,96E-07 2,78E-04 0
30 0,00000005| 0,0448648 2,36E-05 2,43E-06 4,73E-04 0
31 6,25E-08( 0,0560704 3,39E-05 5,37E-06 6,83E-04 0
32 0,000000075| 0,0672689 4,46E-05 9,61E-06 9,01E-04 0
33 8,75E-08| 0,078459 5,54E-05 1,52E-05 1,12E-03 0
34 0,0000001| 0,0896392 6,63E-05 2,21E-05 1,35E-03 0
35 1,125€-07( 0,1008081 7,72E-05 3,04E-05 1,57E-03 0
36 0,000000125| 0,1119644 8,81E-05 4,00E-05 1,80E-03 0
37 1,375E-07( 0,1231065 9,91E-05 5,10E-05 2,03E-03 0
38 | 0,00000015| 0,1342331 1,10E-04 6,34E-05 2,26E-03 0

Table 3: Start of spreadsheet simulation.

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 ¢5) for iis
and uc s 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 , up and ip — 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 # ,
from #, and #.; for current and voltage and from # for
time and voltage input.

In cell C37, the current through inductor at timestep
t is calculated. To update the current 7; 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 Up of two
timesteps before (¢ and #1). If both are greater than zero
(AND condition up(tr-2) > 0 & up(t-2)), the value for i; is
calculated with equation of the locking phase. Otherwise,
the equation of the conducting phase is used (Table 4,

upper part).

A B i D E F G H | J
25 |t uo il Uc ud Id
35 1,125E-07| 0,1008081 7,72E-05 3,04E-05 1,57E-03 0
36 0,000000125| 0,1119644 8,81E-05 4,00E-05 1,80E-03 0
37 1,375E-07| 0,1231065|=WENN(UND(E35>0;E36>0);C36+1/SBS6*(B36-C36*(SBS4+5BS5)-D36)*SES6;C36+1/5SBS6*(B36-C36*SBSA)*SESE)
33 0,00000015| 0,1342331] 1,10E-04( 6,34E-05 2,26E-03] o|
20 1 RIRF-NT n1485247Q 171 F_ﬂdl T 7IE-NS 2 AUF_H'A!I ﬂl
A B C D E F G H |
25t uo il Uc Ud Id
34 0,0000001] 0,0896392 6,63E-05 2,21E-05 1,35E-03 0
B 1,125E-07] 0,1008081 7,72E-05 3,04E-05 1,57E-03 0
36 0,000000125] 0,1119644 8,81E-05 4,00E-05 1,80E-03 0
37| 1,375E-07] 0,1231065|  9,91E-05|=WENN(UND(E35>0;E36>0);D36+1/SBS7*C36*SES6;D36+1/(SBST*SBS5)*(-D36)*SESE)
38 0,00000015| 0,1342331 1,10E-04 WENN['l"J'ahlhEHf:te:t: [Wert_wenn_wahr]; [‘\‘"4'§|'t7w.‘&nnjalsch]] 0
39 1,625E-07] 0,1453429 1,21E-04 7,72E-O5| 2,49E-O3| 0

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 i; also here a case distinction
between locking and conducting phase must be made.
The case distinction is also based recursively on the
values of up(#-2) and up(#.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 up
and diode current ip 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 up shows a jump (not possible reality), and the diode
current ip passes through in locking phase with a ‘spike’.

Uc ideal Diode
3,00E-02

2,50E-02
2,00E-02
1,50E-02
1,00E-02
5,00E-03

0,00E+00
0,0002480,000250,000252,000254,000256,0002580,000260,00026,0002640,000266,000268

Ud ideal Diode

4,50E-02

4,00€-02

3,50E-02

3,00E-02

2,50E-02

2,00E-02

1,50E-02

1,00E-02

5,00E-03

0,00E+00

5,00¢§4002480,000250,000252,000254,00025,0002580,000260,000262,000264,00026,000268
Id ideal Diode

0,0008
0,0006
0,0004
0,0002

0

-0,0002

-0,0004
0,0002480,000250,00025D,000254),000256,0002580,000260,00026D,000264,000266,000268

Figure 6: EXCEL simulation results for ideal diode model.
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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 ip and voltage up in a

Figure 7: Shockley diode.

