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EXECUTIVE SUMMARY 

 

One of the main aims of the DSM Integration Platform (DSM-IP) development is to suggest solutions to the 
identified challenges of cross border power transfers in existing and future transmission networks at 
regional and global level, relying on efficient transnational use of demand side management (DSM). In 
order to establish the extent to which different DSM actions could contribute to the alleviation of different 
identified cross border power transfer constraints, and the feasibility of applying DSM for this purpose, an 
analysis of both technical and regulatory requirements and constraints should be performed. This report 
addresses the aforementioned requirements with its three main contributions:  

1) Probabilistic analysis of the possible impact wide-scale DSM can have on the transmission system 

performance both, in steady-state and disturbed conditions, in the presence of high penetration of 

renewable energy sources (RES). 

The results of this analysis serve as an illustration of the possible impact of national/trans-national DSM on 
the operation of individual/multiple transmission networks, but also on the power transfers between them. 
As the next step, with the deployment of monitoring devices in the networks of the four TSOs  participating 
in the CROSSBOW DSM-IP demonstration activities (namely EMS, HOPS, NOSBIH and CGES), and with 
further development of DSM-IP, similar analyses will be performed on a generic (simplified) network 
representing the four interconnected systems using actual data. 

2) An overview of possible coordination schemes between the transmission system operator (TSO) 

and the distribution system operator (DSO) as a demand-side flexibility provider. 

¢{hǎ ǎƘƻǳƭŘ ōŜ ŀǿŀǊŜ ƻŦ ǘƘŜ ǎŜŎǳǊƛǘȅ ƻŦ ǘƘŜ ŘƛǎǘǊƛōǳǘƛƻƴ ǎȅǎǘŜƳΣ ŀƴŘ ǘƘŜ 5{hΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎ ŦƻǊ 5{a ƛƴ ƛǘǎ 
network. Similarly, the TSO should be informed of any DSO request for DSM services, which could have an 
impact on the operation of the power system as a whole (i.e., security, energy balancing and frequency 
control). Furthermore, TSOs and DSOs should put in place measures to ensure that the DSM action will not 
endanger the security of the distribution system. Several coordination schemes are examined in this 
respect: centralised and local ancillary service (AS) market models, shared balancing responsibility model, 
common TSO-DSO AS market model and integrated flexibility market model.  

3) Theoretical and practical insights into the technical requirements and obstacles in the interaction 

between the TSO and the DSM providers.    

The TSO, which is responsible for balancing the grid, is one of the main procurers of flexibility services. 
Another function of flexibility is to manage congestion in the distribution network for which the DSO is the 
buyer of flexibility. The third usage of flexibility is for portfolio optimization - the market players (e.g., 
aggregators, suppliers, Balance Responsible Parties, etc.) can obtain flexibility services to fulfil their energy 
obligations in a cost-efficient way. The interaction between the TSOs and DSM providers is determined 
both by tƘŜ ¢{hΩǎ ǊŜǉǳƛǊŜƳŜƴǘǎ ŀƴŘ ǘŜŎƘƴƛŎŀƭ ŀƴŘ ǘŜŎƘƴƻƭƻƎƛŎŀƭ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ƻŦ ǘƘŜ 5{a ǇǊƻǾƛŘŜǊǎΦ Lǘ ƛǎ 
therefore very important to create an interface that will allow both sides to cooperate effectively and 
timely in real time situations. 

In addition to the above contributions, the report defines the main participants in the DSM-IP and suggests 
procedures for facilitating interaction between them. These procedures, as well as the overall architecture 
of DSM-IP, will be further developed and reported in D9.3 DSM-IP Platform. 
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1 INTRODUCTION  

1.1 PURPOSE OF THE DOCUMENT 

This report aims to identify and assess the feasibility of using demand side management (DSM) at a national 
and transnational level for improving cross border power transfers and associated issues in a transmission 
system with increased penetration of renewable energy sources (RES). It analyses the technical 
requirements for large-scale DSM deployment for transmission network operability support and develops a 
preliminary set of demonstration activities based on operational experience of the local transmission 
system operators (TSOs). At this stage, the analysis is performed in a simulated environment, on a generic 
network model. The conclusions of this analysis will be used for further development of test scenarios and 
a series of studies (demonstration activities) which will be performed either on representative network 
models of the local TSOs or on site. Furthermore, the technical requirements and possible obstacles in the 
coordination between the TSO and the DSM providers (or a distribution system operator, i.e., the DSO), as 
a critical enabler for the operation of the DSM-IP, are analysed. 

1.2 SCOPE OF THE DOCUMENT  

The report introduces the main actors participating in the DSM-IP and the procedures supporting 
interaction between them. It continues by analysing the possible impact of wide-scale DSM on different 
aspects of power system steady state and stability performance using a generic network model illustrating 
an interconnected transmission system. The analysis includes the effect of different load types and demand 
composition participating in DSM on the transmission network performance indices. Following this, a 
preliminary DSM-IP demonstration plan is presented, describing the proposed demonstration activities 
related to different experiments defined based on the HLU6 use cases. Furthermore, the report gives both 
theoretical and practical insights into the coordination between the two main actors in the platform: the 
TSO and the DSM provider (or the DSO). Technical and regulatory enablers and obstacles in the 
coordination are also presented in the document. Finally, the report introduces a high level architecture of 
the TSO-DSO coordination platform developed in a demonstration site in Greece.  

1.3 STRUCTURE OF THE DOCUMENT  

The document is organised into six sections. This section (section 1) is the introductory section, providing 
the overview of the deliverable, focusing on the scope of the document. 

Section 2 describes the main actors participating in DSM-IP, with an overview of the interconnections 
between them.   

Section 3 presents a probabilistic analysis of the possible effects wide-scale DSM could have on different 
aspects of the stability of the transmission networks with increased penetration of renewable generation. It 
also introduces the preliminary demonstration plan and possible options for monitoring the DSM assets 
during the demonstration.  

Section 4 details on technical characteristics and constraints in the coordination between TSOs and DSM 
providers, and provides practical insights taking as an example the Interruptible Load Service in Greece.   

Section 5 provides a literature review on the possible coordination schemes between TSO and DSO in the 
Greek demonstration site in Peloponnese. It also introduces a high-level architecture of the ADMIE-HEDNO 
coordination platform with some practical insights.   

Section 6 provides a summary with concluding remarks.  
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2 THE ROLE OF ACTORS IN DSM-IP  
 

Based on the definitions provided in previous CROSSBOW deliverable D2.2 CROSSBOW Use cases, scenarios 
and KPIs identification, where the initial definition of the roles and actors involved in CROSSBOW project is 
provided, this section describes the specific roles of each actor participating in DSM campaigns as potential 
users of DSM-IP. 

2.1 Details about the role of each actor in DSM-IP  

Within the DSM framework, CROSSBOW project focuses its demonstrations on demand response (DR) 
programs for prosumers connected to transmission network (e.g., large industrial users). This means that 
small and medium-sized enterprises, community and individual residential users are not considered within 
the project scope for DSM. Therefore, the following ecosystem of actors has been identified to meet the 
particular conditions of DSM-IP at CROSSBOW project (some descriptions rely on the roles defined in [1, 2]): 

2.1.1 Market operator  

DSM is considered to be one of the key elements of restructured power systems. For the electricity market 
operator, the coordination of DSM programs is a critical concern. The coordination is further intensified by 
the addition of distributed renewable energy companies from the supply side. 

The market operator is a centralized institution being responsible for the operation of an organized market 
for the commercial exchange of energy or other products on behalf of market participants [3]. Its functions 
are: 

¶ Implementation of market rules; 

¶ Registration of market participants; 

¶ Receiving bids/offers from market participants; 

¶ Market clearing and 

¶ Delivery, settlement and invoicing. 

The market operator places its DR requirement and seeks participation from the prosumers. The prosumer 
aims to value the flexibility of its DR capability. Based on the wholesale forecasted price, the prosumer 
updates its bidding strategy for deciding to participate or not, when a market operator sends a load 
demand reduction request.  

2.1.2 BRP 

A Balance Responsible Party (BRP) is responsible for actively balancing supply and demand for its portfolio 
of producers and prosumers in the most economical way. Since supply and demand must be continuously 
in balance, BRP forecasts the energy demand of the prosumers in its portfolio and seeks the most 
economical solution to supply the requested energy. 

ENTSO-E Supporting Document for the Network Code on Electricity Balancing [4] defines the role of the 
BRPs and involves the responsibility of market players to balance the system. As described by ENTSO-E, the 
BRPs are financially responsible for keeping their own Position (sum of their injections, withdrawals and 
trades) balanced over a given timeframe ς the Imbalance Settlement Period. Depending on the state of the 
system, an Imbalance charge is imposed per Imbalance Settlement Period on the BRPs that are not in 
balance. This defines the Imbalance Settlement, which is a core element of Balancing Markets. It typically 
aims at recovering the costs of balancing the system and may include incentives for the market to reduce 
Imbalances ς e.g., with references to the wholesale market design ς while transferring the financial risk of 
Imbalances to BRPs. 
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The BRP can source the requested energy in two ways: directly by dispatching power plants with which it 
has a contractual agreement, or indirectly via trading on the various energy markets. Trading on the 
balancing market and supporting the TSO in maintaining the system balance can create additional value. 

