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 Executive Summary 

Real-time simulations are a powerful tool to test, assess, and validate hardware or software solutions 
conceived for the management of the system. They usually represent a preliminary step before the possible 
implementation in the field, because they allow testing the devised technologies in realistic conditions without 
the risk to jeopardize the normal operation of the electric grid. This step is essential to take into account 
possible issues occurring in the real scenario, like time delays, communication issues, interactions among 
different components, which cannot be evaluated in general when running a simple and dedicated off-line 
simulation. Real-time simulations performed in laboratory environment are used in this project to assess 
several use cases that cannot be tested in the pilots, but that are relevant in a future perspective for the 
effective transition towards the smart grid. Deliverable D6.2 provides the full list of the use cases analyzed in 
this project together with the detail of the validation scenario (pilot or real-time simulation). This deliverable 
describes the engine at the core of the real-time simulation framework used to test the different use cases of 
the project in the laboratory environment. The different components of the engine are presented in detail, 
describing the components responsible for the creation of realistic operating conditions, the environment for 
the modelling and control of the electric system and the interface to connect the real-time simulation to the 
Flexmeter middleware, which makes the real-time simulation platform behaving like a virtual pilot. In addition, 
the options to extend the overall platform to run highly complex and detailed simulations in a multi-physics 
co-simulation environment, with hardware-in-the-loop setups or in a multi-laboratory framework are also 
presented, thus highlighting the large flexibility with which this platform can be used to test different use 
cases requiring different setups or levels of detail.  
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 Introduction 

Real-time simulations performed in laboratory environment are an essential step to test and validate 
innovative services before their application in the real field. The development of properly configured real-time 
simulations allows emulating real world scenarios and conditions in order to verify the impact of a new 
technology on the overall system behaviour and to assess benefits or potential drawbacks led by its 
implementation. The use of the real-time laboratory environment for testing algorithms, hardware 
components or architecture models, is the intermediate step between the pure prototyping of a new 
technology/solution and its deployment in the field. Relying upon real-time simulations it is possible to test 
the integration of the new technology in the system, emulating the real scenarios but minimizing the risks 
associated to unexpected reactions of the system to the presence of the new software or hardware 
components in the field. 

In this project, several services based on a smart exploitation of the smart meter measurements have been 
defined. Many of them, for practical reasons, cannot be directly implemented and tested in the pilots. 
Reasons preventing the deployment of these services on the field include trivial considerations on the safe 
and secure operation of the electric system (e.g. fault location and identification services cannot be tested in 
the real world without causing a disservice to the customers), but also include the lack of a suitable 
regulatory framework or the absence of the needed components or infrastructure (e.g. demand response 
algorithms cannot be easily tested at the moment without the direct and voluntary involvement of final 
customers, while the impact of storage systems, which are expected to play an important role in the smart 
management of future distribution grids, cannot be evaluated without the deployment of storage devices in 
the grid). Several use cases (6 out of 10, see Deliverable D6.2) have been thus implemented and evaluated 
in a real-time simulation environment, in order to provide indications on the potential advantages they can 
bring for the management of the future distribution grid. The simulation engine is fully integrated with the 
designed cloud-based platform and, therefore, also allows highlighting how the Flexmeter platform plays a 
key role for the proper integration of the different services and for the easy interaction among the 
stakeholders providing the services.  

The reliable assessment of the use cases tested in the real-time simulation environment is strictly depending 
on the faithful representation of the scenarios in which the proposed services are expected to operate. For 
this reason, this Deliverable describes in detail the simulation engine developed to test the different use 
cases. The different components of the simulation engine are described explaining their role for the 
emulation of the distribution grid scenario and providing the mathematical details of the used models, when 
needed. In particular, Sections 3 and 4 are dedicated to the detailed description of the software modules 
responsible for the generation of the random power profiles used to create the operating conditions of the 
distribution grid. Since many of the use cases deal with Low Voltage (LV) grids and need a detailed 
representation of the power profiles (in some cases also down to the single appliances, like in the case of 
demand side management and demand response algorithms), the proper and detailed design of these 
modules is of paramount importance to generate realistic scenarios and to allow a reliable assessment of the 
use cases. In Section 5, the other details associated to the software components adopted for the simulation 
control and for the interaction with the cloud platform are presented. The designed simulation engine can be 
also coupled with other modules or simulators responsible for the emulation of other energy vectors (e.g. 
thermal vector), thus providing the opportunity to perform co-simulations. Moreover, the possibility to 
integrate hardware components in the real-time simulation, creating the so-called hardware-in-the-loop tests, 
and the possibility to coordinate the simulations running in different laboratories, leading to large inter-lab 
real-time simulations, is also described. All these components provide the flexibility necessary for the 
emulation of the desired scenarios with the required level of detail, thus guaranteeing the proper 
configuration of the laboratory tests. In this way, the laboratory environment is transformed in a virtual pilot 
with unique capabilities to realistically emulate the distribution grid and testing the developed distribution 
system management services.  
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 Residential customers power profile generator 

With the transition towards the smart grid paradigm, Low Voltage (LV) grids will also require ad hoc 
monitoring and management tools to ensure their safe and reliable operation. To perform simulations in a LV 
grid scenario, a detailed modelling of both the grid and the typical operating conditions of the system is 
needed. In the smart grid scenario, final customers are also expected to play an active role. Customers’ role 
is not only limited to the installation of generation plants at their premises, but it is also intended as a 
concrete support to the operation of the electric grid through the possibility to flexibly reshape their power 
demand [1]. These actions, known as Demand Side Management, will be an integral part of future smart 
grids [2]. Simulations aimed to test such solutions need a high level of detail, which goes beyond the model 
of the LV grid, arriving down to the single customers’ houses and to their single appliances.   

To create realistic scenarios aimed at testing distribution grid services oriented at the management of the LV 
network, the simulation engine presented in this Deliverable has been equipped with a software tool able to 
emulate in a realistic way the power profiles of residential end-users, with a level of detail up to the single 
appliances. The Flexmeter customers profile generator allows creating random profiles of daily consumption 
for the end-users, taking into account the owned appliances, the statistical information about their use, the 
energy consumption per year of the customer, and considering at the same time the standard curves of 
power consumption generally available at aggregated level for the residential customers.  

 

Figure 1. User Interface of the Flexmeter residential customers profile generator 
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Figure 1 shows the Graphical User Interface (GUI) of the designed software tool. It is possible to distinguish 
the following main sections: 

• Input settings: it allows selecting among different data sources to be used for the standard profile of 
aggregated consumption and choosing the particular period of the year (and type of day) object of the 
analysis (the standard load profiles usually vary in function of these parameters). Moreover, the number 
of customer profiles to be generated and the number of daily profiles to be created per customer also 
have to be selected here. 

• Customer settings: it gives the possibility to decide a set of parameters associated to the customers. 
Apart from the average energy consumption per year of the emulated users, there is the possibility to 
select which specific appliances have to be part of the profile generation. For each appliance, its 
diffusion (how many customers own that appliance in the considered scenario) and its percentage 
consumption (statistical information on the percentage amount of energy consumed through this 
appliance) have to be provided. 

• Household profiles:  this is the section where the power profiles of each customer are generated and 
where it is possible to see the generation outcome. The user interface gives the possibility to see all the 
details of the generated profiles, including the overall power consumption (sum of the power 
consumption of all the customers), the profile of total power consumption for each customer and the 
profile of power consumption for each one of the appliances owned by the customer. 

 

Figure 2. Flowchart of the “Flexmeter load profiles generator” modelling steps. 

Figure 2 gives a high-level overview of the process performed in the software core of the designed tool for 
the generation of the random profiles. Three main steps are performed: 
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• preparation of the input data 

• generation of the scenario 

• generation of the power profiles 

In the following of this Chapter, a more in-depth description of each step is provided together with the 
mathematical details (where needed), with particular emphasis on the part of power profile generation. 

3.1 Collection and preparation of the inputs 

From a modelling perspective, the generation of residential customer profiles can follow two different 
methodologies: a top-down approach or a bottom-up approach. Top-down approaches usually refer to the 
use of statistical data about the aggregated consumption of a large number of residential customers. In the 
aggregated data, also indicated as standard load profiles, it is possible to identify some common patterns of 
consumption that are statistically valid when considering a large number of users. As an example, Fig. 3 
shows the standard load profiles collected from [3], which refer to the statistical consumption of residential 
customers in Germany. It is possible to observe that typical residential profiles are characterized by a 
relatively low consumption during the night and by some peaks, usually located around lunch and dinner 
time. In particular, largest peaks occur when people are more likely to be at home, which is for example 
during the evening in normal working days. While these considerations have general validity, the standard 
load profiles have some differences depending on the season and on the type of day (working day, 
Saturdays or Sundays). In Figure 3 it is possible to note the variation in the shape of the daily load when 
passing from a winter working day to a winter Sunday. Since many end-users are likely to spend their 
Sunday at home during the winter, the load peak shifts from the evening to the afternoon.  

 

Figure 3. Standard load profiles for residential customers in winter days. 

In most of the cases, top-down approaches rely upon the standard load profiles and model the residential 
customer demand by simply considering the average consumption per customer derived from this statistical 
information. Such an approach clearly does not allow modelling the real behaviour of the customers and the 
random variability of their demand. Therefore, such an approach is in general not suitable for testing 
algorithms requiring detailed information on the pattern of consumption of the single customers. 

