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Abstract—The concept of Virtual Power System (VPS) emerges ded systems in form of customized platforms that could be
as a promising response for increased concerns on securedeployed in VPS to provide its optimal operation.
sustainable and at the same time 'clean’ energy supply requests. In that sense VPS represent a cross-disciplinary topic in

This novel concept aims at boosting operational ef ciency of hich Id t fi trol leqislati
Distributed Energy Resources (DER) but also at establishing which many elds as automation, control, nance, legisiation

them as an autonomous commercial actor on the open energy @hd many more, meet. Tackling the challenge posed by sys-
market. Nevertheless, VPSs are fairly complex HW/SW systems tem complexity and interdisciplinary cooperation, requires a

that require holistic multidisciplinary approach and also novel hglistic and standardized approach which systems engineering
speci cation, modeling and analysis instruments to facilitate provides

mutual_understanding among stakeholders from different elds. In this work we introduce a speci cation, modeling and
We introduce UML/SysML based modeling methodology to . . ! )

describe such power system related issues aiming at providing @nalysis methodology for VPS design ow developed in
an unied modeling instrument applicable for VPSs design scope of AlpEnergy project. The methodology is based on
ow. In the proposed system engineering methodology, system UML/SysML system engineering approach [2]. We aim at
representation starts from_ a very general context description providing an instrument to cope with the complexity of the
and gets re ned through different levels of abstraction down to VPS providing a communication platform for stakeholders
concrete embedded systems employed to perform de ned tasks. ; . . o

coming from different elds and at the same time facilitates
analysis, simulation and design of the system.

The nal result of the project would be an instrument that
Awareness to global climate changes caused by differdotmally describes the system context, ef ciently gathers user
kinds of pollution on the one side and increasing concern abagtjuirements, transfers them into system requirements and
sustainable energy supply on the other side have createdltimately into concrete functional requirements for system

global sensitivity to energy ef ciency as well as an interestomponents.
in nding pollution-free and sustainable solutions. Pushed by The paper is organized as follows: Section Il, provides a
such scenario, 'green’ technologies are getting consideredréview on existing solutions for DER integration and system
an increasing number of elds ranging from transportation arghgineering concepts. In Section I, a conceptual, general
power systems to building ef ciency management. Enablingtructure of VPS is presented and explained. In Section IV
technology and main driver for realization of such envisageHe system engineering, model-based design methodology is
concepts are information and communication structures andeiposed, while in Section V we provide as a case study
particular embedded systems. simpli ed UML/SysML modeling methodology which shows

A novel concept of Virtual Power System (VPS) has beehe design ow from context description to concrete smart-
introduced by the AlpEnergy research project [1] and it aims atetering solutions. Finally, Section VI presents conclusions
ef cient integration of DERs - Distributed Energy Resourceand future work.
(including energy storages and consumers) in a single entity
in technical and commercial sense. A cluster created in this
manner would be able to autonomously participate as an actoGlobal energy demand growth urges for evolution of modern
in energy market and trade energy still providing reliablpower systems in both commercial and technical terms. The
supply and optimal energy prices for customers and produc&mart Grid [3], [4] concept has emerged as a promising
inside it. VPS covers wide range of commercial, power systemasponse to these needs. Nevertheless, such complex system
and ICT (information and communication technology) relatedill require tremendous amount of data to be collected, trans-
issues. Nevertheless, due to the fact that many heterogeneuiited and processed (in real time) which will pose another
and uncontrollable generators must be coupled together withallenge to underlying ICT structures. Such scenario calls for
indeterministic open market conditions, such systems requpartitioning and clustering of SmartGrid in certain autonomous
complex and robust ICT solutions to support needed technodules.
cal and commercial advances. This in turn could create anOn the other hade, ef cient integration of heterogeneous
opportunity for development of a new generation of embedistributed energy resources represents another challenge to
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inancial, commercial
and legislative
framework, business
models, energy stock...

be tackled by power systems engineers (several internatio
research projects are dealing with this issue). Consideri
these facts, Virtual Power Plants (VPP) [5], [6] have bee
introduced as a means to aggregate DERs and represent t SW Appl [CT technologies

as a single, autonomous entity/module inside SmartGrids. T o cT (information model/

VPP concept aims at leveraging security of energy supr mbedded systems ucture ggmr;f‘.tf’)mat'on and
coming from renewable resources with their optimal comme(Smart mater/IED)