2.1.3 TSO 

The TSO is responsible for the transport of energy in a given area from energy producers to dispersed 
industrial energy consumers and distribution grid operators over its high voltage grid. Moreover, it 
operates interconnectors with other high voltage grids of neighbouring regions and countries. The TSO 
ensures the long-term ability of the system to meet reasonable demands for the transmission of electricity. 
The introduction of the capacity management regime will result in reduced peak loads of the system 
providing new options for load flow optimization of the transmission grid but it will also impact the long 
term planning of the transmission grid capacity since it will enhance the ability to transport more energy 
with the same physical infrastructure. The TSO is responsible for maintaining the system balance and will 
take corrective actions to restore it by procuring flexible power from the market. 

According to [4, 5], TSOs are responsible for a stable power system operation (including the organization of 
physical balance) through a transmission grid in a geographical area. The TSO will also determine and be 
responsible for cross-border capacity and exchanges. If necessary, it may reduce the allocated capacity to 
ensure operational stability. 

Traditionally, TSOs have played the role of system operators and have been responsible for system stability. 
Under the Third Energy Package Directive 2009/72/EC [6], system operators (i.e., TSOs and DSOs) are 
subject to unbundling requirements, precluding generation and supply, due to their natural monopoly 
status. Instead, they should focus on transmission and/or distribution, operational security, maintaining 
system balance and offering other ancillary services (AS).  

The TSO validates if the transport of energy expected by all BRPs connected to its grid can be executed 
reliably and safely. The TSO continuously monitors the network conditions and when imbalances arise the 
TSO buys power on the balancing market from the BRPs to balance the system. 

The TSO validates if the expected import/export of energy at the grid connections with the DSOs can be 
executed safely and reliably. If so, the TSO will transport this energy from/to these grid connection points.  

2.1.4 Supplier 

The role of a supplier is to buy energy from energy producers at wholesale prices, and sell it to its 
customers at retail prices. The supplier agrees on commercial conditions with its customers for the supply 
and procurement of energy. With the advent of DR programs, they can also play, analogously to 
distribution level, the role of aggregators of flexibility which is then sold to TSOs.  

The contract for the supply of energy to the prosumers and vice versa has to be agreed between the 
supplier and prosumer. Although third parties can operate as a white label under the auspices of the supply 
permit of the supplier the responsibilities remain with the supplier. In the contract between the supplier 
and the prosumers, the operating conditions for the demand response service are defined as well.  

Furthermore, the supplier has a contract with the BRP that defines the commercial conditions under which 
the BRP sources the energy demand/supply of the portfolio of prosumers under contract with the supplier. 

2.1.5 Prosumer (C&I) 

The role of the consumer transforms into a prosumer, a consumption-side entity, which is producing power 
in addition to consuming. These can be large or medium-sized commercial or industrial customers, but 
more recently, also small and medium enterprises (SME), community and residential users. Nonetheless, 
residential end-users and small and medium-sized enterprises are out of scope of the study as mentioned 
before. Consumers become prosumers as active up- and downloaders of energy, offering their flexibility 
resulting from active demand and supply of energy to the local market. Empowered by new added value 
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services, they economically optimize the use of their assets by creating their own profitable business 
models for the purpose of trading their flexibility. 

A prosumer is an active participant balancing the grid through the use of DG technologies, energy storage 
units, and smart meter equipment: the locally produced and/or stored energy can feed local consumption, 
if the need to offload the grid arises in response to DR signals. Similarly, excess power produced or stored 
can be fed into the grid, whenever the prosumer finds it profitable to do so.  

The end-user controls the user settings of the smart energy appliances and assets that are controlled for DR 
purposes. It should be noted that these settings might influence the flexibility that these appliances and 
assets can offer. The DR mechanism involving load/appliances needs to be automated and aided with 
communication technology. The end-users may be equipped with an energy management system (EMS) 
which enables ON/OFF modes for the DR-capable appliances. The general idea of DR programs is to impede 
the principal function of the device (appliance) in a minimally invasive manner [7]. As the end-users 
experience temporary inconvenience due to the load adjustment, they can calibrate their inconvenience in 
the EMS. 

2.1.6 Aggregator  

The aggregators are entities which accumulate flexibility from prosumers and sell it to the supplier, the 
DSO or the TSO. Therefore, they serve as BSPs from the supply side. Aggregators accumulate the 
flexibility of many residential and SME consumers to curtail, interrupt, or shift their load on short notice 
in the event of DR. This aggregated flexibility is then treated as a single resource and is sold to suppliers, 
the DSO or TSO. Aggregators perform the following functions: 

¶ Collecting and storing measurement data; 

¶ Consumption and flexibility forecasting; 

¶ Market and consumer portfolio management; 

¶ Settlement and billing; 

¶ Operational optimization and 

¶ Short-term market price forecasting. 

Sometimes the role of the aggregator is taken by entities that also supply electricity in the retail market, 
predominantly for implicit DR campaigns. In this case, aggregation services should be unbundled from 
energy provision. Aggregators managing explicit DR campaigns are usually independent entities. The 
aggregate flexibility offered by aggregators is profoundly based on smart meter equipment, which monitors 
the load demand of consumers in real time. 

As mentioned in previous deliverable D9.1 άtǊŀŎǘƛŎŀƭ ŀǇǇǊƻŀŎƘŜǎ ǘƻ 5{a ŦƻǊ ǿƛŘŜ ǎŎŀƭŜ Ǌƻƭƭ ƻǳǘέΣ ǘƘŜ 
aggregator has two main roles:  

1) To identify and aggregate consumersΩ flexibility, which represents the willingness of the consumer 
to change its load profile.  

2) To offer its services/products to different market participants in the organized market or through 
bilateral contracts.  

Various definitions may be used to describe the role of the aggregator. According to [8], the aggregator 
άƘŀǎ ŜƴǘŜǊŜŘ ƛƴǘƻ ŀƴ ŀƎǊŜŜƳŜƴǘ ǿƛǘƘ ŀƴ ŜƭŜŎǘǊƛŎƛǘȅ ŎǳǎǘƻƳŜǊ ƻƴ ŀŎŎŜǎǎ ǘƻ ŘƛǎǇƻǎƛƴƎ ƻŦ ǘƘŜ ŜƭŜŎǘǊƛŎƛǘȅ 
customer's flexible consumption and/or generation in the electricity market. The aggregator pools flexibility 
from customers and converts it into electricity market services, for instance, to be used by the Transmission 
system operator (TSO), Distribution sysǘŜƳ ƻǇŜǊŀǘƻǊ ό5{hύ ŀƴŘκƻǊ .wtΦέ 

Aggregation can be provided by electricity suppliers, as well as independent aggregators. Enabling both 
types of actors to exist and compete in the market is significant for market competition. In any case, the 
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roles and responsibilities of the aggregator should be clearly defined. Standardizing the processes between 
the supplier/BRP and the aggregators is actually the most important enabler for DSM market participation. 
The aggregator can facilitate the process of pre-qualification for the load which may be required prior to 
participation in the provision of various products. In those cases, the aggregator is responsible for the 
whole process and acts as a mediator for its group of users, which relieves the pre-qualification procedure. 
The supplier and aggregator sign a framework contract for all prosumers serviced by the aggregator. This 
framework contract defines the operating conditions for the DR service executed by the aggregator acting 
under the flag of the supplier and corresponds with the conditions agreed between the supplier and 
prosumer. The aggregator controls the active demand and supply assets and appliances of the prosumers. 
Based on demand and supply forecast and the expected flexibility, the aggregator optimizes its complete 
portfolio. Finally, the aggregator and BRP negotiate on how to mutually optimize their portfolios and find 
the lowest operational costs. 

2.1.7 DSO  

According to CEER 2015 [5], a DSO is an entity responsible for the distribution network planning and 
development, as well as for the safe and secure operation and management of the distribution system. It is 
also responsible for data management associated with the use of the distribution system and for 
procurement of flexibility services from aggregators. 

DSOs are subject to unbundling requirements, similar to TSOs, and can engage in non-regulated and/or 
market-related activities only under specific circumstances. Instead, they should normally act as market 
facilitators [5, 9]: 

¶ Data ownership and openness requirements (Data Provider actor and their facilitation); 

¶ Ownership of meters. 

The DSO is responsible for the active management of the distribution grid and introduces the system 
operation services that are obtained from the aggregators in its network and purchased to execute its 
system operations tasks. The DSO is responsible for the cost-effective distribution of energy while 
maintaining grid stability in a given region. 