On the contrary, bottom-up approaches focus their modelling on the aggregation of single appliance 
consumptions to obtain the overall profile of power demand for the customer. In this case, the real profiles of 
classical appliances available at household level are taken into account and this allows having a detailed 
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view of the disaggregation of the overall power consumption. Moreover, the random variability of the power 
demand at customer level is also faithfully represented, which can be essential for the testing of specific 
distribution grid management algorithms. The main drawback of bottom-up approaches is that they generally 
do not consider customer habits and this leads to have power profiles that at aggregated level are not 
completely realistic. As a consequence, this type of model is usually suitable for analysis performed at 
individual household level but not for more holistic simulations including the LV distribution grid. 

The software tool designed for the Flexmeter simulations aims at combining the benefits of both the 
approaches and at overcoming their inherent limitations [4]. It can be defined as a bottom-up approach, in 
which random profiles are generated through the aggregation of single appliance consumptions, but whose 
allocation of the events is driven by the standard load profiles in order to ensure the generation of profiles 
that are correct from a statistical point of view. In this way, the designed tool can be used to generate data 
representative of a realistic scenario both at grid and at individual household level. 

For the generation of the power consumption profiles, the standard load profiles are thus an essential input 
needed to drive the allocation of the appliance usage events. From a high-level perspective, the used logic is 
quite simple: the higher the power consumption at a given instant of time of the day, the higher the 
probability to have a specific appliance being on at that time. Standard load profiles can be collected by 
many different data sources and these can be easily integrated and selected in the developed software tool. 

Since the profiles generator uses a bottom-up approach, detailed data of power consumption for individual 
household appliances are also required. To have an emulator that is as realistic as possible, a large amount 
of real data has been collected: part of these data come from the measurements used to tune the NIALM 
algorithms developed in Flexmeter (presented in the Deliverable D4.2); an additional part, instead, has been 
gathered from other open source databases available online [5,6]. Collected data have a time resolution up 
to 1 second and hence they allow the generation of data with fine-grained resolution. Moreover, most of the 
collected data include both active and reactive power consumption values, thus allowing the generation of 
PQ set-points for the simulation of the distribution grid. Figure 4 shows some examples of power 
consumption profiles for some of the main appliances considered in the software tool.  

The available set of appliance data is used as input for the generation tool. In particular, the data of many 
different appliances belonging to the same category are used to differentiate the consumption profiles of 
each customer. As an example, the data of many different washing machines are provided at the beginning 
of profiles generation. When the generation starts, each customer will be associated to a specifc washing 
machine: in this way the pattern of power consumption associated to the washing machine will be different 
for each customer. Moreover, when the generation of profiles for multiple days is required, each customer 
will always refer to the same appliance, to which he is associated. It is worth underlining that in some cases, 
as in the example of the washing machine, different power consumption patterns can be available for the 
same appliance (e.g. related to different settings of the washing cycle): in such a case, different events can 
be associated to different operating modes of the same appliance, but each customer will always refer to the 
specific subset of profiles associated to the owned device. These settings allow a generation of the end-user 
power consumption profiles as close as possible to the real world scenario. 

In addition to the single appliance profiles, the set of appliances considered in the simulation, their diffusion 
(percentage of customers having that appliance at home) and their percentage consumption (part of energy 
consumed through that appliance when all the selected appliances are available) have to be provided as 
input for the profiles generation. As explained in the following Section, the appliance diffusion is needed to 
create an overall distribution grid scenario with multiple customers owning different appliances. The 
appliance percentage consumption is instead needed to understand the repartition of the customer energy 
consumption among the different appliance categories. Statistical data can be used to infer these settings, 
which are usually available together with the standard load profiles. In the designed tool, some default values 
are provided, which are gathered from [3]. 
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Figure 4. Examples of single appliance power profiles. 

3.2 Creation of the scenario 

The creation of the distribution grid scenario is the first step after the set-up of all the required inputs. The 
main goal of this step is to determine the set of appliances owned by each customer considered in the 
simulation. To this purpose, the diffusion of each appliance category has to be taken into account. The 
allocation of the appliances to each customer is done in a random way according to the criterion shown in 
Figure 5. A random number between 0 and 100 is extracted: if this is lower than the level of appliance 
diffusion, then the appliance is considered to be owned by the customer, otherwise not. As described in 
Section 3.1, if the outcome of this random selection is that the customer owns a specific appliance, then a 
random device is selected from the appliance list and it is associated to the customer. It is easy to show that, 
when a large number of customers is considered in the simulation, the proposed procedure allows fulfilling 
the given input on the appliance diffusion in the scenario. Such a feature is important and helpful above all 
for testing some services that need to consider the details on the single appliances availability. Possible 
examples are Demand Side Management and Demand Response algorithms, whose proper tuning, testing 
and validation is strictly dependent on the use of realistic scenarios also in terms of available appliances. 
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Figure 5. Flowchart of the selection of the appliances for each customer. 

After the definition of the set of appliances owned by each customer, this step also takes care of adjusting 
the levels of energy consumption for each of them. The main idea is that the average energy consumption 
per customer has to correspond to the given input, but customers owning more appliances (above all those 
owning the more energy demanding ones) should consume more than those having only few appliances. To 
this purpose, the following procedure is followed: 

1) compute the starting value of energy consumption 𝐸"#	per each appliance as: 

 𝐸"# = 𝐸"#% 	 ∙ 𝐸"() (1) 

where 𝐸"#% is the percentage of energy consumption assigned to the appliance 𝑎# and 𝐸"() is the 
average energy consumption per customer provided as input in the load profiles generator tool. 

2) calculate the starting total energy consumption 𝐸+,+	per each customer 𝑐.: 

 𝐸+,+(𝑐.) = 𝐸"#

12

#34

 (2) 

where 𝑁" is the total number of appliances owned by the customer 𝑐.. Since all the customers will have 
only a subset of the available appliances in the scenario, at this point all of them will have a resulting 
energy demand that is actually lower than the assigned average consumption 

3) calculate the average value of temporary energy consumption 𝐸6,"()	among the customers: 

 𝐸6,"() =
1
𝑁6

𝐸+,+(𝑐.)
19

.34

 (3) 

where 𝑁6 is the total number of customers considered in the simulated scenario. 

4) calculate a scaling factor 𝛽 for the energy consumption values, according to the following: 
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  𝛽 = ;2<=
;9,2<=

 (4) 

5) adjust the total energy consumption and single appliance consumption of each customer by scaling up 
the starting values through the multiplicative factor 𝛽. 

A certain level of randomness can be added on top of this process by modifying the scaling factor of each 
customer through a random increment or decrement component. In this way, different energy saving 
behaviors of the customers can be emulated, making the scenario even closer to the real world.  

3.3 Generation of the customer profiles 

Once the scenario has been created and the list of appliances owned by each customer are known (together 
with the corresponding amount of daily energy consumption), the load profiles generator is ready to create 
the random profiles of each customer. To this purpose, different algorithms are used to generate the 
operating events of a specific appliance. In particular, the devices are clustered in the following categories: 

• Devices with user-independent operation: this category includes those devices that operate without 
being explicitly activated by the end-users. Among the appliances modelled in the software tool, fridges 
and stand-alone freezers have been included in this category.  

• Devices with user-dependent operation and fixed time duration: the appliances with user-dependent 
operation are devices that are generally off and that require the action of the user to be activated. 
Among these devices, those falling into this category are the ones that, once activated, have a fixed 
time duration of their operation cycle. Among the simulated appliances, washing machines, tumble 
dryers and dishwashers fall into this category.  

• Devices with user-dependent operation and variable time duration: similarly to the previous category, 
this cluster includes appliances whose operation has to be explicitly activated by the end-user; however, 
in this case, the duration of the operation of the appliance is not fixed and it is the user who decides 
when to switch-off the device. The considered appliances belonging to this group are: electric hobs, 
electric and microwave ovens, electric heat pumps, TV and audio devices, PC and other communication 
devices, lights. 

• Other devices: many other devices are usually available and regularly used at home. All the appliances 
that are not explicitly modelled in the software tool are included under this cluster and also contribute to 
generate the final profile of overall power consumption. 

For each of the above categories, a dedicated algorithm is used to model the use of the appliances 
belonging to that category. In the following, more details are provided on the random generation of the 
appliance operation events. 

3.3.1 Generation of user independent events 

The generation of the operation events for the devices that are user-independent (fridges and freezers) is the 
easiest one. Indeed, both fridges and freezers operate during the whole day and therefore it is not necessary 
to allocate a specific time for their activation. During the generation of the scenarios, a specific fridge or 
freezer was already allocated to each customer. If measurement data for multiple days are available for the 
selected device, the algorithm randomly selects the power consumption profile of one day and use it as daily 
profile of the customer. To fulfil the target of daily energy consumption associated to the fridge or freezer, the 
algorithm also checks the average daily energy consumption of the selected appliance. If a mismatch is 
found between the expected and the actual consumption of the appliance, the power profile is scaled up or 
down accordingly in order to reduce this gap. It is worth noting that the used scaling factor is memorized 
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among the attributes of the considered device (fridge or freezer) so that possible anomalies in the definition 
of the scenario (e.g. a too high or a too low value of the percentage amount of energy consumed by these 
devices) can be identified after the generation process and, in case, corrected. Figure 6 briefly summarizes 
the steps needed for the definition of the daily consumption of the devices in this category. 

 

Figure 6. Flowchart of the generation of user-independent events. 

