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Summary

The increase in electricity demand, the incorporation of renewable energies, or

the trend toward deregulation in the power market, implies significant

changes in the power networks. Load flows are considerably altered, giving

rise to technical problems in the system, such as stability limitations or voltage

level control. In this context, the use of devices based on power electronics to

interconnect distribution grids is presented as an excellent option to help solve

these problems and control load flows and bus voltages. The topology MVDC

(Medium Voltage Direct Current) is starting to be considered an option for

enhancing transfer capacity and providing increased power quality at distribu-

tion grids. However, this technology is still immature and relatively unknown,

for this reason, the main motivation of the article is to help spread the benefits

of integrating this technology in distribution grid and to determine the capabil-

ity of the MVDC to control active and reactive power in distribution grid as

well as its behavior in the event of a short-circuit. The main novelty is to ana-

lyze the behavior of the MVDC through a case study, based on a real situation,

but comparing it with one of the most complete and flexible FACTS devices,

Unified Power Flow Controller (UPFC), noting that MVDC technology is a

better option for operation in medium voltage networks, since allows the con-

trol of the active and reactive powers independently and in the case of a short-

circuit acts on the currents circulating through the electrical line mitigating

the effect caused by the fault.
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1 | INTRODUCTION

Electric power systems are continuously developing. Nowadays, there is a need for evolution due to the growth of the
electric demand in industrialized, and especially, developing countries added to the environmental issues that have led
to the continuous integration of renewables energies. However, this growth leads to technical problems, mostly related
to stability limits and voltage issues. Due to the inherent variability of renewable energy sources, their integration and
deep penetration can significantly affect the electric system.1,2 The traditional structure of the electric grid is based on
power plants located far from the load points, with unidirectional power flow from generation to consumers. However,
the context of liberalization of energy markets and the recent evolution toward smart grids raise doubts about the ade-
quate use of electric power systems nowadays. This is especially relevant concerning distribution grids where there is a
transition from passive distribution networks to active ones. Distribution grids are now facing requirements to perform
as transportation networks providing services such as load flow, contingency analysis, and stability. Besides, future
grids will have to meet an increasing demand, the trend toward deregulation, and the increase of distributed generation
with its consequences: increase of short circuit power, inverse load flow, and degradation of power quality, including
flicker.3

To solve these problems, the distribution companies have implemented different measures to optimize the transmis-
sion capacity and improve the operability of their networks. Among these measures, the use of FACTS has been offer-
ing the best performance for this purpose, being one of the most complete of these devices, the Unified Power Flow
Controller (UPFC).4 These are systems based on power electronics that, with a significant speed of response, allow to
regulate the voltage of the node of the network to which they are connected. Besides, these systems allow to compen-
sate the reactive energy, obtaining a greater capacity of control on the power flow, increasing the transference capacity
of the network, and damping the power oscillations.5

However, the extension of this problem and the advances in power electronics are driving the application of other
measures such as the use of Medium Voltage Direct Current (MVDC) links, based on the use of voltage source con-
verters (VSC).

This technology is undergoing significant development for integrated power systems in electric ships (All Electric
Ships),6 in the connection of offshore wind farms,7 in microgrids, or even proposals for new railway electrification sys-
tems can be found based on MVDC.8,9 But in this paper, its application will be analyzed in the improvement of the
operation of electrical grids, since these are MVDC transmission links that allow efficient transmission routes between
medium voltage alternating current electricity networks (up to 150 kV), improving the control capacity and flexibility
of the entire system. Besides, MVDC can provide controlled power between medium voltage distribution groups, with-
out affecting short-circuit levels, voltage differences, loop flows, or limitations due to phase-angle differences.10,11 It
should also be considered that the implementation of this technology does not necessarily require the construction of
new lines since these links can be integrated into existing networks by replacing existing lines, which eliminates the
problem of having to make new routes.12,13