The DSO formally agrees on a framework contract with the supplier that defines the conditions under 
which the aggregator can negotiate the condition to provide flexibility to the DSO. These conditions should 
be reflected in the framework agreement between the supplier and the aggregator.  

The DSO validates that the expected amount of energy supplied and/or procured can be distributed safely 
and reliably to/from the prosumers as expected by the prosumersΩ aggregator. If so, the DSO will distribute 
this energy from/to these prosumers.  

In case the DSO expects congestion issues in its distribution grid, it will procure flexibility from all 
aggregators that actively offer flexibility to the DSO at that moment. This can be done either by activation 
of flexibility options or by procuring flexibility on a local market. Operating conditions are formally covered 
by the framework contract between the DSO and supplier. 

2.2 Procedures supporting the interaction between DSM-IP actors  

In the smart grid concept, different actors contribute to the grid stabilization and the security of supply. 
This is opposite to the traditional role of the system operator directly controlling all the resources according 
to their internal security algorithms. The actors previously identified interact among each other to 
accomplish their objectives, whether they are economical, security or social welfare.  

In the deregulated environments (e.g., in EU countries), the entrance of competitors to buy and sell 
electricity is allowed by permitting market participants to invest in power plants, transmission lines, 
demand side management services, etc. The natural way of interaction in such an environment is the 
existence of different types of electricity markets. Standard types of products are exchanged in these 
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markets for balancing, ancillary services, reserves, etc. The system operator will make use of the market 
results to decide on the most appropriate (and cheapest) solutions to operate the grid. The traditional 
interactions and relations among actors are the following: 

¶ BRP actor must balance the position of its portfolio and is responsible for the imbalances. It may 
have contractual agreements with suppliers. 

¶ At the same time, suppliers have contracts with prosumers and are responsible for billing them. 
Supplier and BRP also have a contractual agreement. 

¶ Prosumers can get their energy from the TSOs, but normally they are connected to the DSOs. DSOs 
are responsible to physically provide energy to the prosumers on the LV and MV side. DSO receives 
the measurements from the prosumersΩ ǎƳŀǊǘ ƳŜǘŜǊǎ ōȅ ǳǎƛƴƎ ǎƻƳŜ ǊŜƳƻǘŜ ǇǊƻǘƻŎƻƭΣ ƴƻǊƳŀƭƭȅ 
DLMS/COSEM in EU. As the next step, DSO sends to the appropriate supplier the information about 
the consumption of the prosumers contractually linked with the supplier. No standard procedure is 
defined for such an exchange of information. 

¶ In case the prosumer sells the energy surplus, it has to go to the market, either directly or by 
contracting a BRP for this. 

When DSM is considered, the relations are expanded in the following way: 

¶ Aggregators have a contractual relation with prosumers at the DSO or TSO side. They may request 
demand response campaign participation to the prosumers.  

¶ Aggregators offer to the TSO/DSO a way to balance their network, by first estimating their 
available flexibility and then measuring the performance of the aforementioned service. This 
service is offered market-based, where the TSOs/DSOs query the aggregators about the conditions 
for the demand side changes that they can offer and the price of activation. The most economically 
efficient option is then selected. 

¶ Aggregators either send to the linked prosumers the details of the demand response campaign for 
them to join or not (explicit demand response), or they directly control the prosumerǎΩ assets 
(implicit demand response). 

¶ The prosumers connected to TSO side (normally large industrial consumers), in case they are willing 
to provide DSM services, have to activate links with some actors: 

o They have to offer the energy in the market; even though the arrangements can be fixed 
for a long time (interruptible services), they have to be assigned in a competitive way 

o They have to send the energy measurements periodically to the TSO/DSO for them to 
evaluate the security of supply 

o They may eventually receive requests from TSO (or DSO if such competences are 
transferred downwards) for the activation of the services offered (load-shedding, 
consumption limitation, etc.) in the agreed terms. 

2.3 Summary  

Different new actors have recently become part of DSM strategies in order to enable participation in DR 
campaigns to a wider audience, thus allowing power systems to be more resilient. The role of actors in 
DSM-IP has been consequently defined to ensure efficient operation of DR campaigns under the same 
conditions for all the actors involved while ensuring the security and reliability of the grid. 

For this purpose, the roles and responsibilities of each actor, as well as the interactions between them, are 
described to serve as a reference framework to DSM-IP design, development and operation within the 
CROSSBOW project. Specifically, the following roles participating in DSM-IP are described: market operator, 
BRP, supplier, prosumer, TSO, DSO and aggregator. 
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3 DSM POTENTIAL AND DSM SCENARIOS  
 

This section shows the analysis of DSM effects on transmission network stability performance considering 
current and possible future DSM potential and RES penetration levels in the regional TSOs, namely EMS, 
HOPS, CGES and NOSBIH. The probabilistic analyses are performed on a generic test system, widely used in 
the literature [10, 11], allowing a realistic assessment of the influence of low carbon technologies on the 
performance of a transmission system comprising several interconnected areas. The results, which are 
presented in this report, serve as an illustration of the possible impact of large-scale DSM on the operation 
of individual/multiple transmission networks, but also on the power transfers between them. As the next 
step, with the deployment of monitoring devices in the networks of the four TSOs and with further 
development of DSM-IP, similar analyses will be performed on the equivalent network representing the 
four interconnected systems using actual data (daily loading curves of DSM assets and daily generation 
curves of RES). These results will be presented in D9.3 DSM-IP platform.  

3.1 Potential of DSM in normal and disturbed operating conditions  

The potential and the impact of DSM in normal and disturbed system operating conditions will be 
illustrated based on a widely adopted transmission level test system (IEEE 68-bus NETS-NYPS test system).  
The impact of DSM in normal system operating conditions will be assessed by analysing power transfers 
over cross-border tie-lines and voltage magnitudes of corresponding terminal buses. On the other hand, 
the influence of DSM in disturbed system operating conditions will be investigated by looking into power 
system angular and frequency stability. Moreover, the importance of the type and composition of demand 
on the impact of DSM on power system angular and frequency stability will also be discussed to emphasise 
the importance of accurate and realistic load modelling in system dynamic studies with the consideration of 
DSM. 

3.1.1 System under study and further modifications 

A modified version of the IEEE 68-bus NETS-NYPS (New England Test System ς New York Power System) 
test system is utilised in order to investigate the impacts of DSM in normal and disturbed system operating 
conditions at transmission level. The single line diagram of this test system is shown in Figure 3.1, showing 
five areas interconnected by eight tie-lines (marked in red), and 16 synchronous generators distributed 
across different areas. The system contains thirty-five loads that have been divided into two categories 
depending on their demand size, namely large industrial customers and distribution networks. In addition, 
10 renewable generation points have been modelled as either a wind farm or a photovoltaic (PV) power 
plant. More details about the test system can be found in [10, 11].  

 

Figure 3.1 Modified IEEE 68-bus NETS-NYPS test system 
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In order to account for uncertainties related to demand and renewable generation, probabilistic analysis 
has been adopted instead of a deterministic one. With the consideration of variability of renewable 
generation and load demand, daily renewable generation curves for wind turbines and PV panels have 
been modelled and incorporated in the aforementioned test system [12], as well as daily load demand 
curves for large industrial customers and distribution networks [13]. As a consequence of the stochastic 
nature of renewable generation and increased variability of load demand, system operational uncertainties 
associated with these have been considered and modelled. All uncertainty inputs with corresponding 
probability distributions and modelling parameters are listed in Table 3.1. As shown in the table, it has been 
assumed that wind speed and power output of PV panels follow a Weibull distribution [14] and a Beta 
distribution [15], respectively. The load demand follows a normal distribution with a standard deviation of 
3.33%, while the mean values are determined based on the daily load demand curve [16]. Finally, fault lines 
and fault locations are selected randomly, while fault durations follow a normal distribution with a mean 
value of 13 cycles (260 ms) and a standard deviation of 6.67% in order to ensure that significant rotor angle 
deviations can be observed during disturbed operating periods [17]. 

  Table 3.1 System uncertainties input, corresponding probability distribution and modelling 
parameters [14-17]   

Input Uncertainties Probability Distributions Modelling Parameters 

Wind Speed Weibull Distribution ‌ ςȢς, ‍ ρρȢρ 

PV Output Beta Distribution a = 13.7, b=1.3 

Load Demand Normal Distribution Mean based on loading curves, „ σȢσσϷ 

Fault Line Randomly - 

Fault Location Randomly - 

Fault Duration Normal Distribution Mean = 13 cycles,  „ φȢφχϷ 

 

3.1.2 DSM deployment approaches 

DSM can be used to provide balancing services by selling load flexibility [18]. This will in turn  compensate 
RES volatility [19], provide regulation services [20], or defer investment and contribute to network security 
and reliability [21, 22]. The DSM program adopted in this study is load shifting, which means that load 
demand is curtailed (disconnected) during peak hours and reconnected during off-peak hours. Two load-
shifting scenarios have been developed to analyse the effects of this approach: 

¶ In the first scenario, DSM is only applied at the four most critical loads ranked based on their 
impact on the system angular stability [23].  

