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K3A. EMS FOR HVDC

Development of an Energy Management System for
HVDC Grids

Filip Jarnehammar and Niklas Ung

Abstract — As demand for renewable energy sources increases
so does the pressure exerted on the transmission grid. Variable
sources strain the existing power lines and the control system
needs to incorporate faster response times when redirecting
power flow. Using HVDC grid technology multiple AC networks
can be concatenated across longer distances. This creates op-
portunity for solar- or wind power plants to be constructed
further away from consumers. However this technology calls for
a SCADA system being developed to bridge the gap between fast
changing voltages throughout an HVDC grid and less frequent
control rate of the underlying AC networks. This paper suggest
an architecture where a centralised control system receives data
from substation measurement units localised throughout the grid.
A database and a GUI, created in Microsoft SQL Server and
Zenon respectively, are developed in order to store, process and
display the communicated information, such as voltages, currents
and power flows. The control center would work on an update
frequency of about one second up to a minute, thus being able to
implement directions given by the AC grid control systems on the
faster changing HVDC grid. The proposed architecture is applied
to a real time simulation of an HVDC grid connected to multiple
wind parks and AC networks where events were displayed as
expected.

I. INTRODUCTION

CLIMATE change is an important problem which affects
everyone on the planet and stretches beyond national

borders. According to [1] climate change will result in chang-
ing weather patterns, rising sea levels and more extreme
weather phenomena. This is a central problem for the United
Nations and reducing the amount of greenhouse gases in the
atmosphere, one of which is carbon dioxide, is imperative. Fur-
thermore [2] states that the electricity demand has increased
globally with 40 % from the year 2000 to 2010 and will
keep increasing in the future. This makes the energy sector
an important area to consider when making future decisions
concerning generation of electricity. Major expansion of the
transmission grids will be necessary in order to acclimate to
these changes. IEA has in [2] examined three future scenarios
all of which the amount of renewables, excluding hydropower,
will increase faster than any other source. These sources
are varying and creates harder demand on the stability and
robustness of the grid.

To cope with the changes in the electric grid, technologies
featuring greater stability as well as lower transmission losses
become more interesting. Using a High Voltage Direct Current
(HVDC) grid could be a solution that includes these wanted
features. This HVDC grid would be a meshed network linking
different AC networks together and allow for transmission of
larger amounts of power across greater distances. In [3] the
writer has listed some of the advantages of HVDC compared

to AC transmission. One of these is that the HVDC grid
works with no frequency meaning less capacitive and inductive
effects thus reducing the overall impedance of the lines. AC
grids operating at different frequencies can therefore be linked
together using an HVDC network. The power would transfer
to the HVDC grid and then back to a different AC grid without
the need of matching frequencies.

Further on [3] discusses that depending on the line distance
there could also be economic gain with an HVDC line instead
of an AC line. An estimate concluded that the cost would break
even for overhead lines at distances between 500 and 800 km.
When using a cable HVDC is generally preferred at distances
over 40 to 50 km because of the increase in capacitance for
longer AC cables. These distances depend on several variables
where the number of lines, the cost of the AC-DC converter
station and power loss are some of them.

There are also some aspects that affect the local environment
when comparing advantages between cables and overhead
lines. In [4] the writers mention that there is a visual and space
gain when burying dc cables below ground. This removes
cable clutter thus occupying less space.

Using HVDC in bigger networks, and not only as a con-
nection between two points, is a relatively new concept. This
means that much of the development is still in the research
phase and there is no standard on how to design the system.
Many projects promote this development. One of them is
presented in [5] where EU has requested the organisation
ENTSO-E to construct a network code on HVDC connections
to enable stable and safe HVDC networks between countries.
Another organisation is CIGRE which is a non-profit organisa-
tion with general focus on electric power systems and HVDC
systems in particular [6].

This paper presents the functions of a supervisory control
system in an HVDC grid as opposed to an AC grid. These
functions call for certain components being developed in order
to control it. A database, in which measurements from the
grid are stored, as well as a Graphical User Interface (GUI) is
created in order to obtain an overview of the status of the grid.
The database and GUI are applied to a simulated HVDC grid
in order to depict and operate the entire grid. However this
project is delimited to monitoring the HVDC grid and further
development include handling control actions.

II. CONTROL SYSTEMS

An electric power system must have an Energy Management
system (EMS), often situated in a centralised control center,
in order to maximise safety, minimise damage in the case of
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unexpected events and keep a continuous supply of electricity
for the customers. Parts regulated by the control center include
the transmission grid, generating plants and load centers.
As seen in [7] the control center consist of multiple parts
discussed below.

