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2 Executive Summary
Today’s power systems use alternating current (ac) for transmission and distribution of electrical energy, although. Historically speaking, the first grids were based on direct current (dc). Without appropriate equipment to change the voltage level dc distribution suffered from high losses and was soon
ruled out by more efficient ac technology, which used transformers to step up the voltage. However,
today as a result of considerable technical progress in the field of high-power semiconductor devices
and cable technology, high-voltage point-to-point direct current (HVDC) transmission has merged into
power systems for several decades now. At lower power levels, medium-voltage multi-terminal dc
(MVDC) distribution has been suggested by researchers for offshore wind farms and industrial applications.
In this project, the design of an MVDC multi-terminal network connecting several test benches with
power levels in the MW range at the new campus site “Melaten” of RWTH Aachen University has been
investigated. In such a grid all test laboratories are connected to a common bipolar dc bus via power
electronic converters. Simulation results show that voltage control in this system can be carried out by
a single converter without the need for high-speed communication with other converters. In case of ac
or dc faults, both the voltage and the current in the dc network can be limited to non-critical values.
During the project, major steps have been undertaken to establish an organization to foster further research in the field of MVDC transmission and distribution technology. Several major equipment suppliers (in the area of power electronics, cable technology, protection gear, renewable power sources)
intend to become members of this consortium. A first meeting was held at E.ON ERC in October 2011.
This meeting was a milestone in the field of dc medium voltage energy research, because never before so many equipment suppliers and energy companies joined a meeting to work on a combined research strategy for future power grids.

2 / 32

3 Introduction
3.1

Goals of the Project

Besides a first preliminary planning and design of a small-scale medium voltage dc grid demonstrator
at the Campus Melaten site of RWTH Aachen University, a further objective of this project is to put together a consortium that will subsequently apply for public and private funding to realize the grid demonstrator. The necessary steps include
•

to perform a preliminary conceptual design of the grid layout

•

to size components (converters) and specify protective gear and communication infrastructure
and monitoring/metering equipment

•

to identify principal questions related to the application and merging of dc technology in a local
medium-voltage ac grid

•

to identify a suitable public funding call (EU, Fed. Government) for the submission of a project
proposal

•

to find project partners from both academia and industry that will participate in a further project

•

to prepare and submit the project proposal

3.2

State of the Art

Today’s electricity infrastructure mainly relies on three-phase alternating current (ac) technology. In
contrast to today’s power systems, the first commercial distribution of electrical energy was realized
using direct current (dc). Edison’s Pearl Street installation was commissioned in 1882, featuring a 24km long two-wire cable system of copper conductors that distributed electricity at a voltage of 110 V
for incandescent lighting in Lower Manhattan, New York [1, 2, 3]. But, due to the high losses caused
by the low distribution voltage, the dc technology at that time was outperformed in terms of efficiency
by its alternating current (ac) counterpart, which was developed in the middle of the 1880s by Westinghouse. The ac system could use transformers (a voltage converter invented and patented first in
Europe) to step up the generator voltage to high levels, that are suitable for long-distance transmission
of electric power. Consequently, the medium-voltage alternating current distribution and transmission
system operated with lower currents and had considerably lower losses than low-voltage dc systems.
Consequently, with the state-of-the-art technology of those early days, ac systems could provide a
higher efficiency. Soon after, thanks to the invention of the transformer, three-phase ac transmission
and distribution systems became and have been ever since the cornerstone of an efficient and reliable
electricity supply system.
Today, owing to considerable progress in the fields of power semiconductor devices and cable technology, dc transmission is merging again into the power supply system. Starting in the 1970s, HighVoltage Direct Current (HVDC) links based on current source converters (CSC) with thyristors were
built to transmit bulk power over very long distances. In the 1990s HVDC using voltage source converters (VSC) was developed. Recent installations of VSC-based HVDC include the grid connection of
a German offshore wind farm (400 MW at ±150 kV) and the TransBay Cable (400 MW at ±200 kV),
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the latter using a novel multi-level converter topology instead of the conventional two-level converter
concept. In the meantime, manufacturers of VSC-HVDC claim maximum power levels of up to 1 GW
at voltages of ±320 kV. The main advantages of VSC technology compared to CSC-based HVDC are
the independent control of active and reactive power at both converter stations, the ability to easily link
to multiple terminals and to supply power to weak grids, and even provide black-start capability. Certainly the development of XLPE (cross-linked polyethylene) cables contributed considerably to the
success of VSC-based HVDC transmission systems.
What all of today’s HVDC transmission links have in common is the fact that they only allow the transfer of electrical energy from one single point to another. Usually they link a dedicated source (e.g. a
wind farm) or a load (e. g. an offshore oil or gas platform) to the electricity network. An example, showing an offshore wind farm with an HVDC link to the shore, is depicted in Figure 1. Another typical application is the interconnection of two asynchronous ac grids. With the exception of two CSC-based
systems (the SACOI link between Italy and France, and the Québec–New England connection) no
HVDC installations with more than two converter stations have been built so far. Concepts for a
meshed HVDC grid with a higher number of converter stations (also called multi-terminal system)
have been presented recently (e. g. Desertec, SeaTec) but do not go beyond the status of theoretical
studies.