¶ In the second scenario, a wide-scale DSM deployment is implemented, where all thirty-five loads 
participate in the DSM action.  

It should be noted that in both scenarios, a further assumption has been made that the entire load that is 
curtailed during peak hours is reconnected during off-peak hours. These two load-shifting scenarios will be 
introduced and discussed separately in the following sub-sections. 

3.1.2.1 Load shifting scenario 1 

This load-shifting scenario is used to investigate the impact of DSM in normal and disturbed operating 
conditions. As mentioned above, only four most critical loads are involved in this scenario, namely loads 
connected to buses 17, 18, 41 and 42. These four loads have the largest rated load demand, and two of 
them are modelled as large industrial customers, while the other two are modelled as distribution 
networks. It is assumed that the DSM program (load disconnection or load reconnection) is applied at 11 
out of 24 hours of the day. The normalised system load demand curves before and after DSM actions are 
shown in Figure 3.2. Furthermore, the DSM application hours with corresponding DSM capacities (in 
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percentage) are listed in Table 3.2, where load reconnection has been marked with upward arrows and 
load curtailment has been marked with downward arrows. The four DSM assets share the same DSM 
capacity at each hour and all DSM capacities mentioned in Table 3.2 are calculated according to (3.1). 

DSM Capacity (%) = 
       ȟ ȟ   

       ȟ ȟ   
  100%                           (3.1) 

 

Figure 3.2 Normalised system daily loading curves (without/with DSM) in scenario 1 [13] 

 

Table 3.2 DSM application hours and corresponding DSM capacity (%) in scenario 1 

DSM Application Hour DSM Capacity (%) DSM Application Hour DSM Capacity (%) 

1:00 11.7 ᴻ  16:00 12.5 Ȣ  

2:00 12.1 ᴻ  17:00 16.6 Ȣ  

3:00 12.7 ᴻ  18:00 9.4 Ȣ  

4:00 36.3 ᴻ  19:00 6.7 Ȣ  

5:00 3 ᴻ  24:00 12.8 ᴻ  

11:00 6 Ȣ  - - 

 

3.1.2.2 Load shifting scenario 2  

In the second load-shifting scenario, all loads participate in the DSM program which is applied at 16 out of 
24 hours of the day. This load-shifting scenario is mainly adopted to study the importance of the type and 
composition of demand on the influence of DSM on power system angular and frequency stability. The 
total system load demand curves before and after DSM actions are shown in Figure 3.3, and DSM 
application hours with corresponding DSM capacities (in percentage) are summarised in Table 3.3, where 
load reconnection has been marked with upward arrows and load curtailment has been marked with 
downward arrows. All DSM capacities in Table 3.3 are derived based on (3.2). 

ὈὛὓ ὅὥὴὥὧὭὸώ Ϸ  
       

        
 ϽρππϷ                   (3.2) 
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Figure 3.3 Normalised system daily loading curves (without/with DSM) in scenario 2 [13] 

 

Table 3.3 DSM application hours and corresponding DSM capacity (%) of scenario 2 

DSM Application Hour DSM Capacity (%) DSM Application Hour DSM Capacity (%) 

1:00 31.1 ᴻ  15:00 11.7 Ȣ  

2:00 35.5 ᴻ  16:00 17.6 Ȣ  

3:00 41.7 ᴻ  17:00 19.8 Ȣ  

4:00 60.7 ᴻ  18:00 15.9 Ȣ  

5:00 36.3 ᴻ  19:00 14.4 Ȣ  

10:00 11.1 Ȣ  20:00 12.2 Ȣ  

11:00 14.2 Ȣ  21:00 10.4 Ȣ  

12:00 12.3 Ȣ  24:00 24.2 ᴻ  

3.1.3 Stability indices 

The quantification of system stability performance is achieved by corresponding stability indices: 

¶ Damping of the most critical electromechanical mode and Transient Stability Index (TSI) are 
adopted to quantify system small disturbance and transient stability, respectively.  

¶ Frequency stability, frequency nadir and Rate of Change of Frequency (ROCOF) are used to assess 
system frequency stability performance.  

Damping of the most critical electromechanical mode and TSI can be derived from (3.3) and (3.4). 

‗  „ Ὦ(3.3)                                                                          ‫ 

ὝὛὍρππϽ                                                                 (3.4) 

 

‗ is the eigenvalue of the most critical electromechanical mode, while „ and are corresponding real and ‫ 
imaginary part of the same oscillation mode. „ and are also known as damping and frequency of that ‫ 
mode [24]. On the other hand, system transient stability is assessed with (3.4), where ‏  is the maximum 
angle deviation between any two generators in the system after being subject to a severe disturbance. 
Larger magnitudes of damping (absolute values) and larger TSI values indicate better angular stability 
performances. 
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Frequency nadir can be defined as the frequency value when it reaches the largest deviation (positive or 
negative) during a frequency excursion following a disturbance, while ROCOF is determined according to 
(3.5): 

ὙὕὅὕὊὌᾀȾί  
ȿ  ȿ

 
                                                (3.5) 

In (3.5), Ὢ  is the frequency nadir, Ὢ  is the rated frequency of the system (50 Hz), ὸ  and 
ὸ  are the time of frequency nadir and disturbance occurrences, respectively. System frequency 
stability performance can be indicated by ROCOF in such a way that larger ROCOF means worse frequency 
stability performance and vice versa. 

It is important to note that a Monte Carlo based probabilistic analysis method has been implemented in 
this study with the mean values of corresponding stability indices used to represent the power system 
stability performance. 

3.1.4 Case studies 

In order to study the effect of DSM in normal and disturbed operating conditions with different renewable 
penetration levels and system loading levels, four study cases have been developed as shown in Table 3.4. 
These case studies illustrate realistically the future RES penetration levels in the South-East European 
region.  

Table 3.4 Study cases 

Case Name Renewable Penetration Level System Loading Level Load Shifting Scenario 

Case 1 0% 100% Scenario 1 

Case 2 30% 100% Scenario 1 

Case 3 60% 60% Scenario 1 

Case 4 60% 60% Scenario 2 

 

In Table 3.4, renewable penetration level is calculated based on (3.6), and system loading levels are 
adjusted by reducing all load demands simultaneously, e.g., to obtain 60% loading level, all system loads 
reduce their load demands by 40%. System inertia levels are reduced as a consequence of renewable 
generation integration and system de-loading, which is performed by decreasing the apparent power of all 
synchronous machines. 

ὙὩὲὩύὥὦὰὩ ὖὩὲὩὸὶὥὸὭέὲ ὒὩὺὩὰ  
    

     
                           (3.6) 

3.1.5 Impact of DSM on steady state voltage magnitudes and power transfers between areas 

As shown in Figure 3.1, there are eight tie-lines in the test system. Line 42 (L42) and L43, however, are 
parallel lines connecting the same terminal bus; the same situation can be observed with L45 and L46. 
Therefore, L43 and L46 are selected to show the changes of power transfers between terminal bus bars. 
The study presented in this sub-section is performed for Case 3 (60% renewable penetration level, 60% 
loading level and load shifting scenario 1) as the most critical one. 

The results of power transfer changes in tie-lines (L43, L44, L46, L67, L70 and L72) due to DSM deployment 
(scenario 1) are shown in Table 3.5 as percentage values. All percentage changes in the remaining sub-
sections are derived according to (3.7). In Table 3.5, numbers with upward arrows indicate power transfer 
is increased and numbers with downward arrows mean power transfer has been decreased. 

ὖὩὶὧὩὲὸὥὫὩ ὅὬὥὲὫὩ 
    

  
 ϽρππϷ                                   (3.7) 
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Based on Table 3.5 and Figure 3.1, load reconnection in external areas and NYPS will lead to an increase of 
power transfer in tie-lines between NETS and NYPS (lines 43, 44 and 46). For tie-lines connecting NYPS and 
external areas, only line 72 has increased power due to load reconnection, while power transfers in lines 67 
and 70 reduced. When load curtailments are applied, lines 43, 44, 46 and 72 have a reduced power transfer 
and lines 67 and 70 have an increased power transfer. Furthermore, the magnitude of power transfer 
changes is related to DSM capacity directly, as larger DSM capacity leads to larger changes in power 
transfer of tie-lines and smaller DSM capacity results in smaller changes in power transfer of tie-lines. 

