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1.2 Short description of project objective and results

The purpose of the project is to find a solution for efficient integration of renewable energy at
distribution level using demand side management of heavy loads. In the project a hierar-
chical control structure is set up and the method is simulated and verified for a distribution
network grid at Zealand using control of charging of electric vehicles and heat pump loads.
Protection issues at medium voltage level are also considered.

The results can if new legislation regarding costumer payments allows it, be used by the
distribution companies to solve voltage and capacity issues along the radials when integra-
tion a huge amount of renewable energy and/or due to the electrification of the heating and
transport sector. Thereby, they can avoid or delay investment in new lines with higher ca-
pacity.

Formalet med projektet er at finde en lgsning til en effektiv integration af vedvarende energi
i distributionsnettet ved smart lastforbrugsstyring pa store laster. | projektet er der udformet
en hierarkisk styringsstruktur og metoden er simuleret og verificeret pa et distributionsnet
pa Sjeelland ved at styre forbruget til opladning af el-biler og varmepumpelasten. Beskyttel-
sen pa mellemspaendingsnettet er ogsa analyseret.

Resultaterne af projektet kan hvis nye love omkring forbrugernes betalings tillader det, an-
vendes af distributionsselskaberne til at lgse spsendings og kapacitet problemer langs linjer-
ne ved stor integration af vedvarende energi og/eller ved elektrificeringen af varme og
transport sektoren. Derved kan de undga eller udseette investeringer i nye linjer med starre
kapacitet.

1.3 Executive summary

The future challenges in the distribution network grid due to the increasing demand for in-
stance from the electrification of the heating and transport sector together with more envi-
ronmental concern and favorable government policies leading to a rapid growth of Renewable
Energy Sources (RESs) calls for new control methods in a smart grid (SG) context not to
overload the radials and at the same time create benefits for prosumers, retailers and distri-
bution system operators (DSO). The smart grids are expected to integrate diverse types of

generations and loads and provide an active demand side management to foster energy effi-
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ciency, grid stability and reliability. The rapidly increasing wind and solar energy penetration
and thereby, high volatility in the electricity price in the Danish power system is expected to
be facilitated through responsive demands, smart metering and dynamic pricing using new
developed control methods, using the flexibility of the controllable large loads. Further, con-
stantly changing generation and load alters the fault power of the system and may impact
the protection schemes.

The aforementioned issues has traditionally resulted in building fast excess generation or
grid scale storages to compensate the power imbalances resulting from intermittent genera-
tions and fluctuating demands. But this is a costly solution even though it performs techni-
cally well. One potential alternative is to control the electrical loads in an intelligent way and
make them follow the intermittent generation. This should profit both the consumers getting
reliable and cheap electricity and at the same time enable the utility to prevent huge invest-
ments in lines, generation or storage equipment. This means a paradigm shift from ‘genera-
tion following demand’ to ‘demand following generation’.

Therefore, this project has been developing and validating an intelligent control architecture
and an adaptive protection method for the future distribution system which coordinates the
elements of the smart grid, mainly using data from the smart meters and controllable loads
(electrical vehicles (EV), heat pumps (HP) and electrical water heaters (EWH)), the network
grid layout, the power generation data (here photovoltaic system (PV)) and which takes the
information and communication technology(ICT) characteristics into account. The results
from the projects are demonstrated mostly by simulations and partly by laboratory setups.

The research outcome will not only serve as a reference for ongoing research in this direction
but can also if new legislation regarding costumer payments allows it, be used by the distri-
bution companies to solve voltage, capacity and protection issues along the radials when
integration a huge amount of renewable energy and/or due to the electrification of the heat-
ing and transport sector. Thereby, they can avoid or delay investment in new lines with
higher capacity. The major contributions of this work are described in the following five stag-
es:

e Stage 1: Development of an intelligent Demand Response (DR) control architecture
coordinating the key SG actors, namely consumers/prosumers, network operators,
aggregators, and electricity market entities to facilitate market participation of resi-
dential consumers and prosumers. A Hierarchical Control Architecture (HCA) with
primary, secondary, and tertiary control loops is developed together with a hetero-
geneous communication network to establish coordinated control of widely distribut-
ed loads and generations. In the HCA each control loop are designed with specific
control latency and time to establish coordination between the loops. The structure is
demonstrated with a power and communication co-simulation and the results showed
that the proposed architecture effectively integrate responses from widely distributed
loads and generations.

e Stage 2: Development of detailed models of controllable loads namely EVs, HPs and
EWHs, local generation in the form of PVs, and the distribution network. Different
control strategies are developed to realize various DR techniques, such as autono-
mous, voltage, incentive based, and price based control. By use of the HCA devel-
oped in stage 1 and the set up models and control strategies, the performance of the
method is demonstrated for a case study with a low voltage distribution networkfrom
Zealand. Despite the actual study case network, the strategy and models are generic
and can be applied to any network. The outcome from this part exploits the demand
flexibility and the technic support from the consumers/prosumers as well as their
possibility to trade the flexibility in electricity markets.

e Stage 3: Development and implementation of a scaled down SG testbed for physical
demonstration of the developed DR models and control strategies. The testbed is a 1
kVA testbed built in a laboratory. The communication system is integrated in the
testbed in the form of an optical fiber and TCP/IP based communication. Both a cen-
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tralized and decentralized control approach is implemented in the testbed for opti-
mized EV charging coordination. As practical demonstration of SG control and com-
munication behavior is lagging, the developed scaled down testbed provides a novel
economic and riskless approach for practical demonstration of the SG control and is a
new research area in the SG field.

e Stage 4: Development of an adaptive overcurrent protection for the future distribu-
tion system having high share of RESs and Active Network Management (ANM) activ-
ities. This protection should be able to take bidirectional power flow and ANM activi-
ties such as demand response, network reconfigurations into account. Therefore, an
approach to adapt relay settings based on dynamic network topologies and power in
feed is developed in contradiction to the conventional protection methodology where
the protective settings are made static. A two-stage protection strategy with an of-
fline proactive stage combined with an online adaptive stage is designed. Settings of
the relays for every mode of operation are done in the proactive stage based on of-
fline short circuit analysis. The adaptive stage identifies the actual operating status
the RES and the operating modes (grid-connected, islanded, network reconfiguration
etc.) in real time to adapt and activate the right settings. The method is demonstrat-
ed with good results for a case study of a model of a medium voltage distribution
network using a real time digital simulator in the laboratory.

e Stage 5: Development of an aggregated model and control structure for distribution
systems. Aggregated models for HP and EV demands are created and a control-
architecture is developed for activating the aggregated flexible demands and com-
paring the results with the results from situations where individual loads are simulat-
ed. The aggregation models can be used by the DSOs to assess the network condi-
tions and the aggregators could use the aggregated values when bidding in the mar-
ket.

To conclude the overall outcomes of the project provides a good method to exploit methods
to ensure demand flexibility from controllable loads and establish integrated ANM and protec-
tion methods to ensure an effective control and protection of the future distribution grids,
given that new legislation allows the set up method. If so, the end consumers will get reliable
and cheap electricity and the utility can prevent or delay huge investment in network grid
reinforcement. The DSO can implement the aggregation and control methods in their plan-
ning and operational stages to avoid grid bottlenecks, further the aggregators can use the
results from the aggregated models when bidding on the market.