The backbone of the EMS is the SCADA system which
stands for Supervisory Control and Data Acquisition. The
functions of the SCADA system include communication to
and from the grid, storing and processing data as well as
activating alarms when extra attention is required. Because
of the lack of energy storage in the AC transmission grid
supply and demand must be balanced by certain control
applications. Supply can be remotely controlled by the control
center whereas management of demand is less common but
can also be achieved. When adjusting power flows consid-
eration is also made to certain economical aspects. Another
important attribute of the control system is being able to care
for all possible contingencies. This is done in the security
control which evaluates consequences and possible actions in
real time. Based on the situation the security control sends
preferred courses of action either in order to prevent certain
contingencies before they occur or to correct them [7].

A. HVDC supervisory control

An HVDC grid has some fundamental differences that
changes the way the system can be controlled. Firstly, in
a large AC system there are heavy rotating shafts in the
generators that store energy when the system produces more
than it consumes. This increases the frequency in the grid
which is used as an indicator to decrease the power generated.
An HVDC, as compared to an AC, grid contains limited stored
energy in only the converter capacitors and the distributed
cable capacitors. As explained in [8] this makes the voltages
in an HVDC grid change more rapidly and faster control
systems are needed. As seen in Fig. 1 the update resolution
of the AC/DC grid is quite low. Whereas the update rate
for local control is higher. This gap in update frequency
require a separate HVDC Supervisory Control to be developed.
Another difference is that one main usage of an HVDC grid
is to implement the, much less controllable, power source of
offshore wind power. This means that the common generation
control in the AC control system is not an option. In fact,
as discussed in [8], many control applications that are used
in AC grids will have to be redesigned in order to work in
an HVDC grid. One of these applications is for example the
power injection application discussed in [9]. Its function is to
balance the power flow within the grid.

An important way to control an HVDC system is with
the converter stations that connects the AC grids with the
interconnecting HVDC grid. There are many articles that
discuss which technology should be used and how, but the
Voltage Source Converter (VSC) is one of the most promising
[9]. This converter makes it possible to control DC voltage and
AC voltage separately. The DC voltages are connected to the
power flows and since, as earlier described, the voltages can
fluctuate quickly it is important to stabilise these. Different
control strategies, such as voltage droop, can be applied to
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Fig. 1. This figure describes the relation between the update frequencies of
the local and regional grid operations as further described in [10].

cope with this problem and also allow a faster HVDC control
to work with slower connected AC control as further discussed
in [11].

The connection between AC and HVDC grids and how
the different control systems will interact with each other is
challenging. One of the more basic question is whether there
should be a completely separate control system for the entire
grid or if responsibility and future maintenance should be split
and assigned to the connecting AC grids control systems. This
is brought up in [9] and affects the operation of the HVDC
grid and how HVDC supervisory control is designed.

B. Theory & Fundamentals of a control system

As the backbone of the EMS, the SCADA system consists of
four parts as described in [12]. The first part is the substation
measurement unit, such as Remote Terminal Unit (RTU),
Intelligent Electronic Device (IED) or Phasor Measurement
Unit (PMU), whose job is to attain data from field equipment.
The data is sent through the second part, a communication
system, which needs to operate at a high speed in order to
minimise the time between the measurements and following
control decisions. The communication system usually covers a
great geographical area depending on the size of the monitored
grid. The data will then reach the third part, the master station,
where an operator can monitor and control the grid. Here
data is stored in a database and decisions regarding control
will be made and sent back in the opposite direction. The
operator communicates with the system through a Human
Machine Interface (HMI) which is the fourth and final part
of the SCADA. The SCADA built by these parts is designed
to perform data acquisition and control, manage a database,
report status and be supervised by an operator.

1) Data management: In order to process and manage the
collected data from substation measurement units a database
has to be created and managed. All information that is mea-
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sured and sent to the master station will be stored in this
database and also be manipulated through a so called Database
Management System (DBMS). This DBMS needs to enable
operators to manipulate, access and create data in the database.
A functional DBMS would also support large amounts of data
being managed simultaneously and, in the case of a failure,
recover lost information [13].

The created database contains tables, called relations, in
which the data and information about the data is stored.
Each relation consists of attributes and tuples commonly
known as columns and rows respectively. One attribute in each
relation determines a so called primary key which is used as
identification of the data and is unique for every single tuple.
An attribute that is a primary key can never contain repeated
information and it is therefore necessary to split up certain
information about the data into different relations. These can
be connected by the use of foreign keys where a foreign key
relating to a primary key must never contain anything that
is not already present in the primary key. This way relations
could refer to one another and contain different information
about each other [14].