Table 3.5 Steady state power transfer changes (%) of tie-lines in Case 3 

Hour Line 43 Line 44 Line 46 Line 67 Line 70 Line 72 

1:00 44.06% ᴻ  45.10% ᴻ  31.68% ᴻ  23.83% Ȣ  20.81% Ȣ  61.67% ᴻ  

2:00 33.67% ᴻ  30.17% ᴻ  27.39% ᴻ  25.10% Ȣ  21.60% Ȣ  75.39% ᴻ  

3:00 36.36% ᴻ  34.99% ᴻ  27.44% ᴻ  33.14% Ȣ  25.72% Ȣ  143.76%  ᴻ

4:00 100.09%  ᴻ 94.48% ᴻ  96.40% ᴻ  81.62% Ȣ  72.06% Ȣ  536.33%  ᴻ

5:00 6.43%  ᴻ 5.77%  ᴻ 5.86%  ᴻ 5.21%  Ȣ 2.91%  Ȣ 37.26% ᴻ  

11:00 13.37% Ȣ  14.23% Ȣ  15.60% Ȣ  53.22% ᴻ  33.58% ᴻ  23.28% Ȣ  

16:00 29.55% Ȣ  31.63% Ȣ  30.04% Ȣ  79.32% ᴻ  52.89% ᴻ  63.75% Ȣ  

17:00 37.36% Ȣ  39.27% Ȣ  37.11% Ȣ  136.11%  ᴻ 80.38% ᴻ  58.71% Ȣ  

18:00 22.75% Ȣ  23.30% Ȣ  19.87% Ȣ  57.15% ᴻ  37.37% ᴻ  63.31% Ȣ  

19:00 14.78% Ȣ  15.55% Ȣ  10.96% Ȣ  22.10% ᴻ  16.50% ᴻ  48.44% Ȣ  

24:00 31.41% ᴻ  30.06% ᴻ  22.77% ᴻ  29.69% Ȣ  24.00% Ȣ  191.35%  ᴻ

 
In terms of magnitudes of bus voltages, due to the fact that some tie-lines are sharing the same terminal 
bus, only 10 terminal bus bars will be investigated in this research. The simulation results of voltage 
magnitude changes in terminal buses as a result of DSM deployment are shown in Table 3.6 as percentage 
values, where numbers with upward arrows indicate voltage magnitude is increased and numbers with 
downward arrows mean voltage magnitude is decreased.  

According to Table 3.6, the changes in steady state voltage magnitude as a result of DSM application are 
very small.  

Table 3.6 Steady state bus voltage changes (%) of terminal buses in Case 3 

Hour Bus18 Bus27 Bus40 Bus41 Bus49 Bus50 Bus53 Bus54 Bus60 Bus61 

1:00 0.27%ᴻ  0.33%ᴻ  0.31%Ȣ  0.30%Ȣ  0.08%ᴻ  0.03%ᴻ  0.17%ᴻ  0.22%ᴻ  0.19%ᴻ  0.23%ᴻ  

2:00 0.00%ᴻ  0.43%ᴻ  0.35%Ȣ  0.53%Ȣ  0.04%Ȣ  0.20%Ȣ  0.17%ᴻ  0.28%ᴻ  0.22%ᴻ  0.21%ᴻ  

3:00 0.12%ᴻ  0.47%ᴻ  0.42%Ȣ  0.59%Ȣ  0.04%Ȣ  0.16%Ȣ  0.16%ᴻ  0.31%ᴻ  0.23%ᴻ  0.21%ᴻ  

4:00 0.11%ᴻ  1.07%ᴻ  1.24%Ȣ  1.23%Ȣ  0.44%Ȣ  0.80%Ȣ  0.17%ᴻ  0.63%ᴻ  0.36%ᴻ  0.28%ᴻ  

5:00 0.06%Ȣ  0.07%ᴻ  0.06%Ȣ  0.10%Ȣ  0.06%Ȣ  0.10%Ȣ  0.02%ᴻ  0.05%ᴻ  0.02%ᴻ  0.02%ᴻ  

11:00 0.13%Ȣ  0.05%Ȣ  0.58%ᴻ  0.11%ᴻ  0.29%ᴻ  0.45%ᴻ  0.17%ᴻ  0.05%ᴻ  0.16%ᴻ  0.17%ᴻ  

16:00 1.47%Ȣ  0.38%Ȣ  0.89%ᴻ  0.15%ᴻ  0.11%Ȣ  0.04%Ȣ  0.13%Ȣ  0.21%Ȣ  0.10%Ȣ  0.24%Ȣ  

17:00 2.68%Ȣ  0.82%Ȣ  1.41%ᴻ  0.20%ᴻ  0.46%Ȣ  0.51%Ȣ  0.40%Ȣ  0.54%Ȣ  0.43%Ȣ  0.63%Ȣ  

18:00 1.71%Ȣ  0.48%Ȣ  0.82%ᴻ  0.04%Ȣ  0.39%Ȣ  0.46%Ȣ  0.27%Ȣ  0.33%Ȣ  0.32%Ȣ  0.44%Ȣ  

19:00 1.01%Ȣ  0.30%Ȣ  0.54%ᴻ  0.07%ᴻ  0.24%Ȣ  0.22%Ȣ  0.20%Ȣ  0.23%Ȣ  0.25%Ȣ  0.31%Ȣ  

24:00 0.08%ᴻ  0.57%ᴻ  0.66%Ȣ  0.74% 0.09%Ȣ  0.30%Ȣ  0.21%ᴻ  0.39%ᴻ  0.31%ᴻ  0.29%ᴻ  
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Some buses have increased voltage magnitude when the load increases and some buses have reduced 
voltage magnitude at the same DSM application hours. Similarly to the power transfer changes, larger DSM 
capacities lead to a larger change of voltage magnitude, whether it increases or decreases, and smaller 
DSM capacities lead to smaller change of voltage magnitude. It can be noticed from Table 3.5 and Table 3.6 
that usually, if the power transfer in tie-lines increases, the voltage magnitudes of terminal buses increase. 
If the power transfer in tie-lines decreases, the voltage magnitudes of terminal buses decrease (line 43, 44, 
46 and 70). 

3.1.6 Impact of DSM on system angular stability performance 

This section focuses on illustrating and discussing the effect of DSM on system angular stability in disturbed 
system operating conditions. The analyses are made using load-shifting scenario 1 (Section 3.2.2.1). The 
results of the small-disturbance and transient stability analyses will be presented in Section 3.1.6.1 and 
Section 3.1.6.2, respectively. 

3.1.6.1 Impact of DSM on system small disturbance stability  

The sub-section shows the simulation results obtained in Cases 1 to 3 regarding system small disturbance 
stability performance. The daily mean values of damping in Cases 1 to 3 are shown in Figure 3.4 to Figure 
3.6, respectively. In these three cases, it has been assumed that the integration of renewable generation 
and system de-loading lead to reductions in system inertia. 

 

Figure 3.4 Daily mean values of damping in Case 1 (0% Renewable, 100% Loading) 

 

Figure 3.5 Daily mean values of damping in Case 2 (30% Renewable, 100% Loading) 
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Figure 3.6 Daily mean values of damping in Case 3 (60% Renewable, 60% Loading) 

From Figure 3.4, some significant changes of damping mean values can be observed at DSM application 
hours (hours 1, 2, 3, 4, 5, 11, 16, 17, 18, 19 and 24). Damping mean values in Case 1 at hours 1, 2, 3, 4, 5 
and 24 have been reduced due to the deployment of DSM. Furthermore, the damping mean values in Case 
1 at hours 11, 16, 17, 18 and 19 have been increased. According to Table 3.2, increasing load demand 
results in a reduction of damping mean values and vice versa. The reference case (Case 1) shows that the 
system small disturbance stability performance is improved with the reduction of load demand and 
reduced with load reconnection. 

In Cases 2 and 3, system inertia has been reduced because of the connection of renewable generators and 
system de-loading. Synchronous machines operate with smaller spare capacities and some synchronous 
machines operate at full capacity during peak hours.  

It can be seen in Figure 3.4 and Figure 3.5 that the system small disturbance stability performance before 
DSM application in Case 2 is even worse than in the reference case (Case 1). As mentioned before, system 
inertia is reduced due to the integration of RES and reduced apparent power of synchronous machines in 
this study. Therefore, synchronous machines have to operate with smaller spare capacity, which makes the 
system small disturbance stability performance worse.  

It can be seen from Figure 3.5 that DSM results in decreased damping mean values at hours 1, 2, 3, 4, 5 and 
24 and it results in increased damping mean values at hours 11, 16, 17, 18 and 19. This phenomenon is the 
same as the one found in Case 1, which means that in a system with reduced inertia and relatively high 
loading level, load disconnection can still enhance system small disturbance stability performance, while 
load reconnection leads to worse system small disturbance stability performance. 

In terms of Case 3, the system loading level has been reduced to 60% and renewable penetration level has 
been further increased. Due to the dramatically reduced system inertia, synchronous machines are 
operating with very small spare capacities and some synchronous machines are operating at their 
maximum power capacities. In Figure 3.6, it can be noticed that the blue dashed line is only higher than the 
blue solid line at hour 1, which means that DSM leads to worse system small disturbance stability 
performance only at hour 1. At other hours through the day, whether the loads are increased or decreased 
by DSM application, system small disturbance stability is always improved by the DSM actions.  