3.3.2 Generation of fixed time events 

The generation of events for the appliances belonging to this category requires the definition of two aspects: 
i) determining if the appliance will be switched-on or not during the day; ii) if the appliance will be used, 
deciding the time at which the appliance will be switched on. For the first problem, the procedure is simple. 
As shown in Figure 7, the ratio between the daily energy consumption expected for the considered appliance 
and the actual energy consumption associated to an operation cycle of specific device assigned to the 
customer is calculated. Then, a random number between 0 and 1 is extracted: if this is lower than the 
previously calculated ratio, a switch-on event is scheduled; otherwise, no event is considered for that day. 
After this step, one unit is subtracted form the value of the ratio and, if it is still larger than 0, the routine is 
repeated (iteratively till when the ratio becomes smaller than 0). It is worth noting that, in general, the ratio 
between expected daily consumption and actual consumption for an operation cycle of the device (washing 
machine, tumble dryer or dishwasher) is usually smaller than 1, and this means that maximum an event per 
day can be generated. When the ratio is larger than 1, instead, a number of events equal to the integer part 
of the ratio will be generated for sure. If the operation of the device is activated and an event has been 
scheduled for the considered day, the following step requires the definition of the activation time of the 
appliance. To this purpose, the curve associated to the standard load profile is used to define corresponding 
levels of relative probability: the higher the power consumption, the higher the probability to activate the 
appliance at that time. Following this principle, the activation time is randomly extracted and the operation 
cycle of the device is allocated accordingly during the day. It is worth noting that, if multiple events are 
activated for the same appliance, a specific routine ensures that the different operation cycles are not 
overlapping during the day. 
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Figure 7. Flowchart of the generation of time-fixed events. 

3.3.3 Generation of time-varying events 

The devices included in this category are characterized by an a priori unknown duration of the operation 
events. Each appliance has in any case a ripetitive pattern of consumption and, therefore, this can be used 
as a basis to extend the duration of the operating cycle to any time. The generation of the events for these 
appliances requires the definition of two main aspects: i) the duration of the event; ii) the starting time of such 
event. For the first aspect, each tipology of appliance is endowed with the following parameters: average, 
minimum and maximum duration of the events. As an example, a TV could be used for a time that goes from 
few minutes to several hours, whereas a microwave oven is more unlikely to be used consecutively for 
several hours. The above parameters thus allow defining the boundaries and the most likely values of 
duration of the appliance operation events. Given these parameters, a random duration can be extracted 
according to the desired probability function. In the developed tool, a Pert distribution is used to this purpose, 
since it is a flexible distribution that can be adjusted according to the input parameters to provide the desired 
probability shape. Once a random duration of the event is extracted, the power consumption profile can be 
extrapoled by the appliance data and the corresponding energy consumption is calculated. Multiple events 
are generated until the total energy consumption of the appliance does not match the requirement 
associated to the expected daily energy consumption for that device category. For each of these events, 
similarly to the case of appliances with fixed-time operation, the starting times of the generated events are 
extracted according to the relative probability distribution derived from the standard load profile. This allows 
fostering the allocation of the events in the slots of time of the day where higher values of power 
consumption are expected. Specific routines are also implemented to avoid that, following the generation of 
multiple events, the same appliance is allocated to operate in a time slot where it was already operating. 
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Figure 8 shows a schematic view of the main steps needed for the generation of the events for the 
appliances under this category. 

 

Figure 8. Flowchart of the generation of variable time events. 

3.3.4 Generation of other events 

The category of other events include all those appliances that are not singularly taken into account in the 
developed tool. Appliances like water kettles, vacuum cleaners, irons, toasters can represent an important 
aliquote of the instantaneous power consumed at household level, but statistical data about their use are 
difficult to find. For this reason, in the developed tool, their consumption profile has not been modelled as 
single devices, but a category including all of them has been considered. In addition, this category also 
include all those devices generating stand-by power, whose consumption is uniformly distributed over the 
day (routers, clock alarms, TV leds, etc.). The daily power consumption profile associated to this category is 
thus generated through two steps. In the first one, a portion of the total energy consumption is attributed to 
stand-by devices and it is uniformly distributed over the day. In the second step, random appliances are 
selected from the database and time varying events are extracted, with a procedure similar to the one 
presented in Section 3.3.3. This procedure leads to the generation of multiple events, for different 
appliances, until when the requirement of expected daily energy consumption for this category is fulfilled. 
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3.4 Load profiles generation results 

The described load profiles generator has been tested with different input parameters and proved its ability 
to provide random household profiles compliant with the aggregated standard load curve. Figure 9 shows an 
example of household profile with the detail of the power demand for the different activated appliances. In 
particular, it is possible to observe that a dishwasher event is activated around noon and a washing machine 
event is instead present in the evening. More in general, the overall profile results to be significantly 
intermittent and noisy as it could be expected when looking at single customer profiles. 

 
Figure 9. Example of household profile with the detail of the single appliances consumption. 

Figure 10 and Figure 11 show instead the aggregated power consumption profiles achieved in two tests 
where one hundred and one thousand customers have been simulated, respectively. Both the Figures give 
the aggregated results when considering both a normal working day and a Sunday. It is possible to note that 
with only one hundred customers the resulting aggregated power is still quite noisy, but the shape resembles 
the standard load profile used as statistical reference. When considering one thousand customers, instead, 
the resulting aggregated power for the generated profiles is significantly smoother and less noisy, and still 
follows quite accurately the reference given by the standard load profiles. This trend, for which increasing 
levels of noise occur when considering a lower number of customers, is well-known and it is the main reason 
for considering bottom-up approaches for the random generation of load profiles when testing LV grid 
scenarios (where a limited number of customers can be present under the considered network). 

 
Figure 10. Generated vs. reference power profile for 100 aggregated customers. 
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Figure 11. Generated vs. reference power profile for 1000 aggregated customers. 
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 Photovoltaic power profile generator 

The increasing penetration of Distributed Generation (DG) is one of the main factors that is overturning the 
traditional view of distribution systems, leading to the transition from simple passive grids to highly complex 
active networks. The consequent presence of bi-directional power flows in the network calls for an active 
monitoring of the operating conditions of the grid and for the design of smart distribution management. The 
possibility to have reverse power flows in LV and MV grids is not the only technical problem brought by the 
diffusion of DG at distribution level. Another important challenge is the unpredictable behavior of the grid and 
the highly dynamic variations of the operating conditions due to the sudden changes and the intermittent 
generation of the DG based on renewable energy sources. In many countries, LV grids have been equipped 
with high levels of DG, mostly coming from photovoltaic (PV) systems, which are commonly installed also at 
residential level. For this reason, the simulation engine described in this Deliverable has been endowed with 
a software module able to create realistic profiles of PV generation, in order to emulate the rapidly changing 
conditions of LV grids and to allow testing the use cases with the active and intermittent behaviour of DG.  

 
Figure 12.  User Interface of the Flexmeter PV profiles generator. 

Figure 12 shows the GUI of the Flexmeter PV profiles generator. From the GUI, it is possible to distinguish 
the following main sections that are forming the software tool: 

• Location inputs: it gives the possibility to set the geographical coordinates of the particular location for 
the considered grid. In this way, the PV generation can be customized to reproduce realistic profiles 
according to the geographical position of the test case. 
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• Time inputs: it allows choosing the particular period of the year that is object of the simulation. In 
general, the software tool allows generating a daily profile, thus a specific day of the year has to be 
selected. Choosing different days/periods of the year gives the possibility to test the behaviour of the 
simulated grid under different conditions, like those given by the seasonal variations of irradiance (and, 
consequently, of PV production). 

• Cloudiness settings: this section plays a key role for the realistic emulation of the PV intermittent 
behaviour. In fact, it gives the possibility to set different levels of cloudiness in different time slots of the 
day in order to create a PV generation profile according to the desired meteorological conditions. 
Thanks to this section, the quickly changing conditions typical of cloudy days can be reproduced and 
used as input to the simulation for testing the robustness of the designed management services also in 
presence of unpredictable and highly dynamic variations of the grid operating conditions.  

• PV system settings: this section consists of the settings specific for the PV plants considered in the 
simulation scenario. The main parameters of the PV system used here are the tilt and azimuth angles, 
the albedo coefficient, and the nominal power of the plant. Using this set of parameters it is possible to 
convert the irradiation data in generated electrical power and to take into account how the installation 
characteristics of the plant affect the final power output. 

 

Figure 13. Flowchart of the “Flexmeter PV profiles generator” modelling steps. 

The above inputs are coordinated together to provide the daily profiles of PV power. These are randomly 
generated, but they also take into account the cloudiness levels indicated in the settings. The daily PV 
profiles are created with a time resolution of 1 second, thus allowing the use of these data for simulations 
with fine-grained resolution. From a modelling perspective, the flowchart shown in Figure 13 provides an 
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insight of the steps performed in the underlying algorithm to transform the used inputs in a PV generation 
profile. Five main steps are needed: 

• calculation of the sun position; 

• calculation of the clear sky irradiance components on a horizontal plan; 

• corruption of the clear sky irradiance to get irradiance values under cloudy conditions; 

• calculation of the resulting irradiance on plane of the PV array; 

• transformation of the irradiance level in electrical output power. 

In the following of this chapter, the mathematical models used for the execution of the above-mentioned 
steps are described more in detail. 

4.1 Calculation of the sun position 

The position of the sun is one of the main factors affecting the achievable levels of irradiance. This is 
described through three specific angles: the zenith angle 𝜃?, the elevation angle 𝜃@A, and the azimuth angle 
𝜃". The zenith angle gives the inclination of the sun (in degrees or radians) with respect to the vertical of the 
observation point. The elevation angle describes instead the same inclination, but with respect to the 
horizon. Finally, the azimuth angle gives the position of the sun with respect to the north (clockwise rotation 
is considered to define the positive angles). Figure 14 gives a graphical representation of the definition of 
these angles. 

 

Figure 14. Graphical representation of the sun position angles [8]. 