Figure 1: Grid connection of offshore wind farm with HVDC link [4]

At significantly lower power levels, multi-terminal medium-voltage direct current (MVDC) systems
seem to offer considerable advantages for more decentralized power generation and industrial facilities with a high share of variable-frequency drives. In particular, offshore dc grids (e. g. collector fields
for offshore wind farms) and small-scale industrial networks promise to benefit in terms of efficiency,
flexibility and cost from dc distribution as a replacement for three-phase ac systems [5], [6], [4], [7].
However, multi-terminal dc distribution still remains a research topic and has never been considered to
be demonstrated in a prototype installation until now.
This lack of demonstrators for multi-terminal dc systems is the more astonishing as most of the required equipment is already available today, which can only be explained by, among others, a total
lack of standards. Actually, in large industrial facilities with lots of variable-speed drives already today
the machine-side converters are linked to a common dc bus which is fed through an active front-end
rectifier from a three-phase medium-voltage ac network. This configuration can be regarded as some
kind of small-area micro-dc grid with one or two single feeders. Therefore, it was decided to design,
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construct and operate an MVDC network for the supply of several high-power test benches at a new
campus site of RWTH Aachen University. Further details on the MVDC grid concept will be given in
section 4.1.

3.3

Positioning within E.ON ERC Strategy

The center focuses on research related to energy savings, energy efficiency and sustainable energy
supplies with one of the main target areas being grids and storage. Direct current grids are directly related to these research topics as they provide better means to enlarge the share of renewable energy
supplies and provide increased efficiency compared to ac grids.
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4 Results
4.1

Concept of the MVDC grid

RWTH Aachen University is currently expanding its campus area to meet the rising space requirements of its research institutions [8]. Therefore, a new campus district is currently under construction,
which will accommodate office buildings, labs, and test benches with power ratings ranging from several kilowatts up to ten’s of megawatts.
At the beginning of this project, RWTH Aachen Campus GmbH, a company jointly owned by RWTH
Aachen University and the City of Aachen, which is responsible for development and realization of the
Campus concept, provided information on planned test benches with an estimated power demand of
1 MW or more. Next to the E.ON ERC Test Hall, these test benches are listed in Table 1. All other research facilities to be created during the coming years will need less than 1 MW of active power.
Table 1: Test bench specifications

Symbol

Cluster name

Rated power of test bench

C

Heavy-Duty and Off-Highway Powertrain

3.0 MW

D

Center for Wind Turbine Drives (CWD)

4.0 MW (5.5 MW max.)

E

Integrative Production Technology (eLab)

1.0 MW

The concept of the MVDC grid was mainly developed to provide electricity for the test benches given
in Table 1. In addition, it was decided to integrate a battery energy storage system (BESS) into the dc
grid. The BESS, which was already in the planning phase when this project started, was designed for
a storage capacity of 5 MWh, while providing a maximum charging and discharging power of 5 MW.
Given appropriate funding, the storage system will be realized independently from the dc grid and will
be connected to the local three-phase medium-voltage ac grid first. In a later stage, the equipment
necessary to link the BESS and dc grid might be added. Once put into operation, the BESS will mainly
serve for energy trading as well as load leveling and peak shaving purposes.
Together with the battery energy storage system, the maximum power demand of all test benches
sums up to 14.5 MW. Since no generating units will be integrated into the MVDC grid, power has to be
supplied via a medium-voltage substation that links the dc grid to a local 20 kV ac distribution grid.

4.1.1

Selection of appropriate voltage level

All test benches, the BESS and the ac grid have to be linked together through power electronic converters. With regard to the power level, voltage source converters using bipolar active turn-off devices
(IGBTs or GCTs) will be used.
Typical dc-link voltage levels for a VSC would be 5 kV for Uac = 3.0 kV and 10 kV for Uac = 6.0 kV. A
dc voltage level of 5 kV, however, leads to a maximum current of 2.9 kA. Even though a properly designed VSC is able to switch such high currents, the resulting distribution losses and the investment
costs in the cables would be high. This can be avoided by increasing the dc voltage to 10 kV, leading
to a maximum current of 1450 A in the dc grid. Further augmentation of the voltage level does not
generate any advantages. Indeed, distribution losses could be further reduced but the complexity of
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power electronic converters would be increased as higher blocking capability of power semiconductor
switches is required. Furthermore, the system is mostly operated under partial load conditions, which
does not justify investments in higher voltage technology. Thus, a dc voltage of 10 kV seems to be a
suitable level for the given power level. The dc link is implemented as a bipolar configuration, with one
cable at an electric potential of +Udc/2 and the other at –Udc/2. Hence, both cables have to be insulated
for a rated voltage of 5 kV.

4.1.2

Grid topologies – ring bus vs. single feeder solution

The spatial distribution of all nodes of the dc grid is shown in Figure 2.