1.4 Project objectives
The initial objectives of the project were to:
e Build up and intelligent distributed architecture of the smart grid
e Set up operation and control strategies for demand response, storage management
and home automation
e Set up smart metering algorithms for consumers to minimize their electricity costs
e Set up an intelligent and adaptive relay protection scheme in the smart grid envi-
ronment
e Set up coordination and control strategies for the smart grid components to mitigate
contingencies like overloading, generation deficiency etc.
During the project period the focus became on the hierarchical control structure for control-
ling heat-pumps, electric water heaters and electrical vehicles in a structured way to prevent
overloading and too high voltage fluctuations on the distribution lines in systems with also a
high PV penetration. The storage possibility and flexibility of these loads was explored in
detail and tests were made both using simulation programs and laboratory experiments. Also
the objective regarding the intelligent adaptive projection scheme, were appropriately ad-
dressed. The simulation of the system were based on actual metering data from at site under
the SEAS-NVE network grid at Zealand, these were used as base load condition, and extra
heat-pumps, electric water heaters and electrical vehicles were added in the simulation, to
try to analyze the future conditions. This had low risk, since the data were available more or
less already from project start, both for the low voltage system analyzed regarding the load-

flow and the medium voltage system analyzed regarding the protection issues.
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Quarterly meetings were held with the project partners to get input and feed-back regarding
the analyzed models and to keep track on the project. This worked very well, and ensured
that the proposed method would be realistic to implement for the DSO and that KK-
electronics as control providers could see the ideas of the set up control strategies.

On the other hand the focus initially intended regarding the smart meter functionalities and
home-automation has to be left only to simulations and laboratory work. First of all, due to
the fact that the meters were only controllable so far via PLC (Power line carrier) and only
used for billing purpose, whereas all other functionalities available in the meter were not
used. It was found that it would be too time and cost-consuming and have too high risks to
implement new control and measurements at the costumer site during the project. There-
fore, the actual control of the heat-pumps available in the test area, could also not be con-
trolled, and only the normal power consumption from these were used as a part of the base
load given by the meter data from the area.

But in the end the objectives of the project were reached, though the control idea is not di-
rectly implemented in the smart meters as originally intended, only the ideas for what and
how the control should be is set up.

After finalization of the Ph.D work in the project, where all the above issues were addressed,
it was found, that there were still some hours and money left on the project. We therefore
applied for a prolongation of the project to focus on demand flexibility from aggregated loads
which could be used by the DSO for planning and operation of the grid and by aggregators
when bidding on the market. This prolongation was approved by energinet.dk and the pro-
ject was extended with 5 months, to fulfill this objective without extra costs supplied from
energinet.dk. This work has resulted in some internal reports, from which the main results
are also given in this final report.

1.5 Project results and dissemination of results

Most of the work done in this project is done in relation to a Ph.D work done by BishnU Pra-
sad Bhattarai. Therefore, also most of the results are to be found in his Ph.d thesis report [1]
This is a summary report based on 3 journal papers (one accepted [2], and two to be sub-
mitted) and 7 conference papers [3-9] and one conference paper accepted but not yet pub-
lished [10]. Further two internal reports have been made regarding the aggregated models
which were the focus for the extended part of the project. In the following the main activities
and results during the project are described.

1.5.1 Setting the project into a general smart grid perspective
The project is started by setting the project idea in perspective to the ongoing transformation
of the electric grid due to increased penetration of RES and the electrification of the gas,
heating and transport sectors. The opportunities, such as using demand side management
and exploring the flexibility due to the electrification of the gas, heat and transport sector,
and challenges, in the form of fluctuating power generation from RES, integration of large
loads from the same sectors as above with random fluctuations of demand, which challenge
the balancing stability and security of the power system and influence the hosting capacity
and the protection of the distribution network grid, are described. Also some international
aspects are considered, such as Nordic market perspectives and how the flexibility of new
larger loads can contribute here. There are also financial challenges, since a proper market
framework is missing for how the costumers can participate and benefit if offering demand
responses. This leads to the following objectives for the Ph.D project:
e Develop suitable control architecture for exploiting demand flexibility from residential
consumers in LV distribution networks
o Develop proper models of potential flexible loads and suitable control strategies for
activating DR considering a dynamic electricity market
e Coordinated control of active loads and local generation to provide economic and ef-
ficient operation of the LV grid
e Develop a smart grid testbed considering multi-disciplinary aspects of the smart grid

for practical demonstration of the developed DR models and control strategies, and
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e Develop an adaptive and proactive protection scheme to ensure protection coordina-

tion in a MV distribution grid during varied network topologies
Further, as mentioned above the project period were extended to find aggregated models of
the loading and generation with the following advantages:

e Demand flexibility from the aggregated load has less forecasting/prediction errors
since the individual errors gets compensated by each other (are leveled out). This
supports an effective decision making for both the aggregator when bidding at a
market and distribution system operator (DSO) when planning new operation and
extension of the network grid.

e The aggregation provides an effective approach to trade the consumer flexibility in
the electricity markets since the individual consumers will have practical difficulties to
trade their flexibility in the market if treated individually. A

e s the aggregation results in few larger loads having a less fluctuating and averaged
behavior instead of many distributed very fluctuating small loads, it facilitates the
DSO and aggregator in the analysis and planning process.

1.5.2 State of the art analysis

This part summarizes the major scientific contributions made in the smart grid context for
distribution grids. The focus is on intelligent control architectures including ideas for demand
side management, modeling of controllable loads and issues regarding protection of the dis-
tribution system with high penetration of RES.

The demand side management relates for instance to price based demand response (DR)
often used to move loads from critical high peak period to off-peak periods. But also inten-
sive based DR is discussed since they normally have a more dispatch able response than the
price based methods. Finally, also automatic demand response is discussed, which acts on
response due to variations in parameters like frequency or voltage. The benefits of the dif-
ferent methods are discussed seen from costumer, DSO and system operator point of view.
The analyze result in the following overview of DR classification and possible benefits.

—»Ancillary service market »| Participant | Incentive paymetis
[—»-Interruptible/Curtailable load Bill savings
Incentive l—-Direct control Price reduction
]  based |H
DR —»Demand bidding bl Market-wide Capacity increase
p—pEmicrgency DR Demand -Avoided cost
Demand 5 Res )
Res M o ey Caapacity market espons
esponse benefits —>Reduced ontages
- Time of use > Reliability = Customer participation
- [—»Crifical peak pricing (CPP) —>Diversified resources
Price
—»1 Dased »Extreme day pricing —» Reduced market power
DR [—»Extreme day CPP Market- »Options to customers
- o performance >
—»-Real fime pricing —»Reduces price volatility
a) DR classification b) Benefits of DR

Fig. 1. DR classification and potential benefits (reference: M. H. Albadi and E. F. El-Saadany, "Demand
response in electricity markets: An overview," in Proc. IEEE PES General Meeting 2007, pp. 1- 5, Jun.
2007).

Next part of the state of the art analyses concern the intelligent architecture. The main pur-
pose is to keep the voltage and frequency within limit and many of the concepts operate with
both centralized and de-centralized methods. Figure 2a illustrates advantages and disad-
vantages of centralized and decentralized controls. Also the concept of hierarchical control is
discussed, since this will be applied during the project. Figure 2b is showing this kind of con-
cept for a micro-grid, where the real-time support is controlled locally to support the network
locally by a kind of primary control but the more overall set-points and balancing issues are
dealt with from the central stage by a secondary or a tertiary controller. For the control sys-
tems also the ICT needs and performance are analyzed.
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Fig. 2. Intelligent control architecture a) Centralized versus decentralized (reference: N. S. Lu et al.,
“Centralized and decentralized control for demand response,” in Proc. IEEE PES Innovative Smart Grid
Technologies, pp. 1- 8, Jan. 2011) and b) Hierarchical control architecture (reference: C. A. Canizares et
al, “Trends in micro-grid control,” IEEE Trans. Smart Grid, vol, 5, no. 4, pp. 1905-1919, Jul. 2014)

Third part of the state of the art analyses discusses the flexible loads and local generation.
Key features of EVs are set up and different models are analyzed. Models of HPs and how
they can support the electrical network and how the COP (coefficient of performance) factor
are dependent of ambient conditions are investigated. PV systems models seen from an elec-
trical point of view, is based on the state of the art analysis to be modeled as a static gener-
ating source which output varies with irradiance and ambient temperatures.

