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Abstract

:

By integrating distributed energy resources (DER, mostly renewable energy sources) in the depth of the distribution network transmission system operators (TSOs), planning and control of transmission systems has been greatly hindered due to the lack of knowledge about the circumstances at the transmission and distribution network’s interface and the lack of coordination with the distribution system operator (DSO). By adopting the Commission Regulation (EU) 2017/1485 (System Operational Guideline—SOGL) establishing a guideline on electricity transmission system operation, harmonized rules on system operation for TSOs, DSOs and significant grid users (SGUs) are set out, inter alia, in order to provide a clear legal framework for the exchange of necessary data and information between the aforementioned subjects. In this paper, the methodology of DER representation at the interface of the transmission and distributed system is presented, with the indicated interactive data exchange between TSO and DSO, for running and analyzing the operation of the entire power system (PS) in real and extended real time. The proposed methodology was tested on a real model of the Croatian transmission PS and with representative DER in the depth of the distribution network.
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1. Introduction


The connection of distributed energy resources changes the existing conception of the traditional distribution network as a passive network with a direct energy flow from the transmission network to the end users. The existing voltage regulation in the traditional distribution network is completely determined by the direct energy flow and is subordinated exclusively to reducing the voltage drop from the transmission network to the end user in the low-voltage network, while frequency control is the responsibility of the transmission system operator. With the emergence of DER, the distribution network becomes a network with two-way energy flow and in the event of a change in the direction of energy (from the DER to the parent transmission network), the problem of increasing and decreasing the voltage on the same section may occur as well as the change of frequency.



DER deviations from the planned generation schedule are common. An aggravating circumstance for transmission system operators is that production from DER is planned “day-ahead”, which often deviates from the scheduled plan on that day, and in this case PS regulation is necessary by activating the balancing energy. Some research was aimed at better production planning from DER [1,2,3], but in the case of a large share of renewable energy sources (RES) and relatively low available regulation energy, there has not been much success in maintaining the PS stability. In this case, the TSO is obliged to provide, at its own expense, a voltage and frequency control service, regardless of which voltage level is experiencing deviation from the planned generation from the DER.



The TSO is currently facing the problem of two-way energy flow at the interface with the distribution network, and the problem of unfamiliarity with the distribution network in depth. It is of the utmost importance for the TSO to equivalent the distribution network at the interface with the transmission network, which would be greatly facilitated by coordinating the control and management of the transmission and distribution network, that is, the exchange of data between the TSO and the DSO, and which was emphasized in the Commission Regulation (EU) 2017/1485 System Operational Guideline-SOGL [4]. Therefore, it is necessary to exchange information between the TSO and the DSO in order to equivalent the distribution network with the integrated DER at the interface of the transmission and distribution network. Exchange includes three levels of data packages that are distinguished according to time domain:




	-

	
Structural data exchange




	-

	
Planned data exchange




	-

	
Real-data time exchange









Previous research on aggregate DER models has mainly focused on the needs of the electricity market and referred to balancing energy [5,6,7]. Namely, in order to make optimal use of the available energy resources from a technical standpoint and to maximize profits from the economic point of view, an efficient PS control system adapted to the new circumstances is needed. A curtailment service provider (CSP), virtual power plants (VPP) [8] and an aggregator are subjects that can provide reliable solutions for consumption and production resource management because they can be consolidated and presented as a single subject on electricity markets.



In this context, the aggregator is responsible for the optimal management of a certain number of resources in the region and for their aggregation as a single resource in order to streamline processes in the electricity markets, to overcome economic, technical, legal and regulatory obstacles more effectively and overall to facilitate system management. The importance and efficiency of the aggregator is highlighted when there are other stakeholders in the network, such as balance responsible parties (BRP) [9].



Today, there are several European countries that use the concept of an aggregator for electricity consumers [10]. France is one of the countries that has accepted aggregated loads in each ancillary services program and the BRP and aggregators have been reorganized on the basis of [11,12]:




	
Conducting negotiations on the electricity market to calculate costs of compensation by aggregator for BRP:




	○

	
The aggregator does not directly interact with the balance responsible parties; however, it establishes a contract with the electricity supplier in order to have flexible services.