Figure 2: Map showing locations of high-power test benches at the new campus site

The substation that connects the MVDC system to the 20 kV ac network is designated with the letter
“A”. The test benches are marked with letters already given in Table 1. “B” indicates the point of common coupling for the battery energy storage system (exact location of the BESS was not defined yet at
start of this study).
In principle, all loads (B through E) can be supplied by a single dc feeder from terminal A. However,
this solution has two main drawbacks. First, if all four stations are supplied via a single cable line, the
current at full load is so high that a very large cable conductor cross section will be needed. Furthermore, a single feeder solution is more likely to cause outages of single loads. If for example a fault occurs at the cable line connecting the active rectifier A with the nearest test bench, this line will have to
be switched off, leading to an interruption of supply of all other dc terminals at more remote locations
of the feeder. This interruption may be circumvented by arranging the cable connections in a ring topology rather than a single string. The single-line diagram for a ring structure is given in Figure 3.
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Figure 3: Single-line diagram of the MVDC grid with ring bus structure

This grid structure has the main advantage that the outage of a single line connection between two
terminals does not automatically imply the shutdown of the entire grid. Instead, the faulty section can
be isolated and operation of the rest of the grid can be continued. The implementation of a grid topology with the aforementioned benefits requires the utilization of circuit breakers and no-load disconnect
switches. These aspects will be further treated in section 4.2.
All test benches are interfaced to the dc grid through a power electronic converter. These converters
are connected to a common dc bus via a dc busbar at each converter station. Power in the MVDC grid
is distributed between the terminals using underground cables. As a bipolar distribution scheme is
used, all cable connections shown in the single line diagram in Figure 3 consist of a forward and a return cable laid in parallel. The lengths of the single cable lines are between 50 m and 700 m. Details
are summarized in Table 2.

Table 2: Lengths of cable sections between converter stations

Cable section

Cable length

A–B

2 x 700 m

B–C

2 x 618 m

C–D

2 x 50 m

D–E

2 x 334 m

E–A

2 x 484 m
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The cables are selected from a manufacturer’s catalogue [9]. As no cables are available that are explicitly designed for medium-voltage dc applications, a conventional medium-voltage single core ac
cable is selected. Its simplified cross section is depicted in Figure 4.

Figure 4: Cross section of single core cable

The cable has a copper core conductor, a main insulation made of cross-linked polyethylene (XLPE),
a copper sheath and an outer polyethylene (PE) serving. The core conductor cross section is
2
1000 mm which allows for a current rating of approximately 1000 Arms. The outer diameter of the cable is between 59 mm and 64 mm and its mass is in the order of 11 kg per m.

4.1.3

Control of DC Voltage and Power Flow

In three-phase ac power systems the two quantities to be controlled are voltage and frequency. With
synchronous generators, frequency is controlled through increase or reduction of active power (provided by the turbine). Voltage stability is maintained by injecting or absorbing reactive power, depending on the needs of the power system. In dc systems however, frequency does not exist (equals zero).
Consequently, no phase shift between voltage and current occurs, thus there is no reactive power
flow. It follows that voltage represents the only quantity to be controlled in VSC-based dc transmission
and distribution systems. If more energy is fed into a dc grid than what is transferred out of the system,
the voltage will rise. In the opposite case, i. e. with a surplus of energy flowing out of the grid, the dc
voltage will fall. Thus, to control voltage in a dc grid, the energy balance has to be preserved all times.
This means that the sum of the power levels of all converters that are connected to the dc system
must always be zero (assuming opposite signs for power flowing into and out of the dc grid, respectively).
To achieve the aforementioned regulation of the dc voltage, different methods can be applied. The decisive question is how many converters in a multi-terminal dc system are able to contribute to dc voltage control and how many should or can fulfill this task at each instance. Two methods commonly cited in literature are master/slave and droop control [10]. Using the first approach only a single terminal
is responsible for dc voltage regulation. All other converters operate at the voltage levels that settle at
their respective dc terminals. These converters may control at their ac terminals quantities such as active power, reactive power, i.e. voltage or frequency. The major advantage of this concept lies in its
simplicity. No high-speed communication links between converters are needed to coordinate dc voltage control. Also, the system is protected against unwanted interaction between multiple voltage controllers that might lead to instabilities. A clear disadvantage of this voltage control concept becomes
apparent if the main terminal trips due to an internal fault or a fault directly at its terminals. In this case
the entire dc grid will shut down if the voltage control responsibility cannot be transferred to a second
converter within a sufficiently short time.
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The dependency on a single converter may be avoided if a droop control scheme is adopted. With this
method, the voltage control task is shared among multiple converters in the multi-terminal system.
This control scheme is particularly well suited for large-area systems with a high number of converter
stations. Compared to master/slave control it offers the clear advantage that grid operation may be
continued if one of the voltage regulating terminals trips. Given a careful design, the remaining terminals are still able to control the dc voltage within its specified boundaries. Yet this approach requires a
thorough design of the voltage droops of the single converters to avoid interference.
For the planned MVDC distribution system master/slave control is a suitable concept. This is mainly
motivated by the particular structure of sources and loads within the grid. As the dc grid has no own
power generation units the 20 kV ac network represents the only power supply that is permanently
available for the MVDC system. Of course the battery storage system might supply additional power to
the grid, provided that it can change into discharging mode when requested by a higher-level command. However, the capacity of the batteries is limited so the BESS could regulate dc voltage only for
a very limited time. Consequently, converter A, linking the medium-voltage ac network and the dc grid
is chosen as the main voltage-controlling terminal. In addition to this functionality, converter A can
provide reactive power to the three-phase ac system if needed. Converters C through E regulate ac
voltage and frequency at their respective terminals. Converter B is responsible for charging and discharging of the battery storage system.
Power flow in the MVDC grid is not directly controlled. Each test bench draws power from the common
dc bus according to its needs. By regulating the voltage at its dc terminals the main converter A automatically adapts the power flow into the MVDC grid to the required value and thus ensures the balance between supply and consumption.