The position of the sun obviously changes on a daily bases due to the Earth rotation and, during the year, 
due to the orbit of the Earth around the sun. The sun position also depends on the specific location of the 
observer, so at the same moment different sun positions are seen from observers located in different places. 
For this reason, the inputs needed to calculate the sun position are the considered location (in terms of 
latitude and longitude) and the time information (day of the year and instant of the day). The calculation of 
the wanted sun position angles requires the preliminary computation of some other additional quantities, 
which are presented in the following. 
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• Declination angle 𝜃B: it is defined as the angle between the equator plane and a plane normal to the line 
connecting the centers of the Earth and the sun. It varies between -23.4° and +23.4° and it is equal to 0° 
at the solstices. It can be calculated through the following relationship [8]: 

 𝜃B =
23.45𝜋
180

sin(2𝜋
284 + 𝑛
365

)				 [𝑟𝑎𝑑𝑖𝑎𝑛𝑠] (5) 

 where n is the number of the day of the year. 

• Solar time 𝑇X,A"Y: it is defined as the time relative to the solar position in the sky, and it accounts for the 
fact that locations at a different longitude can have the same standard time but they actually see the sun 
in a different position. It can be calculated by means of the following equation: 

 𝑇X,A"Y = 𝑇A,6"A +
𝐸𝑞+
60

+
𝑙𝑜𝑛 − 𝑙𝑜𝑛^_

15
					 [ℎ𝑜𝑢𝑟𝑠] (6) 

 where 𝑇A,6"A is the local time, 𝐸𝑞+ is the so-called “equation of time”, 𝑙𝑜𝑛 is the longitude of the 
considered location and 𝑙𝑜𝑛^_ is the longitude of the standard meridian of the location time zone. The 
equation of time 𝐸𝑞+ depends on the day of the year, and it can be calculated as follows [8]: 

 

𝐸𝑞+ = −14.2	 sin
𝜋 𝑛 + 7
111

					𝑖𝑓	1 ≤ 𝑛 ≤ 106 

𝐸𝑞+ = 4	 sin
𝜋 𝑛 − 106

59
							𝑖𝑓	107 ≤ 𝑛 ≤ 166 

𝐸𝑞+ = −6.5	 sin
𝜋 𝑛 − 166

80
					𝑖𝑓	167 ≤ 𝑛 ≤ 246 

𝐸𝑞+ = 16.4	 sin
𝜋 𝑛 − 247

113
					𝑖𝑓	247 ≤ 𝑛 ≤ 365 

(7) 

 The longitude 𝑙𝑜𝑛^_ of the standard meridian for the time zone can be calculated instead by considering 
that the 24 time zones are distributed across the 360° degrees of the Earth. As a consequence, given 
the difference with respect to the Greenwich meridian time (𝐺𝑀𝑇B#hh), it is possible to write: 

 𝑙𝑜𝑛^_ 	=
15𝜋
180

⋅ 𝐺𝑀𝑇B#hh							[𝑟𝑎𝑑𝑖𝑎𝑛𝑠] (8) 

• Hour angle 𝜃jY: is the angle corresponding to the solar time. Conventionally, it is defined equal to 0° at 
the solar noon, and it is expressed by the following relation: 

 𝜃jY 	= 2𝜋 ⋅
𝑇X,A"Y − 12

24
								 [𝑟𝑎𝑑𝑖𝑎𝑛𝑠] (9) 

Given the definition of the above quantities, the wanted sun position angles can be calculated by means of 
the following equations [8]: 

• Zenith angle 𝜃?:  

 𝜃? = 	 cosm4 sin
𝜋 ∙ 𝑙𝑎𝑡
180

sin 𝜃B + cos
𝜋 ∙ 𝑙𝑎𝑡
180

cos 𝜃B cos 𝜃jY 						 [𝑟𝑎𝑑𝑖𝑎𝑛𝑠] (10) 

• Elevation angle 𝜃?:  

 𝜃@A = 	
𝜋
2
− 𝜃?						[𝑟𝑎𝑑𝑖𝑎𝑛𝑠] (11) 
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• Azimuth angle 𝜃":  

 
𝜃" = 	 cosm4

cos 𝜋 ∙ 𝑙𝑎𝑡
180 sin 𝜃B − sin

𝜋 ∙ 𝑙𝑎𝑡
180 cos 𝜃B cos 𝜃jY

sin 𝜃?
						 𝑟𝑎𝑑𝑖𝑎𝑛𝑠  

𝜃" = 	 sinm4
sin 𝜃jY cos 𝜃B

sin 𝜃?
						 [𝑟𝑎𝑑𝑖𝑎𝑛𝑠] 

(12) 

 where both the equations in (12) are used to univocally define the azimuth angle between – 	𝜋 and 𝜋. 

As seen in the above equations, the sun angles vary depending on the geographical location and the time of 
the year. Figures Figure 15-Figure 17 show as an example the different values achievable at the locations 
of the pilots of this project in same sample periods of the year. 

 
Figure 15. Sun azimuth angles, comparison of monthly results for pilot locations. 

 
Figure 16. Sun zenith angles, comparison of monthly results for pilot locations. 
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Figure 17. Sun zenith angles, comparison of location results for different months. 

4.2 Calculation of clear sky irradiance 

Given the knowledge of the sun position, for each location, it is possible to determine the potential irradiance 
available during the day under clear sky conditions. The irradiance is a measure of the solar power incident 
on a certain area and it is measured in Watts per square meter. The overall irradiance on a surface is given 
by the sum of two contributions: the direct irradiance, which is given by the solar beam directly incident on 
the considered area, and the diffuse irradiance, which is generated by the scattering of the solar beam in the 
atmosphere. The computation of the global irradiance thus requires the preliminary calculation of these 
components. The air mass surrounding the Earth plays a key role to determine the intensity of both the 
components of irradiation reaching the ground level. 

The first step to derive the two components of irradiance is to calculate the extraterrestrial radiation 𝐸Y. This 
is defined as the level of radiation at the top of the Earth’s atmosphere on a plane normal to the solar beam. 
Since the orbit of the Earth around the sun follows an elliptic path, 𝐸Y varies during the year according to the 
following relationship: 

 𝐸Y = 	𝐸X ∙ 𝑘						[𝑊/𝑚t] (13) 

where 𝐸X is a constant value of solar radiation equal to 1367 W/mt and k is a scaling factor equal to [8]: 

 𝑘 = 1.00011 + 0.034221 ∙ 𝑐𝑜𝑠(𝑏) + 0.00128 ∙ 𝑠𝑖𝑛(𝑏) + 0.000719 ∙ 𝑐𝑜𝑠(2𝑏) + 0.000077 ∙ 𝑠𝑖𝑛(2𝑏) (14) 

with b being a factor depending on the day of the year n, according to the following: 

 𝑏 = 	
2𝜋 ∙ 𝑛
365

 (15) 

Figure 18 shows the variation of the extraterrestrial radiation during the year. The radiation oscillates 
between 1320 and 1415 W/mt due to the elliptic orbit of the Earth around the sun (the smaller the distance 
between Earth and sun, the higher the radiation level). 
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Figure 18. Annual variation of the extraterrestrial radiation. 

With respect to the extraterrestrial radiation, the irradiance effectively reaching the surface of the Earth is 
attenuated due the filtering action brought by the atmosphere. This is taken into account trough the relative 
optical air mass m, a factor associated to the optical length of the path followed by the sunlight through the 
atmosphere to reach the considered location. This path varies depending on the zenith angle of the sun. 
Intuitively, the smaller the zenith angle, the thinner the mass of air in the atmosphere to go through. The 
elevation of the considered place also affects the computation of the air mass. Neglecting the effects brought 
by the elevation, when the zenith angle is 0°, the air mass is equal to 1. Several methods with different 
degrees of complexity and accuracy have been proposed for the computation of the air mass. In the 
developed tool, the effects brought by the elevation of the considered place are neglected, and the following 
equation proposed by Young [9] is used for the calculation: 

 𝑚 = 	
1.002432 ∙ cost 𝜃? + 0.148386 ∙ cos 𝜃? + 0.0096467

cosx 𝜃? + 0.149864 ∙ cost 𝜃? + 0.0102963 ∙ cos 𝜃? + 0.000303978
 (16) 

Extraterrestrial radiation and relative air mass are two main factors affecting the resulting Direct Normal 
Irradiation (DNI). Even in this case, many different relationships have been developed for the empirical 
calculation of the DNI (level of irradiance on a plane normal to the direction of the solar beam). Here the 
following relationship is considered [10]: 

 𝐷𝑁𝐼 = 	𝐸Y ∙ 𝑒m|.}~tt∙���∙�∙BY (17) 

where 𝐸Y and m  are the already seen extraterrestrial radiation and air mass parameters, whereas 𝑇A� and dr 
are the Linke atmospheric turbidity factor and the Rayleigh optical air thickness, respectively. The Linke 
turbidity factor is an index that describes the effect of absorption of the solar radiation under clear sky due to 
the water vapor and the aerosol particles present in the atmosphere. In conditions of sky perfectly clean and 
dry, its value would be equal to 1. In general, however, more realistic values range between 3 and 5, for 
example due to water brought by the humidity and due to the air pollution. The Rayleigh optical air thickness 
is instead another parameter associated to the air mass and the thickness of the atmosphere to be crossed 
by the sunlight. It is calculated by means of the following relationship [10]: 

 
𝑑𝑟 = 	

1
6.6296 + 1.7513𝑚 − 0.1202𝑚t + 0.0065𝑚x − 0.00013𝑚� 						𝑖𝑓	𝑚 ≤ 20 

𝑑𝑟 =
1

10.4 + 0.718𝑚
										𝑖𝑓	𝑚 > 20 

(18) 
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The turbidity of the atmosphere plays a key role also for the determination of the scattering effects that lead 
to the diffuse irradiation. The Diffuse Horizontal Irradiation (diffuse irradiation on a horizontal plane on the 
Earth) is computed through the following [10]: 