	
Depending on responsibility, aggregators are divided into [13]:




	○

	
Parallel aggregators—can participate in different markets simultaneously (electricity, water, heating);




	○

	
Large-scale aggregators—can aggregate large scale generation units that are connected in HV or VHV;




	○

	
Micro aggregators—aggregate small generation units;




	○

	
Global aggregators—aggregate both generation and consumption units.














The aggregator is responsible not only for distributed renewable energy sources, but also for demand response (DR) [14]. According to [15], a DR program is defined as “Changes in the use of electricity by sources of demand from their usual patterns of consumption in response to changes in electricity prices or incentive payments designed to induce lower electricity consumption in times of high wholesale market prices or when system reliability is compromised”. The role of the aggregator in terms of DR is to bring together all electricity consumers who can participate in demand programs and present them as one. Therefore, it can be considered as a flexible participant [16]. To this end, the aggregator can establish two-way contracts with end-users to manage consumption and thus flexibility in negotiations on the electricity market. In order to manage the production of end users, who are considered to be consumers able to generate electricity, the aggregator can play the role of a virtual power plant [17,18]. The aggregator as a third party collects all small consumption and production resources and participates in the electricity market. Virtual power plant (VPP) enables centralized management of aggregated units. The individual functionalities of decentralized units are interconnected by using appropriate communication and control systems that replace conventional power plants completely [19].



In [20] the authors proposed a methodology for the distribution systems designed as interfaced resource with the high voltage (HV) grid, using only open data sources, which is different from this paper that uses proposed data exchange between TSO and DSO in order to develop aggregated models at TSO-DSO interface. The paper [21] proposes DERs aggregation methodology considering the uncertainty of the output of DER and the daily eigenvalues. For this reason fuzzy-logic was introduced in order to make aggregation possible due to higlighted constraints as opposed to the simple methodology proposed in this paper. Most of the investigated literature is focused on aggregation of different DER types in order to improve the techniques of distribution system planning and control [22] unlike this paper that aggregates DERs at the TSO-DSO interface in order to provide a better tool for transmission system operators in control and planning activities.



The listed advantages and capabilities of the aggregator are positive from the standpoint of the electricity market, but considered from a technical standpoint, it is necessary to model the aggregated distributed energy resources mathematically for TSO purposes in order to enable them to operate the transmission system more reliably. The TSO would then have an insight into the depth of the distribution network and would complement the static and dynamic transmission network models with source (or load) at the interface with the distribution network. Since different types and power scales of DERs (mainly renewable energy resources) are integrated at the depth of the distribution network, it is necessary to consolidate the relevant DERs (by power) into a single aggregated DER connected to the transformer at the TSO-DSO interface.



This paper presents a method of aggregating multiple DERs based on TSO-DSO data exchange, which is in accordance with the provisions provided in [4]. Mathematical aggregation of different types of DER is proposed as the sublimated algorithm of different approaches that mostly rely on Thévenin’s theorem by using various optimization methods. The main contribution of the paper is that the proposed algorithm for DER aggregation must use TSO-DSO data exchange in different time levels and such aggregated resource on TSO-DSO interface assists TSO in transmission power system protection and control operation activities and analysis without getting into depth of distribution power system. TSO-DSO data exchange structure is elaborated in Section 3.1 and followed by Section 3.2. that links exchanged data and mathematical modeling of DER.




2. Aggregation of Distributed Energy Resources


Aggregation plays a key role in the advanced smart distribution grids, where millions of active nodes are projected due to increased penetration of distributed energy resources. Aggregation area for a given distribution network can be determined by two criteria: the spatial distribution of load and the cost of aggregation. The calculation of strategic locations and total demand in each area can be carried out using a variety of methods that include exact mathematical methods as well as artificial intelligence (AI), such as the elitist genetic algorithm—GA [23] for optimal aggregation of small, distributed flexible resources.



The general DER aggregation methodology is based on a combination of hierarchical clustering (by location and voltage level), and network reduction using Thévenin’s theorem to calculate aggregated generation and consumption and to simplify distribution networks with thousands of nodes to an equivalent network with aggregated generation and consumption, thus significantly reducing the computation time. This helps distribution system operators make operational decisions close to real-time. Aggregation is used by operators for better operational planning by understanding when, where and how much flexibility will be needed, and allows for the flexibilities resulting from small distributed energy resources to be traded in various electricity markets. A combination of centralized and local aggregation scheme is implemented in the realization of this concept. A continuous calculation of the aggregate network is required to obtain more accurate models compared to the very high errors associated with forecasting individual consumer demand. However, the key challenge is to make the aggregate network behave the same as the original non-aggregated network.