Fourth part of the state of the art analyses look into different control strategies to prevent
voltage and capacity contingencies at the distribution level. To be able to perform the control
different aspects like the type of resource, control perspective, the objective and application
should be taken into account before setting up the method. This is presented in figure 3.

Type of ressource/load Control perspectives Objectives Applications
Local
Electric —t (}';onmmer/ Economic —1- network
Vehicle rosumer support
Flexible
Loads
Aggregator/ Economic & System level
Heat system Technical balancing
Control Pump operafor
Strategies
Local : . Grid . ||| Market
Generation St ~ || eperator LEE T support

Fig. 3. Various perspective to develop DR control strategies.

The last section of the state of the art deals with ANM and protection, where the interaction
between ANM and protection are discussed and where adaptive protection (AP) is introduced
as a future solution for the distribution network grid with a high penetration of RES and
where ANM are used for varying the network topologies.

1.5.3 Hierarchical control architecture (HCA)

The set up hierarchical control structures are documented in the Ph.D thesis [1], but also in
the conference paper [3]. Some of the challenges so far in relation to HCA is that there are
no standardized architecture for demand response (DR), further also the passive structure of
the current low voltage network grid is a barrier for the implementation. Therefore, the idea
in this project uses various types of DR programs to achieve both commercial and technical
functionalities. The following interaction framework is set up as a starting point, where the
demand response resource is a consumer with a directly controllable load which receives a
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control signal such as electricity price, power/temperature set point. The aggregator is a
commercial actor, who ensures the coordination among the actors to execute the demand
response. The aggregator is the link to the market and they also ensure coordination with
the DSO to avoid grid bottlenecks.

D
o .
Energy Market /ey\@;\ Regulating Market
PR 5"\%9
Informative Signal
DR signal
Measurements

Power Flow

Demand Response

Fig. 4. Demand response interaction framework for smart grid actors.

The control methods as given in table 1 are considered for the hierarchical control method to
be build. It is important that the response time of the difference control methods are coordi-
nated, so it is possible to separate the different actions. Also the cauterization is done in a
way so limitations of each DR method are compensated by the other.

Table 1. Categorization of different DR control methods. ADR= Autonomous Demand Response, DLCDR
= Direct Load Control based Demand Response, DDDR= Demand Dispatch based Demand response,
PDR=Price based Demand Response

DR Type Control Signal Signz;l Decision Con.trol lies.pons e (.‘t?mmunic-
tvpe place action time ation need
ADR Frequency/Voltage| Directive Local Local <1sec No
DLCDR  |ON/OFF, Setpoints | Directive | Central Central | sec.-min Yes
DDDR Demand dispatch |[Instructive| Central Local |min. - hour Yes
PDR Price Informative| Central Local |hour-day Yes

Based on the methods mentioned in table 1 a HCA as shown in fig. 5 is set up for the pro-
ject. The specific response time increases from the inner primary loop towards the outer
tertiary loop and provides in this way back up in both directions for the next loop and in-

creases the control and operational flexibility. The HCA loops are however not identical to the
frequency regulations loops known from the power system balancing control, but the primary
loop in the HCA can be used for primary frequency regulation and so on for the other loops.
But the loops can also be used to serve the network grid in several ways such as for peak
reduction, congestion management, local voltage support etc.
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Fig. 5. Hierarchical DR control architecture.

The tertiary control loop is the slowest and is designed to execute PDR using informative
control to optimally adjust the hourly electricity price to incentivize the consumers to use
more or less energy or it can use DDDR as an instructive control to send out specific set-
points to the consumers. Normally the PDR would have slow response time since the cos-
tumers should know the price maybe even the day ahead. The DDDR is in this project set to
be updated every 15 minutes, to compensate uncertainties from the day ahead market. The
secondary control is implemented to make direct control of the loads, and works as an intra-
day/intra-hours balancing resource when the tertiary control is incapable to meet the regula-
tion requirements. The primary control is using automatic demand control and is based on
for instance local voltage measurements, and it is activated whenever the system parame-
ters are outside the limits. It can perform almost real-time control (in order of seconds) and
can be designed as a power-voltage (P_V) droop control.

The control architecture is used for simulation on a test LV network fed by a 10/0.4 kV, 400
kVA transformer as shown in fig. 6. More details about the test grid can be found in [1]. This
network grid has a high integration of PV, so bidirectional flow is present. The yearly con-
sumption and generation profile is seen in fig. 7.
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Fig. 6. Single line diagram of test network
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For the test case EV-penetration are modeled as demand response loads. The performance of
the HCA is simulated over 24 hours of power and communication co-simulation. In fig. 8 an
example of the implementation of the primary control is shown. It is seen how the primary
control counteracts the too low voltage ensuring that the minimum voltage is 0.95 pu. Other
examples with the tertiary and secondary control is also shown in [1]
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Fig. 8. EV charging profiled and voltage profiles demonstrating the primary control action.

1.5.4 DR control strategies

This part is based on the Ph.D thesis [1] and the conference papers [4, 5, 6 and 7]. First a
method to manage constraint violations in the LV distribution grid is realized as a proactive
centralized and a reactive decentralized control. The centralized control is based on estimat-
ed operational scenarios and operates every hour, while the decentralized control is used to
react to voltage violations in real time. Given the consumers forecasted load, the centralized
control performs a load flow calculation to see if any current or voltage problem occur. If so
the control activated the minimum amount of flexible load to counteract the violation. This
flexibility offer request is then send to the consumer. To ensure fair utilization of flexibility
from all costumers their activation limits are different and computed using historic data. The
decentralized control is implemented to give real time voltage support and is designed as a
linear P-V droop and implemented at every consumer. Again to ensure fair participation of all
costumers, different thresholds levels and minimum voltage levels for full activation are used
at the different nodes (higher levels are set close to the substation). The test network grid
for analyzing this control is shown in fig. 9. The flexibility limit of each consumer is set to
20% of the load. The results are shown in fig. 10, here the blue part is grid behavior without
control. The green part is when the central controller is activated. The central controller is
able to keep the voltage at 0.95 pu almost all times, however there are a few occasions
where the central controller cannot keep the limit, seen as small grey spikes in the green
area in fig. 10a. In fig. 10 also the overloading before the control, the total load at the trans-
former and the used activated flexibility compared to available flexibility are shown. It is
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seen that only a minor part of the flexibility is used, but that there are occasions where the
flexibility is not enough. In fig. 11 is shown an example where also the decentralized control
is activated. In this case random noise is simulated to create load variations. The usage of
different voltage activation limits for the different costumers is also clear from this figure,
and it is seen that the voltage limits are more violated if the control are not used, whereas
the voltage is kept within limits for costumer 14 when the control is activated, there are
however still few incidents for the costumer at node 26 with voltage violations due to missing
flexibility from at the costumer location for these periods. In the figures the upper red curve
is the voltage threshold for the activation, and the lower red curve is the minimum voltage
level for full activation of the flexibility. To gain the full flexibility both centralized and decen-
tralized based control should be used.