Shockley diode follows now a continuous function:

‘u._D
i(up) = {Is *(eUr=1,up 20
0,up <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.




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 (1) extends between
zero and 0,33 [V] and the second part @ extends be-
tween 0,33 [V] and 1 [V] (see Figure 8):

uD = klOW " Id 0 < uD < 0,33

uD:khigh'Id‘l'd 0,33<UDS1

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 i:

dil 1 . .
EIZ'(UO — i3 (R + Ry)+ip Ry —uc)
du. 1 . .
Gt -C (i, — ip)

In these equations now the diode current appears, which
is to be expressed and substituted by other voltages or
currents resp.
Kirchhoftf’s mesh rule or junction rule, resp. gives the
relations
0=-uc—i, R, +up

0=-uc— (1 —ip) Ry +up

Now we can use the linear relations of the interpolated
Shockley characteristics up = k;,,, * I; (region @) or

Uup = khigh ‘I, +d (region @):
P (uc + i1 Ry)
P (RZ + klow)
. (uc+iy Ry, —d)
in =
b (Rz + knign)

0<up <033

033<up <1

Inserting now the linear equations for the diode current
ip into the ODEs result for case (U) in

dip 1 . (uc +1i1 - Ry)
FTa (Ug =iy (Ry + R+ Ry + ki) Ry —uc)
duC 1 (uC + il " Rz)
R P R ST
dt ~ C Y Ry +kiow)

and for case @ in:
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di, 1 (ue + iy Ry — d)
.U, —i. (R R e 1 2 R —
dt L (Ug— iy (Ry + R+ Ra + knign) 2~ Uc)
duc 1 G (uc+iy-R,—4a)
dt ¢ T T Ry knign)

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

at [, ((ucn +iy, * Ry — d)>]

= + —- —
uCn+1 u'Cn C lln (RZ + b)

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 up corresponds to the
state event condition function of the conduction phase. In
analogy, the diode voltage up 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 71, uc, ip and up depending on the value of
the up in the former timestep.

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

| —
uD=i1*R2+uC

The start of the locking phase (SLP) is triggered by the
value of up in the conducting phase. A transition of the
value of up from negative to a positive number indicates
the locking phase start:

'+ (kiow la  0<up<-033
P~ \knign -l +d 033 <up <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)

Ud

Figure 9: 'Real size’ of
diode characteristics.
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A B C D E F G H
25 uo i1 Uc ud Id
35 1,125E-07| 0,10080814| 7,7192E-05| 3,04E-05 1,57E-03 0
36 0,000000125| 0,11196436| N ESIP6E05| 4,00E-05 1,30E-03 0
37 1,375E-07| 0,1231065|=WENN[UND(E35>0;E36>0);C36+1/$BS6*(B36-C36* (SBS4+5BS5)-D36)*SES6;WENN(E36>=-0,
38 0,00000015| 0,13423313(333;C36+1/5B56*(B36-5BS4*C36-SBS5*(C36-((D36+C36*SBS5)/(SBS5+5B517)))-D36)*SES6;C36+
39 1,625E-07| 0,14534287|1/$B$6*(B36-SBS4*C36-SBS5*(C36-((D36+C36*$BS5-5BS19)/($BS5+5B518)))-D36)* SES6))
40 0,000000175| 0,15643431] [SIS0SIs Gy ey o] 2,736-03]  0,00£+00]
Table 5: Conditional computation of current and voltage depending on phase, interpolated Shockley diode model.
A B € D E F G H
25 uo i Uc ud Id
35 1,125E-07| 0,10080814| 7,7192E-05 3,04E-05 1,57E-03 0
36 0,000000125| 0,11196436| 8,8126E-05 4,00E-05 1,80E-03 0
37 1,375E-07| 0,1231065| 9,9056E-05 5,10E-05|=WENN(UND(E35>0;E36>0);C37*$BS5+D37;WENN(E36>=-0,
38 0,00000015| 0,13423313| 0,00010998 6,34E-05|333;5B517*F37;5B$18*F37+5B519))
39 1,625E-07| 0,14534287| 0,00012089 7,72E-05| W e v s e )]
A B @ D E F @ ‘ H
25 uo i1 Uc ud Id
35 1,125E-07| 0,10080814| 7,7192E-05 3,04E-05 1,57E-03 0
36 0,000000125| 0,11196436| 8,8126E-05 4,00E-05 1,80E-03 0
37 1,375E-07| 0,1231065| 9,9056E-05 5,10E-05 2,03E-03|=WENN(UND(E35>0;E36>0);0;WENN(
38 0,00000015| 0,13423313| 0,00010998 6,34E-05 2,26E-03|E36>=-0,333;(D37+C37*$BS5)/(SBS5+
39 1,625E-07| 0,14534287| 0,00012089 7,72E-05 2,49E-03|$BS17);(D37+C37*$B$5-$BS$19)/(SBS5+
40 0,000000175| 0,15643431| 0,00013178 9,23E-05 2,73E-03|5B518)))
41 1,875E-07| 0,16750606| 0,00014266 1,09E-04 2,96E-03| MUuuirouy T el
_ ] R P — . A PR, PR |