Mathematical Description


The key objective of aggregation is to calculate a simplified equivalent linear network to facilitate TSO in making faster operational decisions regarding the use of available flexibility. As the static and especially dynamic analysis (e.g., power flows, status estimation, etc.) of larger distribution networks is a computationally challenging and time-consuming process, a reduced network provides an excellent tool when making snap decisions (e.g., frequency control, local network congestion).



Since the aggregation of a part of the distribution network is carried out for TSO purposes, the extent of the aggregated part of the network is determined by the volume that is connected to the transformer station between the transmission and distribution network.



Furthermore, it is necessary to calculate the aggregated generation (PAgDER) and load (PAgL), and the equivalent impedance (ZAg) against the connection node in the direction of the transmission network. It should be noted that ZAg, PAgDER and PAgL depend to a large extent on the time domain and their position in the network. As generation and load vary over time, ZAg, PAgDER and PAgL also change dynamically. Therefore, the generation and consumption of electricity is first grouped into an acceptable number of levels given the voltage levels in the distribution network. Afterwards, the aggregated power at the i-th node of a given voltage level is used to calculate the equivalent impedance via Thévenin’s equivalent network reduction approach.



After grouping, generation and load are converted to appropriate impedance using the following expressions [23]:


   Z  i A g  L  =   ∑  j = 1  n       (  V i   )  2     P j L       



(1)






   Z  i A g   D E R   =   ∑  k = 1  m       (  V i   )  2     P k  D E R        



(2)




where:



ZiAgL-load impedance at the i-th node



PjL-power of j-th load on the i-th node



ZiAgDER-generation impedance on the i-th node



PkDER-power of the k-th DER at the i-th node



Vi-point of connection voltage for the consumer at the i-th node



n-number of loads on the i-th node



m-number of DERs at the i-th node



After converting the total generation and load into appropriate impedances, Thévenin’s network reduction technique, as in Figure 1 and Equation (1), is used to calculate aggregated generation and load, or equivalent impedance at a given aggregation point.



Within a given aggregation region, a Π-T (delta-star) transformation is first used, followed by a reduction of the (series-parallel) network [24]. The generation, load and line impedances are shown in Figure 1B and are reduced into shape as in Figure 1C using the following set of equations:


     Z i  U p S t   =  Z  i − 1  T  +    Z  i A g   D E R    Z  i A g  L     Z  i A g   D E R   +  Z i  L N   +  Z  i A g  L         Z i  D n S t   =  Z  i + 1  T  +    Z  i A g   D E R    Z  i A g  L     Z  i A g   D E R   +  Z i  L N   +  Z  i A g  L         Z  i A g    =    Z  i A g   D E R    Z  i A g  L     Z  i A g   D E R   +  Z i  L N   +  Z  i A g  L       



(3)




where:



ZiUpSt-equivalent impedance upstream of the i-th node of aggregation (given voltage levels in the distribution network)



ZiDnSt-equivalent impedance downstream of the i-th node of aggregation (given voltage levels in the distribution network)



Zi−1T-transformer impedance between i-th and (i − 1)-th node



Zi+1T-transformer impedance between i-th and (i+1)-th node



ZiLN-line impedance between production and load of the i-th node



Then the overall aggregated impedance ZAg is equal to the sum of impedances (ZiUpSt, ZiDnSt and ZiAg) of all nodes from the first to the last, observing from the point of view of the transmission system using Equation (3), and as shown in Figure 2.



The equivalent load impedance is then converted to power using the inverse calculation according to Equation (1) [24]. The impedance calculation is performed on the basis of historical electricity consumption data. Annual consumption data from the actual distribution network is clustered and clustered data is used to reduce the network and calculate the same impedance. Depending on the TSO needs and preferences, the equivalent impedance can be calculated in real-time or sub real-time.





3. Algorithm for Transmission System Modeling


3.1. TSO—DSO Data Exchange Scheme


The existing problems related to TSO operational procedures are caused by a lack of knowledge of the distribution network, and can be summarized in two key conclusions:




	-

	
Problems with making a day-ahead plan in TSO, and




	-

	
An unexpected voltage increase in the transmission network due to intermittent generation in the depth of the distribution network.