. L L . : Physics of the system
cial exploitation. In that sense it aims at presenting DERs Power| |(generators, loads,

form of reliable, independent actors at energy markets able flow| |storages, power-lines,
trade its produced energy in an optimal way. It interacts wi LEL el T )

electricity Distribution System Operators (DSO) and energy
market according to set of de ned legislative rules. Integration
of various micro-plants and renewable generators into VPP
which is an aggregation of DER takes into account the actt |4 Preiecl VPS_SysML_all[EnergyDistripution]
location of individual DERs in the network. VPPs will have
exibility and controllability to provide different services to
energy and ancillary services markets [5]. Such concept |
quires novel communication, control and automation solutiol
at lower DER level requiring new generation of embedde
systems to be developed. At the higher VPP level, nov
Energy Management Systems (EMS) have to be developec Energy Distilbution

The Virtual Power System (VPS) can be seen as an exte
sion of VPP. It actually additionally considers integration ¢
consumers and prosumers (producer-consumer) entities in
system with renewable generation.

Nevertheless, such complex and inter-disciplinary concej
require appropriate instruments to manage user requireme
collection and design complexity. In order to ef ciently man- EnergyMarketLegistation VPS
age design of complex systems many system engineering i
modeling concepts and languages have been introduced. =
other environments, system-level speci cation languages have
been introduced and are by now fairly widely used. AADL
[7] has been introduced mostly for the purposes of modeling

complex systems in avionics and space domain with an aiMryq \jrtyal Power System (VPS) concept heavily relies on
of expanding to other eld. SysML [8] has been introduceg, s \ypp concept developed in [5]. The fundamental extension
as an extension of UML [9] for speci cation and modeling ot \/pp is the fact that VPS considers also involvement
complex systems including hardware components, personngl.gorages, consumers and prosumers in the same system.
facilities etc. Recently MARTE [10] has been proposed gs,oying its dual role to aggregate DER in a technical

a UML prole for modeling and analysis of real-time and,nq commercial sense, the functionalities of VPP (and VPS

embedded systems. _ accordingly) have been logically encapsulated in two entities
In the scope of our project we use UML/SysML languagg;.

as it is currently the most widely accepted speci cation instru- .
ment and modeling standard in both industry and academia. Commercial VPP (CVPP/CVPS)
UML has been already introduced as a modeling tool for 1echnical VPP (TVVP/TVPS)
nance issues and through the CIM [11] standard in power CVPS considers DERs as commercial entities optimizing
systems engineering. economical utilization of VPS portfolio in environment of an
open electricity market [12]. In other words, the purpose of
CVPS is to schedule an optimized DERs utilization and set
The Virtual Power System (VPS) concept has been devéids to Energy Exchange Stock according to market conditions
oped in scope of AlpEnergy project [1] with the aim of proversus current and predicted demand/supply balance. The
viding an instrument for ef cient aggregation of renewable resperational employment of particular DERs in technical terms
sources into an entity, seen from outside as one computatiomglmanaged by the TVPS. It ensures that the power system is
communicational and trading module able to autonomousbhperated in an optimized and secure way, taking into account
manage its commercial exploitation. The enabling technologyysical constraints and available resource. So that, in terms
for such concept is considered to be ICT in particular differenf service layers, TVPS is a lower layer providing services to
types of embedded systems. the CVPS as a higher layer.

Fig. 1. VPS layered structure
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Fig. 2. VPS as an actor in energy distribution

IIl. VIRTUAL POWER SYSTEMS OVERVIEW



req [Project] VPS_SysML _all [FunclionaIRequiremenls])

The place of VPS and its components is the power syste
structure is represented in Figure 1. The relation of VPS wi

other 'external' actors can be represented in UML fashion i

Optimal_Energy_trading

«Reguirement»

«Requirement»

Optimal_VPS_operation

«Requirements

VPS integration with SmartGrid

in Figure 2.