 𝐷𝐻𝐼 = 	𝐸Y ∙ 𝑇�� ∙ 𝐹B (19) 

where 𝑇�� is a coefficient expressing the diffuse irradiance being generated due to the turbidity of the 
atmosphere, while 𝐹B is a parameter that accounts for the variation of the diffuse irradiation according to the 
position of the sun. The factor 𝑇�� is strictly dependent on the Linke turbidity factor and it is calculated as 
follows [10]: 

 𝑇�� = 	−0.015843 + 0.030543 ∙ 𝑇A� + 0.0003797 ∙ 𝑇A�t  (20) 

The parameter 𝐹B depends on both the Linke turbidity factor and the solar elevation angle, according to the 
following [10]: 

 𝐹B = 	𝐴4 + 𝐴t sin 𝜃@A + 𝐴x sint 𝜃@A  (21) 

where the factors A are empirical parameters equal to: 

 

𝐴4 = 	0.26463 − 0.061581 ∙ 𝑇A� + 0.0031408 ∙ 𝑇A�t  

𝐴t = 	2.0402 + 0.018945 ∙ 𝑇A� − 0.011161 ∙ 𝑇A�t  

𝐴x = −1.3025 + 0.039231 ∙ 𝑇A� + 0.0085079 ∙ 𝑇A�t  

(22) 

Given the above calculation of the direct and diffuse components of irradiance, it is possible to eventually 
calculate the Global Horizontal Irradiance (GHI) under clear sky conditions, which is: 

 𝐺𝐻𝐼 = 	𝐷𝑁𝐼 ∙ cos 𝜃? + 𝐷𝐻𝐼 (23) 

Figure 19 shows as an example the components of DNI, DHI and GHI under clear sky conditions for same 
sample days of the year. 

 

Figure 19. Clear sky irradiance components for different days in Aachen, Germany. 
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4.3 Calculation of irradiance under cloudy conditions 

The main purpose of the developed tool is the generation of PV power profiles under any weather condition. 
Therefore, this includes the creation of random profiles associated also to cloudy and overcast conditions, 
emulating the fluctuations of power generation typically related to such a weather scenario. In this way, the 
intermittent and unpredictable behaviour of distribution grids characterized by large penetration of PV can be 
emulated and used to test the proper operation and robustness of those services aimed at the management 
of the network.  

The presence of clouds in the sky has an obvious impact on the components of irradiance incident on a PV 
panel. To evaluate this impact, and to represent it in a faithful way inside the PV profiles generator, a large 
amount of data associated to real scenarios have been collected and analyzed. As an example, [11] 
provides a large number of daily irradiance profiles, with fine-grained resolution (1 minute) and with the 
details about the different components of irradiance (measurements of DNI, DHI and GHI are all available). 
From the analysis of these and other historical data, in the software tool, four different levels of cloudiness 
conditions have been modelled: 

• Level 1 – clear sky conditions: default condition in which no clouds are present in the sky; the irradiance 
components can be determined according to what presented in Section 4.2. 

• Level 2 – slightly cloudy conditions: these conditions represent a scenario in which some thin clouds are 
present in the sky, determining a low impact on the levels of direct and diffuse irradiation reaching the 
considered surface. 

• Level 3 – cloudy conditions: in this scenario, many large clouds are present in the sky, determining a 
high impact on the level of irradiance arriving at the PV panel surface. 

• Level 4 – overcast conditions: in this case, the sky is completely covered by thick clouds and the 
irradiance components are highly affected by their presence; this scenario is typical of rainy or stormy 
weather conditions in which the sky is dark due to the presence of dark clouds carrying the rain. 

In the following sub-sections, some examples of weather conditions associated to the four levels of 
cloudiness are presented, in order to highlight the corresponding impact on the irradiance components and 
to underline the main characteristics emulated through the developed software tool. 

4.3.1  Clear sky conditions 

Clear sky conditions represent the default scenario in which no clouds are affecting the final value of 
irradiance incident on the considered surface. Figure 20 shows a series of daily profiles of irradiance with 
clear sky obtained from [11] in different periods of the year. As already presented in the previous Section, the 
irradiance profile follows a typical pattern with its maximum around noon and with seasonal variations 
according to the positions assumed by the sun in the sky (smaller zenith angles are reached during the 
summer, which leads to higher irradiation levels for the summer months). For the emulation of this weather 
conditions, no modifications are made with respect to the modelling described in Section 4.2. 



 D6.1 Simulation engine  

 

– 27 – 
FLEXMETER is a project co-funded 
 by the European Union 
 

 

Figure 20. Plot of irradiance profiles for days with clear sky conditions [11]. 

4.3.2 Slightly cloudy conditions 

The second level of cloudiness used for the representation of the weather conditions is defined as ”slightly 
cloudy conditions”. In this case, the clear sky irradiance is affected by the presence of thin clouds which 
generate short fluctuations of the irradiance levels reaching the horizontal surface. Figure 21 shows, as an 
example, some daily profiles gathered from [11] that have been categorized under this level of cloudiness. 
As it possible to observe, the presence of clouds affect both the DNI and the DHI. For the DNI, the levels of 
direct irradiation are obviously reduced when some clouds are placed in the path of the sun rays, between 
sun and considered surface. As a consequence, an attenuation of the DNI occurs and a noisy irradiance 
profile is obtained depending on the variable thickness of the clouds. On the other side, when looking at the 
DHI, it is possible to note that increasing values of irradiance are obtained when the clouds are covering the 
sky. This occurs due to the scattering effect brought by the particles contained in the cloud. The slight 
increase of DHI has to be duly taken into account since it leads a small compensation of the attenuation 
effects seen on the DNI. Finally, as overall result, it is possible to observe the resulting effect brought by the 
clouds in terms of GHI. The irradiance profile basically follows a shape similar to the one associated to clear 
sky conditions, but a small attenuation of the irradiance level usually occurs and a more noisy curve is 
obtained, with small and quick fluctuations of the irradiance level. 
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Figure 21. Plot of irradiance profiles for days with slightly cloudy conditions [11].  

All these effects are taken into account in the created tool by adding random components of attenuation and 
noise to the irradiance components. Figure 22 shows some examples of daily irradiance profiles obtained 
though the designed tool for the same location of the real data given in [11]. 

 

Figure 22. Generation of irradiance profiles for days with slightly cloudy conditions. 

. 
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4.3.3 Cloudy conditions 

This scenario differs from the pervious one due to the intensity of the cloudiness and the consequent effects 
brought on the resulting irradiance. Indeed, while the same general considerations as in the previous case 
still hold for the impact of the cloud on the DNI and DHI, in this case the attenuation and the fluctuations of 
irradiance are much more relevant and bring highly dynamic variations on the GHI. Figure 23 shows 
historical data of irradiance profile for some days classified under this cloudiness level. It is possible to 
observe that, with respec to the previous case, the fluctuations of irradiance have a significantly higher 
intensity and this leads to an extremely noisy profile of GHI. 

 

Figure 23. Plot of irradiance profiles for days with cloudy conditions [11]. 

The random fluctuations of this cloudiness level are emulated through an ad hoc tuning of the random 
components of noise superimposed to the clear sky conditions. In the same way, random components of 
attenutation are extracted for the DNI together with scaling factors for the DHI in order to reproduce the 
overall effects for the GHI. Figure 24 shows as an example some daily profiles obtained by means of the 
designed PV profiles generator in the cloudy conditions considered in this sub-section. 
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Figure 24. Generation of irradiance profiles for days with cloudy conditions. 

4.3.4 Overcast conditions 

The last level of cloudiness considered in the designed tool refers to overcast conditions. In this case, the 
sky is considered to be covered with thick and dark clouds, as it happens in the case of storms or heavy rain 
conditions.  

 

Figure 25. Plot of irradiance profiles for days with overcast conditions [11]. 
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From a modelling perspective, historical data show that in this scenario the DNI is completely cancelled due 
to the presence of the clouds. The only component of irradiance reaching the ground level is the DHI, due to 
the multiple scattering and reflections occurring to the sunlight during its path. The historical data presented 
in Figure 25 highlights these particular conditions, which lead to a quite low level of irradiance at the 
considered surface. 

The above considerations are duly considered in the designed tool to have a faithful representation of these 
weather conditions. Figure 26 shows the example of some daily irradiance profiles obtained in this scenario. 

 

Figure 26. Generation of irradiance profiles for days with overcast conditions. 

4.3.5 Mixed conditions 

One of the features of the designed tool is the possibility to generate profiles associated to weather 
conditions that are changing over the day. In fact, this is the most common conditions that can be found in 
the real world, and historical data show that sudden changes of the weather conditions can be easily 
recognized and are clearly translated in corresponding pattern of the irradiance profile. The following Figure 
27 shows some plots of the daily irradiance profiles found in [11]. It is possible to observe how weather 
condition changes are clearly reflected into the irradiance profile. Similarly, Figure 28 show some random 
profiles generated with the designed tool. It is possible to notice that irradiance profiles with changing 
weather conditions can be easily emulated. 
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Figure 27. Plot of irradiance profiles for days with mixed weather conditions [11]. 