In addition to certain known causes in the transmission and distribution networks (connection of distributed energy resources in the transmission network, predictable change in consumption over different time periods, cabling of the distribution network, etc.), both problems are a direct consequence of connection of distributed energy resources in the depth of the distribution network. For this reason, in some nodes-interfaces between the TSO and DSO, during the day, there are significant changes in the power flows, which, in addition to changing the amount, can also change the direction from descending to ascending (from the transmission network to the distribution network and vice versa).



The proposal for the exchange of data between TSOs and DSOs should include data relating to distributed energy resources; in particular those connected at the distribution voltage level, which are in accordance with EU SOGL [4].



Table 1 shows/presents our suggestion of the necessary data to be exchanged in order to reduce unexpected operating conditions and thus optimize operational procedures primarily in the TSO.



In addition to operational procedures of data exchange between TSOs and DSOs, other procedures should be taken into account, such as:




	-

	
Power system development–structural data




	-

	
Power system planning–planning




	-

	
Power system monitoring, protection and control–real (pseudo-real) data









It should be emphasized that data packages numbered as 1, 4, 7 and 8 from Table 1 are necessary for DER modeling as aggregated resource. Delivery of operational data of distributed energy resources connected in the distribution network refreshed every 15 min requires pseudo-real time data exchange between TSO and DSO such as SCADA systems. If the time interval is prolonged, the accuracy of DER models on TSO-DSO interface will no longer be reliable for control activities of TSO.



The delivery of performance data from distributed energy resources connected at the distribution level presents significant information required to plan system operation day-ahead, as well as to run the operation in real-time. The delivery of the planned operation of distributed energy resources may be based on prognostic models using archival data or based on the work plan of balance groups. From the point of view of running the system in real-time, it is necessary to provide the measurement of the delivered energy of distributed sources in real-time.




3.2. Algorithm for Transmission System Modeling


Two basic facts are the starting point for designing a transmission system model with aggregated DERs connected at the depth of the distribution network: a starting model for the transmission network to transformers at the transmission and distribution network interface and data collection on the operation of distributed energy resources, as well as on topology by the DSO. Figure 3 shows a proposal for a transmission network modeling algorithm including aggregated DERs from the distribution level.



After collecting the data from the DSO on the operation of individual DERs, the calculation of aggregate models at the interface of the transmission and distribution network is performed, where the HV/MV transformer is taken as the interface. After the calculation, a model of the transmission system with added generation and consumption from the distribution level is made. In order to evaluate whether the model of the transmission system is satisfactory with regards to the individual processes carried out by the TSO in different time domains, it is necessary to calculate the power flows using the “new” model and compare it with the measured power flows obtained by the SCADA system. The status estimation calculation should be treated in a similar manner. It is necessary to compare the results obtained by using existing models and SCADA measurements with calculations that use a transmission system model with aggregated DERs and repeat the procedure if necessary.





4. Transmission System Model Validation


According to the above algorithm, the accuracy of the transmission system model with associated aggregated DER on distribution levels is verified by comparing the results obtained from SCADA measurements with the results of an off-line analysis of power flows on the created model. In this section, the validation of the algorithm, and therefore of the newly created transmission network model is carried out in such a way that an analysis of the power flows of the created model and the transmission network model is compared with the explicit modeled distribution network behind the interface, down to the DER. This method is not suitable for validation in practice since it requires modeling of the entire transmission and distribution network with DER attached. However, it is useful for proving the accuracy of the proposed algorithm. Modeling of explicit and aggregated different types of DER is described and validated in [25,26,27] and according to that, an adequate model for the analysis of wind farms was chosen in this section.



Parts of the transmission network of the Republic of Croatia having influence on existing distributed energy resources connected at the distribution level were analyzed. Various operating conditions of the aforementioned distributed energy resources were observed, as well as their impact on the transmission network.



Analyses were made using explicit distributed energy resource models including other models of transmission and distribution system elements such as transformers and lines. Also, analyses in case of aggregate distributed energy resource models were used, which were ultimately connected to the TSO/DSO common interface.