4.2
4.2.1

Protection
Strategy

An important aspect of grid design is the implementation of a suitable strategy for fault handling and
protection of equipment. Ideally, a fault at one point in the system does not entail the outage of other
components at other locations. If possible, n – 1 redundancy should be reached, i.e. the system remains in operation even if one component fails. This redundancy, however, is difficult to obtain in the
given MVDC grid, as will be discussed later.
The non-availability of suitable equipment for fault clearance represents the major obstacle for the realization of a protection scheme similar to those usually encountered in three-phase ac systems. Currently, there are no circuit breakers in the market that are able to interrupt direct currents at a system
voltage of 10 kV. Thus, the MVDC grid will be operated without dc circuit breakers. A possible protection scheme is depicted in Figure 5.

Figure 5: Protective equipment in the MVDC grid

10 / 32

All converters are equipped with conventional three-phase circuit breakers at their ac terminals. At the
dc busbar, (no-load) disconnect switches (disconnectors) permit to separate the converter from the dc
grid. These switches, however, are not designed to interrupt load currents or short-circuit currents.
If a fault occurs at one of the test benches either the converter is shut down or, in more severe cases
involving high fault currents, the ac circuit breaker will trip. Subsequently, the disconnectors at the dc
busbars will open to separate converter and test bench from the rest of the grid. Thus, faults at the test
benches do neither influence the dc grid itself nor other test benches in the system. The MVDC grid
remains operational and only the affected test bench will be turned off. In contrast to this scenario a
fault at the ac side of converter A will lead to a shutdown of the entire dc grid as the main power supply is no longer available.
Faults in the MVDC network itself will have more severe consequences for the operation of the dc
grid. If one of the cables is damaged this would most likely lead to a line-to-ground fault. In an ac grid,
circuit breakers at both ends of the line would trip and isolate the fault. Due to the absence of dc circuit
breakers in the proposed concept, this protection feature is currently not implemented in the simulation
model of the CAMPUS MVDC grid. To avoid the use of expensive dc breakers, it is decided to use the
ac breakers instead. Note that a dc short-circuit is also fed by the ac network through the freewheeling
diodes of converter A. Hence, the circuit breaker at the ac terminals of this converter will ultimately
trip. Furthermore, all other test benches will be disconnected from the dc grid.

4.2.2

Availability of Equipment

Medium-voltage dc equipment is available for railway applications, thus a typical voltage level is
1.5 kV and 3 kV. Several companies offer dc circuit breakers for up to 3.6 kV. Disconnectors are rated
for a maximum voltage of 4.0 kV. Some companies offering these products are (in alphabetical order):
•

ABB

•

Balfour Beatty Rail

•

Driescher

•

Driescher Wegberg

•

Elpro

•

Ferraz Shawmut

•

Secheron

•

Siemens

4.3

Grid Simulation

To analyze different scenarios, a model of the MVDC grid was implemented and simulated using the
software PSCAD/EMTDC. The simulation model and the results are described in the following sections.

4.3.1

Modeling approach

Converters and control system
The converter topology to be used at nodes A through E of the dc grid strongly depends upon the
choice of the manufacturer. As the topology does not directly influence voltage control dynamics and
fault handling in the dc grid, a conventional two-level voltage source converter topology is assumed for
the analysis. In the simulation model all converters are equipped with capacitors with C = 1000 µF at
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their dc link terminals. The converters are modeled at the semiconductor device level, assuming lossless Insulated Gate Bipolar Transistors (IGBTs) and diodes. The gate signals for the active-turn-off
devices are generated by a sine-triangle pulse-width modulator. This modulator operates at a switching frequency of 1 kHz, which is a typical switching frequency in high-power converters.
The sinusoidal reference signals for the pulse-width modulation (PWM) are produced by the control
scheme, which is implemented in a rotating reference frame that is synchronized to the grid voltage.
Thus, all three-phase ac quantities are transformed into a two-axes dq reference frame using the Park
transformation. Besides a reduced number of controllers (compared to a control system implementation in a three-phase reference frame) this approach offers the advantage that only dc quantities (i.e.
the instantaneous magnitudes of the ac signals) have to be regulated instead of sinusoidal quantities.
Furthermore, if the transformation angle between three-phase abc system and dq reference frame is
properly chosen, active and reactive power may be controlled independently from each other. In this
project, the abc-to-dq transformation is carried out such that active power is controlled via the d component 𝑖d and reactive power is controlled via the q component 𝑖q of the grid current. Overall, a cascaded control system is implemented, where the grid currents 𝑖d and 𝑖q are controlled in an inner loop.

