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Abstract

Operating energy grids with a high share of renewable en-
ergy sources (RES) requires system reconfiguration as a
response to environmental condition changes. To under-
stand them better, simulations are needed and Modelica is
an excellent choice for that. Energy grids with event-based
reconfigurations are an instance of variable structure sys-
tems (VSS). However, the full support of VSS in Mod-
elica is challenging and topic of ongoing research. Petri
nets (PNs) offer a formalism for modeling VSS. The ca-
pability to simulate PNs in Modelica gives an opportunity
to model VSS in Modelica. This paper presents an ap-
proach to utilize PNs in Modelica for modeling variable
structure energy grids. Therefore, we introduce energetic
Petri nets, a special type of PNs and an experimental li-
brary called PNRG for PN-based energy system modeling
is presented. Furthermore, possibilities and limits of mod-
eling VSS energy grids are discussed and an outlook how
to develop this technique is provided.

Keywords: Energy Grids, Sector Coupling, Variable
Structure Systems, Context-oriented Programming, Petri
Nets

1 Introduction

The climate change forces societies to radically change
the way of providing energy to their residents. Energy
grids with a high share of renewable energy sources (RES)
have to handle high fluctuations between the production
and consumption of different energy media. To mitigate
the negative effects and optimize the energy efficiency, so
called sector coupling is investigated. This principle de-
scribes the combination of different energy systems. For
example, electrical, gas and heat systems are coupled so
that an oversupply of one energy medium can compen-
sate the lack of another one. Sector coupling is nowadays
broadly discussed in science, as (Fridgen et al. 2020) de-
scribes. However, the complexity of systems grows with
an increased sector coupling and therefore modeling of en-
ergy grids gets even more important. With Modelica, there
is a widely used modeling language which is well suited
to simulate such complex systems.

The Modelica library TransiEnt (Senkel et al. 2021) is
an excellent choice to simulate exactly this type of energy
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systems (Heckel et al. 2022). It provides a magnificent
level of detail and includes many components which are
needed for realistic energy grid simulations. However,
TransiEnt only works with the Dymola environment for
now.

Another problem with simulating energy grids with a
high share of RES and sector coupling is the missing
possibility to fully describe and simulate so called vari-
able structure systems (VSS) in Modelica. While Specific
types of VSS can be simulated, mostly basic definitions as
in (Utkin 1977), some more advanced VSS types start to
cause problems (Tinnerholm 2022). For example, when
the number of equations or variables is varying.

While Modelica simulations based on PNs are also
limited in the way of simulating VSS with dynamically
changing equations or varying numbers of variables and
components, they allow to describe the variability of mod-
els and their state transitions. To make component based
modeling using PNs accessible in Modelica, a special type
of PN, energetic PNs will be defined. They are also nec-
essary to realize instantaneous effects on PN components
within the energetic Petri net after local changes. These
energetic Petri nets will be used to implement a Model-
ica package which allows to model VSS energy grids. In
the following, two example models using this package are
presented and it will be shown, that VSS can be modeled
with that.

1.1 Variable Structure Energy Grids

The power supply of RES power plants is highly depended
on the availability of natural energy sources like sun and
wind energy. Therefore ensuring a reliable power supply
from renewable energy sources requires a focus not only
on sunny and windy days but also on cloudy days with
low wind conditions, particularly when operating power
grids with a high share of RES. Various storage sys-
tems are discussed to be used for mitigating these effects.
As (Alhamali et al. 2016) show, there are a lot of possi-
ble solutions with different advantages and disadvantages.
All storage systems need additional infrastructure which
might be expensive. In some cases the location does not
allow to install specific plants.

Another way to react to supply or demand changes is
to activate and deactivate producers or consumers during
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operation time. Additionally, special grid designs can im-
prove the resilience of power grids. (Liu et al. 2022) pro-
vides a general overview of so called micro grids (MGs)
to stabilize larger power grids. The investigation of such
designs is an interesting objective for research. When
simulating the variability of such power grids, structural
changes must be performed during the simulation’s run
time.