Fig. 9. Test network grid for demonstrating the DR-response method.
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In this part of the project also a novel voltage controlled dynamic DR strategy is developed.
The methods first calculated near real-time the voltage dependency of the loads. To follow a
dispatch demand, the required tap-setting of an intelligent MV/LV sub-station is computed
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using the computed voltage dependency of the loads. Then finally a simple adaptive voltage
estimation technique is implemented to ensure that the voltages are within limits, this up-
dates the voltage estimates based on periodic measurement data. For further details see [4].

Next results for DR control strategies for EVs are presented. Again the idea of a hierarchical
control is used, but only with two stages. Here a local adaptive control is encompassed by a
central coordinative control to use the flexibility from EVs. The central control could be man-
aged by and aggregator who prepares optimum EV charging schedules taking both technical
(network constraints) as well as economic aspect into account, and the local control adjust
the actual EV-charging in real-time according to measured voltage. This is made as an on-off
control. To prevent frequent switching the EVs which are activated by the local controller, are
kept at the new settings until next slot from the central controller. More details of the control
can be seen in [5]. The results for a case scenario where the EV penetration is set to 66% of
all house hold and the today base load is increased by 50% for the test grid as in fig. 6 are
illustrated in fig. 12a. In order to demonstrate adaptiveness of the proposed algorithm, the
electricity price has been changes as shown in fig. 12b) and feeder load is increased as
shown by dotted red line in fig. 12a. The EV schedules adapts to the variation in electricity
price as well as according to the load. The local voltage control ensures real-time adjust-
ments a time 24, due to the increased load, since the voltage at point of coupling (POC) was
violated. This is shown as the blue dotted line in fig. 13, for the voltages at the deviated
price in fig. 12b.
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Fig. 12 EV-schedules a) EV charging profiles b) Electricity prices
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Fig. 13. Terminal voltage at the farthest node(N13) for different cases.

Also a study case for DR response using HP is investigated, also in this case a centralized and a local
control is used. The centralized control in this case determines the schedules based on electricity price,
heating demands and electric feeder criteria. The HP is on-off controlled and therefore a binary integer
programming optimization is implements. Again the local controller performs adaptive control in real-
time but here the control is based both on the voltage at POC but also the thermal demand of the cos-
tumer. The detailed description of the control is given in [6]. The results from a simulation for the net-
work grids as shown in fig. 6 where 80% of the costumers are expected to have HP are shown in fig. 14
and 15. The aggregated HP operation is shown in fig. 14.a and the prices signal used in fig. 14.b. It is
clearly seen that the central controller plans the operation schedule of the HP according to the prices. Fig
15 shows the impact on the HP schedules and voltage at N13 with and without the local adaptive con-
trol. It is seen that the local control adjust the voltage within limits (here set to 0.92) if needed.
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Based on the seen results it is also obvious, that if the prices change the consumption can be
changed. Therefore, if also the price signals change according to either global or local condi-
tions this can be effectively used to control the DR.

1.5.5 Control of active load and local generation

Different from the previous section this part describes the DR control systems for distribution
grids which have both large active loads and local generation here especially in the form of
PV system. The idea is to make a control system in such a way that the PV systems and the
active loads become supportive to each other. Again a centralized and a decentralized control
method are set up. The first case to be considered is again based on the network grid as
shown in fig. 6 with integration of EVs and PVs in the grid. The EVs are modeled as three
phase constant power loads at 11 kW and 25kWh. The PVs are modeled as static generators
and are operated as constant power sources with specified PO set-points. The reactive power
limit of the PVs are set by limiting the PF to £0.95. An auto-regressive moving average mod-
el is used to forecast the consumer demand and PV production. More information of the
models can be found in [8]. The central controller is doing the EV-scheduling as in previous
section, first considering the PV power production as non-controllable. However, if this leads
to congestions in the grid, rescheduling is done considering both the PV production and the
EV-consumption. This favor the PV power production and let the PV contribute prior to the EV
for under-voltage violations and the EV contribute prior to the PV for over-voltage violations.
The central control provides periodic control with 15 min intervals, and any inter-slot varia-
tions cannot be dealt with by this. Therefore a decentralized control based on voltage meas-
urements are implemented at every EV and PV location to adjust the power consump-
tion/production in real-time. These controls are made as linear droop controls. These controls
remain non-operational as long as the voltage limits are not violated. If the decentralized
controls are activated, this is also taken into account at the next time-step optimization for
the central controller. The coordination between the periodic centralized control and the de-
centralized real-time control is seen in fig. 16. The effect of the periodic centralized control
for scheduling is compared to a system with without such a control in a case where changes
in electricity price and load demands are changed as in fig. 17, and the results are shown in
fig. 18.
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It is seen that the changes in loads and electricity price significantly changes the charging
profiles of the EVs and also the power injections from the PVs in certain periods. Due to the
price change, EVs scheduled originally to charge from 3:00 — 5:00 are shifted to day-time
13:00 to 17:00 to ensure increased PV power injection. The periodic optimization helps the
EVs to adjust their charging according to the updated prices. To see the effect of the decen-
tralized control some load changing events are shown in fig. 19c. From fig. 19.b it is seen
that the first transient variability of the PV production (event 2 from 14-14:45) causes and
overvoltage. However, with the control some of the PVs curtail their output and the problem
is solved. Later at event 4 an increase in load causes and under voltage. Then the EV charg-
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ing power is decreased to mitigate the problem. So both the centralized and the decentral-
ized control work as intended.
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Fig. 19. Decentralized control with PV power curtailment and EV charging power change.

In the project also the effect of using EWH together with the PV systems are shown. The
main contributions to this is described in [10]. Again the network grid used for the case stud-
ies are the one shown in fig. 6. In this case the EWH is modeled as a constant power ther-
mostatic load with a thermal storage tank. The EWH provides flexibility both by adjusting the
power consumption directly, but is can also be controlled adjusting the temperature settings
of the EWH, so it consumes less power for lower temperatures and vice versa. The control is
more or less set up like the one for the EV/PV control, so the EWH compensate over voltages
from the PV and under-voltages are compensated scheduling the EWHs to operate during
high PV generation periods. The flexibility is achieved through droop controls for both the
active and reactive power whenever the voltage at the point of coupling (POC) is violated.
The control is made such that reactive power control is done prior to active power control for
under-voltage problems. But for over-voltage problems the active power control operate
prior to the reactive power control letting the EWH use more power first. An adjustable tem-
perature band is made to exploit extra flexibility when voltage violations occur.

Results for a case with both EWH and PV penetration is shown in fig. 20 for a case with light
loading but high PV penetration. It is observed that the EWH first increases its active power
consumption to mitigate the over-voltage. However, this is not enough and reactive power
consumption is increased also. However, it is managed to do the control without PV curtail-
ments.
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Fig. 20 Simulation results for both EWH and PV a) Total apparent power, b) Total active and reactive
power of consumed by EWH, c¢) Total active and reactive power injected by PV, and d) Voltage at far-
thest end node, with and without adaptive control for lightly loaded case.
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As a conclusion for this section, the interaction of active loads and RES has been shown and
the flexibility of either EVs or EWHs has been used actively to ensure the voltage stability in
the grid both for over-voltage and under-voltage conditions.

1.5.6 Development of at test bed

During the foreign stay of the Ph.D student at Optical Zeitgeist Laboratory, INRS, Canada a
small scaled-down smart grid test bed was established. The system lay-out of this test bed is
shown in fig. 21.
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Fig. 21 13-node scaled down smart grid test-bed

The test bed is realized to demonstrate various novel smart grid solutions such as demand
response, real-time pricings and congestion management. The setup is based on a 250kVA
0.4 kV radial network grid, which is scaled down to 1 kVA and 0.22 kV. Further the ICT sys-
tem is integrated in the system, to verify real-time monitoring and control capabilities of the
real system. The test bed functionalities are demonstrated by optimizing the EV charging in
the grid. More information about this test-bed can be gained from [2].