The reference values for these loops are generated by two outer control loops, which regulate two out

of the four quantities active power, reactive power, dc power, ac power. The schematic of the implemented control system of converter A is depicted in Figure 6. Here, the dc voltage is controlled in an
outer loop. The output signal of this loop is used as a reference value for the inner current controller.

Figure 6: General structure of the converter control

Cable lines
The cables are selected from a manufacturer’s catalogue [9]. A single core cable with copper conductor and XLPE insulation is chosen. For the simulation the cable is modeled with the following layers
from the inside to the outside:
•

Copper conductor

•

XLPE insulation

•

Copper screen

•

PE sheath

The burial depth of the cable is set to 0.6 m with a distance of 0.2 m between the two parallel cables
(one of which is operated at an electric potential of +Udc/2 and the other at –Udc/2). To allow for a representation as accurate as possible a cable model [11] is selected that is based on travelling wave
theory. This simulation model respects, apart from the distributed nature of the line parameters (i. e.
complex series impedance and shunt admittance), the frequency dependence not only of the line parameters but also of the modal transformation matrices that are needed for the exact implementation.
Test benches
The test benches in the laboratories are fed by dedicated power electronic converters. Their line-toline output voltage levels are set to 3.3 kV. In the simulation all test benches B, C, D, and E are modeled as passive RL loads in star connection. The values for R and L are calculated such that the loads
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absorb real power according to the values specified in Table 1. In addition, a certain demand for reactive power is assumed. Here, the same power factor cos φ = 0.9 is chosen for all test benches. The
resulting values for R and L are given in Table 3.
Table 3: Simulation parameters of the converter stations

Converter

Power P

Resistance R

Inductance L

A

15.5 MW

7.0 mΩ

2 x 318 µH

B

5.0 MW

1.7 Ω

2.7 mH

C

3.0 MW

2.9 Ω

4.5 mH

D

5.5 MW

1.6 Ω

2.4 mH

E

1.0 MW

8.82 Ω

13.6 mH

AC Supply
The medium-voltage ac network is represented by an ideal voltage source (line-to-line rms voltage
20 kV) behind an impedance. The 20 kV / 5 kV transformer leakage reactance is set to 10 %. An additional 10 % inductance is inserted between transformer and power electronic converter to account for
the harmonic filter impedance at the converter input. The star points at primary and secondary side of
the transformer are isolated.

4.3.2

DC Voltage Control

As mentioned before, master/slave control of dc voltage is implemented. Converter A regulates the
voltage in the MVDC network at a fixed value of 10 kV.
A black-start of the dc grid is carried out as follows. First, the dc-link is charged from a separate
source to its nominal value of 10 kV. With the grid-coupling transformer at converter A being energized
at the primary side, the breaker at its secondary side is closed at t = 0.06 s. At the same time, control
and PWM of the active front-end start to operate. All other converters, i.e. terminals B through E do
not operate. Their corresponding circuit breakers at the ac side are opened.
The waveforms of dc voltage, active and reactive power P and Q, and the currents I1 and I2 in the dc
grid (cf. Figure 3) for this scenario are shown in Figure 7, Figure 8 and Figure 9.
At t = 0.15 s all ac loads are instantaneously connected to their corresponding converters. In the dc
grid this corresponds to a load step from 0.0 p.u. to 1.0 p.u., i.e. a load step from 0 MW to 14.5 MW.
This massive increase in power drawn from the converters leads to a temporary reduction of dc voltage, which drops to 8.8 kV (see Fig. 7). After approximately 100 ms the nominal value is restored
again by the dc voltage controller (converter A). It can be observed that the dc voltage ripple at full
load is slightly higher than the ripple at no load.
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Figure 7: DC voltage at terminal A during sudden load changes

Figure 8: Active and reactive power at terminal A during sudden load changes

Figure 9: Currents in the dc cables during sudden load changes

The load step leads to a rapid increase and an overshoot of current in the dc grid (see Figure 9). The
currents rise to I1,max = 0.98 kA and I2max = 1.22 kA. However, these values remain well below the maximum short-term current carrying capability of the cables.
At t = 0.35 s all load converters are suddenly disconnected from the dc grid. This results in a short
overshoot of dc voltage (peak value 11.2 kV), which is quickly reduced by converter A. After less than
14 / 32

100 ms the previous value is restored. During the turn-off currents in the dc grid fall rapidly and even
reverse their direction for a few milliseconds.

4.3.3

Simulation of faults

The impact of faults on voltage and current in the MVDC grid is analyzed by simulating faults at different locations of the system. In the simulation model the faults are ideal, i. e. the resistance of the fault
path toward ground is zero. In all cases the gate pulses of converter A are disabled when the breaker
at its ac terminals trips.
The influence of a three-phase line-to-ground fault at the primary side of the transformer at converter
A is shown in Figure 10, Figure 11, and Figure 12.