IV. SYSTEM ENGINEERING METHODOLOGY

The remarkable complexity and interdisciplinary nature ¢

id="REC14"

text="The WPS systern must
provide optimal energy trading
baged on current prices on the
market, capacities and
consumption”

>

>

id="REQ1"
text="The WP3 system must
operate optimaly with respect to
given constrains providing
highest benefit for the owner”

PR 55
if="RECI12"

text="The ¥PS must effaciently integrate

into SmartGrid"

VPS calls for standardized and uni ed approach to its desig
Many system engineering methodologies have been develo|
to tackle similar problems in safety critical systems such
avionics. Considering the nature of VPS we have chos
UML/SyML based approach as this language has been wids
accepted. Moreover, it is already introduced in many eld
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id="REG3"

text="The YP3 system must
operate optimaly with respret
1o given resources
maintenance cost”

>
id="REQ4"

text="The YP5 system must
operate optimaly with respret
to given enviromental
penalties"

id="REQZ2"

text="The VP3 system
must operate optimaly with
respect to given commercal
conditions”

that are correlated in VPS (like nance and power systems
The methodology starts with project context description in
which basic ideas and goals of the system are de ned as
well as system environment situation. The next step consist of
stakeholders identi cation which is followed by requirements
determination. The ef cient translation of user requirements be de ned in a clear way and their impact on all sides
into system ones, requires a platform for mutual commgencerned must be fully transparent.
nication and understanding among variety of stakeholdersAt this point the project description is given in a textual form
from different elds. Precise and clear system requirementsing common natural language as it is usual starting point for
de nition and structuring is a key step towards good systeexpressing thoughts and ideas. More formal description has to
design. This is the place where Sysiitquirements diagrams be derived through set of steps exposed later in the work.
are showing their importance. The discussions yield project description in terms of VPS
Once well dened and organized, system requirementsle and interaction with its environment, as follows. The basic
(functional and non-functional) are, by means of UML/SysMIgoal of VPS is to aggregate heterogeneous, uncontrollable
instruments (i.euse casesactivity diagrams block de ni- renewable resources (windmills, photovoltaics etc.) into single
tion diagrams sequence diagramand nally internal block reliable entity in commercial and technical terms. In order to
diagramg mapped into functional requirements of concretechieve such an aim additional energy storages and control-
system components (i.e. embedded systems to be deployethile generators (e.g. gas turbines) have to be introduced in the
the eld). system. VPS has to interact with the rest of power systems and
it is decided that it would operate at distribution level (middle
V. CASE STUDY - SYSTEM ENGINEERING APPROACH FOR  and low voltages). It means that VPS would interact with
VPSDESIGN FLOW Distribution System Operators (DSOs) to provide technically

The VPS represents a strongly interdisciplinary orient&Prrect operation. On the other side, it Woul_d interact Wl_th
topic. Many issues from control, automation, communicatiofr"€r9y Exchange Stock in order to enable optimal economical
power and electronic engineering as well as commerci@€rformance of VPS.
nancial and legislative eld are interacting in this concept. . . . L
For this reason an uni ed and simple yet ef cient approach tg' Stakeholders identi cation and requirements determination
the topic must be adopted. Based on the analysis given above, we have identied

Considering the analysis of system engineering approachsiakeholdersinvolved in VPS operation. It is important to
previous section, we have concluded that UML/SysML basedention here that all the steps in the proposed methodology
methodology can be applicable for the required needs. In thee subject to an iteration process in which some new actors
sequel we apply and show step by step the proposed approachservices related to VPS can be revealed and additionally
It is important to mention that the analysis concern only iaserted in the system description/model.
part of VPS concept but the topics discussed are chosen a¥he selected stakeholders are listed here:
an representative subset so that simpli cation of the model is  pjspatcher
done without loss of generality. VPS shareholders

Distribution System Operator (DSO)
Energy Exchange Stock
In the initial phase of project design many fundamental Energy market legislation
decisions have to be taken. The subsequent design heavily Local authorities
depends on this step and that's why it implicitly requires deep VPS trading agent
understanding among stakeholders. Basic ideas and goals have VPS operation manager

Fig. 3. Functional user requirements structure

A. VPS project context



req [Project] VPS_SysML_all [NonFunctionalRequirements])
«Requirement» «Requirements
Real-time_information Interoperability
<<NonFunctionalRequirements> <<MonFunctionalRequirement=>
i¢="REC5" = BEQs
text="The ICT structure of VPS text="The ICT structure of VPS
rmust provide precise and reliable must provide full interaperability
information on production among field devices
ballance in the sytern in manufactured by different
realtime” vendors”
|
«sal/isé» N
«Requirement» «Requirements «Requirement»

Increased_visibility Full_standardization Plug_and_play

Nonf quirement>> Monk > Monf >
id="REQ" i¢="REQE" id="REG7"
text="All system components text="All system components text="The system must be
must be selfidentifying and must interfac e them according to designed in scalable in modular
self-describing and able ta send defined communication standards way sathat it can be easily
information on their status” and protocols” upgraded”