1.5.7 Proactive and adaptive protection design.

The main results achieved regarding proactive and adaptive protection idea for the future
power system at MV, realized in this project is more detailed described in [9], here only the
main findings will be given. The idea for the proactive and adaptive protection is based on
the focus on increased integration of distributed energy resources (DER) in the grid, which
might fluctuate a lot and thereby jeopardizing the existing protection system when producing
power, maybe given reasons for bi-directional power flow or increasing fault current and they
might also give reasons for blinding or false tripping of the relays. Another reason is due to
Active Network Management issues (ANM) for instance in the form of network re-
configuration, demand response etc. which might also affect the protection. Therefore, the
conventional protection schemes might be insufficient to maintain selectivity and sensitivity if
they only have a single parameter setting and proactive and adaptive protection are needed
for the more dynamic behavior of the future MV grid. In this project a two-stage protection
strategy is designed. First, an offline fault analysis is performed to find the relay settings
seen from each relay for all possible operation modes of the grid i.e. with/without DERs con-
nected, with different network configurations, in island or grid connected mode. These set-
tings are stored in the relay memories. Next an on-line state detection algorithm is realized
to detect the actual operation mode, network condition and DER availability after which the
appropriate relay settings are chosen. To find the network status a combination of a local
adaptive and communication assisted centralized protection scheme is implemented.

The new protection concept described above is illustrated in figure 22.

Version: november 2014 15



BTy =D / ‘:-.\ -
/SSCat (“Network " ( DER data )

r
| | . \ )
\_substation / \_topology
e e
| Perform fau_l‘r_analysis witlv’without DG. 1slanded |
| condition, and with reconfiguration
' |
| OFFLINE v c v 1 |
FAULT - ‘ompute relay
| ANALYSIS Zone formation settings for all cases |
r
= Setrelay |
— | characteristics |~ !
Adapt settings for Y Update to
changed topology No P;mhn - islanded
- settings
; Yes A
Yes
Yes —_ 1slanded°
No
I No
No -
Intact current setting }7
ONLINE STATE DETECTION

-

Fig. 22.Flow chart of proposed proactive and adaptive protection algorithm

From the flow chart it is also seen that a zone formation is to take place. This is based on a
state detection algorithm (SDA) implemented for online identification of the operating states.
The distribution network is decomposed into various zones as shown in fig 23, such that fault
current contributions from the DERs in any zone will cause minimal impacts to the operation
of the relays in the other zones.
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Fig. 23. Procedure of zone formation.

Each relay within a zone, called intra-zone relay (I1ZR), is designed to detect ON/OFF states
of the DERs within the zone. The centralized protection unit is then designed to detect major
changes in the network operation such as switching of modes (grid-connected/islanded),
network recon-figuration etc. Thereafter, the central protection unit uses an event driven
communication to update settings of respective relays.

The protection system is shown in a network grid like the one shown in fig. 24.
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In fig. 25 different fault currents are shown for different situations in the network grid.
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Fig. 25 Maximum fault current seen by different relays for different network conditions.

In fig. 26 results for a blinding situation is shown for the case with a normal protection with a
single value setting and for the adaptive protection method. For a bolted fault F1 in Fig. 24,
the fault current seen by R34 is greater than its instantaneous pickup current, thereby the
relay undesirably face an overreach problem. In fact, F1 forced the relays R34 and R45 into
instantaneous modes and R34 gets tripped as shown in Fig. 26 for out of zone fault. To over-
come the protection blinding issue the relays pickup settings are updated adaptively on the
basis of the connection status of the DERs. The DER connection status is identified on the
basis of state detection algorithm presented fig. 22. In fact, the pickup current of relay R34
is increased to avoid overreach i.e. to enable discrimination of out-of-zone faults. It can be

clearly observed that, to clear the fault F1, the proper relay R45 gets tripped, thereby avoid-
ing the overreach of R34.
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Fig. 26. a)Protection blinding of R34. b)solution using the proactive and adaptive solution

In the paper [9] also an example with false tripping is showed to verify the capability of the new algo-
rithm.
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1.5.8  Aggregation of residential consumer demands in distribution feeders

This part of the project is done in the prolongation period where the focus is on demand flex-
ibility from aggregated loads which can be used by the DSO for planning and operation of the
grid and by aggregators when bidding on the market. The results are detailed described in
two internal reports, but since there are not published in papers, the results from this part is
a bit more detailed here.

So far in the project the control techniques for the DR deployment has mainly been imple-
mented on device or consumer level. This is very essential for the actual implementation of
the control, but the question has been if it is really necessary to reach every consum-
er/device. First of all it needs an expensive ICT infrastructure, there is a large amount of
data to be handled, and it may delay the control due to delays introduced in the data collec-
tion, computation and actual action, and in the end it gives a very complex calculation.
Therefore, the key idea is to aggregate the electrical consumers connected to a node or
nearby nodes in a distribution feeder to an equivalent aggregated load for each load types.
For instance, ‘n’ Electric Vehicles (EVs) connected at a particular node (or nearby nodes) are
represented by a single EV and ‘m’ heat pumps connected at nearby node(s) are modeled by
a single HP and so forth. The aggregation results in few large aggregated loads instead of
many small distributed loads. However, it is worth mentioning that the aggregated load
should behave equivalently as the other normal non-aggregated loads. The advantage of this
aggregation is a decreased data flow and data computations, and that aggregators can par-
ticipate in various markets with less uncertainty since the aggregation levels out fluctuations
from the individual customers. When a bid is accepted on the market, the aggregator should
disaggregate the bid and dispatch the schedule for the targeted consumers. The setup is that
a central aggregator disaggregates the demand flexibility among the local aggregator. The
local aggregator then optimally disaggregates the received flexibility to the individual con-
sumers within their service area for the practical implementation of actual control. Also the
DSO can use the tool for planning. The set up can be illustrated as in fig. 27.
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Fig. 27 lllustration of the implementation of the proposed aggregation model

The aggregation method proposed comprises the following parts:
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e Determination of optimum aggregation area for a given distribution feeder

¢ Computation of equivalent aggregated load for each aggregation area including pow-
er profiles for EVs and HPs

e Determination of equivalent impedance and equivalent power of each aggregated ar-
ea

e Implementation of control strategies

This is illustrated in fig. 28 and in the end of the section the method is illustrated by some
performance analysis.

Generation of power Determination of
profiles for EVs and »| optimal aggregation
HPs areas
Implement control Determination of

strategies to aggregated equivalent impedance
and non-aggregated and equivalent power for
network. each aggregated areas.

Fig. 28. lllustration of included parts in the aggregation method.