Figure 10: Three-phase fault at transformer primary side: Currents at secondary side

Figure 11: Three-phase fault at transformer primary side: currents in the dc grid
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Figure 12: Three-phase fault at transformer primary side: dc voltage at converter A

The currents of the secondary side transformer rise immediately to high values (cf. Figure 10). The
rms current reaches up to 11.5 kA. After a delay of 20 ms, the circuit breaker trips and the current is
turned off. The fault is fed from the 20 kV grid and from the MVDC grid. The currents in the dc grid are
shown in Figure 11. The maximum value of 6.5 kA remains well below the short-circuit ratings given
by the cable manufacturer. Thus, the dc cables will not be damaged. The voltage in the MVDC grid
collapses rapidly (Figure 12). The converter control tries to maintain the voltage at its nominal value,
but without success.
A behavior similar to the aforementioned scenario is observed during a three-phase line-to-ground
fault at the secondary side of the transformer. The secondary rms current reaches slightly higher maximum values (up to 15 kA). Also the line currents in cables 1 and 2 have higher peak values (up to
8.5 kA max.). However, also these short-circuit currents do not endanger the cable lines.
The consequences of a dc fault are analyzed by short-circuiting both dc busbars (+Udc/2 and -Udc/2) at
converter A at t = 0.1 s. The waveforms of voltage and current in the MVDC grid as well as the threephase input current of converter A for this scenario are shown in Figure 13 through Figure 16.

Figure 13: dc fault at converter A: dc voltage at converter A
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Figure 14: dc fault at converter A: dc voltages at different terminals

Figure 15: dc fault at converter A: currents in the dc grid

Figure 16: dc fault at converter A: currents at transformer secondary side

As expected, the voltage at the fault location (i.e. at the dc terminals of converter A) falls immediately
to zero. At the other converters, the voltage drop starts with a little delay, depending on the distance
between fault location and the respective converter. This is due to the cable capacitances, which support the dc voltage for a very short time. However, the delay is less than 0.5 ms, depending on the
specific location. Figure 14 provides a closer look at the voltages at all converters at the moment of
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the fault. The voltage drop is observed first at converter E since this terminal is closest to the fault.
With ascending distance to the fault, converters B, D and C are, one after the other, also subject to a
dc voltage drop. Converters D and E are separated by a very short cable (50 m), thus, both voltages
reach zero almost at the same time.
The short-circuit is fed from two sides. On the one hand, high currents in the dc grid are flowing towards converter A (see Figure 15). Their peak values of 11 kA and 13.7 kA remain below the limits
specified by the cable manufacturer. On the other side, the short-circuit causes over-currents at the ac
terminals of converter A (see Figure 16). Transformer and converter must be designed with an appropriate short-time current-carrying capability.

4.4

Electromagnetic Compatibility

The MVDC grid will be operated in publicly accessible premises. Thus, all safety regulations concerning the installation and operation of electrical equipment in these areas have to be met. In particular,
questions were raised during the project whether the grid might emit possibly harmful electromagnetic
radiation. It is clear, that the network can only be commissioned, if it fulfills all requirements that are
imposed by regulations concerning human exposure to possibly harmful radiation. This has to be
guaranteed by the grid operator.
In principle it can be assumed that no persons come close to the power electronic converters. Hence,
the following analysis covers only emissions caused by the underground cables. Furthermore, it is assumed that electric fields can be neglected due to the metallic screen around the cable conductors.
Thus, the analysis focuses on magnetic fields.

4.4.1

Exposure levels

Several, partly contradictory, standards exist on the topic of electromagnetic compatibility in this application. Limits for time-varying magnetic fields at frequencies up to 300 GHz were published by the International Commission on Non-Ionizing Radiation Protection (ICNIRP) in 1998 [12]. Maximum values
for static magnetic fields were defined in 2009 [13]. In 2010 the limits for low-frequency electric and
magnetic fields were revised [14]. The European Union adopted the ICNIRP limits in its Council Recommendation 1999/519/EC [15] and with the directive 2004/40/EG [16]
In its standards C95.6-2002 and C95.1-2005, the Institute of Electrical and Electronics Engineers
(IEEE) defines safety levels for human exposure to static and time-varying electromagnetic fields [17,
18] that differ from the ICNIRP values. Over a wide frequency range the IEEE limits are less strict than
the ICNIRP recommendations. For a frequency range of interest for the MVDC installation the recommended values of both institutions are plotted in Figure 17. For the exposure to static magnetic fields
ICNIRP advocates maximum values of 400 mT (2000 mT), and IEEE specifies a limit of 118 mT
(353 mT), where the first number gives the value for general public exposure and the number in parentheses the value for occupational exposure.
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Figure 17: Comparison of ICNIRP and IEEE exposure limits (GPE: general public exposure; CE: controlled
environment; OE: occupational exposure)

In Germany, an ordinance implementing the federal immission control act (sechsund-zwanzigste Verordnung zur Durchführung des Bundes-Immissionsschutzgesetzes, Verordnung über elektromagnetische Felder – 26. BImSchV) [19], limits low-frequency electromagnetic fields to the values given in
Table 4:

Table 4: Maximum allowed values (rms) of electric field strength and magnetic flux density for low-frequency fields according to German BImSchV

Electric field strength

Magnetic flux density

50 Hz fields

5 kV/m

100 µT

16 2/3 Hz fields

10 kV/m

300 µT

The ordinance does not provide limits for static electromagnetic fields.
To provide a general basis for a comparison of field strengths: the flux density of the earth’s static
magnetic field is around 35 µT at the magnetic equator and in the order of 70 µT directly at the magnetic poles.