1.2 Variable Structure Systems in Modelica

Systems with a variable structure are quite natural. For
example, opening windows when the air quality is bad or
covering windows when it is too sunny outside are such
structural changes of a room system. Therefore, it is not
surprising that VSS are studied for a long time as (Utkin
1977) already recognises in 1977. However, mathemati-
cally these VSS are not easy to describe. Especially for
modeling there is a lot of ongoing research in this field.
Some theoretical background is provided by (Benveniste
et al. 2019).

For Modelica there is a significant interest in increas-
ing the possibilities for VSS modeling. Different ap-
proaches to simulate VSS in Modelica have been investi-
gated and proposed, e.g. MOSILAB (Nytsch-Geusen et al.
2005), MoVasE (Esperon, Mehlhase, and Karbe 2015) and
DySMo (Mehlhase 2015). Also, other solutions are pro-
posed like the modeling language Sol introduced by (Zim-
mer 2010). However, all these approaches realized VSS in
Modelica only partly or implemented VSS only in a sub-
set of Modelica. Recently, (Tinnerholm, Pop, Sjolund, et
al. 2020) presented an approach to make the modeling of
VSS available in Modelica using a new compiler based
on the Julia programming language which is discussed in
detail in (Tinnerholm, Pop, and Sjélund 2022).

While investigating VSS, two aspects need to be con-
sidered. The studied system must be described clearly.
This means not only the components itself have to be de-
fined well but also how these components behave in dif-
ferent states of the system. The other aspect is the con-
trolling of the systems states. In complex systems a lot of
conditions can occur under which state transitions shall be
performed. But not only the definition of these rules can
become very complicated. Also the approval of a correctly
working state control is an important but complex topic it-
self. A secure formalization of these state transitions must
therefore be defined. So called PNs are an excellent choice
for systems with a large and complex state space.

1.3 Petri Nets

PNs were firstly described by Carl Adam Petri in his PhD
thesis (Petri 1962) but got extensively expanded after-
wards. The following definition of a basic Petri net is
given in (Murata 1989).

Definition 1.1 (Petri Net). A Petri net is a graph defined
by the 5-tuple PN = (P,T,F,W,My) with the following
definitions:

(b) after firing

Figure 1. An example of a simple discrete Petri net. (a) shows
the inital state of the PN and (b) the state after the first firing
which is also the final state.

1. P={p1,p2,...,pm},m € Nis a finite set of places
2. T={n,t,....,tn},n € Nis a finite set of transitions
3. FC(PxT)U(T xU) is a set of arcs

4. W : F — Ny is a weight function

5. My : P — N is the initial marking

6. PNT =0

7. PUT #0

This definition results in a directed graph composed of
places and transitions which are connected with arcs. Ev-
ery place p has a number of tokens M(p) € N and every
arc has a weight w, here denoted as w;, when it points to a
transition and w,,; when it points to a place. How the PN
works is explained with the help of Figure 1.

A transition ¢ fires if W (p;,t) < M(p;) for all places p;
which are connected to the transition via the arcs with the
weights w;, ;. In Figure 1 transition ¢ has two input places
p1 and p;. The weight of the arc between p; and ¢#; is
W (p1,t1) =2 while the weight for p, and t; is W (py,11) =
1. Since M(p1) =3>2=W(p1,t) and N(p2) =3>1=
(p2,11) the transition fires. Transition #, can not fire since
M(p3) =1 <2=W(p3,t2) which is the weight of the arc
between p3 and t,. The arc weights define the number of
tokens which are taken from the input places and given to
the output places. Therefore, both p; and p; now have
1 token and since the output weight of #; is W (tp, p3) =
2, the place p3 has now 3 tokens. Since M(p;) =1 <
2=W(p1,t1) and M(p2) =1 <2 =W(p2,12), neither the
firing condition of #; nor #, is fulfilled after the first firing
so that there will be no further firing. The PN is in its final
state.