Table 6: Conditional computation of diode current and diode voltage depending on interpolation formula.

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 i;,, 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 up, and diode current ip,
(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$5+D37;
WENN (E36>=-0,333;$BS17*F37;
SBS18*F37+$BS19))
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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 up and diode current ip show
the expected smoothed behaviour.

uC - interpolated Shockley Diode model
3,00E-02

2,50E-02
2,00E-02
1,50E-02
1,00E-02
5,00E-03

0,00E+00
0,00024®,0002%,00025@,000258,000256,000258,0002®,00026@,000268,000266,000268

Figure 10: EXCEL simulation results for interpolated
Shockley model - capacitor voltage.
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R iD - interpolated Shockley Diode model
1,00E-05

0,00E+00 I }
-1,00E-05
-2,00E-05
-3,00E-05
-4,00E-05
-5,00E-05
-6,00E-05
-7,00E-05

-8,00E-05
0,000248,00029,00025@,000258,000256,000258,00026,00026@,000260,000266,000268

voltage uD - interpolated Shockley Diode model
4,00E-02

3,50€-02
3,00E-02
2,50€-02
2,00€-02
1,50€-02
1,00€-02
5,00E-03
0,00E+00
-5,006-03

-1,00E-02
0,00024®,00029,00025@,000258,000256,000258,00028,00026@,000268,000266,000268

Figure 11: EXCEL simulation results for interpolated
Shockley model - diode voltage and diode current.

Diode voltage up (Figure 11, below) shows now contin-
uous behaviour, and diode current ip 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 up,, = 0,

U O up\* 1 up uD)Z 1 (uD>3 1
Ur — DYy o2 (22) 24 (22) 2
e ZO:(UT) nl +UT+(UT 2 o) 6t

so that i, gets the linear approximation formula

. L) Up Is
ip=Is-(elr—1 ~15-(1+U——1)=U—-uD
T T

g 1
=gy 0 = Y
m

Now starting again with Kirchhoff’s joint formula,
0 = _uc_(il _iD)'RZ +uD

we substitute i, by the above linearised formulation

I
0=—uc—(i1—U—S-uD)-R2+uD
T

and get linear formulas for up and ip:

Uc+R2'i1 _

. Uc+ Ry iy
RS T N P e
IR, + Ur

U
Up =t IRy + Uy

These relations are equivalent to the formula for the first
region of the Shockley formula interpolation with

Up = Kiow " lag ~ kun " ig:

. 1 . (uc+ii-Ry)

0= Kin ‘7 = (Ry + kuin)

Figure 12 shows the situation: instead of the linear func-
tion with slope k;,,, now the tangent with slope k;;,, 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 kg, , with ki, < kgie < kq, as some exper-
iments have shown. Reason is, that the current ij, is very
low, so that approximation near to u, = 0 is sufficient.