4.4.2

Evaluation

The magnetic fields emitted by the cables are determined to verify that the planned installation meets
the limits given in section 4.4.1. For the analysis the magnetic flux density in the surroundings of the
cable lines is calculated analytically. To facilitate the calculation it is assumed that the dc link capacitors located at each converter are sized such that the dc current injected into the cable lines has only
little harmonic content. Consequently, time-varying magnetic fields generated by these harmonics can
be neglected and only the static magnetic flux density has to be determined. It is given by
𝐵=

𝐼
,
2𝜋𝑟
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where I denotes the current flowing through the conductor and r the distance between the conductor

and the point at which B is calculated.

The calculations are carried out for a configuration of two identical cables that are laid close to each
other in a certain depth below ground. The current in the cables is set to the maximum value encoun-

tered at full-load conditions of the system. The cables are utilized in an antiparallel configuration, i. e.
one is used as forward and the other as return conductor. As a result of this configuration, which originates from the chosen bipolar distribution scheme, the generated magnetic flux density is expected to
be lower than for a configuration where the currents in two parallel cables have the same direction.
Furthermore, it is assumed that the metallic screen of the cables does not affect the magnetic field
outside the cables.
In line with the specifications of the local utility STAWAG the burial depth of the cables is set to 0.6 m.
In addition, a second value of 1.0 m is analyzed as well. The distance between the two copper conductors is varied between 0.1 m and 0.3 m. All values are calculated for a maximum current of 1450 A.
The resulting static magnetic flux density for a depth of 0.6 m and a conductor spacing of 0.2 m is
shown in Figure 18. Here, the symbols  and  denote the forward and return conductor, respectively. As expected the magnetic field is highest between the two conductors and decays quickly with increasing distance to the cables.

Figure 18: Static magnetic flux density around a cable pair at full load. The cables are buried in a depth of 0.6 m with a
distance of 0.2 m between the two conductors.

To assess the impact of varying conductor spacing and depth on the magnetic field the flux density is
calculated for different heights above ground. Details on measurement procedures for electric and
magnetic fields are specified in DIN EN 62110. This standard applies to ac power systems but is
adopted here for the dc system. In accordance with this standard the magnetic field is determined at a
line perpendicular to the cables and at heights of 0.5 m, 1.0 m and 1.5 m above ground. From these
values an average magnetic field is calculated. This average value is compared to the limits specified
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in section 4.4.1. The corresponding graphs for a cable depth of 0.6 m and 1.0 m are given in Figure 19
through Figure 21 and Figure 22 through Figure 24, respectively.

Figure 19: Magnetic field perpendicular to cable line. Burial depth 0.6 m, conductor spacing 0.1 m.

Figure 20: Magnetic field perpendicular to cable line. Burial depth 0.6 m, conductor spacing 0.2 m.

Figure 21: Magnetic field perpendicular to cable line. Burial depth 0.6 m, conductor spacing 0.3 m.
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Figure 22: Magnetic field perpendicular to cable line. Burial depth 1.0 m, conductor spacing 0.1 m.

Figure 23: Magnetic field perpendicular to cable line. Burial depth 1.0 m, conductor spacing 0.2 m.

Figure 24: Magnetic field perpendicular to cable line. Burial depth 1.0 m, conductor spacing 0.3 m.

It is obvious that the flux density above ground becomes lower when the cable is buried deeper. However, even for a depth of 0.6 m the field is several orders of magnitude lower than the limits specified
by IEEE and ICNIRP. Furthermore, in order to keep field emissions low, the two antiparallel cables
should be laid as close as possible. With rising distance between forward and return conductor, the
flux density above ground increases significantly. Thus, for a laying depth of 0.6 m, a conductor spac-
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ing of 0.2 m instead of 0.1 m approximately doubles the average magnetic field (28 µT instead of
14 µT).
To what extent depth and cable spacing affect the average magnetic flux density can be further explored in Figure 25 and Figure 26.

Figure 25: Average magnetic flux density over cable depth. Spacing ranging from 0.1 m to 0.5 m.

Figure 26: Average magnetic flux density over cable spacing for cable depths between 0.1 m and 1.5 m.
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In Figure 25 the average magnetic field is plotted over the cable depth for different conductor spacings
between 0.1 m and 0.5 m. Figure 26 shows the flux density over cable spacing for cable depths ranging from 0.1 m to 1.5 m. As expected the magnetic field decreases approximately with 1/d, where d is
the cable depth. A larger spacing between the two conductors yields higher average flux densities
above ground. This relation is slightly non-linear.
Nevertheless, in all configurations the static magnetic flux density remains well below the exposure
limits recommended by IEEE and ICNIRP and is of the same order of magnitude as the earth’s magnetic field.