By the use of above explained structure the DBMS will
be able to do all the things mentioned. However when rela-
tions are first created they are often created with redundant
information and will therefore be difficult to manage when
information is changed. In order to avoid this normalisation
is applied to the creation of all the relations, where different
steps are made to ensure data is not repeated, contradictory
or vulnerable [13]. There are many steps of normalisation but
the first three rules, which are the most impactful, described
in [14] are as follows :

• Rule 1 - All tuples need to have the same number of
attributes.

• Rule 2 - Information about a certain key, that is not a key
itself, should not appear more than once.

• Rule 3 - A column that does not belong to a key must
not contain any information about another column.

The way of implementing all the things mentioned above
into a database is by the use of queries. A query could be
described as a line of code that you would normally see in
other programming languages. However the language used in
SQL, as compared to C or similar ones, works quite differently
in the way it is run. Where a program in C would be run every
time an action is made a query would simply be run once and
then the function would exist until removed or changed. One
query could mean the creation or deletion of a relation, the
creation of a foreign key connection, a command that displays
data from different relations and all the other things that a
database is able to do [13].

In the case of linking different relations together triggers
can be an effective and versatile option. The trigger is ap-
propriately named since it is an event that is triggered by a
certain predetermined action. For instance the trigger could be
designed to act when a certain value in a relation is updated
and then insert that same value into another relation. By the
use of triggers the database can be made easy to manage

Fig. 2. This figure explains the hierarchy of the proposed control system
where the substations are represented by the RTU:s.

by someone who does not have much knowledge about its
structure and the database would manage itself to some degree
[15].

2) Human Machine Interface: The HMI is the connection
between the system and the operator. In order to create a useful
and effective HMI different functionalities are considered.
The functions and controls of the system should be easy to
understand and preferably intuitive even though the command
itself is a complicated request. The operator needs an overview
of the whole system, automatic alarms as well as information
about history and trends. However, the alarm system has to
be carefully designed in order not to overwhelm the operator
when one event triggers several alarms [12].

III. PROPOSED ARCHITECTURE

The designed GUI and database in this paper are parts of a
larger control system. Fig. 2 gives an overview of the different
parts that are included in this control system. With this
structure the control system is divided into several different
components that collaborate with each other. At the bottom
there is the physical power system with all its lines, converters
and measuring equipment. Measurements from the grid will
be sent from the substation measurement units through a wide
area communication network. This communication network
needs to be able to both send and receive data in order to
function properly. Data is stored in a database which is the core
of the control center and can be extended to connect different
applications together. The GUI is one of the most important
applications since it handles all communication between the
system and the operator. One application that can be used
is a state estimator which will improve the quality of the
data. Additional applications can be added in order to further
improve the functionality of the control system.
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Fig. 3. This figure displays the four core relations where each row represents
the attributes of each relation. A key next to an attribute represents a primary
keys and the lines show linking foreign keys.

IV. IMPLEMENTATION

The following sections describe how the different theories
were implemented on the suggested architecture.

A. Tools & Software

The tool used to create the database was Microsoft SQL
server 2014 for Windows. This program included a functional
server which was used in order to connect the GUI to the
database.

To build the GUI Zenon Editor 7.10 was used which is
a program built by the company Copa Data and is made
specifically to design and construct GUIs for control systems
in different industries. In order to link the GUI to the database
an SQL driver was used. The driver gathers data from a
relation in the database and sends data to a different one. When
gathering data it automatically deletes the collected rows as
not to overwhelm the database.

B. Database

The database consists of four main relations, as seen in Fig.
3. These are called Station, Bus, Lines and Lines type. They
contain the latest received data from the system including a
timestamp from when the information was measured. Bus is
the primary relation since most other relations are connected
to it and includes the name of the bus, whether it is an
AC or DC bus, the voltage at that bus and a timestamp.
The type of bus is in this case information that does not
change unless the system is redesigned. The voltage and the
timestamp will be updated constantly with data from the grid.
The other relations are structured in the same way but contain
different data, and therefore attributes, as seen in Fig. 3. Station
contains specifications of each converter station along with the
active and reactive power throughput on the AC side. Currents
and power flows through each line is stored in the relation
Lines. These values contain a direction and to show this a
start and end point has been defined using bus id. Similarly
to this each station is defined as a connection between two
buses, however the direction of the active and reactive power
is always defined as positive into the converter. A separate

Fig. 4. This figure shows the two relations connected to Zenon as well as
History. In the figure each row represents the attributes of each relation.

relation called Line type is used since each line type has fixed
characteristics.