There are many extensions to these basic discrete Petri
nets. Here, only some notable extensions are mentioned.
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The introduction of inhibitor arcs, firstly described in
(Agerwala 1974) is simple yet powerful. They allow to
check if a token number is smaller than a specific thresh-
old, and enable firing in this case without consuming to-
kens. Originally this threshold was 1 and therefore in-
hibitor arcs were used to check if places are empty. How-
ever inhibitor arcs can also be used with thresholds > 1.
Test arcs (David and Alla 2008) allow to check if a token
number is larger than a specific threshold and they enable
the firing of transitions without consuming tokens. They
can be used to prioritize transitions and therefore avoid
conflicts when two transitions have the same input place.

Another important extension are continuous Petri nets
(David and Alla 1987). For those the tokens are real num-
bers. Their transition firing is not described by discrete
token transport but continuous flows. Therefore, those are
a limit case of discrete PNs with token numbers > arc
weights (David and Alla 2008). How this type of PNs
works is explained by the following example. A contin-
uous Petri net consisting of a continuous place p; with
no input arc, an initial token number of M(p;) = 2 and
an output arc which connects p; to a transition #; with
W (pi1,t1) = 4 would behave the following way. The to-
ken number of p; would decrease with an constant rate of
4% until the token number is 0. So the number of tokens
at the time 7 is given as the equation M(p;,t) = —4t +2
for r < 0.5s and afterwards M(p;) = 0. These Petri nets
are powerful since they can represent systems of ordinary
differential equations.

Petri nets containing discrete and continuous places
and transitions are called hybrid petri nets. The model-
ing possibilities with Petri nets are significantly enhanced
with these hybrid PNs since continuous systems like fluids
flowing in a pipe system can be modeled with such PNs.

In Modelica, the open-source library PNLib (Prof3 and
Bachmann 2012) can be used for integrating PNs for mod-
eling systems. PNLib implements the basic discrete PNs
as well as the test and inhibtor arcs extension, continuous
Petri nets and other special transitions types.

1.4 Petri Nets and Variable Structure Systems

Why are those automata interesting for studying VSS?
Petri nets can be used as state machines what is well de-
scribed in (David and Alla 2008) but PNs are much more
powerful. They can define many sub-states in parallel and
how these affect each other. Additionally there are numer-
ous verification methods to investigate the Petri net prop-
erties like reachability or liveness. An overview for some
of these model checking approaches is given in (Wolf
2019). Therefore, PNs are interesting for controlling the
state transitions of VSS.

However, this is not the only connection between VSSs
and Petri nets. In (Mai et al. 2018), so called adaptive
Petri nets were introduced. In these adaptive PNs, sub-
nets can be activated and deactivated based on the mark-
ing of the PN. Therefore, the Petri net itself is a variable
structure system where the state transition controlling is

integrated in the system itself. Furthermore, (Mai et al.
2018) presents an algorithm to flatten adaptive Petri nets
to basic PNs with inhibitor arcs.

In (David and Alla 2008) several application examples
for modeling based on Petri nets are described, such as gas
storage systems or a four-stroke engine. Examples for PN-
based modeling in Modelica are presented in (Prof and
Bachmann 2012).

For the goal of enabling the expression of VSS in Mod-
elica, the application of Petri nets appears to be a promis-
ing approach. In the following, a way to use PNs for mod-
eling power grids will be presented.

2 Energy Grid modeling and Ener-
getic Petri Nets

P, P, t2 P

4

(a) Example of a simplified PN representing an energetic

Energy Source Energy Converter Energy Storage

(b) Possible interpretation of the different parts of the en-
ergetic Petri net.

Figure 2. An example of a simple energetic Petri net. Energetic
places and transitions are denoted with a “.”. Transitions and
“.” are continuous transitions and places.

places without a “.

The modeling of VSS energy grids is not possible in
Modelica when using large physical models. Therefore,
a method reducing the modeling to a problem accessible
in Modelica is needed. An alternative approach based on
Petri nets is capable of doing this and is presented in the
following.