Generally, one could also use a linearisation around a
proper linearisation point up, # 0 :

0 n
elll,—l; _ z (uD — uDzm) l ~ 1+ Up — Upy,
UT n! UT

0
so that u, becomes
Up-(uc—Ry i) + Ry~ s upy,
Ryl + I

Up

There is a tricky algorithmic choice for the ‘unknown’
Up,;,: if the formula is used in the course of the Euler
solver, then up,, ~can be estimated with the previous

value up, _, for the diode voltage:

_ UT " (ucn - R2 * iln) + RZ " IS * an—l
n Ryl, + I,

Up




Breitenecker et al. EXCEL Solution for ARGESIM Benchmark C21 - Case RLC with Diode E!a

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 ip and voltage up in
a Shockley diode follows now a continuous function:

0, up >0
i(u )={ up
b Is * (eUT —1),up <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

du 1 .
d—tC=E'(l1—lD)
di, 1 _ .
E=Z*(U0_11'(R1+R2)+10'R2_Uc)

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

. — .. r—
dar ¢ \tTs\¢
di; 1

Up
dt =z'<Uo_il'(Rl‘l‘Rz)‘l‘Is'(eUT_1>'R2_Uc>

Now also in Kirchhoff’s junction formula
0 = _uC_(il _iD).RZ +uD

ip is substitutes by the Shockley formula:

Up
uD=uC+(i1_Is'<eUT_1))'R2

This nonlinear algebraic equation for up is added to the
above differential equations for uc¢ and i;, which would
need up 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 up . Calculating the deriv-
ative of the algebraic equation for up results in

Up
Is * (eUT) * R,

Ur

-1

llD=(itc+i1*R2)* 1+

BT sne3s) - 9/2025

Now the derivatives 1. and i, are replaced by the differ-
ential equations:

Up
up = (i1 — I * (e”T - 1)) +
up

1 up
+Ry T (U0 — iy Ry + Ry)+Ig - (e”T - 1)-1!22 —uc)-

up -1
Is (eUT) *R,
. 1 - 7
+ U

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

i1n+1 = iln + At 'f(iln,ucn,an)
Ucp,, = Ug, T4t g(iy,, Uc, Up,)
an+1 = an + At - h(iln,ucn, an)

where the function £, g and / 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 up. Finding the state event of locking phase start is
facilitated because of negative voltage up 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:
I —

UD=i1*R2+UC

whereby up is now solution of the differential equation
for up 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 up, must
be programmed. In Table 7, cell E37 shows the Euler
solver update for the diode voltage up, , with conditions
for phase changes.
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A B C E F G H

25 |t uo il Uc ud Id

= 0,000000075| 0,06726894| 4,45523E-05 9,61E-06 9,01E-04 0

33 8,75E-08| 0,07845902| 5,53737E-05 1,52E-05 1,12E-03 0

34 0,0000001| 0,08963922| 6,62679E-05 2,21E-05 1,35E-03 0

35 1,125E-07| 0,10080814| 7,71924E-05 3,04E-05 1,57E-03 0

36 0,000000125| 0,11196436| 8,81257E-05 4,00E-05 1,80E-03 0

37 1,375E-07| 0,1231065| 9,90563E-05 5,10E-05 =WENN(|UND(E35>0;E36>O);C37*SB$5+D37;E36+((

6,34E-05|1/$BS7*(C37-SBS8* (EXP(E36/$BS9)-1))+$BS5*1/

38 0,00000015| 0,13423313| 0,000109978

39 1,625E-07| 0,14534287| 0,000120887 7,72E-05[$BS6*(B37-C37*(SBS4+$BS5)+SBS8*(EXP(E36/
40 0,000000175| 0,15643431| 0,00013178 9,23E-05|$B$9)-1)*$BS5-D37))*(1+(SBSS*EXP(E36/$BS9)*
41 1,875E-07| 0,16750606| 0,000142656 1,09E-04|5BS5)/$BS9)A(-1))*SES6)

42 0,0000002| 0,17855672| 0,000153513 1,27E-04| "5 E0E0s) T Gu0E O]

2,LUE-UD| g,uucTuy]
t 1

Table 7: Conditional computation of diode voltage with Euler step update.

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.

ud Shockley Diode model
3,00E-02
2,50E-02
2,00E-02
1,50E-02
1,00E-02
5,00E-03
0,00E+00
-5,00E-03
-1,00E-02
-1,50E-02
-2,00E-02
-2,50E-02
0,0002480,000250,00025D,000259,000258,0002580,000260,00026D,000264),000266,0002

uC Shockley Diode model
1,50E-02
1,00E-02
5,00€E-03
0,00E+00
-5,00E-03
-1,00E-02

-1,50E-02
0,000248,00026,0002 30002 23000255000258,00026,0002E20002 000285000268

iD--Shockley-diode-modelfl

= JVL

0,000245 0,00025

1,0 -09
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-1,0 09
-2,0 09
-3,0 09
-4,0 09

-5,0 09
0,000255 0,00026 0,000265

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 Up in
arow 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 #. 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.