1.5.8.1 Determination of optimum aggregation area.
The formation of aggregation areas depends on the geographical aspects (how far the con-
sumers are sparse), forecasting errors of the aggregated loads, cost associated with the ag-
gregation such as installation of aggregation point etc. Therefore it is formulated as an opti-
mization problem considering the following two aspects:

e The aggregation should give minimum communication distance to the substation

(central aggregator)

e The aggregation points should result minimum cost

This is formulated as follows:
Obj Fun:

S DL

Max.D Total no.of Aggregation point

Subject to :Xj; <85m Vi, j

where X;; is distance for the ith node to communicate with the jth node, X; is the distance
from the ith node to the aggregator location, b; is the binary decision variable which indicates
presence or absence of the aggregation point, Ny is the number of aggregation points. The
first part of the optimization is used for minimizing the distance among aggregation areas.
The second part represents the minimization of cost associated with the installation of ag-
gregation points. It should be noted that the first part is distance whereas the second part is
the cost. Therefore, it is needed to convert both into similar units before applying the optimi-
zation techniques. This is done using per unit values for the two parameters. The total com-
munication distance required is converted into per unit by dividing it by its maximum dis-
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tance which is the case when there is only one aggregation area meaning that all the con-
sumers need to communicate with the central aggregator. Similarly, the total cost required
for installation is converted into per unit by dividing it with the possible maximum number of
aggregation point, i.e., the case when aggregation point is installed at each node.
After expressing both sections into per unit, the problem is converted into binary integer
problem. The problem is then solved by using Genetic algorithm solver available in Optimiza-
tion Toolbox of the MATLAB 2013a. To see how the method works it is applied to the network
grid shown in fig. 6.
The obtained solution for the given network is expressed as follows, and the result is shown
in fig. 29 with the reduced aggregated model shown in fig. 30 where each aggregated area
has one aggregated load for each load type. As such, all the consumer loads are reduced into
four load points each loaded with an aggregated EV load, and aggregated HP load and an
aggregated basic load, thereby significantly simplifying the network.

Optimization terminated: average change in the penalty fitness value less than op-

tions.

Objective Function Value is 1.137101

Results: [100010000101010]
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1.5.8.2 Computation of equivalent aggregated load for each aggregation area
including power profiles for Evs and HPs

Once the aggregation areas are defined based on the optimization problem, the load of each
area should be estimated, both flexible and non-flexible, in order to be able to define the
equivalent line impedances for the reduced network model. When applied for real networks,
the estimation of total load for each of the defined areas can be made using any kind of fore-
cast technique based on historical data of every load type involved. However, in this case, no
historical data is available for the HP and EV consumption, so these have to be created by
means of a stochastic procedure such as the one presented in following.

Fig. 31a shows a flow-chart summarizing the methodology employed for creating the power
consumption profiles for each individual HP and EV load and the aggregated profile for each
of the defined areas in the LV network. In order to provide this task and later on the analysis
with a realistic approach, the first step is to find an appropriate model of the units to be
used. Next the thermal demand and driving profiles are created based on relevant refer-
ences. Then, the number of consumer in the LV system (nLVusers), the number of aggrega-
tion groups (ngroups), the number of consumer per groups/area, and the penetration of HP
and PEV load in the LV system are defined.

After doing so, each HP and EV load designed according to the system penetration levels is
assigned with its unit characteristic according to a random assignation process and then ran-
domly assigned among the different areas determined across the network. To calculate the
individual power consumption profiles for the number of flexible loads selected, both the
individual model parameters and the individual input profiles are employed in the models
proposed for the HPs and EVs. Finally, after generating all the individual profiles required,
those related to each of the aggregation areas are summed in order to obtain the aggregated
HP and EV consumption profiles for each of the areas determined.. For the actual network grid
four aggregated areas were found. From the 45 users connected in total LV network, 17 users are as-
signed to area 1, 10 to area 2, 8 to area 3 and 10 to area 4. Based on this distribution, for a HP and EV
load penetration of 100% (all customers have EV and HP) fig. 32 illustrate the individual consumption
profiles generated for each HP and EV in each of areas and the corresponding aggregated profile after
their summation. From the individual HP profiles depicted in fig. 32a all the HP units have the same rated
power, however their operation pattern are completely different since they are characterized by having
different storage tanks and different thermal consumptions. The power consumption profiles obtained for
the different EVs in fig. 32b, clearly reflect the variety charging activities not only due to the different charg-
ing rates considered but also due to the battery sizes and driving profiles considered
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1.5.8.3
aggregated area.

Determination of equivalent impedance and equivalent power of each

Next step is to find the equivalent impedance of the network grid at different power con-
sumption levels. If only the impedance normally seen at node N4 is also used in the aggre-
gated network, then the power loss and voltage drop will not reflect the real system and
both bee too small. So it is important that the voltage drop at the new N4 buss in the aggre-
gated model is more like the voltage drop at the end of the lines like N6 for this case, and
also that the power loss in the grid would be as in the real network in figure 29 before the
aggregation. To ensure this a hierarchical clustering technique is used to cluster the power
consumption throughout the given time period into a given number of clusters. In this study,
24 hours consumption from each consumer is clustered into three clusters , but depending
on how much the load fluctuates during a day, this number for other networks might need to
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be higher. But here the 3 clusters are used for the total load (base load, EV and HP). The
total load and the three clusters are shown in fig. 33. This information is then used to calcu-
late equivalent impedances for each hour for the different aggregation areas. These are
shown in fig 34. It is seen, that to have the right condition for minimizing the error between
aggregated and real network grid in relation to voltage drop and power loss, the equivalent
impedances are changed according to the cluster for the power demand. In this way, the
clustering and impedance calculation can be done off-line depending on power level, and
during real time operation only the cluster level and belonging impedance is used for the
control. The voltage drop and power loss in real and aggregated models are shown in fig. 35
and 36 respectively, and it is seen that the error is very small.
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Fig. 33 Total load of the network grid and belonging clusters during a day.
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1.5.8.4 Implementation of control strategies

The control architecture proposed for controlling the aggregated flexible demand in the LV
network is based on a combination of centralized and decentralized approaches. Therefore,
the idea is that each of the found aggregated areas are assigned with a distributed controller
(DC) with the purpose to supervise and activate the local aggregated flexible demand when
required. In the other hand, at the substation level the centralized controlled (CC) is placed
not only to supervise the different DCs but also to activate their flexible demand when a
more global interest requires it. This is illustrated in fig. 37, which is a kind of more detailed
model seen from control perspective than fig. 27. By means of different measurement devic-
es placed in strategic locations of the LV network the CC can interpret what the local system
needs are and actuate in accordance. For example, if its objective is to maintain the loading
of the secondary transformer below a given limit, whenever this is overpassed it reduces the
aggregated consumption of the HP and PEV in the different areas by means of the DCs.
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Fig. 37. Schematic representation fo the hierarchical control architecture

Fig. 38 illustrates a block diagram of the implementation of the mentioned hierarchical con-
trol architecture in DIGSILENT PowerFactory. Each of the DCs are able to monitor the aggre-
gated power consumption from both the HPs and EVs in their domain as well as the voltage
in their point of connection (POC). Furthermore, each of the DCs are able to receive a re-
quest signal form the CC in order to adapt their local flexible consumption according to the
needs. So, as soon as an under-voltage occurs in a given area or a request is made from the
CC, the power consumption of the HPs and PEVs will be change according to:

APHDPC# — PHDPC# _ PDC# X A_ PCC

regHP regHP
DC# _ pDC# DC# cc
APPEV - PPEV - PregPEV' B- PregPEV

Where APH%C# and APPDES,# adapted power consumption from HPs and EVs within the DC

pDC# DC#
HP

number #, and PPEV are their measured power consumptions at the aggregation

level, P:Z;H#P and Pfefpiv are the power regulation required from HPs and EVs within a DC in

order to keep the voltage of its POC within the stipulated limits and PrcegCH

» and Pringv is the
power regulation required from HPs and EVs within a DC in order to respond to the needs of
CC. Finally, A and B are variables which define the share or the regulation according to the

instantaneous consumption capacity form HPs and EVs. The power regulation required from

HPs and EVs within a DC is calculated as:

PrggH#P = j (kal : (1 - (Vpoc_ Vth )) + kbl : (Vpoc_ Vth )) -dt
I:>rIeDgCP;&,I£EV = J. (kaz ’ (1_ (Vpoc_ Vth )) + kb2 ) (Vpoc_ Vth )) -dt

Where k;; and kyp, are the parameters to tune the local voltage controller affecting the con-
sumption of the HPs and k,, and kg, for the local voltage controller affecting EVs, V. is the
voltage at the point of connection and Vy, is the threshold stipulated by the DSO.