Modeling electrical grids with Petri nets was investi-
gated for example in (Lu et al. 2016). However, these
modeling techniques lack user friendliness and do not con-
tain sector coupling. The component based modeling in
Modelica would help to increase the usability of this mod-
eling method. To study the usage of Petri nets for the com-
ponent based modeling of VSS power grids, a simplified
base model is used which just takes the power generation
and consumption into account. This means other proper-
ties like phase angles or the frequency that are also cru-
cial for the grid stability are neglected in this approach.
However, the main goal of the model discussed here is to
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validate the assumption, that it is possible to model VSS
using Petri nets.

Modeling the power generation and consumption leads
to the idea to model the flow of energy through the power
grid. Since in continuous Petri nets arc weights repre-
sent the derivative of the place tokens, the natural choice
for PN representations for energy and power are the fol-
lowing: The tokens in places represent stored energy and
therefore, the transition arcs will represent the electrical
power of components.

However, energy can not be stored in every case. So
during modeling, it is important to make sure that energy
is not stored in places where it should not be stored. To en-
sure this, two possible solutions can be implemented. The
first method is to realize all grid components in a single
transition whenever energy is not allowed to be stored in-
between, instead of creating one transition for every grid
component with places between the transitions. This is
very disadvantageous, e.g. for component-based model-
ing or when a sub-net needs to be activated adaptively.
Therefore, it is preferable to define so called energetic
Petri nets that cover the needs of energetic flow modeling
by definition.

Definition 2.1 (Energetic Petri Net). An energetic Petri
net is a hybrid Petri net with inhibitor arcs and:

1. Energetic places Pg with N € Ny inputand M € Ny
output arcs, that behave like continuous places with:

N M
Z Win,i = Z Wout, j (D
i=1 =1

2. Energetic transitions T with K € Ny input and
L € N5 output arcs that behave like continuous tran-
sitions with:

Vj i wour,j = f Win1,---,Wink) 2
and
K L
Z Win,i < Z Wout, j 3)
i=1 j=1

for normal arcs and no restriction for inhibitor or test
arcs.

This definition ensures three properties. At first, the
mentioned flow in places where no energy should be
stored is given. Also, energy can not be produced but only
converted with loss due to the efficiencies of the compo-
nents. For dynamic simulations it is also important to not
only have constant weights but weights that can change
over time. A definition for such PNs was already in-
troduced in 1978 by (Valk 1978). These self-modifying
PNs allow to represent more complex ordinary differen-
tial equation systems with PNs using the token numbers
of places as arc weights. In combination with equation
2 this leads to a Petri nets where the change of an arc

weight leads to instantaneous changes of weights in fol-
lowing arcs within the energetic PN.

How can these Petri nets be used to model energy
flows? As shown in Figure 2, power sources like wind
or solar energy can be modeled as continuous transitions
without input arcs and varying weights of the output arcs.
The output arc weight should be the source power Ps.
Since these natural energy sources cannot be stored di-
rectly, the source transition is connected to an energetic
place which instantaneously transfers the energy to an en-
ergetic transition which can represent simplified power
plants converting the energy to electrical energy using a
physical equation P, = f(Ps). The last place is an ordinary
continuous one and can be interpreted as an ideal energy
storage.

4
v @ PNRG

EX Examples
PowerPlants
EnergyConsumer
PowerToX
Storage
Distribution
Logics

Sources
Interfaces

Backend

Figure 3. Structure of the PNRG package.

3 PNRG Library — Petri Net based
Renewable Energy Grids

For a user-friendly and reusable modeling, the differ-
ent sub-nets representing components of the energy grid
should be programmed as Modelica models that can be
connected accordingly. Therefore, a package based on the
PNIib Petri nets was developed for component-wise mod-
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logicalInput1}, ——— I

logicalInput2

rlogicalOutput|

Figure 4. Example of an PNlib implementation of an AND gate.
A token number of 1 represents true and a token number of O
represents false.

eling of different energy grids. However, the package is
still in an experimental state. In this section we will briefly
introduce the main aspects of this package.

Figure 3 shows the structure of the PNRG package. Ex-
amples for specific Models are photovoltaic power plants,
wind power plants, electricity consumers, electrolysers,
batteries, transformers and logic components like AND
gates. To implement the energetic places and transitions,
the continuous place and transition models from PNIib
were modified.