SNE 35(3) - 9/2025 _
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Figure 14: Comparison of simulation results for diode current - ideal diode, interpolated and dynamic Shockley diode.
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Figure 15: Comparison of simulation results for diode voltage - ideal diode, interpolated and dynamic Shockley diode.

In the ideal diode model at timestep #, 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.

iWOR  SNE 35(3) - 9/2025

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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EUROSIM Contact Information

S
EUROSIM -

the Federation of European Simulation Societies was
set up in 1989. The purpose of EUROSIM is to provide a
European forum for simulation societies and groups to
promote modelling and simulation in industry, research,
and development — by publications and conferences.

EUROSIM members are national simulation societies and
regional or international societies and groups dealing
with modelling and simulation.

Full Members are ASIM, CEA-SMSG, CSSS, DBSS,
KA-SIM, LIOPHANT, LSS, PTSK, NSSM, SIMS,
SLOSIM, UKSIM. Observer Members are ALBSIM and
ROMSIM. Former Members (societies in re-organisa-
tion) are: CROSSIM, FRANCOSIM, HSS, ISCS.
EUROSIM is governed by a Board consisting of one rep-
resentative of each member society, president, past pres-
ident, and SNE representative.

Each year a major EUROSIM event takes place, as the EU-
ROSIM CONGRESS organised by a member society, SIMS
EUROSIM Conference, and MATHMOD Vienna Confer-
ence (ASIM).

At the EUROSIM Congress 2023, the 11" EUROSIM
Congress in Amsterdam, July, 2023, a new EUROSIM
president has been elected: Agostino Bruzzone. His soci-
ety LIOPHANT will organize the next EUROSIM Con-
gress in 2026 in Italy.

Furthermore, EUROSIM Societies organize local confer-
ences, and EUROSIM co-operates with the organizers of
13M Conference and WinterSim Conference Series.

Contact Information
www.eurosim.info

President:
Agostino Bruzzone (LIOPHANT)
agostino@itim.unige.it

SNE - Simulation Notes Europe is EUROSIM’s
membership journal with peer-reviewed scientific con-
tributions about all areas of modelling and simulation, in-
cluding new trends as big data, cyber-physical systems,
etc. The EUROSIM societies distribute e-SNE in full ver-
sion to their members as official membership journal.

The basic version of e-SNE is available with open access
(Creative Commons license CC BY). Publishers are
ASIM, ARGESIM and EUROSIM.

www.sne-journal.org

SNE-Editor:
Felix Breitenecker (ASIM)
eic@sne-journal.org

EUROSIM Member Societies

ASIM - German Simulation Society
Arbeitsgemeinschaft Simulation

ASIM is the association for simulation in the German
speaking area, servicing mainly Germany, Switzerland
and Austria.

President
Felix Breitenecker, felix.breitenecker@tuwien.ac.at

Contact Information
www.asim-gi.org

info@asim-gi.org, admin@asim-gi.org

ASIM - Office Germany, Univ. Bundeswehr Munich, Inst. fiir
Technische Informatik, Tobias Uhlig, Werner-Heisenberg Weg
39, 85577 Neubiberg, Germany

ASIM - Office Austria, dwh Simulation Services,
F. Breitenecker, N. Popper, Neustiftgasse 57-59,
1070, Wien, Austria

CEA-SMSG - Spanish Modelling and
Simulation Group
CEA is the Spanish Society on Automation and Control.
The association is divided into national thematic groups,
one of which is centered on Modeling, Simulation and
Optimization (CEA-SMSG).

President

José L. Pitarch, jlpitarch@isa.upv.es

Contact Information

www.ceautomatica.es/grupos/

simulacion(@cea-ifac.es
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CSSS — Czech and Slovak Simulation
Society

CSSS is the Simulation Society with members from the
two countries: Czech Republic and Slovakia.

President
Michal Stepanovsky
michal.stepanovsky@fit.cvut.cz

Contact Information

cssim.cz

michal.stepanovsky@fit.cvut.cz

CSSS — Cesky a Slovensky spolek pro simulaci
systémtl, Novotrlého lavka 200/5,
11000 Praha 1, Ceska republika

DBSS — Dutch Benelux Simulation Society

DBSS was founded in July 1986 in order to create an or-
ganisation of simulation professionals within the Dutch
language area.