In Fig. 38, it is also illustrated how the CC monitors the flexible consumption among the dif-
ferent areas in the LV system as well as measures the loading of the power lines and calcu-
lates and defines which the most loaded one is. In this way, if the loading of the most loaded

line in the system is overpassed the CC will calculate what is the total regulation power re-
quired in order to solve this constraint (Prceg ) and in consequence the regulation power re-

quired from each of the DCs. Therefore:
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P = [ (k- (1= (LL,—LL

)) + kdl ’ (LLth_ LLmax)) -dt

max

Where k.; and kg, are the parameters to tune the response from this global controller, LL 4y
is the line loading of the most loaded line in the LV network and LLy, is the threshold estab-
lished by the DSO.

Similarly, the share of Prig among the different DCs is made based on their instantaneous

flexible consumption capacity using the following expression:

DCA# _ pCC
I:)reg - |:)reg ’

R i o P . HPs
o B o © Areal
o ';lj.=_.,‘m_. . Descentralized i
B . Controller o
L VM4 . Areal __ . PEVs
- e + Areal
o Z={=..=--.:m-%=' , - HPs
Area2
o @ - | pescentralized|| - - - L |- L
B S Controller =]
o Area2
0 PEVs
....... B RVVT .
sl Lo Area2
SR R R | IR === Ry S
el Central S s
ES‘ _ Controller .
% o ]
£ RN Erren - HPs
B S ’-.".am_l% Descentralized|| . . . . L
L6LM }—- - . Controller —
B S vy Area3 - PEVs
Area3
. =,==-;w-%' - HPs
o . Aread
. @ - Descentralized|| = = = |___
L . Controller _
[wmes - Aread - PEVs
T Aread

DC# DC#
Par + Peey
na

na

DC# DC#

§ ,PHP + E ,PPEV
i=1

i=1

Fig. 38. Implementation of the hierarchical architecture in DigSilent

The following four cases has been analysed to see the benefits of the control procedure:

Case | - Comparison of the current and future loading scenarios: For the penetration
level selected, which is 50% of HPs and 25% of EVs for all customers, and where the
flexible load have been distributed randomly across the LV network. This distribution
of HP and EV load will provide the aggregated profiles for each of the defined aggre-
gation areas which are required as input for finding the equivalent line impedance to
determine the new reduced LV network model.

Case Il — Performance comparison of the detailed and reduced LV network models:
The aim is to determine how similar or with which precision the reduced model is ca-
pable of representing the performance of the detailed LV network model.

Case Ill — Comparison of the non-controlled and controlled version of aggregated
model by means of the decentralized controller: The aim is to verify the effectiveness
of the control mechanism proposed when the individual decentralized controllers act
over the aggregated flexible demand in their specific area to solve under-voltage
problems. In this way, the minimum voltage limit established for any existing LV bus
is 0.935 p.u.

Case IV — Comparison of the non-controlled and controlled version of aggregated
model by means of the centralized controller: The aim is to verify the effectiveness of
the control mechanism proposed when the centralized controller act over the decen-
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tralized controllers and in consequence over the aggregated flexible demand of their
specific area to solve overloading problems in an specific parts of the infrastructure.
A maximum loading of 70% is allowed to the most loaded line in the network.

The results are shown in fig. 39- 42. In fig. 39 it can be noticed how the assumed penetra-
tion of flexible loads significantly stresses the LV system during the peak moments of the
day. In this sense, the synchronization of the high HP demand due to the winter conditions
and the high EV demand once the user arrive home leads this local distribution grid to be
highly constrained in comparison to what it is nowadays. As it can be seen from fig. 39.g and
h the nature of this bottleneck are an under-voltage situation originated between 18 and 20
hours at bus N7—in the reduced version of the LV grid considered(fig. 30) - and the overload-
ing of line 1 originated in the same time frame.
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Fig. 39 Results for case |I: (a) Loading of the ST (b) Apparent power at the ST level, (¢) Aggregated
active power consumption for all the BL, HP and PEV across the LV grid, (d) Aggregated active power
consumption of BL per area, (e) Aggregated active power consumption of HPs per area, (f) Aggregated
active power consumption of PEVs per area, (g) Loading of maximum loaded line in the LV grid, (h)
minimum voltage in the LV grid. Black lines in (a, b, g and h)is current scenario, red is for future
scenario.
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For case Il it is not possible in DigSilent to use different equivalent impedances for the dif-
ferent hours, so in this case only the peak values from all clusters are used. From the results
from case Il in fig. 40 the following conclusions can be drawn. It is seen that the difference
between the aggregated and real model is very small, nearly only visible in fig. 40h where
the voltage profile in red for the reduced network is slightly more elevated than the one from

the original network (black)
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Fig. 40. Results for case Il: (a) Loading of the ST (b) Apparent power at the ST level, (c) Aggregated
active power consumption for all the BL, HP and PEV across the LV grid, (d) Aggregated active power
consumption of BL per area, (e) Aggregated active power consumption of HPs per area, (f) Aggregated
active power consumption of PEVs per area, (g) Loading of maximum loaded line in the LV grid, (h)
minimum voltage in the LV grid.

Fig. 41 shows the results obtained for cas Ill when it is intended to solve a local voltage con-
strain produced during the peak moments of the day. Fig. 41d, e and f is related to the con-
trolled scenario. In an controlled scenario, when the under-voltage situation occurs at bus
N7, the DC of that area (area 3) modifies the power consumption of HPs and EVs unders its
domain in the proportion showed in fig. 41i. How this is reflected to each of the aggregated
loads is depicted in fig. 41e and fig. 41f. Additionally, it is interesting to see how the DC of
area 2 is also participating in this regulation. This reason is that voltage threshold at which
this is responding has been toned differently — slightly higher- in order to share the voltage
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regulation responsibility among the DCs in different areas in order not to penalize always the
same DC. Finally, as shown in fig. 41j no request is made from the CC to respond according
to its interest.
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Fig. 41. Results for case Ill: (a) Loading of the ST (b) Apparent power at the ST level, (c) Aggregated
active power consumption for all the BL, HP and PEV across the LV grid, (d) Aggregated active power
consumption of BL per area, (e) Aggregated active power consumption of HPs per area, (f) Aggregated
active power consumption of PEVs per area, (g) loading of maximum loaded line in the LV grid, (h) min-
imum voltage in the LV grid, (i) regulation power required from each distributed controller, (j) Regula-
tion power required from the central controller to each distributed controller.

Finally, the obtained results for case 1V are depicted in fig.42 where once again fig. 42.d, e
and f have to be related with the controlled scenario. In this case, the DSO is interested in
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having 70 % as the maximum loading of line 1. Therefore, since there is no existing voltage
violation the DC do not respond to any local needs, see fig. 42i. However, it is clear that in
those moments where the maximum loading limit is crossed in line 1, the CC sense it and
accordingly request for regulating power from the DC across the LV system. As it is illustrat-
ed in fig.42j, the amount of regulating power is different for the different DCs due to their
differences in the power consumption capacity of HPs and EVs. The peak of regulation power
which is requested by the CC is given between the 18 and 20 hours and is about 45 kW.
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Fig. 42 Results for case 1V: (a) Loading of the ST (b) Apparent power at the ST level, (c) Agregated
active power consumption for all the BL, HP and PEV across the LV grid, (d) Aggregated active power
consumption of BL per area, (e) Aggregated active power consumption of HPs per area, (f) Aggregated
active power consumption of PEVs per area, (g) loading of maximum loaded line in the LV grid, (h) min-
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imum voltage in the LV grid, (i) regulation power required from each distributed controller, (j) Regula-
tion power required from the central controller to each distributed controller.