Fig. 4. Non-functional user requirements structure

Following stakeholder identi cation, their functional and
non-functional requirements are determinated. Those requi
ment are at rst 'coarse grain', technically imprecise ani
uncorrelated. In order to resolve possible collisions and to ¢
more precise ' ner grain' requirements, further decompositio
is needed. It is important to mention here that we distinguis
from the begging, between functional and non-function
requirements. As an example, we consider the selected
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Fig. 5. Sequential diagram of 'VPS optimize resources' scenario

req [Project] VPS_SysML_all [Opt_res_t iti .J)
Optimal_resources
= \ Ko
«Reguirement> «Requirement> <Requirement
Real-time_VPS_energy_balance_info Real-time_field_info Real-time VPS topology info
<<functiona Requirement>> . “
i0="REQID" iI=HEQTZ i0="REQ11"
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e e
> ~
«Requirements <Reduirement>
Real-time consumption info Real-time production info
<<functionalRequirement>> <<functionalRequirement>>
it="REQ14" id="REQ15"
text="{near)Real-time energy text="(near)Reakime energy
consumption in V/PS information * production in VPS information "

of VPS requirements gathered form stakeholders given in

SysML form in Figures 3 and 4. Such a set of requiremerg'?u'rcee's.f

represents only a simplied example that is used to show
further decomposition steps. The requirements are organized
and presented in a structured and hierarchical manner. This

step marks the beginning of the transition process of us
requirements into system ones. In a particular case, we cho
to rene a requirement for 'optimal resources utilization'
(given asoptimal resource@ Figure 3) by decomposing func-
tional requirement according to [13]. Scenarios are represen
as UML use case diagrams showing VPS interaction wi
relevant actors as given in Figure 1.

Sequence of actions that are necessary to fulll user r
guirement ofoptimize resourcess given in Figure 5. Based
on those actions further decompositionagtimize resources
requirement is done in order to obtain system requirements
shown in Figure 6.

C. System services description

Once we are aware of actors and system requirements
focus our attention to services that system must provide
satisfy stakeholders' demands. This actually means that
have to develop behavioral model of the system. For the s
of modeling system services and functionalities we use

System requirements obtained by decomposition of 'optimal re-
unctional requirement

uc [Project] VPS_SysML_all [Use_case_Opt_VPS_util] )
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optimization
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optimization D

Optimizing Collecting VPS
VPS PRV real time
acldey information

utilization

cases For each set of functional requirements a proper use
case that re nes them is de ned as shown in Figures 7 and 8.
this way, we have related system services (i.e. use cases) with

Fig. 7. Re ning use cases, requirements relation
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Fig. 8. Rening use cases, requirements relation

act [Package] FunctionalRequirements [Res_op(_activity])

Start VPS resources
optimization

appropriate system requirements. In Figure 9 we repres:
in a very general manner fundamental services (actualy t
cases) that VPS must provide with related actors (stakeholde
involved in each of them.

Next step involves realization of use cases through activi
diagrams. As an example we chose a use case of ‘optimizi
VPS resources' that is included in use case of 'optimizing VF
utilizations' (Figure 7).

Optimizing VPS resources represents system settings upc
done in regular time periods aimed at boosting ef ciency ¢
VPS resources utilization. These periods depend on the sp
of environmental changes (i.e. pricing uctuations, weathe
changes and so forth). Inside this period TVPS must reci
culate new system settings based on production request fr
CVPS and current status of energy production/consumpti
(energy balance). The real-time (or 'near' real-time) infor
mation on energy balance in the system is obtained frc
use case 'Collecting VPS real-time information' through th
Advanced Metering Infrastructure (AMI) [14] that represents
a network of sensing, metering and measuring embedded
system devices (i.e. sensors, smart-meters etc.). In the activity
diagram in Figure 10 the resource optimization is represented
through use cases ow. Activities of production/consumptionases it is involved in), using standard UML/SysML instru-
information collecting (from AMI, that is represented as anents.
component) and new request obtaining (from CPVS), areHence, we speak of static (structurélpck diagramsand
executed concurrently. The control and data ow are indicatetynamic (behavioral)sequence diagramrepresentations of
in the diagram (represent as red and green lines respectiveiyderactions in the system. It is important to note that at this

Upon reception of needed data and recalculation of nestage we do not distinguish between software and hardware
settings, TVPP imposes them into the system through themponents, they are both simply represented as blocks.
network of deployed actuating embedded systems (AES; i.e.