3.1 Control Layer

- -
e

l('\\ +
N=N

A>B —

clock1 r

D

Figure 5. Example for different logical elements based on Petri

nets. A simple PNIib Petri net, a module to convert boolean

expressions to logical inputs and a clock are connected to an
integer controller using an AND gate.

Cﬁ\

k\
/

e

®

logicalExp.

As described in 1.4, the first application of PNs for VSS
is the control of state transitions. For switching PNRG
components on and off, logical interfaces are defined.
These logical interfaces have a combination of test and
inhibitor arcs as input and output. Both of these arcs are
needed to express logical expressions satisfactorily. This
allows to build logical gates. Exemplary, an implementa-
tion of an AND gate built using PNIib Petri nets is shown
in Figure 4.

In principle, every PNIib place connected to test and
inhibitor arcs can be used for these logical interfaces. Ad-

ditionally, a periodical clock and a module that converts
a boolean expression to a logical input are implemented.
Another handy component is a module called integer con-
troller. This module can be used for incrementally increas-
ing or reducing an integer number by activation the respec-
tive logical input. This can be used, for example, if the
number of active wind turbines should be variable during
simulation time. The application layer components that
can be activated or deactivated have logical inputs as in-
terfaces to realize this functionality. An example for such
an activation or deactivation is the charging or discharg-
ing of a battery which can be both stopped and reactivated
depending of the current power supply and demand.

Figure 5 shows an example for the usage of these con-
trol layer components. Here, an integer controller is con-
trolled by a clock for decreasing its number and it is in-
creased when place 2 has a token number of 1 and for two
variables A and B, the requirement A > B is fulfilled.

In principle, controlling via the definition of rules can
also be done with standard Modelica Boolean Blocks.
However, in some cases it might be desirable to only use
Petri nets in the model, e.g. for verification. Then it is
helpful to use the components provides by PNRG.

3.2 Application Layer

Figure 6. The implementation of a battery. the upper interfaces
are the logical inputs that control the charging and discharging.
The energy storage is modelled as a place. The Petri net at the
bottom is a inner control net that indicates the state of charging.

To model energy grids, typical components like power
plants, storage systems or consumers are implemented
with Petri nets. In the following, some basic implemen-
tations are presented.

In the most simplified way, components like photo-
voltaic (PV) power plants can be treated as an energy con-
verter abstracted as a transition. The solar power P, can
be read in from a file and fed into a Petri net transition
output. Using energetic PNs, a model that fulfills con-
straints of an energetic flow can be ensured and separated
into components. The PV power plant can then be mod-
eled as a transition with the input weight:
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Win = Py

“4)
and the output weight:

Wour = Pip ‘A n (5)

where A is the area of the PV panels and 7 is its effi-
ciency. The angle between panel and sun or the temper-
ature of the plant is neglected here but could be added in
principle. The transitions output will then be connected
to an energetic place. Afterwards consumers or storage
systems could be connected to the energetic PN, where
energy can be stored in normal continuous places.

With this implementation, the activation and deactiva-
tion of components can be achieved by blocking transi-
tions with inhibitor and test arcs so that they are not able
to forward energy. An example for a battery with charging
and discharging that can be activated is shown in figure 6.

Simplifications that are applied are a constant charging
and discharging power of batteries and the ignoring of en-
ergy losses during charging, discharging and storing of the
energy. Also, power grids are assumed to have no energy
losses. Wind turbines are idealized and do not include in-
ertia effects.

dstrbutonPowerGrid

e

} 60

Figure 7. Simple example of an energy grid modeled with
PNRG.

File |
Input[

—— Solar power for 250m?
—— PV Power supply (A =250m? n= 0.25)
—— Power demand

Power [kW]

0 5 10 15 20 25
Time [h]

Figure 8. The power of the sun for 100 m?, a PV power plant
with 250 m? are and an effiency of 0.25 as well as a consumer as
shown in Figure 7.