The percentage changes of damping mean values at DSM deployment hours of Cases 1 to 3 are 
summarised in Table 3.7, where numbers with upward arrows refer to the improvement of system small 
disturbance stability performance (increased absolute value of damping) and numbers with downward 
arrows indicate deterioration of the system small disturbance stability (decreased absolute value of 
damping). It can be seen from Table 3.7 that load curtailment can result in an improved system small 
disturbance stability performance in the reference system (system without renewable generators) and 
system with relatively low renewable penetration levels. On the other hand, load reconnection may 
deteriorate small disturbance stability. It has also been found that larger DSM capacity usually results in 
larger damping changes in Case 1 and Case 2. However, in Case 3, improvements of small disturbance 
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stability have been obtained at 10 out of 11 DSM application hours. Therefore, when the system inertia is 
reduced significantly, load reconnection can both improve and deteriorate small disturbance stability, while 
load curtailment leads to better stability.  

3.1.6.2 Impact of DSM on system transient stability  

Focusing on system transient stability performance with different renewable penetration levels, different 
system loading levels and DSM actions, the daily mean values of TSI in Cases 1 to 3 are shown in Figure 3.7 
to Figure 3.9, respectively. 

In the reference case (Case 1), as shown in Figure 3.7, drops of TSI mean values can be observed at all load 
reconnection hours (hours 1, 2, 3, 4, 5 and 24), while the values are increased at all load curtailment hours 
(hours 11, 16, 17, 18 and 19). This indicates that, for a system without renewable generation, load 
curtailment can improve system transient stability while load reconnection will deteriorate it. It should be 
noted that the system always remains transient stable in Case 1. 

Table 3.7 Damping mean value changes of Case 1 to Case 3 at DSM application hours 

Hour DSM Capacity Case 1 Case 2 Case 3 

1:00 11.70% ᴻ 5.47% Ȣ  2.91% Ȣ  45.44% Ȣ 

2:00 12.10% ᴻ 5.65% Ȣ  2.64% Ȣ  1.64% ᴻ  

3:00 12.70% ᴻ 5.66% Ȣ  4.50% Ȣ  1.69% ᴻ  

4:00 36.30% ᴻ 21.22% Ȣ 14.30% Ȣ 3.91% ᴻ  

5:00 3.00% ᴻ  1.09% Ȣ  0.93% Ȣ  0.13% ᴻ  

11:00 6.00% Ȣ  4.96% ᴻ  13.91% ᴻ 0.97% ᴻ  

16:00 12.50% Ȣ 9.97% ᴻ  29.67% ᴻ 14.97% ᴻ 

17:00 16.60% Ȣ 7.91% ᴻ  88.06% ᴻ 12.67% ᴻ 

18:00 9.40% Ȣ  6.84% ᴻ  14.29% ᴻ 9.13% ᴻ  

19:00 6.70% Ȣ  4.55% ᴻ  10.30% ᴻ 10.41% ᴻ 

24:00 12.80% ᴻ 6.48% Ȣ  4.03% Ȣ  1.64% ᴻ  

 

As mentioned previously, synchronous machines in the test system operate with very small or even no 
spare capacities in Cases 2 and 3. When a severe disturbance occurs in the system, those synchronous 
machines can only provide little or no stability support. As a result, power systems in Cases 2 and 3 are 
more prone to be transient unstable and TSI mean values are much lower than those obtained in Case 1. 

It can be noticed that TSI mean values in Case 2 (Figure 3.8) and Case 3 (Figure 3.9) are much lower than 
the TSI mean values in Case 1 (Figure 3.7), which is caused by the transient unstable results obtained at 
each hour during the simulation process. As discussed in Section 3.1.3 and based on (3.4), transient 
unstable cases result in negative TSI values, which will lead to negative mean values of the TSI if there are 
too many transient unstable results (as shown in Figure 3.9). By comparing Figure 3.8 and Figure 3.9, it can 
be noticed that system de-loading can endanger transient stability performance significantly, which is a 
consequence of the reduced system inertia. 

In terms of the impact of DSM, based on Figure 3.8, TSI mean values have been decreased at hours 2, 3, 4, 5 
and 24, while increased TSI mean values can be observed at hours 1, 11, 16, 17, 18 and 19. According to 
Table 3.2, system transient stability performance has been improved in Case 2 at all load curtailment hours 
and one load reconnection hour, and system transient stability performance becomes worse at most (5 out 
of 6) load reconnection hours. In a system with low loading, low inertia and high RES penetration (Case 3), 
DSM leads to deteriorated system transient stability performance most of the time. In this case, system 
transient stability performance is improved only at 3 DSM application hours (hours 5, 16 and 17). 
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The percentage changes of TSI mean values in Cases 1 to 3, and the number of unstable results for Cases 2 
and 3 at each DSM application hours are shown in Table 3.8. The numbers with upward arrow mean that 
transient stability performance is improved (TSI value increased) and numbers with downward arrow mean 
that transient stability performance is deteriorated (TSI value decreased). Furthermore, for the transient 
unstable cases, numbers with upward arrows indicate more transient unstable cases and numbers with 
downward arrows indicate less unstable cases. 

Based on Table 3.8, it can be noticed that the reduction in the number of unstable cases can be obtained at 
all load curtailment hours in Case 2. Furthermore, a larger change in the number of unstable cases leads to 
a larger change in TSI mean values. Regarding Case 3, only two hours with the curtailment of the largest 
DSM capacity (hours 16 and 17) can result in a decrease in the number of unstable cases, which leads to 
improvement of the transient stability performance at these two hours. Furthermore, transient stability 
performance is also improved at hour 5 with the load reconnection of the four selected loads. Unlike in the 
small disturbance stability study, DSM application will endanger system transient stability most of the time 
(8 out of 11 hours) in Case 3.   

 

Figure 3.7 Daily TSI mean values in Case 1 (0% Renewable, 100% Loading) 

 

Figure 3.8 Daily TSI mean values in Case 2 (30% Renewable, 100% Loading) 
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Figure 3.9 Daily TSI mean values in Case 3 (60% Renewable, 60% Loading) 

In summary, the power system transient stability performance is highly dependent on the system inertia 
and the number of transient unstable cases. When the system has a high loading level, load curtailment can 
result in system transient stability performance improvements, where larger load disconnection usually 
gives larger improvement, and load reconnection can make transient stability performance worse in most 
cases. When the system has a low loading level, due to the fact that DSM capacity (in MW) is smaller, the 
system transient stability is more dependent on system inertia. If the system inertia is relatively high (Case 
2), system transient stability can still be enhanced and improved from load curtailments. However, if the 
system inertia is very low (Case 3), only load curtailment of large DSM capacities can reduce the number of 
unstable cases and hence, improve system transient stability performance. 

Table 3.8 TSI mean value changes and the number of unstable cases change in Case 1 to Case 3 at 
DSM application hours 

Hour DSM 
Capacity 

Case 1 TSI 
Change 

Case 2 TSI 
Change 

Number of Unstable 
Cases Change of Case 2 

Case 3 TSI 
Change 

Change in the Number of 
Unstable Cases in Case 3 

1:00 11.70% ᴻ 3.42% Ȣ  1.01% ᴻ  0 3.27% Ȣ 0 

2:00 12.10% ᴻ 4.04% Ȣ  0.74% Ȣ  0 18.53% Ȣ 6 ᴻ  

3:00 12.70% ᴻ 4.71% Ȣ  5.40% Ȣ  1 ᴻ  9.93% Ȣ 3 ᴻ  

4:00 36.30% ᴻ 15.36% Ȣ 11.61% Ȣ 0 37.07% Ȣ 11 ᴻ  

5:00 3.00% ᴻ  1.09% Ȣ  5.15% Ȣ  2 ᴻ  12.41% ᴻ 2 ᴻ  

11:00 6.00% Ȣ  2.93% ᴻ  11.35% ᴻ 1 Ȣ  12.96% Ȣ 3 ᴻ  

16:00 12.50% Ȣ 6.65% ᴻ  19.21% ᴻ 3 Ȣ  4.95% ᴻ 1 Ȣ  

17:00 16.60% Ȣ 7.12% ᴻ  105.39% ᴻ 13 Ȣ  510.25% ᴻ 7 Ȣ  

18:00 9.40% Ȣ  8.16% ᴻ  28.26% ᴻ 4 Ȣ  155.36% Ȣ 10 ᴻ  

19:00 6.70% Ȣ  7.40% ᴻ  29.43% ᴻ 6 Ȣ  89.84% Ȣ 8 ᴻ  

24:00 12.80% ᴻ 7.30% Ȣ  5.57% Ȣ  1 ᴻ  47.86% Ȣ 10 ᴻ  

 

3.1.7 Effect of the type and composition of demand on system angular and frequency stability 

Three different load models have been investigated: constant impedance load model, constant power load 
model and composite load model, which comprises a parallel connection of static ZIP load and dynamic 
induction motors (IM). In the case of system frequency stability assessment, frequency dependency of all 
load models will be modelled. Constant impedance load and constant power load with frequency 
dependence can be represented by (3.8) and (3.9). 
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ὖ  ὖ                                                                  (3.8) 

ὗ  ὗ                                                                 (3.9) 

 

where ὖ, ὗ  and ὠ are nominal active power, nominal reactive power and nominal voltage of each load, 
respectively. Ὧ  and Ὧ  are exponential coefficients whose values are equal to 2 for constant impedance 
load, and 0 for constant power load. Ὢ is the nominal frequency of the system (50 Hz), while coefficients 

Ὧ  and Ὧ  describe the change in load demand in response to variations in frequency. Regarding the 
composite load model, static ZIP load with frequency dependency can be depicted by (3.10) to (3.12), 
while dynamic induction motors are modelled as an aggregation of small unit induction motors.  