 

Figure 28. Generation of irradiance profiles for days with mixed weather conditions. 
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4.4 Calculation of irradiance on the plane of the PV array 

The global irradiance found in Section 4.3 refers to the irradiance incident on a horizontal plane. In a PV 
plant, however, the PV panels usually have a certain inclination. Whenever possible, the PV panels are 
installed with a certain inclination (tilt angle) and orientation (azimuth angle) in order to maximize the amount 
of solar energy received during the year and, consequently, to maximize the potential amount of generated 
energy. Depending on the installation of the PV plant, constraints can also exist and, in this case, the 
inclination and orientation of the PV plant strictly depends on the particular site of installation of the PV 
panels (e.g. installation on the roof of a building). In general, however, the panels will not lay on a horizontal 
plane and tilt and azimuth angles of the PV plant need to be taken into account to derive the resulting 
amount of incident irradiance. To this purpose, the designed PV generator takes as input the settings of tilt 
and azimuth angles to translate the GHI in the corresponding irradiance on the Plane Of the Array (POA). In 
addition to the direct and diffuse components of irradiation seen in the GHI, the POA irradiance also takes 
into account the effects coming from the reflection of the irradiance by the ground. For this goal, an albedo 
coefficient has to be defined as input: this gives the information on the reflecting capabilities of the materials 
on the ground and of the consequent amount of GHI irradiance that is reflected. From a modelling point of 
view, the POA irradiance 𝐸��� is thus defined in the following way: 

 𝐸��� = 	𝐸� + 𝐸B + 𝐸) (24) 

where 𝐸� is the component of direct irradiance incident on the plane of the array, 𝐸B is the component of 
diffuse irradiance and 𝐸) is the reflected irradiance. 

To calculate the POA irradiance components, it is necessary to introduce the Angle Of Incidence (AOI), 
which is an angle resulting from the particular position of the sun and the inclination and orientation of the PV 
panel. The AOI can be expressed as [8]: 

 𝐴𝑂𝐼 = cosm4 cos 𝜃? cos 𝜃+,�� + sin 𝜃? sin 𝜃+,�� cos 𝜃" − 𝜃",�� 	 (25) 

where 𝜃+,�� and 𝜃",�� are the tilt and the azimuth angle of the PV array, respectively. 

Given the AOI, the POA irradiance components are calculated as follows: 

• Direct irradiance 𝐸�: 

 𝐸� = 𝐷𝑁𝐼 ∙ cos 𝐴𝑂𝐼 	 (26) 

• Diffuse irradiance 𝐸B: 

 𝐸B = 𝐷𝐻𝐼 ∙ 𝐴#B� ∙ cos 𝐴𝑂𝐼 + 1 − 𝐴𝑂𝐼 ∙
1 + cos 𝜃+,��

2
 (27) 

 where 𝐴#B� is an anisotropy index defined as the ratio between DNI and extraterrestrial radiation: 

 𝐴#B� =
𝐷𝑁𝐼
𝐸Y

 (28) 

• Reflected irradiance 𝐸): 

 𝐸) = 𝐺𝐻𝐼 ∙ 𝛼 ∙
1 − cos 𝜃+,��

2
 (29) 

 where 𝛼 is the albedo coefficient (typical values in a urban environment are around 0.2). 
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Figure 29 and Figure 30 show some results of the variability of the POA irradiance (under clear sky 
conditions), when considering same DNI, DHI and GHI, and depending upon the tilt and azimuth angle of the 
PV array. It is worth noting that in the developed tool, PV plants are considered as fixed installations 
(tracking systems can be also deployed to rotate the PV array according to the sun position, allowing an 
increase in the daily energy production) and no shading phenomena are taken into account (partial shading 
of the PV array can occur in certain periods of the day and of the year, above all in a residential context, due 
to the presence of tall buildings or trees in the surrounding area). 

 

Figure 29. Variation of POA irradiance for different PV tilt angles. 

 

Figure 30. Variation of POA irradiance for different PV azimuth angles. 

4.5 Calculation of the PV power output 

Starting from the obtained values of POA irradiance, the last step concerns the computation of the electrical 
power generated as output from the PV plant. The designed tool does not include a detailed model of the 
PV panels, since the main goal is only the generation of random (but realistic) values of PV production. To 
this purpose, the nominal data of the PV plant are taken into account and a linear relationship between 
power generation and available irradiance is considered. The power output is the active power generated by 
the plant in the case of operation with power factor equal to 1. However, it is possible to observe that the 
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output power can be easily converted to provide the values of active and reactive power corresponding to a 
specific power factor. This could be needed, for example, to emulate the operation of the PV plant according 
to the rules provided by the grid codes of specific distribution system operators or to test possible 
distribution grid management services aimed at controlling the PV power output according to the network 
operating conditions. 
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 Simulation platform 

5.1 Description 

As described in the Introduction, real-time simulations are essential for testing and evaluating hardware and 
software components in realistic condition but with low risks. This is often a crucial step before the 
deployment of the technology on the field. Real-time simulations are used in Flexmeter to test those use 
cases that cannot be deployed and tested in the pilots. Through the real-time simulations, the readiness level 
of the tested technology can be assessed, providing important indications in view of a future implementation 
on the field. As highlighted in Chapters 3 and 4, the tools for the random generation of residential customers 
consumption and PV production play a key role within the used simulation platform, since they are the 
components determining the operating scenario. However, additional software modules and components are 
necessary for the proper configuration of the real-time simulation. Figure 31 shows a simplified scheme of 
the main components acting together to put in place the real-time simulation. According to the Flexmeter 
architecture (see Deliverable D4.6), the real-time simulation platform is located in the lowest level of the 
infrastructure and it directly communicates with the middleware layer. A bi-directional communication is 
needed in order to: i) send measurement data to the cloud; ii) to receive actuation command, alerts or other 
inputs needed for the simulation. In particular, in the simulation platform it is possible to distinguish the 
following main components: 

• Real-time simulators: it indicates, in a broad sense, any simulation environment able to emulate in a 
reliable way the real-time operation of the system due to the behaviour of consumers and generators in 
the grid, and due to the management of the different components installed in the system. Commercial 
real-time simulators used for power system simulations include RTDS (Real-Time Digital Simulator) and 
OPAL-RT, which are able to provide the real-time emulation of the modelled grid with time step 
resolution until 50 μs with a detailed emulation of the electromagnetic transients. These high dynamic 
characteristics are important, as an example, for the testing of fault location and identification strategies. 
For some of the use cases tested in this project, high dynamics and transient conditions of the system 
are not essential for the evaluation of the service (e.g. day ahead scheduling algorithms do not require 
such a level of detail). Depending on the scenario, therefore, the real-time simulation environment can 
be also provided by other simulation environments able to generate the needed quantities in real-time 
with respect to the rate at which the simulation need to exchange data with the hardware or software 
under test. In any case, for the purposes of the project, RTDS or OPAL-RT are used as reference for 
the real-time simulations because this also allow flexibly testing and integrating new services that can 
have stricter requirements in terms of high-computing performance or simulation time-step. 

• Simulator controller: this is provided by two main components. The first one is the Flexmeter profiles 
generator, which includes both the generation tools for the residential customers and the PV production. 
This component provides to the simulation the default set points of active and reactive power 
consumption (or generation) for each bus of the grid, thus determining the scheduling over the time of 
the loading conditions of the grid under analysis. Beyond this, the simulation also needs a software 
controller in order to send the results of the simulation to the cloud and to collect the commands (or any 
other input generated by the service under test) from the cloud and to translate and forward them to the 
real-time simulator. The specific routine implemented in the core of the simulation controller is strictly 
depending on the type of service under test, because different services can require different data in 
input and can provide different type of commands/settings to the emulated grid. Whatever the type of 
information, the task performed by the simulation controller is to send the necessary simulated data to 
the cloud and to adjust the parameters/setting of the real-time simulation according to the commands 
received by the tested service.   
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• Interface to the cloud: this component acts as interface between real-time simulation and cloud. It is 
responsible for converting the incoming data from/to MQTT to/from the format used in the simulation 
controller and implements the publisher and subscriber needed for the bi-directional communication to 
the MQTT broker available in the middleware layer. The functions implemented here act as Device 
Integration Adapters (DIAs) and are analogous to those implemented in any real device for the 
translation of their data into the Flexmeter data format. In some cases, an additional module can be also 
put in place in the simulation scenario, which allows retrieving/pushing data from/to the cloud by means 
of a request/response communication approach. More details about this Communication adapter 
interface are provided in Section 5.2. 

 

Figure 31. Schematic view of the main blocks into the real-time simulation platform. 

5.2 Integration of real-time simulators 

The Communication adapter (see Figure 32) is a specific Device Integration Layer to enable data exchange 
among the Real-time simulator and other Flexmeter modules. It implements two communication paradigms: 
i) publish/subscribe [12] based on MQTT protocol and ii) request/response based on REST [13]. In 
particular, the publish/subscribe communication model allows the development of loosely-coupled event-
based systems. As explicit dependencies between data-producer and data-consumer are removed, each 
module in the proposed infrastructure can publish data, which can be independently received by a number of 
subscribers. This also increase the scalability of the whole infrastructure [14]. The request/response 
approach enables the real-time simulator in retrieving information from REST web services. 