President
M. Mujica Mota, m.mujica.mota@hva.nl

Contact Information

www.DutchBSS.org

a.w.heemink@its.tudelfi.nl

DBSS / A. W. Heemink, Delft University of Technology,
ITS twi, Mekelweg 4, 2628 CD Delft, The Netherlands

KA-SIM Kosovo Simulation Society

The Kosova Association for Modeling and Simulation
(KA-SIM) is closely connected to the University for Busi-
ness and Technology (UBT) in Kosovo.

President
Edmond Hajrizi, ehajrizi@ubt-uni.net

Contact Information
www.ubt-uni.net

ehajrizi@ubt-uni.net

Dr. Edmond Hajrizi, Univ. for Business and Technology
(UBT), Lagjja Kalabria p.n., 10000 Prishtina, Kosovo

LIOPHANT Simulation

is a non-profit association born in order to be a trait-d'u-
nion among simulation developers and users.

LIOPHANT is devoted to promote and diffuse the simula-
tion techniques and methodologies; the Association pro-
motes exchange of students, sabbatical years, organiza-
tion of International Conferences, courses and intern-
ships focused on M&S applications.

President
A.G. Bruzzone, agostino@itim.unige.it

Contact Information

www.liophant.org

info@liophant.org

LIOPHANT Simulation, c¢/o Agostino G. Bruzzone,
DIME, University of Genoa, Savona Campus,
via Molinero 1, 17100 Savona (SV), Italy

LSS — Latvian Simulation Society

LSS has been founded in 1990 as the first professional
simulation organisation in the field of Modelling and
simulation in the post-Soviet area.

President
Artis Teilans, Artis. Teilans@rta.lv

Contact Information

www.itl.rtu.lv/imb/

Artis. Teilans@rta.lv, Egils.Ginters@rtu.lv

LSS, Dept. of Modelling and Simulation, Riga Technical Uni-
versity, Kalku street 1, Riga, LV-1658, Latvia

NSSM — National Society for Simulation
Modelling (Russia)
NSSM (HamwmonansHoe OOmiectBo MMHTAIMOHHOTO

Monenuposanus — HOMM) was officially registered in
Russia in 2011.

President
R. M. Yusupov, yusupov@jiias.spb.su

Contact Information

www.simulation.su

yusupov@iias.spb.su

NSSM / R. M. Yusupov, St. Petersburg Institute of
Informatics and Automation RAS,
199178, St. Petersburg, Russia
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PTSK — Polish Society for Computer
Simulation

PTSK is a scientific, non-profit association of members
from universities, research institutes and industry in Po-
land with common interests in variety of methods of
computer simulations and its applications.

President
Tadeusz Nowicki,
Tadeusz. Nowicki@wat.edu.pl

Contact Information

www.ptsk.pl

leon@ibib.waw.pl

PSCS, ul. Gen. Witolda Urbanowicza 2, pok. 222,
00-908 Warszawa 49, Poland

SIMS - Scandinavian Simulation Society

SIMS is the Scandinavian Simulation Society with mem-
bers from the five Nordic countries Denmark, Finland,
Norway, Sweden and Iceland.

President
Tiina Komulainen,
tiina.komulainen@oslomet.no

Contact Information

www.scansims.org

vadime@wolfram.com

Vadim Engelson, Wolfram MathCore AB,Teknikringen
1E, 58330, Linkdping, Sweden

SLOSIM - Slovenian Society for Simulation
and Modelling

The Slovenian Society for Simulation and Modelling was
established in 1994. It promotes modelling and simula-
tion approaches to problem solving in industrial and in
academic environments by establishing communication
and cooperation among corresponding teams.

President
Goran Andonovski,
goran.andonovski@fe.uni-lj.si

Contact Information

www.slosim.si

slosim@fe.uni-lj.si, vito.logar@fe.uni-lj.si

SLOSIM, Fakulteta za elektrotehniko, Trzaska 25,
1000, Ljubljana, Slovenija

UKSIM - United Kingdom Simulation Society

The UK Modelling & Simulation Society (UKSim) is the
national UK society for all aspects of modelling and sim-
ulation, including continuous, discrete event, software
and hardware.