Ultimately, a comparison was made of actual measurements for different operational statuses of distributed energy resources obtained by the SCADA system and simulation results using the data on aggregated distributed energy resources and network elements for the same simulated operational statuses.



The following were analyzed as relevant distributed energy resources, and thus parts of the transmission network (Figure 4):



Power plants at medium voltage (35 kV) connected to the nearest 110 kV network of substation Bilice 220/110/35 kV:




	(a)

	
Wind Farm (WF) Crno Brdo




	(b)

	
WF Krtolin




	(c)

	
WF Orlice









Below is an analysis of observed wind farms with respect to generation (Table 2). The analysis was carried out quarterly and summatively in one year (Table 3).



4.1. Downstream (TSO-DSO) Load Flow Scenario


The transmission network analyses of Figure 4 were performed for operating statuses for June-September as shown in Table 3. During selected time interval it is assumed that power flow direction is from transmission network to distribution network due to increased consumption of air-condition devices because of the tourist season. The analyses involve the calculation of power flows and voltage in the nodes for the explicitly modeled transmission and distribution network (Figure 5), and for the aggregated distribution network (Figure 6).



A comparison of the voltages in the nodes in a node environment (60003 HBILIC5) to which the part of the distribution network is aggregated is shown in Table 4. It can be observed that the voltage deviations are not greater than 0.4 kV for the 110 kV voltage level. By analyzing the results of the calculation of power flows in Table 5, it is concluded that the deviations do not exceed 10%.




4.2. Upstream (TSO-DSO) Load Flow Scenario


The transmission network analyses of Figure 4 were performed for operating statuses for March as shown in Table 3. During selected time interval it is assumed that power flow direction is from distribution side upstream to transmission network as March is quite windy month and consumption of electricity is low (off tourist season). As in 4.1 the analyses involve the calculation of power flows and voltage in the nodes for the explicitly modeled transmission and distribution network (Figure 7), and for the aggregated distribution network (Figure 8).



A comparison of the voltages in the nodes in a node environment (60003 HBILIC5) to which the part of the distribution network is aggregated is shown in Table 6. It can be observed that the voltage deviations are not greater than 0.5 kV for the 110 kV voltage level. By analyzing the results of the calculation of power flows in Table 7, it is concluded that the deviations do not exceed 10%, exept at the transformation form 110 kV to 220 kV (33%) due to DER and load aggregation form distribution level to 110 kV transmission level that affect load flow form 110 kV to 220 kV.



By analyzing the presented results it can be concluded that the major difference between the explicit and the aggregated approach is significant near nodes that are close to the modeled DER and are “far away enough” from conventional power plants (in this particular case hydropower plants). By “far away enough” we mean that at least three nodes are between the aggregated DER and the load and the hydropower plant.





5. Conclusions


The basic guideline for this paper is the adoption of European Commission Regulation (EU) 2017/1485 (SOGL) establishing harmonized rules for transmission system operators (TSOs), distribution system operators (ODSs) and significant grid users (SGUs) to provide a legal framework for the operation of interconnected transmission systems (e.g., regional cooperation) to maintain system security and to achieve other objectives at the European Union level. In the paper the emphasis is placed on the theoretical bases of the representation of distributed energy resources in the depth of the distribution network at the interface of the transmission and distribution network. Accordingly, the necessary data that the transmission and distribution system operators are required to exchange are highlighted, in accordance with the operational actions that have their default time interval. This differentiates the data exchanged with respect to system development, system operation planning and real-time system management, and the data conditioned by the operator’s real-time operational procedures.



The paper provides theoretical bases for aggregate models of distributed energy resources that represent a virtual power plant at the interface of the transmission and distribution network. Furthermore, verification analyses of the elaborated distributed energy resource models were performed by comparing the calculation of power flow and voltages at characteristic power lines and nodes for actual wind farms using explicit and aggregated models.



This paper represents a theoretically elaborated background for modeling distributed energy resources at the transmission and distribution network interface, which are in reality connected at the depth of the distribution network. Datasets are proposed that need to be exchanged between transmission and distribution system operators for different operating procedures, as well as time intervals of the exchange. The aforementioned bases should be integrated into the existing transmission system monitoring, protection and control systems (SCADA, WAMS) to allow safe and reliable operation of the transmission system.