In this way it is shown that use of aggregated models can be effectively used by the DSO for
control purposes, and also aggregators can benefit from aggregated values when bidding at
the market.

1.5.9 Management of the project

In relation to the original application we have more or less fulfilled all objectives except for
having direct access to control functions at the costumers via their smart meters. Therefore,
instead the hierarchical control methods for controlling heat-pumps and electrical vehicles is
only done in the laboratory, however using real-time testing facilities and using smart meters
in the loop and based on real measurements and data for the case study. On the other hand
an extension of the project was also made, where aggregation issues are seen both from an
aggregator and a DSO point of view. So extra results were gained compared to the original
application.

The project was as such not a commercial project but a research project which focus on de-
mand response and protection focus, and the hierarchical control and protection methods
established are still on a research level. Therefore, there are still work to do before they are
fully commercial ready.

The dissemination is done via one Ph.d thesis and 9 international journal and conference
papers. Further, the project results are disseminated to the partners at our regular meetings.
Further, the results are used in different Ph.D courses and summer schools running at Aal-
borg University, and some of the results have also been used for making new national and
international applications.

1.6 Utilization of project results

The project provides a good method to ensure demand flexibility from controllable loads and
establish integrated ANM and protection methods to ensure an effective control and protec-
tion of the future distribution grids, given that new legislation allows the set up method. If
so, the end consumers will get reliable and cheap electricity and the utility can prevent or
delay huge investment in network grid reinforcement. The DSO can implement the aggrega-
tion and control methods in their planning and operational stages to avoid grid bottlenecks
and the aggregators can use the results when bidding in the market. The project results are
also used to form the background for the new Forskel project “Determination of Automation
Demands for Improved Controllability and Observability in Distribution Networks (DECODE)”,
where especially how to roll out the control and protection issues dealt with in the project are
to be focused but with as less measurement devices as possibly. The ideas can also be used
as basis for future projects in for instance relation to smart cities and demonstration project
for smart grid activities under for instance Horizon 2020.

As mentioned above the results are also used in Ph.D courses held at Aalborg University
related to smart grids such as Smart Distribution Systems, Dispersed Generation of Electrici-
ty, and Building the Bridge between Electrical Grid Control and Communication in Smart
Grids, which has been held annually or bi-annually. But also the course in Dispersed genera-
tion has been held in Tallinn twice during the period as well. Further, some of the ideas has
been introduces at summer-schools in Aalborg, held every summer.

1.7 Project conclusion and perspective

In this project intelligent control architectures and an adaptive protection method for the
future distribution system has been developed. The methods coordinates the interaction be-
tween the elements of the smart grid and uses data from smart meters, controllable loads
(electrical vehicles (EV), heat pumps (HP) and electrical water heaters (EWH)), the network
grid layout, the power generation data (here photovoltaic system (PV)) for performing the
control and protection of the network. Also information and communication technology (ICT)
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characteristics are taken into account. The results from the projects are demonstrated most-
ly by simulations and partly by laboratory setups with real-time assessment.

The major contributions of this work are described in the following five stages:

Development of an intelligent Demand Response (DR) control architecture coordinat-
ing the key SG actors. Here a Hierarchical Control Architecture (HCA) with primary,
secondary, and tertiary control loops is developed together with a heterogeneous
communication network to establish coordinated control of widely distributed loads
and generations. The control loops in the HCA are designed with specific control la-
tency and time to establish coordination between the loops. The structure is demon-
strated with a power and communication co-simulation.

Development of detailed models of controllable loads such as EVs, HPs and EWHs, lo-
cal generation in the form of PVs, and the distribution network. Different control
strategies are developed to realize various DR techniques, such as autonomous, volt-
age, incentive based, and price based control. By use of the HCA developed in stage
1 and the set up models and control strategies, the performance of the method is
demonstrated for a case study with a low voltage distribution network from Zealand.
These models and control methods are generic and can be applied to any network.
The outcome from this part exploits the demand flexibility and the technic support
from the consumers/prosumers as well as their possibility to trade the flexibility in
electricity markets.

Development and implementation of a scaled down SG testbed including communica-
tion system for physical demonstration of the developed DR models and control
strategies. Both a centralized and decentralized control approach is implemented in
the testbed for optimized EV charging coordination. As practical demonstration of SG
control and communication behaviour is lagging, the developed scaled down testbed
provides a novel economic and riskless approach for practical demonstration of the
SG control and is a new research area in the SG field.

Development of an adaptive overcurrent protection for the future distribution sys-
tem. This protection should be able to take bidirectional power flow and ANM activi-
ties such as demand response, network reconfigurations into account. A two-stage
protection strategy with an offline proactive stage combined with an online adaptive
stage is designed. The method is demonstrated with good results for a medium volt-
age distribution network using a real time digital simulator in the laboratory.
Development of an aggregated model and control structure for distribution systems.
Aggregated models for HP and EV demands are created and a control-architecture is
developed for activating the aggregated flexible demands and comparing the results
with the results from situations where individual loads are simulated. The aggrega-
tion models can be used by the DSOs to assess the network conditions and the ag-
gregators could use the aggregated values when bidding in the market.

Future work based on this project could be related to the following issues:

Analysis of power quality issues in relation to the new control structure and the addi-
tions of new loads and power generation units at the LV grid. Frequent control of in-
verter interfaced EV and PV might inject harmonics, whereas the high starting cur-
rents of the HPs might contribute to the voltage flicker.

Implement probabilistic models to quantify the flexibility and impacts from the sto-
chastic behaviour of heavy loads and generation to the grids.

Investigate the application of the developed architecture and DR control methodolo-
gies for frequency support, since the focus in this project has mainly been on the
voltage and capacity support on the LV grid.

Detailed investigation of the communication performance including latency, delay,
through-put, jitter, and error rates would be interesting to better access the practical
viability of the developed DR control methods.

Development of a hybrid control algorithm considering DR and storage technologies.
Integration of a LV network protection with the ANM activities would be an interest-
ing study that could support the DR deployment better. Detailed investigation on the
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need of actual control instrumentation to realize the proposed control strategies as
well as observability and controllability of the grid would also be of interest for future
studies.

In summary, the outcomes from this research provide a framework for exploiting demand
flexibility from widely distributed consumers/prosumers, which in turn are potential solutions
for DSOs to deal with network technical issues such as voltage and current capacity limita-
tion and the protection of the future network grid where the power generation at local level
fluctuates and give different fault currents which demands for adaptive protections. In addi-
tion, the outcomes provide economic incentives to the consumers to trade their flexibility to
electricity markets. Therefore, this study provides a framework to integrate heating, gas, and
transportation sectors into the electrical system, thereby supporting Danish government’s
100% renewable energy goal by 2050.

The research can serve as a reference for new research projects in this direction and can also
if new legislation regarding costumer payments allows it, be used by the distribution compa-
nies and aggregators to solve voltage, capacity and protection issues along the radials when
integration a huge amount of renewable energy and/or due to the electrification of the heat-
ing and transport sector. The DSOs can thereby avoid or delay investment in new lines with
higher capacity. Finally, also aggregators can use the results in market relations having
knowledge about different price or incentive methods and aggregation methods for making
bid at the market.
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