The database needs to be flexible and to do that different
keys were added to the relations as illustrated by the lines in
Fig. 3. The foreign keys need to be linked to a primary key
and also specified as to whether or not events affecting one
key should be reflected on its linked one. This was done in
Station and Lines, where the foreign keys link to the primary
key in Bus.

The rules of normalisation were followed as far as possible
without being too extensive. One exception was made to the
relation Station which did not follow the first rule, meaning
that the attributes Active and Reactive were not used by all
the tuples. The affected tuples were those containing DC-DC
converter. However the importance of this exception depends
on the size of the grid where restructuring might be needed
when implementing the database on larger HVDC networks.

In order to connect the database to the GUI two extra
relations had to be created which can be seen in Fig. 4. One
relation called Receive and another named Send. Zenon would
gather data from Receive and input data and commands would
be added to Send. These relations had to be created specifically
for the chosen program. The relations have to have a specific
format and consist of data in a specific form. This demanded a
reformation of the data before being inserted into the Receive
relation.The reformation needed to be automatic and therefore
each relation, containing data that was continually updated,
was given a trigger.

All triggers work in the same way and as described in Fig.
5 their function is to automatically send incoming data to
the Receive and History relations. They will activate at insert
or update commands and will then take the updated value, a
voltage for instance, with the associated timestamp and insert
it into the Receive relation. This is done for each updated value
regardless of how it is being updated. If a whole row is being
updated in one query the trigger will still process each value
with associated timestamp separately. During this process the
trigger reshapes the data into a specific form that is needed
for Zenon to understand. More specifically it renames the data
and separates milliseconds from the timestamp and saves it in
a separate attribute.

One important aspect of a database is its ability to store
data for later use. This can be done in many ways and could
differ a lot based on what the computer system can handle
and what is considered important or not. In this database the
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Fig. 5. Flowchart explaining how a trigger works.

History relation was made in order to save all values that
are being written to the database. This means that every time
information is updated it is also stored in History which, as
opposed to Send, is never deleted. Since all values are placed
in one relation and the data is given a specific name based on
where it comes from, a current value would be given the name
I pos Line2 for positive current in line 2 for example. Future
users would simply query the needed information, perhaps all
values related to Line2, and then be able to sort through all
the history of that line.

C. Graphical User Interface

The GUI consists of different layers called screens, where
the operator is able to switch between these through a naviga-
tion bar seen in the top in Fig. 6. In order to keep information
as concise and understandable as possible two different views
were created. One view contains all the data available in the
database, except for certain specifications of the lines. This
view is showed in Fig. 6 and can be useful when the operator
requires an in depth analysis. The other one was created to
contain only an overview of the status of the grid where many
details were sorted out. This can be seen in Fig. 7. Additionally
an Alarm Message List, AML for short, and a Chronological
Event List, CEL for short, were created where history and
unwanted events are displayed.

The grid displayed in Fig. 6 was created to look similar
to the selected power system and consists of four different
overlays, shown in Fig. 6, called Voltage, Information, Current
and Power. These overlays display different voltages, names
of buses and lines, currents and power flows respectively. They
are split up into these different overlays because together they
make for a cluttered and almost unreadable map of the grid.
The overlays were created so that only the numbers change
and the grid stays the same in order to give a sense of cohesion
between the different views.

When creating the Status Grid simplicity and clarity were
the desired characteristics. This view was designed not to
include any numbers at all and only display whether or not
certain values were within its desired limits. The limit values
are further explained in Table I. This way the operator gets an
overview of the grid without having to analyse any of the data.
If the operator needs data about a certain location it is possible
to click on a connecting bus which opens a popup screen. This
smaller screen displays data related to the colours displayed
in the Status view.

Fig. 6. Picture of the GUI interface with the Detailed view displayed. The
bar on the top of the screen is used to navigate to different views, such as
Status view, AML or CEL. In the top left drop down menu different overlays
can be selected.

Fig. 7. Picture of the GUI interface with the Status view displayed. By
selecting a bus the popup screen will be opened.

In the Status view, the feature dynamic colouring has been
applied to the grid. This allows an objects to be linked to a
value and change colour based on its limits. When passing
each limit the connected object on the screen changes colour.
Limits for voltages were set above and below five and ten
percent of the desired value. These percentages were used
to illustrate the feature and are not based on any concrete
calculations. If for example the voltage in a bus designed for
400 kV exceeds 440 kV the bus colour would change from
green to red, as seen in Table I, and alert the operator that the
limit has been breached. If it on the other hand only reaches
420 kV the colour would turn yellow.