Nowadays, distribution systems have implemented numerous DERs in depth of the grid with significant nominal power. It is not appropriate to model each one or to exchange operational data from each one between TSO and DSO in order to run an analysis on transmission system level. The proposed methodology enables a fast analysis of the transmission system based on off-line developed models that use aggregated DER and loads from the distribution grid. Therefore, computational time and modeling of transmission system is faster and simpler for TSOs.
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Figure 1. Aggregated impedance calculation. (A) Power system scheme between nodes i − 1 and i + 1; (B) Explicit impedances between nodes i − 1 and i + 1; (C) Aggregated impedances between nodes i − 1 and i + 1. 
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Figure 2. Overall aggregated impedance calculation. 
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Figure 3. Algorithm for power transmission system modelling based on TSO-DSO data exchange. 
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Figure 4. Analyzed power transmission system. 
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Figure 5. Calculated power flow and voltages of analysed power transmission system–explicit DER and load–downstream load flow. 
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Figure 6. Calculated power flow and voltages of analyzed power transmission system–aggregated DER and load–downstream load flow. 
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Figure 7. Calculated power flow and voltages of analysed power transmission system–explicit DER and load–upstream load flow. 
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Figure 8. Calculated power flow and voltages of analyzed power transmission system–aggregated DER and load–upstream load flow. 
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Table 1. Scheme for data exchange between TSO and DSO.
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	#
	Description
	Source
	User
	Importance
	Type of Data
	Time Domain





	1.
	Delivery of basic data on distributed energy resources (nominal power, voltage level) in the distribution network of power exceeding 500 kW
	DSO
	TSO
	Important
	Structural
	
	-

	
existing status in the distribution network




	-

	
updating according to changes









	2.
	Delivery of aggregated data on distributed energy resources at the interface with the transmission network
	DSO
	TSO
	option
	Structural
	
	-

	
existing status in the distribution network




	-

	
updating according to changes









	3.
	Delivery of archival data on the work of distributed energy resources in the distribution network
	DSO
	TSO
	Partially
	Structural
	
	-

	
annually









	4.
	Delivery of metering of consumption in the distribution network grouped by interfaces on the transmission network
	DSO
	TSO
	Important
	Planning
	
	-

	
daily




	-

	
annually









	5.
	Delivery of planned operation of distributed energy resources connected in the distribution network
	DSO
	TSO
	Important
	Planning
	
	-

	
daily









	6.
	Delivery of data on the availability of control capacity of the transmission network (frequency and voltage regulation)
	TSO
	DSO
	Partially
	Planning
	
	-

	
daily









	7.
	Delivery of data on planned outages
	TSO, DSO
	TSO, DSO
	Important
	Planning
	
	-

	
daily









	8.
	Delivery of operational data of distributed energy resources connected in the distribution network
	DSO
	TSO
	Important
	Pseudo-real time
	
	-

	
15-min time interval









	9.
	The exchange of data about the setting of relay protection in the part of the network around the node representing the transmission and distribution network interface
	TSO, DSO
	TSO, DSO
	Important
	Real time
	
	-

	
existing status in the transmission and distribution network




	-

	
updating according to changes









	10.
	Exchange of data on switch positions of regulation transformers
	TSO, DSO
	TSO, DSO
	Partially
	Real time
	
	-

	
existing status in the transmission and distribution network




	-

	
updating according to changes




	-

	
daily
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Table 2. Wind farms–nominal power [MW].
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	CrnoBrdo
	Orlice
	Krtolin





	Nominal power (MW)
	11
	11,2
	10
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Table 3. Wind farms–average power during the year [MW].
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	CrnoBrdo
	Orlice
	Krtolin





	January–March
	3.60
	3.40
	4.58



	March–June
	2.01
	1.68
	2.58



	June–September
	1.57
	1.17
	2.00



	September–December
	2.64
	2.59
	3.50



	Total
	2.46
	2.21
	3.17
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Table 4. Node voltage comparison [kV].
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	Node
	Explicit DER and Load [kV]
	Aggregated DER and Load [kV]
	Difference [kV]





	60003 HBILIC5
	117.5
	117.6
	0.1



	60001 HBENKO5
	117.6
	117.8
	0.2



	60184 HVEBRU5
	117.6
	118.0
	0.4



	60079 HOBROV5
	117.6
	117.6
	0



	60186 HVEZEL5
	118.0
	118.0
	0



	60035 HGRACA5
	118.2
	118.3
	0.1



	60002 HBILIC2
	257.2
	257.4
	0.2










[image: Table] 