President
David Al-Dabass,
david.al-dabass@ntu.ac.uk

Contact Information

uksim.info

david.al-dabass@ntu.ac.uk

UKSIM / Prof. David Al-Dabass, Computing & Informatics,
Nottingham Trent University, Clifton lane,
Nottingham, NG11 8NS, United Kingdom

Observer Members

ROMSIM - Romanian Modelling and
Simulation Society

Contact Information

florin_h2004@yahoo.com

ROMSIM / Florin Hartescu, National Institute for Research
in Informatics, Averescu Av. 8 — 10,

011455 Bucharest, Romania

ALBSIM - Albanian Simulation Society

Contact Information
kozeta.sevrani@unitir.edu.al

Albanian Simulation Goup, attn. Kozeta Sevrani, University
of Tirana, Faculty of Economy,
rr. Elbasanit, Tirana 355, Albania
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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:

e  Publication of the scientific journal SNE —
Simulation Notes Europe (membership journal of
EUROSIM, the Federation of European Simulation
Societies) — www.sne-journal.org

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

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

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

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

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

e  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

SNE

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.she-journal.org
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=== 21. ASIM Fachtagung ,Simulation in Produktion
-Fachtagu ng und Logistik"

Schltisselrolle Simulation: Wandel gestalten.
Herausforderungen meistern.
Y.
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5 Als grote europaische Tagung zum Thema Simulation im
24. bis 26. Sept. g=Jl Bereich Produktion und Logistik gibt die ASIM Fachtagung
3 alle zwei Jahre einen Uberblick der zukunftsweisenden
2025 S Trends, aktuellen Entwicklungen und erfolgreichen Projekte.
Prasentiert und diskutiert werden wissenschaftliche
~Haus der Kirche” Arbeiten sowie interessante Anwendungen aus der

Industrie.

Supply Chain Simulation & Logistik = Simulationsanwendungen in Tagungsleitung

+ Produktionsnetzwerke & -logistik Industrie und Dienstleistung

* Intralogistik; Lieferketten * Automobilindustrie .
* Transport & Verkehr + Maschinen - & Anlagenbau Prof. Dr.-Ing. habil.
« Innovative Materialflusstechnik « Halbleiterindustrie Thorsten Schmidt

Professur fir
Technische Logistik
Fak. Maschinenwesen
TU Dresden

mehr Informationen.

V

Themen der Tagung

« Data Science; Visual Analytics; Virtual Reality; Augmented Reality Tagungsort

» Kinstliche Intelligenz; Maschinelles Lernen

* Ereignisdiskrete Simulation; Agentenbasierte Simulation ,Haus der Kirche*
Interoperabilitat; verteilte Simulation; Cloud -basierte Simulation HauptstralRe 23

01097 Dresden

Ausstellung

Die begleitende Ausstellung zeigt den aktuellen Stand von
Simulationswerkzeugen, verwandter Software und Dienstleistungen im Anmeldung
Simulationsumfeld. Falls Sie sich als Aussteller auf der Fachtagung
prasentieren mochten, kontaktieren Sie uns bitte. Alle Informationen zur

Anmeldung finden Sie
Teilnahmegebiihr (pro Person, inkl. Mehrwertsteuer) auf unserer Website:

Im Preis enthalten sind die Teilnahme an Vortrégen, der Ausstellung,

Mittagessen, Erfrischungsgetrénke mit Pausensnack, ein Get -Together
sowie eine Abendveranstaltung. Ein gedruckter Tagungsband kann gegen
einen Aufpreis von 50,00 € optional erworben werden.

LG EL T E

Grundpreis 1190,00 €
Mitglieder von ASIM, GI, EUROSIM abzgl. 140,00 €
Einreichung Beitrag (1 x pro Beitrag und Autor) abzgl. 170,00 €
ab dem 2. Teilnehmer einer Institution abzgl. 140,00 €

[https://asim -gi.org/spl2025]
Hochschulangehdrige erhalten 40 % Nachlass auf den Endpreis.

Institut fir
ASIM Technische Logistik und TECHNISCHE
Qﬁ Facht @}Arbeiissqsgieme UNIVERSITAT
al-rachtagung DRESDEN

www.sne-journal.org
www.argesim.org
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