The currents have different limits since its desired behaviour
is more oriented towards following the power flows of the
lines. The system will, as opposed to the voltages, react to
whether a specified maximum limit has been exceeded or
if there is an extremely low current in the line. A warning
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Fig. 8. Picture of the GUI interface with the alarm message list displayed.
Different filters can be set at the top and acknowledgments can be made on
the right. The alarm bar on the top is displayed no matter which screen is
selected.

at 95% has also been added and will be displayed with the
colour yellow. This was, similarly to the voltage limits, an
illustration of the feature and has to be specified and adapted
to the physical grid during implementation. As presented in
Table I an exceeding value would assign the line colour red
whereas an abnormally low value would turn it grey.

Depending on how fast the system is updated a change in
colour can be hard to detect by an operator. An alarm message
list was added to allow for these quick events to be reviewed
at a later time. When a limit is exceeded this triggers an
alarm that is then showed at the top of the screen, as seen
in Fig. 8. The alarm includes a text explaining where it has
been triggered and which limit that has been breached. The
alarm will also generate a message in a separate screen called
AML. Here all triggered alarms are stored with corresponding
timestamps and a red circle letting the operator know that
the event has not yet been reviewed. When the operator has
reviewed the event and decided that the alarm is solved they
can set the alarm as acknowledged and it will then be marked
with a blue circle. Similarly to the AML the CEL displays
changes made in the GUI in a chronological order.

V. TEST AND RESULTS

To ensure that the created parts of the control system are
working they were applied to the power system presented in
[16]. This power system consists of a central HVDC grid with
two different AC grids, three offshore wind parks, an oil and
gas platform connected to it. The HVDC grid contains cables
and overhead lines of the type mono- or bipole connecting
multiple buses together. The database was given information
such as bus id, information about the lines and how they are
connected from [16]. The lines were designed with limit values
as shown in Table II where different voltages and currents
correspond to different kind of lines in the grid.

The proposed architecture shows that different parts have to
work together in order to form the entire control system. Since

TABLE I
TABLE CONTAINING THE USED COLOUR CODE IN THE GUI.

Measurement: Currents Voltages

Default Green Green

Limit 1 Grey <1 A -

Limit 2 Yellow >95% of max current Yellow ± 5%

Limit 3 Red >max current Red ± 10%

TABLE II
TABLE WITH LIMITS AND DEFAULT VALUES FOR DIFFERENT OBJECTS IN

[16].

Default/Limit Objects
200 kV Monopole bus

400 kV Bipole bus

3500 A Overhead line 400 kV, lines 3,4,5,9,10,11

3000 A Overhead line 200kV, lines 14

2265 A Cable 400kV, lines 2,6,7,8

1962 A Cable 200kV, lines 1,12,13,15

they are however designed separately they can also be tested
as such. Thus no communication system between the grid and
the database was used at this stage and dummy values were
inserted instead. Certain values exceeding its designated limits
were inserted in order to simulate possible scenarios and to
test all the aspects of the GUI. As seen in Fig. 7 some lines
are green indicating desired functionality while others are red
or yellow thus telling the operator that these values are above
or below their limits respectively. Since some limits have been
breached corresponding alarm messages have been registered
in the AML, seen in Fig. 8, as well as on the top of the screen.

To further test the entire architecture a simulation run in a
program called OPAL-RT is used to depict the physical parts of
the grid, meaning the power system. The continuously updated
information produced in the simulation is then sent via an
intelligent gateway, created in K3b and further described in
HVDC Data Acquisition. The gateway unpacks the informa-
tion and passes it on to the database where it is inserted into
its corresponding relations. When receiving this data the GUI
displays a real time view of the simulated grid.

VI. DISCUSSION & CONCLUSION

As mentioned in the proposed architecture a control center
needs a two-way communication in order to send commands
to the grid. This would be the next step in the development
of a more complete control center. Furthermore different
applications could be added to the control system which would
use the already available measurements in order to add more
functionality and increase its usefulness. One example is a
state estimator, as the one created in K2 and further describe in
State Estimation for HVDC Grid, which reduces errors in the
measured data. Another useful function would be trends based
on the history of the grid and displaying this for the operator
to analyse. This could be useful for predicting patterns and
planning for future grid management and security.

The results show that the created database and GUI satisfy
the basic needs of an operator within the scope of this project
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as well as provide a foundation for a larger control system. The
implemented GUI allows for smooth operation of the grid and
the database ensures stability as well as future expandability.
Furthermore the proposed architecture allows for a more
continuous development of the individual parts in the SCADA
system without the need to restructure it completely.
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