Table 5. Load flow calculation comparison [kV].
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	Line
	Explicit DER and Load [MW]
	Aggregated DER and Load [MW]
	Difference [MW]





	60003 HBILIC5-HBIOGR5
	29.6
	26.3
	3.3



	60003 HBILIC5-HBILIC2
	33.3
	29.8
	3.5



	HBENKO5-HVEBRU5
	9.1
	9.5
	0.4



	HVEBRU5-60079 HOBROV5
	27.0
	26.4
	0.6
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Table 6. Node voltage comparison [kV].






Table 6. Node voltage comparison [kV].





	Node
	Explicit DER and Load [kV]
	Aggregated DER and Load [kV]
	Difference [kV]





	60003 HBILIC5
	117.6
	117.6
	0.0



	60001 HBENKO5
	117.6
	117.8
	0.2



	60184 HVEBRU5
	117.6
	118.1
	0.5



	60079 HOBROV5
	117.7
	117.8
	0.1



	60186 HVEZEL5
	118.0
	118.0
	0.0



	60035 HGRACA5
	117.9
	117.9
	0.0



	60002 HBILIC2
	257.3
	257.4
	0.1
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Table 7. Load flow calculation comparison [kV].






Table 7. Load flow calculation comparison [kV].





	Line
	Explicit DER and Load [MW]
	Aggregated DER and Load [MW]
	Difference [MW]





	60003 HBILIC5-HBIOGR5
	33.0
	29.7
	3.3



	60003 HBILIC5-HBILIC2
	24.5
	17.9
	6.6



	HBENKO5-HVEBRU5
	13.4
	12.1
	1.3



	HVEBRU5-60079 HOBROV5
	13.4
	14.3
	0.9











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  energies-13-03949


  
    		
      energies-13-03949
    


  




  





media/file8.jpg
Explicit DER and
Toad connected to

distribution level






media/file11.png
S0001
HBEMNKOS

Aggregated DER
and load
connected to

distribution level

oA A s A e

il
E00TS
HOERIVE
o
50 37 .
R X Bl
" vz
T aE BT
1
ER|
B2
O]
0.5/ AT - 248
LR = 54 I a5
- 06 £0 4 1.0
- EE 70
1.1 1.1
176 1180
EO044
EO5
HLIOSS

mEE
-]
5
- 45 2
= B
1.1
1176
[ EE]
HGERACAS
a8 -
1.0 =
E0z11
&0 HVEVFOS

1
12 I I..I:F-‘.O
-

E0145
HZARLCE
OO
E0050
HEOMUET
197 3E I8
11z B 70 X
1.5
=7a 165
L a5
. 165
- -85
o7
e
—
-






media/file6.jpg
DER connected ©o
distribution level

Legend:






media/file1.png
A)

L ./ Ag'-
PiAg

T
Zi+1

i+1

i+1

i+1






media/file13.png
Explicit DER and
load connected to

distribution level

.
-
-
4
4
- 4
;
N
4
-
———————— —
i
JETS 4 |
HVEBRLS
E0001
, ) HEEMKOS E0050
- 124 134 FEOMIEE
:}_ ) _I EE 70 ) " _iE 248
-4 ' ] {7 =
, 244 :' 3 345 I ] 1zo M 5T 1.7
1MTE i RN e T 147 =7 147
1 g ] B -
BENKOVACT 83 93 — = = E--l' |.'~..-
CE) 89 I 147 14.7
3z ™ a7 O G ln - -
- - - 10z
e 1.1 1z
D 176 573 -
= l 3‘?{: FADZ
11 B R - - BT
176 =E = - s
E00T1
HMRACLE
ceaEs 12
HEV GRS =7
98 » - 3E
15 = - 157 I
\ 1.1
[Tug [e2] 2451
HEEMU 2 et

5 m HMELMNZ





media/file10.jpg
Aggregated DER
and load
connected to
distribution level






media/file7.png
K.Vakuf

B. Grahovo

DER connected to
distribution level Ngi

Legend:

SEEEE 400 kV double OHL substation 400220110 kV

e 400 KV OML

a— 220 4V doubls OHL @ substation 400/110 kV

e 220 WV OML substation 220/110 kV
220 &V planned OHL | substation 220035 kV

e 110 KV OML

substation 110/x kV

hydro power plant
wind power plant

e o00OO





media/file12.jpg
Explicit DER and
load connected to
distribution level






media/file9.png
Explicit DER and

load connected to

60003
HBILICS
80128 v
HVEZELS 5,
248
. . 0.3
9 27 28 8
1.1 1.0 1.0R
142
47 BT 1.1
4D1 neoooo N b T e 1 BO145
. N HZAKUCZ
. 60124
e HVEBRUS 2(0)----]----O»
e =2 : | Haen \/ y
HBENKOS : 60002 50050
4.3 43 I so 51 g .8 HBILICZ HKONJS2
1.5 56 . I 45 53 I 25 25 21,3 213
12.2 7.0 O"" . 133 Y 23,4 | 12 13 1 15 1.7
11 117.6 7.3 FEREAM g8 [ 21s 271 215
178 5 g (= : '
BENKOVACT 43 43 21 S 3§ {e= 22 o7 1
. : ElS E 4L ow EE] I M6 HE
I 16 31 g 1z = =
1.1 . I
42 1175 1.2
X I
1.1 81,7
178 0.2
80035 12
HGRACAS XKV_GRS1 2574
HERINJ2
4
2 z 9.8 9.8 88 18,
24 88~  W----mmmm e e e
I 13 — 1 EE 20,
60211 -
58 IPOS
HVEV 11 0.3 80105
a2 | = s | aze - 1 HSEN 2
1 nr.s 18 a7 78
0153 (K] 14 1.1R i —
HLIOSIS s ‘ :
. . : 2455
28 131 o “O""
34 N i1 B008T 80157
' : HOTOGCAS HSENJ 5
. 1182 1189 . -





media/file14.jpg
Aggregated DER
and load
connected to
distribution level






media/file5.png
Initial transmission system
model

\ 4

Data aquisiton from DSO

- load flow measurements
- topology

A

- planned disconnections

4

Calculation of DER
aggregation according to
chapter 2

Re-modeling of
transmission system
with Aggregated DER

Load flow and state
estimation calculation
- Results 1(R1)

Data aquisiton from
SCADA
- load flow measurements
- topology
State estimation
calculation
Results 2 (R2)

Model validation
Comparison of
R1 and R2:

No

Abs(R1-R2)<DF

DF — default value

TSO actions:
Planing procedures
Control procedures

Etc.

Model update






media/file15.png
Aggregated DER
and load

connected to

60003
HBILICS

distribution level

45
HZAKUCZ

20---- ----01

80050
gomzcz HKONJSZ
% o 1 %H__ PRLE TE 2.8
B3R : 4 24 ~w03 B 15" .4
83~ o . T ,
11 8 = 25T
1 n = 85 - : - &5
1180 17 = - 7.1
0.1 L bl B AT 15 ] - 5.0
re e g 32= TEe 52 - = 52
. 2 —_ I 15 - - 80
1.1 1.2
117.6 2574
HVEFADZ
- 0.7
0.8 il ol 11,0
B00T1
HMRACL:
B0035 25585 12
HGRACAS KKV _GRS1 — 2572
24 HERINJZ
2 e B o - 3.8 os 452 . . 45,4
' 1,0 - - 13 == 1 ‘s 0.6 - - 23,0 I
80211 i 2578
> 4.4 HVEVFOS ' 0.5 ;'1 3
1.1 : 80108 44,
] &7 5.3 EA R I _42&01 1178 I<] 1 9;".. 4z s HSEM.J 2
03" ™.z I H0R ’ o w I |
IR Pt ol § l 23 - - 4 s I





media/file3.png
Interface
between
TSO-DSO
node 1

21 UpSt

Z1 DnSt

Last node






media/file4.jpg
Colculaton of DER
aggregation according to
hapior2

I

Re-modoiing of
wanamission &

i Aaarogaed OER

]

Cond fow and siate
estimaton ccuition
Rosuna 1 (R

I

-

s






media/file0.jpg
A

z4"

 —
L

i+

i+1






media/file2.jpg
bl

A
o™

o
rote