 

Figure 32. Schema of the Communication adapter to integrate real time simulator in Flexmeter platform. 
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In its core, the Communication adapter exploits the TCP/UDP module to allow a bidirectional communication 
with the real-time simulator. It exploits either TCP or UDP protocols to give a full communication compatibility 
with the real-time simulators in the market (e.g. Opal-RT) that provide software libraries and tools to exploit 
these two protocols. Thus, depending on the communication requirements needed by the simulation, the 
Communication adapter can be configured to use either TCP or UDP. Such real-time simulators are in 
charge of performing hard real-time simulations respecting the predefined time-steps. However, the 
interaction among different modules of the overall co-simulation for most of the use-cases requires rates of 
exchanging data in the range of seconds to minutes, which are much higher than the latency of the 
communication infrastructure. This guarantees that messages are delivered in time. This module implements 
both server and client functionalities, in that it receives and sends data to the real-time simulation engine. 
Such data includes either electrical measurement from virtual meters in the grid model (e.g. voltage, current, 
active and reactive power) or control signals from some control and management algorithms (e.g. voltage or 
current signals, time-variant load or generation values and switch activation signals). The Communication 
adapter provides the MQTT publisher module that parses data from the real-time simulation into sequence of 
events before publishing to an MQTT Message broker. The Message broker keeps track of all publications 
and subscriptions and takes care of sending new data to subscribers. Hence, any client application (e.g. 
control and managements algorithms) subscribes to the Message broker for receiving an information flow 
according to its needs. The Communication adapter works also as subscriber. Therefore, it is able to receive 
commands from remote applications (e.g. control algorithms or other management modules) and pushes 
them to the real-time simulation engine. Finally, the REST adapter is in charge of retrieving information from 
REST web service, even third party services, and can pass these data to the real-time simulation, again 
through the TCP/UDP module.  

The Communication adapter also translates the information from the data-format used by the software 
components in Figure 32 to the data-format suitable for the real-time simulator or the simulation controller 
and vice-versa. These software components exploit JSON that is an open-standard format that uses human-
readable text to transmit data objects consisting of key-value pairs. It is the most common data-format used 
for data exchange in web environments. Whilst, the data-format for the simulation can be a vector of 
numbers. This vector can be organized as a series of key-value pairs. As an example, the odd positions in 
the vector are the numeric keys while the even positions are the associated numeric values. Thus, the 
Communication adapter translates each key-value pair in the JSON into the equivalent numeric key-value 
pair in the vector and vice-versa.  

In the Flexmeter platform, real-time simulation is performed by the digital real time simulator in which the 
virtual model of the grid is simulated. The overall co-simulation is in (near-) real-time mode as the data 
exchange is seldom in real-time due to communication delay of the infrastructure. The Communication 
adapter allows the integration of the Real-time simulator with the Flexmeter infrastructure, where each smart 
meter is an Internet-of-Things device. Hence, data coming from such devices can be used to simulate and 
test innovative control strategies with (near-) real-time data from the grid. Vice-versa, each simulated grid 
component is also seen by other modules as an IoT device able to send information and to receive 
commands.  

5.3 Co-simulation with thermal energy vector 

In future smart grids, the coupling of the electrical world with other energy domains will become more and 
more important in order to optimize the overall energy footprint. As an example, the use of Combined Heat 
and Power (CHP) plants is becoming more and more common and an optimal management of these 
resources require a co-simulation able to emulate both the electrical and the thermal world. In future 
perspective, gas and thermal storage are also considered as an attractive solution to optimize the efficiency 
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of electric grids and to relieve the issues brought by the intermittent and unpredictable operation of 
renewable-based energy sources.  

Looking at these scenarios, the Flexmeter real-time simulation platform also gives the possibility to flexibly 
add modules to perform co-simulations. As an example, one of the Flexmeter use cases deals with the 
optimal scheduling of electric heat pumps. In this case, the real-time simulation of the electrical world needs 
to be accompanied by a simultaneous simulation emulating the thermal conditions at the customer premises, 
in order to verify that the heat pumps management is not creating any thermal discomfort to them. Figure 33 
shows how the real-time simulation platform presented in Section 5.1 can be integrated with an additional 
module responsible for the thermal modelling and simulation.  

 

Figure 33. Real-time platform for co-simulation of electrical and thermal energy vector. 

As it can be observed from Figure 33, to perform the co-simulation, the thermal simulator need to be coupled 
to the controller of the electrical simulation in order to exchange the relevant data. In the example of the heat 
pump management use case, the set points of the heat pump electrical power are provided by the designed 
service at the application layer (see Deliverable D4.4) and sent, through the cloud infrastructure, to the 
simulation engine. These values are taken into account in the real-time power system simulator for updating 
the set points of active power demand from the customers, but are also forwarded to thermal simulator for 
the computation of the thermal conditions at the customer premises. This is done, for each end-user, through 
a heat pump model that allows translating the input electric power into the corresponding thermal power. The 
thermal power, in turns, is then used for the computation of the indoor temperature of each customer, which 
permits monitoring the effects of any action on the heat pump operation.  

In the used thermal simulator, the thermal model of the heat pump refers to a characteristic curve like the 
one depicted in Figure 34, which links the used electric power to the air mass flow provided by the heat 
pump (the considered heating devices are air-to-air heat pumps). 
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Figure 34. Example of heat pump characteristic curve. 

Once retrieved the information on the air mass flow 𝐹��, the thermal power 𝑄�� provided to the house is 
calculated as: 

 𝑄�� = 𝛾 ∙ 𝐹�� ∙ 𝑇�� − 𝑇�1  (30) 

where 𝛾 is the air heat capacity and 𝑇�� and 𝑇�1 are the temperature of the air in output from the heat pump 
and the indoor temperature of the house, respectively.  

Given the thermal power provided to the house, the thermal model used to calculate the indoor temperature 
refers to the following discretized thermal balance equation: 

 𝑇+�1 = 𝑇+m4�1 +
Δt
𝜇 ∙ 𝛾

𝑄�� − 𝑄�  (31) 

where the subscripts t  and t-1 refer to the generic time step that is considered, Δt is the duration of the time 
step used in the simulator, 𝜇 is the air mass of the house and 𝑄� represents the thermal losses of the house, 
which are calculated as: 

 𝑄� = 𝜅 ∙ 𝑇�1 − 𝑇���  (32) 

with 𝜅 and 𝑇��� being the heat loss factor of the house and the outdoor temperature, respectively. 

It is worth noting that the thermal model here considered is analogous to the one considered for the heat 
pump management service in Deliverable D4.4, but it presents the following differences: 

• the characteristic curve used for the heat pump model is not linearized; 

• the thermal power given in (30) considers the indoor temperature of the house for the calculation, while 
the model used in the heat pump management service considers the reference temperature wanted by 
the customer (this approximation was necessary to keep the optimization problem linear); 

• the discretized thermal model in (31) can take into account a fine-grained time resolution in order to 
accurately calculate the evolution of the temperature inside the home; in the optimization behind the 
heat pump management service, the time step resolution should be relatively high (e.g. Δt = 15 minutes) 
in order to have a problem that is solvable in reasonable time. 

• the power losses calculated in (32) refer to a more accurate profiling of the indoor temperature, and thus 
they will also be more accurately calculated. 
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From the above list, it is possible to appreciate that even if the concepts adopted to define the thermal 
models are similar both in the thermal simulator and in the heat pump management service their 
implementation actually differs. The use of a fine-grained time resolution in the simulator can lead to identify 
the possible drawbacks or inaccuracies automatically introduced in the heat pump management service due 
to the needed simplifications.   

Beyond the electrical heat pump power consumption, additional inputs are also needed for the computations 
in the thermal simulator. In particular, the thermal features of the house and the outdoor temperature should 
be known to run the models. These data can either be pre-allocated in the simulator or be accessed via 
REST API from the cloud. In particular, this feature can allow to retrieve outdoor temperature data in real-
time, thus including in the validation of the heat pump management service also the effects brought by an 
inaccurate forecast or estimation of the outdoor temperature.  

Finally, it is also worth noting that simulation models more complex than the one here presented can be 
easily implemented in the conceived platform and used to accurately describe both the heat pump and the 
house behaviour. From this perspective, both the heat pump and the house thermal models can be seen as 
virtual boxes where any possible model, at any level of detail, can be implemented (the only constraint is the 
ability of the simulator to perform its own calculations in an amount of time compliant with the used discrete 
time step in order to keep the real-time constraint on the simulation).  

5.4 Integration of Hardware in the Loop 

An important advantage given by the use of commercial real-time simulators, like RTDS or OPAL-RT, is the 
possibility to couple the simulation with real devices, obtaining the so-called Hardware-In-the-Loop (HIL) 
tests. This is possible thanks to capability of these simulators to provide some of the electrical quantities of 
the emulated grid as analog outputs. The benefits arising from the execution of HIL simulations include: 

• possibility to test the operation of real hardware under the simulation conditions; 

• possibility to assess the impact of hardware components characteristics and performance on the 
operation of the overall system; 

• possibility to check, verify and test all the aspects associated to the communication protocols and 
technology, here including latencies, possible communication failures, interoperability among different 
hardware components, and so on. 

The used simulation platform easily allows integrating real devices for HIL tests. In particular, two different 
scenarios can be conceived. In the first case, real meters can be connected to the real-time simulation to 
provide the measurement data required by the monitoring or management functions under test. In this case, 
since the analog outputs of the real-time simulators are generally at signal level (e.g. ±10 V), the additional 
inclusion of an amplifier is generally required to suitably scale-up the signal at the required level. Figure 35 
shows the set-up of the real-time simulation platform when using real meters to provide the measurements to 
the Flexmeter cloud. It is worth noting that, since the data communicated to the middleware are in MQTT and 
have a Json payload, a suitable Device Integration Adapter (DIA) is needed to translate the meter 
measurements from their original protocol to the Flexmeter data format. The use of these DIAs is the key 
aspect for achieving the needed interoperability among heterogeneous devices using different 
communication protocols and the cloud-based Flexmeter infrastructure.  
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Figure 35. Set-up of the HIL real-time simulation. 