A simple example without VSS is shown in Figure 7.
The grid consists of a PV power plant, a transformer, a
distribution power grid and a consumer. The solar radia-
tion power per area and the consumed power are read in
from files. These values are artificially chosen but shall be
used for demonstration purposes. The PV power plant has
an area of A = 250m? and an efficiency of 7 = 0.25. The

results are shown in Figure 8. It can be seen that the power
of the PV plant follows the course of the solar power. Also
it is clearly visible that the power supply exceeds the de-
mand from ¢ = 2h to + = 9h and can not fulfill it after
t =10h.

4 Modeling VSS Energy Grids with
Energetic Petri Nets

To study how VSS can be modeled with PNRG, two ex-
amples were investigated. Both examples include condi-
tional charging and discharging of a battery and a variable
number of active wind turbines. The second example also
contains instances of conditional connections.

4.1 Example 1 — Adaptive Activation of Wind
Turbines and Battery Charging and Dis-
charging

Control Layer

File
Input
File
Input

)

i)
Figure 9. Example of an VSS energy grid modeled with PNRG
in Modelica. The battery is charged only if enough power can
be supplied from the wind and solar power plants. To control
the difference between power supply and demand, additionally

the number of active wind turbines can be controlled and the
discharging of the battery can be activated.

The first example is shown in Figure 9. The grid con-
tains wind power plants and PV power plants, a battery as
a storage system and two consumers. The control layer is
shown in Figure 9 marked with a red rectangle. It contains
the file inputs and the rules that control the variability of
the system. These rules are defined as following:

If the power supply is larger than the demand of the
consumers, then:

1. Activate the battery charging if charging power
would not overload the power supply.

2. Ifitis still too high, deactivate wind turbines.

If the power supply gets smaller than the demand of the
consumers, then:

1. Reactivate wind turbines.
2. If all turbines are active, discharge the battery.

The number of active wind power plants is controlled
with the integer controller. These rules should lead to a
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Figure 10. The upper plot shows the power supply and demand for the simple VSS grid from Figure 9. The background is colored

according to the difference between power supply and demand.

The plot shows that the rules lead to the desired grid behavior

and prove that VSS can be modeled in this case. The lower plot shows the number of active wind turbines. In the two bars at the
bottom, the red color shows if the battery charging and discharging is active.

system, where it is tried to have an power supply larger
than the consumption but the supply should not exceed
the demand unnecessarily.

The resulting curves for power supply and demand are
shown in Figure 10. The background is colored blue if the
demand is smaller than the supply and it is red otherwise.
The lower part in Figure 10 shows if the battery is charging
or discharging indicated by a red bar. It also shows the
number of active wind turbines.

Figure 10 shows that at the moment when the power
supply covers the demand and the charging power of the
battery at t = 5h, the battery start to charge. Since the
power supply is still rising, the wind turbines are deacti-
vated successively. At around # = 10h the power demand
starts to rise above the supply so a wind turbine is reacti-
vated but again deactivated at = 13h when the power de-
mand decreases. After about 14h the available wind and
solar energy decreases significantly so despite reactivat-
ing all wind turbines step by step, the power demand can
not be covered. So the battery charging is deactivated at
t = 15h and since this is not enough the discharging of the
battery starts. A short natural energy peak from ¢ = 20h
and ¢t = 22h stops the discharging for a short period. At
the beginning of the simulation, the discharging is inactive
despite a shortage of the power supply because the battery
is initialized empty and therefore cannot discharge.

In conclusion, the result confirms that the system be-

haves like desired and that the rules change the system
accordingly. This also proves that VSS can be modeled
using Petri nets for this case.

4.2 Example 2 — Conditional Connections

After example 1 showed that PNs can model VSS in Mod-
elica, a more complex model shall be investigated now. As
shown in Figure 11 the system consists of two grids. Both
of them are similar to the model presented in example 1
but only one consumer is connected to each of the grids.
Also, the number of wind turbines and the PV area is dif-
ferent. However, the main difference is that one of the PV
power plants is not statically connected to the upper dis-
tribution grid but dynamically connectable to one of both
grids during run time.