 

ὖ  ὖ ὥ  ὦ  ὧ ρ Ὧ ЎὪȠ         ὥ ὦ ὧ ρ            (3.10) 

ὗ  ὗ ὥ  ὦ  ὧ ρ Ὧ ЎὪȠ          ὥ ὦ ὧ ρ           (3.11) 

ЎὪ                                                                                   (3.12) 

 

In (3.10) to (3.12), ὥ, ὦ and ὧ are coefficients for constant power, constant current and constant 

impedance load, respectively. Coefficients Ὧ  and Ὧ  are selected based on different load types and 

load categories, for constant impedance and constant power loads ((3.8) and (3.9)): Ὧ =2.6, Ὧ =1.6 and 

Ὧ =1, Ὧ =-1.5 are adopted for large industrial customers and DNs, respectively. For composite load 

((3.10) and (3.11)), Ὧ  and Ὧ are assumed to be 0.3398 and 3.355, respectively. All coefficients are 
adopted from [25]. 

When DSM is applied, the load demand of constant impedance and constant power loads will be adjusted 
by changing ὖ and ὗ . In terms of composite load model, however, it is assumed that only IMs and a part 
of constant impedance loads are controllable. Hence, load composition is changed due to the deployment 
of DSM, and coefficients ὥ, ὦ and ὧ need to be re-calculated for the load model after DSM actions. The 
changes in power output of IMs are achieved by adjusting the aggregation number of unit IMs at every 
load bus.  

In the following sub-sections, the effect of the type and composition of demand on the influence of DSM on 
system angular and frequency stability will be illustrated separately. It should be noted that all studies 
regarding the effect of the type and composition of demand are performed based on Case 4 and load 
shifting scenario 2 (Section 3.1.2.2).  

3.1.7.1 Effect of the type and composition of demand on system angular stability 

The absolute changes of damping mean values and TSI mean values with different load types are shown in 
Figure 3.10 and Figure 3.11, respectively. As can be seen from Figure 3.10, when loads are all modelled as 
constant impedance load, better small-disturbance stability performance is obtained at all load curtailment 
hours (Hours 10, 11, 12, 15, 16, 17, 18, 19, 20 and 21). Small-disturbance performance is improved to a 
different extent at different hours due to corresponding DSM capacities. As shown in Table 3.3, significant 
improvement of small-disturbance usually occurs when DSM capacity at the corresponding hours is 
relatively high (e.g., at hours 11, 16, 17, 18 and 19). In terms of load reconnection hours, system small-
disturbance stability has been deteriorated at all load reconnection hours (hours 1, 2, 3, 4, 5 and 24). 
Among these six load reconnection hours under study, a much more significant negative impact of DSM can 
be noticed at hour 1, while the remaining hours have a very small or negligible impact on small-disturbance 
stability performance. 
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Figure 3.10 Absolute changes of damping mean values with different load types in Case 4 

 

Figure 3.11 Absolute changes of TSI mean values with different load types in Case 4 

Regarding the constant power load model, similar findings can be gained. System small-disturbance 
stability has been improved at all load curtailment hours except at hour 15, where load curtailment has a 
detrimental effect on system small-disturbance stability performance. When curtailed loads are 
reconnected to the original system, a significant negative impact can be seen again at hour 1, while load 
reconnection results in very small and even negligible effects on system small-disturbance stability at other 
hours. 

When the composite load model is implemented, improvement of small-disturbance stability performance 
happens at 8 out of 10 load curtailment hours. It can be seen from Figure 3.10 that load curtailment causes 
reduced small-disturbance stability at hours 16 and 18. Furthermore, at remaining 8 hours when stability 
has been improved, significant improvements can only be found at hours 17, 19 and 20. When observing 
load reconnection hours, better small-disturbance stability performance has been obtained at hour 1 and 
24, which is opposite to the performance obtained with constant impedance and constant power load 
models. The detrimental effect caused by load reconnection is also very small at other reconnection hours 
(hours 2, 3, 4 and 5).  

In order to investigate the impact of DSM on small-disturbance stability performance with different load 
types, results in Figure 3.10 have been compared. As can be seen from the figure, the impact of DSM on 
system small-disturbance stability can vary significantly (e.g., at hours 11, 12, 17 and 19), and even be 
completely opposite (e.g., at hours 1 and 24) due to different load types implemented. At hours 1 and 24, 
load reconnection will jeopardise small-disturbance stability when constant impedance and constant power 
load model are used, while better stability performance is obtained from the same DSM action when 
composite load model is adopted. Similar phenomenon can be found at hours 15, 16 and 18, where 
different load types lead to opposite impacts on stability performance.  

With constant impedance loads, transient stability has been improved at 8 out of 10 load curtailment hours 
except hours 11 and 12 (Figure 3.11). The largest improvement occurs at hour 16. Worse transient stability 



CROSS BOrder management of variable renewable energies 
and storage units enabling a transnational Wholesale market 

 

D9.2 DSM suitability for improving cross border issues with increased penetration of RES 30 

performance is observed at 4 load reconnection hours (hours 1, 3, 4 and 5). The detrimental effects caused 
by load reconnection are very small at hours 1 and 4, but much more significant at hours 3 and 5. 
Therefore, when a constant impedance load model is adopted, both load curtailment and load 
reconnection could either improve or reduce system transient stability. 

Transient stability with constant power load model has been improved at 7 out of 10 load curtailment 
hours except at hours 10, 12 and 15, where system transient stability is deteriorated slightly as a result of 
load curtailment. By comparing the magnitude of actual TSI changes during load curtailment hours, it can 
be found that the positive effect on transient stability is much more significant than the negative one. 
Additionally, according to Table 3.3 and Figure 3.11, significant improvement in transient stability usually 
comes from high DSM capacity. At load reconnection hours, transient stability has been deteriorated at 
hours 1, 3, 4 and 5, while on the contrary, load reconnection has led to better transient stability at hours 2 
and 24. Hence, both load curtailment and load reconnection could lead to better or worse transient 
stability in the case of the constant power load model. 

In the case of composite load model, transient stability has been improved at 9 out of 10 load curtailment 
hours, with the only exception of hour 18. On the other hand, load reconnection has resulted in worse 
transient stability at all hours under study. 

Similarly to small-disturbance stability, the opposite impact of DSM on system transient stability can be 
found at some DSM deployment hours (e.g., at hours 2, 10, 12, 18) because of the implementation of 
different load models. For the rest of DSM deployment hours, the same DSM action can also result in 
different improvement or reduction of system transient stability performance between different load 
models. Thus, an accurate and appropriate realistic load model is necessary to make a reliable estimation of 
the impact of DSM on system transient stability. It should be noted that load composition can only be 
adjusted in the case of composite load model.  Figure 3.10 and Figure 3.11 show that the impact of DSM on 
system angular stability at different hours (different load compositions) can vary dramatically. Therefore, 
apart from an accurate and realistic load model, appropriate load composition is also essential to guarantee 
the delivery of accurate and reliable stability assessment.  

3.1.7.2 Effect of the type and composition of demand on system frequency stability 

As discussed previously, six tie-lines have been investigated, resulting in six different frequency nadirs and 
corresponding ROCOFs during the frequency excursions. It has been found that L43 always has the lowest 
frequency nadir value among all tie-lines, therefore, frequency nadir and ROCOF of L43 are used to depict 
system frequency stability performance. The percentage changes of frequency nadir mean values and 
ROCOF mean values of L43 are shown in Figure 3.12 and Figure 3.13, respectively. 

 

Figure 3.12 Percentage changes of frequency nadir mean values with different load types in Case 4 
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Figure 3.13 Percentage changes of ROCOF mean values with different load types in Case 4 

According to Figure 3.12 and Figure 3.13, when system loads are all modelled as constant impedance load 
without IM, frequency nadir is reduced at all load reconnection hours (hours 1 to 5 and 24), and the 
corresponding ROCOF is increased at the same hours. System frequency stability is deteriorated when load 
reconnection happens. On the other hand, it can be seen from Figure 3.12 that frequency nadir of L43 has 
increased as a result of load curtailment, while ROCOF is only decreased at 5 out of 10 load curtailment 
hours (hours 10, 11, 12, 15 and 16). For the rest of load curtailment hours, frequency nadir indicates slightly 
improved frequency stability, while ROCOF indicates opposite impacts of DSM.  