There are already initiatives in this direction, such as Scottish Power Energy Network’s Angle-DC Project, which
aims to strengthen the transfer of renewable energy between Anglesey and North Wales mainland (UK) through
Europe's first MVDC link.14,15 Or various studies analyzing the advantages of implementing VDC links in distribution
networks, including16 simulating the behavior of VDC links in order to improve the capacity of the network concerning
the incorporation of low-carbon generation technologies and the transition to electric vehicles in a case applied to sub-
urban distribution in Scotland17; which shows the advantages of implementing MVDC links as an alternative to AC
lines in the Korean electricity system18; where the first dual terminal VSC-MVDC distribution network built in China is
analyzed19,20; where the advantages of the application of these links are shown.

However, despite these examples, it is a developing technology and not well-known. For this reason, and in order to
help understand how this technology works, this article proposes a comparative analysis with the UPFC, one of the
most complete and flexible FACTS devices, also based on VSC, and which also has independent active and reactive
power control capacity.21 We believe that this novel comparative analysis will help to understand the advantages of the
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introduction of MVDC technology in a distribution grid. There is no similar study in the current literature that com-
pares these technologies from the point of view of their behavior, although it does with regard to the relative size of the
devices.22 In this way, this work is intended to cover a research gap that facilitates current and future researchers to
know the behavior of this technology by analyzing different control strategies, evaluating the response to changes in
reference values; as well as its behavior against a three-phase short-circuit. Economic factors, such as equipment
devices, maintenance, or operation cost, have not been considered since the aim is to determine, which topology
provides the best independent control of active and reactive power, and which one behaves better in the event of a
three-phase short-circuit. Therefore, it will be possible to demonstrate how this technology can help solve the saturation
problem that currently exists in distribution grids, especially in developed countries, as indicated above, due to the
increase in demand, the increase in distributed renewable generation, and the evolution of the electricity market that
seeks to facilitate the incorporation of so-called prosumers (consumers and producers of electricity), and that
complicates the operation of these networks.

The structure of the papers is as follows: Section 2 introduces MVDC and UPFC technologies, Section 3 shows the
grid under study, Sections 4 and 5 present a comparative analysis of the performance of both topologies, and Section 6
sets out the conclusions.

2 | BASIC STRUCTURE OF UPFC AND MVDC SYSTEMS

2.1 | UPFC systems

The UPFC is the most versatile of the FACTS devices, providing full dynamic control of transmission parameters of a
power system: voltage, line impedance, and phase angle.

UPFC is composed of two VSCs connected to the power system through a coupling transformer. VSC1 is connected
in shunt to the transmission system via a shunt transformer, while VSC2 is connected in series through a series trans-
former.23,24 Both converters are interconnected in DC, through a set of capacitors. Figure 1 shows a schematic of this
topology together with the control blocks required for its operation.

VSC2 injects a voltage of controllable magnitude and phase angle through a transformer in series with the line to
control active and reactive power flows on the transmission line. This AC voltage is produced by the switching of DC-
fed IGBTs from the link capacitor. The active power exchanged with the line is supplied by the system through the
shunt converter and the DC link. The active power can flow freely in both directions between the AC terminals of
the two converters.

VSC1 supplies or absorbs the active power demanded by VSC2 through the DC link. VSC1 can also generate or
absorb reactive power, thus providing shunt compensation independently of the series converter, allowing local voltage
control. For the correct operation of the system, VSC1 must keep the DC link voltage constant, and VSC2 must apply
the necessary voltage according to the desired control strategy.