A second option to perform HIL tests, is to integrate in the real-time simulation hardware components with 
control or management capabilities to test software functions directly implemented on real hardware. An 
example of such an alternative is given by the use case tested in [15] and [16]. In those papers, the proposal 
was to exploit the computing capabilities of smart meter concentrators to locally perform some tasks 
associated to state estimation. The advantage of such an option is that the state estimation functionalities 
can be distributed among many devices already present in the grid, significantly lightening the computational 
burden required to obtain real-time monitoring at Low Voltage grid level. Figure 36 shows a schematic 
overview of the described solution, of its implementation in the real-time simulation platform and of the 
overall integration in the Flexmeter infrastructure. The use of real hardware in this scenario gives the 
advantage to test such a distributed architecture more realistically, taking into account possible issues (e.g. 
time synchronization) which cannot be faithfully tested when using a centrally controlled implementation. 

 

Figure 36. Set-up of hardware to test distributed management solutions in real-time simulation. 
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5.5 Multi-lab real-time simulation 

In order to simulate a large-scale power system with many components modelled in detail, a large 
computation power is required; this is even more demanding in case of performing a “real-time” simulation 
with high sampling rate (i.e. short discrete time-steps). Elements of a widely dispersed electricity system are 
naturally distributed, and various entities and utilities in charge of controlling, monitoring, and managing the 
system are also located geographically distant. Different networks are interconnected through some border 
corridors (e.g. tie-lines) and exchange only boundary power regardless to the rest of each local grid. In other 
words, the focus of each operating company is on its own system and a little information of the neighbouring 
connecting nodes or systems. 

Similar to the widely dispersed real power system, its virtual model could be also built and executed in a 
multi-site distributed simulation platform. In other words, the real infrastructure of an electricity grid can be 
emulated in the simulation environment by decoupling the whole model into several subsystems.  Multi-site 
real-time co-simulation is a cost effective and technically feasible way to cluster and connect geographically 
distributed real-time simulators via standard communication protocols to mainly improve simulation 
performance and capability. However, the advantages of such “multi-site co-simulation” are beyond 
enhancing the computation capability through sharing calculation software and hardware facilities and 
include:  

• utilization of available software and hardware resources in other laboratories in case they are not 
available locally; 

• soft-sharing of expertise in a large collaboration consortium for different use cases and studies without 
physical exchange of researchers and visitors; 

• keeping susceptible national data confidential, while running a co-simulation which integrates such data. 
As multi-site co-simulation mimics real-world interconnected networks, only boundary data of the 
interconnection points are shared, and the national or continental system data could be kept confidential 
[17]; 

• testing, validating, and/or exploiting new control algorithms or management strategies without disclosing 
the models due to IP rights. Experts in a lab where a new algorithm is developed can test and verify it 
using the co-simulation platform without sharing it. 

On October 29th 2015, at the European Commission Joint Research Centre (JRC) in Ispra (Italy), during the 
inauguration of the European Interoperability Centre for Electric Vehicles and Smart Grids [18], RWTH 
Aachen University and Politecnico di Torino presented a demo of the real-time integrated co-simulation 
platform to Maroš Šefčovič (Vice President of the European Commission for Energy Union), John Marc 
Williams (Associate Deputy Secretary of US Department of Energy), and Vladimir Sucha (General Director 
DG Joint Research Centre of the European Commission). The demo set the path towards the set-up of a 
federation of EU labs, located in different member states, with at least a node in each EU country, allowing 
for a cost-effective sharing of HW and SW facilities at EU level in the smart grid sector. 

Through this co-simulation platform, it is possible to assess how different consumer/prosumer behaviour at 
the distribution level would affect the network performance of the electricity network represented at both 
transmission and distribution levels. To translate consumer behaviour to electricity signals, different 
consumption patterns considering different habits, appliances, environmental and weather conditions, etc. 
can be considered to generate different load profiles in terms of active and reactive power values. In this 
way, it is possible to analyse how these factors affect the distribution system, e.g. in terms of voltage profile, 
overloads (frequency of overloads) or quality of supply (sinusoidal shape, harmonics, frequency, etc.) and 
how consumer/prosumer behaviour, at the distribution level, affects the transmission network. Moreover, 
possible management strategies conceived at the distribution level can be also evaluated with an overall 
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view of the electric system, taking into account not only the local impact on the distribution grid, but also 
possible effects caused at the transmission level. 

The particular objective of a multi-lab co-simulation is to demonstrate the need of large-scale power system 
simulation and to highlight the benefits and the purpose of the detailed simulation models of both 
transmission and distribution grids. In this scenario, a power system of the future where there is a high 
penetration of distributed generations can be studied. As an example, during the demo in Ispra, the 
operation of a portion of Turin distribution grid was investigated for a summer day around 5 pm, taking into 
account the expected high demand (people are coming back from work at that time and therefore it is 
possible to forecast an increase in the energy demand) and considering the presence of a large number of 
EVs plugged in for charging (future scenario possible when people come back home). At the same time, 
local generation from PV panels was assumed to rapidly drop from a high level to a very low level due to 
sudden weather change from sunny to cloudy. Consequent voltage drops in the distribution system and 
frequency perturbations in the transmission grid of Piedmont (Italian region whose capital is Turin city) were 
analysed performing the co-simulation (Figure 37). The use of the co-simulation platform allowed highlighting 
potential problems occurring both at distribution and transmission level due to the specific scenario present 
in the LV grids. More information about this demo can be found in [18]. 
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Figure 37. European Real-Time Integrated Co-Simulation Laboratory (ERIC-Lab) 
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The initiative of interconnecting geographically distributed real-time simulation laboratories has been recently 
extended to achieve a transatlantic co-simulation platform called Global RT-Super lab. Global RT-Super lab 
is intended to pool together, across countries and continents, knowledge, simulation tools and lab facilities in 
one large, interconnected, real time global laboratory. The infrastructure is based on the integration of Digital 
Real-Time Simulators (DRTS), High Performance Computing (HPC) systems, and (P)HIL setups and test 
beds accomodated at laboratories at different geographical locations in the EU and USA (RWTH-Aachen 
University, Politecnico di Torino, Idaho National Lab, National Renewable Energy Lab, Sandia National Lab, 
Washington State University, Colorado State University, and South Carolina University) (Figure 38). 
The connection structure followed a server-cloud architecture, where the local computers or machines 
interact with other laboratories through dedicated VPNs (Virtual Private Network) on internet protocols like 
UDP or TCP IPs. The local VPN servers bridge the local simulation platform at each site and the cloud, 
ensuring the security of the data exchange while offering a better coordination of communication and multi-
point connection. A specific set of interfaces and services are supporting such distributed real-time co-
simulation under a developed framework named VILLAS. It is a plug-and-play framework, which can 
integrate different local assets like digital real-time simulators, measurement devices, and estimation/control 
algorithms. 
A comprehensive study of advanced concepts for frequency regulation in future power systems requires 
large-scale simulation of interconnected systems and high-fidelity models of distributed energy resources. 
The implemented platform can serve a variety of use cases, especially towards future super grids. Detailed 
model of EU and USA networks can be implemented to analyze power flow regulations in each area, time 
effects on load factor, intracontinental electricity trade, alternative EU-US connection possibilities, etc. 
A demonstration of the set-up (Figure 39) was succefully performed on September 26th, 2017, and 
presented to visitors in both U.S. Department of Energy’s Idaho National Lab, Idaho Falls; and Energy 
Center at Politecnico di Torino, Torino – Italy, in a workshop under IEEE ISGT Europe 2017 conference [19].  

 

Figure 38. EU-US Global Real-Time Super Lab. 
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Figure 39. Demo Case for EU_US Global Real-Time Super-Lab.  
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 Conclusions 

Real-time simulations are an important step for the preliminary validation of hardware and software solutions 
before the application of a new technology on the field. A flexible real-time simulation platform has been 
developed to test the use cases proposed in the Flexmeter project and to provide a reliable tool for their 
evaluation. The set-up of the simulation platform comprises the following components: i) the real-time 
simulator(s), where the models of the system under analysis are implemented; ii) a power profile generator, 
which is responsible for the creation of realistic profiles of residential customers consumption and PV power 
generation, in order to define realistic operating conditions for the modelled grid; iii) a simulation controller, 
which allows providing as output the real-time values of the simulation and receiving in input possible 
command controls coming from the tested management algorithm; iv) a cloud interface, which ensures the 
communication with the Flexmeter cloud-based infrastructure, for coupling the physical system (emulated in 
the real-time simulation) with management algorithms under test.  

The reliable application of the real-time simulation for assessing the Flexmeter use cases requires a high 
level of detail, which arrives down to the emulation of the single appliance consumptions for the end-users. 
The developed load profile generator allows having such a level of detail, enabling thus the testing and 
evaluation of innovative smart grid applications like demand side management and demand response. 
Scenarios having a large penetration of Distributed Generation, as it can be expected in the near future, can 
be also emulated, thanks to the design of the PV profiles generator.  

The real-time simulation platform has been fully integrated into the developed Flexmeter cloud-based 
infrastructure, so that measurements or alerts coming from the real-time simulation can be seen from the 
platform as generated by real smart meters or real smart appliances. In this way, the cloud-based platform 
can easily allow the integration of new services, which are first tested in the real-time simulation environment 
and then deployed on the field. The real-time simulation platform acts, from this point of view, as a virtual 
pilot, which can be replaced when the technology is ready and available on the field without requiring specific 
modifications to the rest of the Flexmeter infrastructure. 

The real-time simulation platform also allows the easy integration of additional modules, e.g. for the co-
simulation of multiple energy vectors, and the inclusion of real hardware (meters or controlling devices) in 
hardware-in-the-loop configuration to test their performance or to evaluate their impact on the operation of 
the electric system. The possibility to use a multi-lab real-time co-simulation environment, in order to have 
large scale and detailed models of the electric system, is also presented, giving the possibility to extend the 
analysis of the services impact even beyond the local distribution grid. 
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