The implemented rules for the batteries and the number
of active wind power plants is basically the same as in ex-
ample 1. Some modifications are done to avoid conflicts
for the different state of the conditional connection. The
upper PV power plant will always be connected to the dis-
tribution grid, with the smaller difference between supply
and demand. In this difference, the power supply of the
PV power plant itself is not included.

In Figure 12 the results of the simulation are shown. As
expected the PV power plant will be connected to the grid
with a smaller difference between supply and demand.
While the supply can not cover the demand for both grids,
the PV power plant is reconnected from the lower to the
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Figure 11. Example for a more complex VSS energy grid. A
conditional connection can connect a solar energy park to either
the upper or the lower distribution grid. The charging and dis-
charging of the battery as well as the controlling of the number
of active wind turbines is controlled like in example 1 but ad-
justed to work with the conditional connection.

upper grid at ¢t = 1h because at this moment the lack of
power is higher. The actual positive affects can be seen
from ¢ = 4h where for the upper grid the supply can cover
the demand by itself and the lower grid which is connected
to the PV power plant can only cover its demand because
of the connection. Here the connection even leads to an
activation of the battery charging.

It should be noted, that a clear definition of rules is
very important for the success of such simulations. In-
consistencies will lead to crashes of the simulation. Es-
pecially for complex systems where multiple components
affect each others activation and deactivation rules, it can
get very difficult to define these rules sufficiently well.

5 Conclusion

This paper presented an approach to model VSS energy
grids in Modelica based on Petri nets. While the imple-
mentation is still experimental and the technical compo-
nents are simplified, it was shown that Petri nets are suit-
able for modeling systems with a variable structure that
changes during simulation time in Modelica. To demon-
strate this, two examples for energy grids with different
VSS types were presented. These two examples showed
that different VSS can be modeled with PNs. Both mod-

els behaved like expected due to the defined rules for state
transitions.

To ensure that the used Petri nets keep properties of the
flow of energy while enabling component-based models,
so called energetic places and transitions were defined.
Based on the PNIlib Modelica library, these special Petri
nets were implemented to create a library called PNRG
that can be used to model VSS energy grids.

However, the capabilities of modeling VSS are limited.
While activating or deactivating components is possible,
adding variables, objects or components dynamically in
run time is currently not possible.

6 Outlook

Although the presented examples showed that Petri nets
can be used to model VSS, a lot of work has to be done
for excellent energy grid modelling using Petri nets. In
the first place, the realism of the implementations for dif-
ferent components should be increased. For example, ad-
ditional effects influencing the charging and discharging
powers of the batteries could be implemented. One ap-
proach could be to use existing models and libraries for
these detailed calculations. Also, more parameters should
be implemented to increase the realism of the modeling.
Implementing parameters like voltages, phase angles and
frequencies are needed to verify how stable the simulated
energy grids under state transitions are.

As described in the introduction, one of the motivations
for studying VSS is to simulate sector coupling systems.
Therefore a logical next step would be to implement and
study components like electrolysers, gas power plants or
gas and heat consumers.

Also an advanced formalism to define the state transi-
tions to avoid conflicts is an interesting subject for further
investigations. Especially for the control sub-net, verifi-
cation methods that are defined for Petri Nets could be
studied to avoid conflicts. (Svadova and Hanzalek 2004)
presents a method for generating reachability graphs for
hybrid Petri nets that is also applied in (Lu et al. 2016)
for the analysis of the micro grid models. Therefore, this
might be one approach for an analysis tool for the here
described grids.

In the end, the results from this approach need to be
verified with other energy grid simulation models, which
are not based on Petri nets. This comparison is important,
not only to evaluate how realistic the single components
work but also to validate the realism of the whole grid.
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Figure 12. Simulation output for the second example. The upper plot shows the power supply and demand for the upper distribution
grid from Figure 11, the second plot for the lower grid. The background is colored according to if the PV power plant is connected
to the respective grid. The lower plot shows the number of active wind turbines. In the four bars at the bottom, the red color shows

if the battery charging and discharging is active.
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