Intelligent Electronic Devices (IEDs) and Programmable Logfe. Optimizing VPS utilization - Block diagram

Controllers (PLCs)). The appropriate components to realize use case given in
Figure 9 have to be determinated and then represented in form
of block de nition diagram Such a model shows relations

At this point we can start identify components (i.e. structur@mong components and actors that are involved in realization
of the system. For the sake of a methodology demonstration afethe use case of optimizing VPS utilization providing an
will focus on AMI component. Below we describe its relationgsight in concrete structure of the system. The block diagram
with the rest of the system (relating it with appropriate usthat represents these relations is given in Figure 12.

Get production

request from
CVPS

(Take consumption info ) [ Take production info }

CVPP

Recalculate new settings

Impose new settings AES

Fig. 10. VPS resources optimization activity diagram

D. System components



sd [Project] VPS_SysML_all [Resources_opl]) bed [F'roject] VF'S_SysML_aII [VPS_bdd])
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2 OptimiseResources % 2 Z 2 CvPsS
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Z 7 % Z Z
Z 7 Z Z
2 ﬂ% StoreHistory () % 2 %
7 7 7
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z 7 /
Z e 7 Z Z Fig. 12. VPS resources optimization block diagram
z = “
Z Z Z
% ﬂ% SetPar (int parld, céule value) % Z
7 S 7 7 Z
2 ; 2 g % VI. CONCLUSION AND ONGOING WORK
“ Z 7 z
Z 7 7 Z Z _ ,
2 Z eca.cu.ateNewgmngs 0 g % VPS has been introduced as a response to growing concerns
Z 7 7 7 7 for sustainable energy supply. It is the concept developed in
7 7 7 4 Z ) : . . )
7 Zlnmsemmnmgé) ’ Z scope of AlpEnergy project which aims at providing an in-
z - . .
7 Z 7 Z Z strument for ef cient aggregation of heterogeneous renewable
z “ . . . . .
7 z g % Z resources into reliable commercial and technical entity able to
A 3 2 o 8

independently acts at open energy market and interacts with
other actors.

A relevant point that emerges from this and other stud-
ies is the fact that in many cases renewable resources are
F. Optimizing VPS resources - Sequence diagram individually of too little relevance to be considered on the

Realization of use case of optimize VPS resources is p@fi-de energy_market, that th"e-y are highly hete_r_og”e neous and

Qften not reliable from the “continued availability” point of

formed through a given sequence diagram (in Figure 1 .
considering previously given block de nition diagram. Thig/"eW- As a consequence, VPP and VPS emerge as solutions

gure shows dynamic interaction among components aﬁa agg.rggating such resources and Iever'aging their cumulative
actors that are involved in realization of the use case gfPacities; on the other hand, this requires a strong presence

optimize VPS resources. It provides a basic idea on systé) ICT supports b‘?yo”d the traditional energy management
behavior. ones, namely distributed and ad-hoc hardware/software solu-

tions consisting of suitable embedded systems. If the VPP-
G. AMI internal block diagram VPS concept is adopted, the diffusion of the above recalled

Having determined all the components (of the consider&fnbedded systems reaches a critical market mass granting
use case), their relations and functionalities, we are ableft§ure investments in their design and implementation. The
propose a concrete realization for each of them. In our case @&l of our study is creating the background analysis and
focus on a possible implementation of AMI internal structuréSsessment for such venture. Given the complexity of of the
As an example of one possible solution for AMI we givénvisioned overall systems we introduce a system engineering
simpli ed internal block diagramrepresented in Figure 13, Methodology based on UML/SysML as a speci cation, model-
Communication among components iis representedony Ng and analysis instrument supporting mutual communication
ports with given ow speci cations. and understandmg platform among variety of stakehold_ers

Internal block diagram gives a suggestion for concretePm different elds. The ultimate goal of this methodology is
realization. These components represent concrete embedi@gach a comprehensive description, eventually leading to the
systems (i.e. their functionalities and interconnections).  functional requirements, of embedded systems to be deployed

as one of enabling technologies of VPS.
Our ongoing work concerns further expansion of the
methodology with the aim of providing ner grain models,

Fig. 11. VPS resources optimization sequence diagram



Fig. 13. AMI internal block diagram

internal block diagrams for concrete embedded systems and
developing meaningful simulation strategies for developed
models.
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