In the case of constant power load, similar phenomena can be noticed in Figure 3.12 and Figure 3.13. When 
constant power load is implemented, frequency nadir shows a positive effect of DSM at hour 17 and ROCOF 
reveals a negative effect of DSM at the same hour. The opposite effects between frequency nadir and 
ROCOF can be seen at hours 17, 18 and 19 when the composite load model is adopted. Therefore, load 
curtailment can either improve or deteriorate frequency stability performance depending on which stability 
index is used. 

Furthermore, similarly to system angular stability with different load types, it can be seen that different 
load types can lead to opposite effects of DSM at hours 18, 19, 20 and 21. These opposite effects, 
combined with different percentage changes of all stability indices (frequency nadir and ROCOF) show that 
an accurate and realistic load model is necessary for system frequency stability assessment. 

Finally, different impacts of DSM with composite load model and different load compositions emphasise 
the importance of adopting accurate and appropriate load model and load composition in system dynamic 
studies with the consideration of DSM.  

3.1.8 Discussion 

The analysis has shown that higher DSM capacity usually results in larger changes of power transfer in tie-
lines, and larger variations of voltage magnitudes at terminal buses. Furthermore, increase in voltage 
magnitudes is usually associated with the increase in power transfer of tie-lines, or analogously, reduction 
in power transfer of tie-lines usually leads to a decrease in voltage magnitudes.  

Moreover, the effect of DSM on power system angular stability is highly dependent on the system inertia 
and system loading level. In systems with high inertia and high loading level, DSM can affect the angular 
stability in such a way that load reconnection (increase) leads to worse system angular stability 
performance, whereas reducing loads leads to better system angular stability. Regarding the system with 
low inertia, if the loading level is high, load curtailment can still benefit both system small disturbance and 
transient stability, while load reconnection (increase) leads to worse system angular stability. However, if 
the loading level is low, system small disturbance stability is improved by DSM application most of the time, 
while only large load curtailment can benefit system transient stability performance. 

Finally, it has been shown that the same DSM action can lead to very different, and even completely 
opposite impacts on power system angular and frequency stability performance due to the different load 
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models and load composition adopted. Hence, an accurate and realistic load model with corresponding 
appropriate load composition is necessary to investigate the exact impact of DSM on power system stability 
performance. 

3.2 Preliminary DSM-IP demonstration plan  

3.2.1 List of experiments 

The list of experiments, i.e., demonstration activities for DSM-IP, which was defined based on the HLU6 use 
cases (reported in D2.2 CROSSBOW Use cases, scenarios and KPIs identification) and agreed with all the 
participating TSOs, is given as follows: 

3.2.1.1 Experiment 1 

¶ Description: Reduce/increase the load of a DSM asset (step change if possible) at peak/low load 
times, measure system frequency and voltage, power flows and currents at DSM load connecting 
buses, several neighbouring buses and interconnections before and after DSM actions. 

¶ Objective: Illustrate the effect of decreasing/increasing controllable load (as large unit as possible) 
on voltage, frequency and line flow in the neighbouring network areas, as well as at the 
interconnection lines (if possible, those closest to the DSM unit). 

¶ Relation to use cases: HLU6-UC1, HLU6-UC2. 

3.2.1.2 Experiment 2 

¶ Description: Step 1 - Disconnect a transmission line, measure system frequency and voltage, power 
flows and currents at DSM load connecting buses, several neighbouring buses and interconnections 
before and after the disconnection. Step 2 - Disconnect a transmission line followed by 
simultaneous connection/disconnection of a DSM customer, measure system frequency and 
voltage, power flows and currents at DSM load/storage connecting buses, several neighbouring 
buses and interconnections before and after the disconnection. 

¶ Objective: Illustrating the effect of decreasing/increasing controllable load (as large unit as 
possible) on voltage, frequency and line flow in the neighbouring network area, as well as at the 
interconnection lines (if possible, those closest to the DSM unit) following a large disturbance. 

¶ Relation to use cases: HLU6-UC2, HLU6-UC3. 

3.2.1.3 Experiment 3  

¶ Description: Reduce/increase the load of DSM assets (step change if possible) at low/high RES 
generation periods, measure system frequency and voltage, power flows and currents at DSM load 
connecting buses, several neighbouring buses and interconnections before and after DSM actions. 
Increased penetration of RES can be achieved by reducing RES curtailment by increasing the load by 
DSM in periods of RES curtailment due to low system load and reducing the load in periods of low 
RES generation. 

¶ Objective: Illustrating the effect of decreasing/increasing controllable load (as large unit as 
possible) on voltage, frequency and line flow in the neighbouring network area, as well as at the 
interconnection lines (if possible those closest to the DSM unit) in the presence of high RES 
penetration. 

¶ Relation to use cases: HLU6-UC4. 

3.2.1.4 Experiment 4  

¶ Description: Reduce/increase the load of a DSM asset (step change if possible) at times of network 
congestion, measure system frequency and voltage, power flows and currents at DSM load 
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connecting buses, several neighbouring buses and interconnections before and after DSM actions. 
The change of load will be predefined for the experiment and the response will be observed. 

¶ Objective: Illustrating the effect of decreasing/increasing controllable load (as large unit as 
possible) on voltage, frequency and line flow in the neighbouring network area affected by the line 
congestion, as well as at the interconnection line (if possible the one closest to the DSM unit). 

¶ Relation to use cases: HLU6-UC4. 

3.2.1.5 Experiment 5 

¶ Description: Implement and compare 3 alternative approaches for control of energy storage and 
DSM by TSO and DSO: 1) TSO-centric, 2) DSO-centric, 3) Cooperative between TSO and DSO by 
quantifying impacts for TSO, DSO and the overall system 

¶ Objective: Demonstrate how the cooperation between TSO and DSO can increase the overall value 
of energy storage and DSM 

¶ Relation to use cases: HLU6-UC6. 

3.2.2 Equivalent network model 

The demonstration activities (related to experiment 1-4) for the DSM-IP product will be performed in the 
four interconnected TSOs which showed the highest interest and potential for the development of DSM 
technologies in their systems, namely EMS, HOPS, CGES and NOSBIH. These systems already have DSM 
assets participating in network services, mainly frequency support. It should be noted that the 
demonstration related to experiment 5 will be described in Section 5 of this report. The demonstration 
activities (experiments) have been planned according to the definition of use cases within HLU6, as 
reported in D2.2 CROSSBOW Use cases, scenarios and KPIs identification. Since there are technical and 
financial obstacles to performing all the foreseen activities on-site, some demonstrations (experiments) will 
be performed in simulated environment only. For this reason, an equivalent network model has been 
developed by UNIMAN to simulate different operating conditions and possible effects wide-scale DSM (at 
network or regional level) could have on network performance. The network model (as shown in Figure 
3.14) represents the two highest voltage levels in the observed interconnected systems, i.e., 220 kV and 
400 kV. All the generation (including RES) and DSM units which are connected to lower voltage levels (110 
kV and lower) are aggregated to the closest 220 kV or 400 kV bus in the model. The model has been 
developed in an iterative process, using the feedback and agreement of the TSOs.   

As seen in Figure 3.14, the network is segmented into four areas, which are interconnected to each other 
by tie-lines. Three colours are used to mark different rated voltage levels: buses and transmission lines 
rated at 400 kV and 220 kV are marked as red and green, respectively. Buses below 220 kV are marked as 
blue; these can only be found in NOSBIH network due to the existence of three-winding transformers. DSM 
and RES units are marked with appropriate symbols in the diagram. Furthermore, details about all DSM and 
RES assets have been provided in D12.1 Integration and deployment of CROSSBOW ecosystem, while Table 
3.9 shows the number of network elements in the equivalent diagram. 
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Figure 3.14 Generic single line diagram of the interconnected system  

 

Table 3.9 Number of network elements in the equivalent network model 

Element 

NOSBIH 
(B&H) 

HOPS 
(Croatia) 

CGES 
(Montenegro) 

EMS 
(Serbia) 

Total 

Number of elements 

Bus 42 33 11 68 150 

Synchronous Generators 12 6 3 10 31 

Load 18 26 8 54 106 

Transformer (both 2 and 3 windings) 7 5 2 12 
26 
 

Renewable Generators (wind and PV) 1 6 2 3 12 

DSM Assets (Including Hydro Storage) 2 3 1 6 12 

Interconnected Tie-Lines 16 

 

3.2.3 Demonstration activities 

Simulations with the equivalent network model should show the general concept of the DSM impact on the 
network operation in normal and disturbed conditions. On the other hand, field measurements during 
staged experiments should show the system behaviour in reality. Since it would be hard to replicate the 
system behaviour in simulations using reduced models of the relevant parts of the system, these two 
demonstration aspects will be performed separately. 
































