4.5

Foundation of a Consortium

In a first attempt, it was planned to develop a joint project proposal together with a local utility
(Stadtwerke Aachen Aktiengesellschaft, STAWAG). It was intended that the construction of the dc
grid, as well as further research in the field of MVDC technology should be subject of a sub-project
within a bigger framework research project, called “Smart Campus”.. However, the “Smart Campus”
initiative led by STAWAG was started before the MVDC project. In addition, no standards could be
identified to install safely a medium voltage DC grid. Hence, it was not possible to match both schedules.
Consequently, plans were developed construct the dc grid by a consortium of companies, supporting
th

st

research in the field of MVDC technology. On October 20 and 21 a first meeting with industry partners, jointly organized by ACS and PGS, took place in Aachen. This meeting was attended by representatives from the following companies:
•

Utility companies
o E.ON

•

Power electronic companies
o ABB, Alstom, Fuji, General Electric (including Converteam GmbH), Ingeteam, Siemens

•

Component manufacturers
o Infineon

•
•
•

Cable technologies
o Nexans

Renewable energy companies
o

SMA, Vestas

Research centers (public or private)
o Ikerlan, UTRC

The main results of the meeting are as follows: E.ON ERC will initiate the foundation of legal entity
(most likely a not-for-profit organization) with the mission to support research in the field of mediumvoltage direct-current (MVDC) transmission and distribution. The legal entity will be either a “gGmbH”
(a non-profit company with limited liability) or a “Verein” (registered association with non-profit status),
both organized under German law. Companies can join the organization either as a full member or as
an associate member. The membership fees will be 50.000 € for full members and 25.000 € for associate members. In contrast to full members, associate members have neither the right to vote in the
advisory board nor will they be granted access to any intellectual property that is generated and held
by the organization.
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In November 2011 all companies willing to join the MVDC consortium will sign a letter of intent. The
establishment of the organization is scheduled for early 2012.

4.5.1

Legal issues

Before a dc grid can be installed and commissioned at the Campus Melaten of RWTH Aachen University a couple of open questions have to be answered. These are briefly listed in the following paragraphs.
According to the local utility, the XLPE cables are to be laid inside concrete cable ducts. These ducts
are installed beforehand and the cables are inserted in a second step.
Next to technical issues, the ownership of the MVDC grid has to be defined. Possible owners of the
grid could be the “Bau- und Liegenschaftsbetrieb Nordrhein-Westfalen” (BLB), or RWTH Aachen University, or STAWAG. Similarly, it has to be decided which legal entity will operate the grid. This also
includes the question of liability in case of accidents involving physical injury or damage of property.
The billing of electricity has to be organized by the grid operator.
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5 Conclusions
In this project several aspects of the design of a medium-voltage direct current (MVDC) grid have
been addressed. In the future this network shall connect several test benches with a total power demand of more than 10 MW at the new campus Melaten site of RWTH Aachen University.
After an introduction to the state-of-the-art of VSC-based dc technology, the concept of the MVDC grid
has been discussed. A simulation model has been implemented using the software PSCAD/EMTDC.
The simulation model has been used to analyze different operational scenarios. It has been shown
that the dc voltage in the system can be kept stable by controlling its value from a single point in the
MVDC grid, i.e. from converter A linking ac and dc grid. Furthermore, faults in the dc grid itself as well
as in the ac supply have been studied. It has been found that short-circuits in the system do not lead
to critical over-voltage or over-currents.
The emissions of static magnetic fields by the dc cables have been examined with regard to conformity to international standards in this field. The calculated magnetic flux density is of the same order of
magnitude as the earth’s magnetic field. Thus, it remains well below the limits specified by IEEE and
ICNIRP.
First steps towards the foundation of an MVDC consortium have been taken. It was decided that a legal entity should be created that will foster research and innovation in the field of medium-voltage direct current transmission and distribution technology. The construction of the MVDC grid at the campus Melaten will be part of a future project and will be supported by the consortium.
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6 Future Work
A first step towards the design of an MVDC grid for the campus Melaten has been taken within the
scope of this project. Before this grid can be constructed a couple of aspects have to be considered.
This includes the final decision, which test benches shall be integrated into the dc system as the location and the required power level of these terminals strongly influence the grid design.
Once the MVDC consortium has been officially founded, a research program has to be developed defining R&D projects in the field of medium-voltage direct current transmission and distribution. Possible
topics include but are not limited to
•

Control and stability of dc grids

•

Protection in dc systems, development of (hybrid) dc circuit breakers

•

Dc-dc converters

•

Interfaces MVDC/HVDC, MVDC/MVAC

•

Cable technologies, superconductive cables

•

Semiconductor devices

•

Development of standards in all these fields

The list of test benches investigated in this project is not complete. At the end of the project other test
benches that can be integrated into a MVDC grid were identified. After the founding of the consortium
the grid layout will have to be repeated with an updated list of test benches. The methodology used in
this project can be directly transferred to this new investigation.
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