UPFC systems have been researched broadly, and their characteristics have been broadly reported in the literature.
Reference 25 shows a recent review about Enhancement of Power Transfer Capability of Interconnected power system
using UPFC, and References 24,26-28 are examples where this device can be consulted in more detail. In recent years,

FIGURE 1 UPFC connection diagram
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UPFCs have been widely adopted in China where several UPFC projects have been put into operation in the last
5 years.29-31

2.2 | MVDC systems

MVDC is starting to be considered an option for enhancing transfer capacity and providing increased power quality at
distribution grids.32,33 MVDC consists of fully-controlled converters. Using MVDC in a configuration of two VSCs con-
nected back to back sharing the same link allows controlling both VSCs independently in a certain power range. MVDC
can impose the active power flow between the two AC sides and, simultaneously, can control independently the two
AC terminal voltages. Moreover, if needed, an outer reactive power control-loop can be implemented to define proper
terminal voltage references.34, 35 Figure 2 shows a diagram of MVDC topology together with the control blocks required
for its operation.

MVDC operation is explained by considering VSC1 and VSC2 as two decoupled converters in which amplitude,
phase, and frequency can be controlled independently. VSC1 and VSC2 can function as a rectifier or inverter depending
on the direction of the power flow. The active power flow can change at any time and go in any direction. The reactive
power can be controlled between VSC1 and VSC2 and their connection grids can be capacitive or inductive. By using
the controllable power transfer capability, and individual voltage control capabilities of each converter, it is possible to
dynamically force active power flows to balance feeders (and phase loadings). Therefore, the existing network capacity
can be better utilized, besides controlling the reactive power in the points of common coupling.

As it has been mentioned in the case of the UPFC, there is also an extensive literature for the description of the
MVDC that can be consulted to know its operation in more detail,36,37 and some more applications in addition to those
described in the introduction can be found in Reference 38.

FIGURE 2 MVDC connection diagram

FIGURE 3 Control modules
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2.3 | Control strategies

The mission of the control scheme is to make the MVDC link do what it is told to do. This scheme will count as inputs
the states of i1, i2, and vdc, besides measuring also the voltages v1 and v2 since it is necessary to know their value at all
times, besides vc in the case of the UPFC, generating as outputs with two pulse width modulation signals, one for each
converter.39

The control strategy of UPFC and MVDC is based on three degrees of freedom. The first one is the monitoring and
control of the reactive power at the point of connection by VSC1 (Q1). The other two degrees of freedom are used to
monitor and control the active and reactive power flow of VSC2 at its point of connection (P2 and Q2) since the active
power will be the same between both converters. The restriction preventing four degrees of freedom applies in this case
to the VSC1 converter, which will keep the DC link voltage at a constant value, as can be seen in Figure 3.

In the vector control strategy, the Park-Clarke transform is applied. Three-phase currents are transformed into
d and q axes, which are then synchronized with the three-phase voltage system through the synchronization system
block (Figures 1 and 2). The variables i1d, i1q, i2d, and i2q, vcd, and vcq, (Figures 1 and 2) are control parameters of VSC1
and VSC2, generated internally in the control of each converter. Voltages on the d and q axes, generated by vector con-
trol, are transformed into three-phase quantities and converted to line voltages by the converter.

As will be observed in the following sections, VSC1 internally monitors vdc and its reactive power can only be con-
trolled by modifying i1d. Meanwhile, VSC2 modifies its active and reactive power by varying i2q and i2d respectively, or
by varying P2 and Q2. Only UPFC could modify the active and reactive power varying vcq and vcd.

3 | CASE STUDY

The paper aims to help to understand how this technology works and to verify the advantages of introducing an MVDC
device in a distribution grid for the control of the active and reactive power flow, thus improving the capacity of an exis-
ting grid. The behavior of the MVDC link will be compared with other more mature technology and more widely used
device such as the UPFC, which is also used to improve the capabilities and performance of distribution networks.

The case study is based on a real situation in a distribution grid in Northern Spain that is saturated, expecting that,
in the event of possible future load increases, there could be limitations and overloads in some of the circuits or trans-
formers and even could reach inadequate voltage levels.

To improve network operability, it is proposed to connect two nodes with an MVDC link (Figure 4). The link is cre-
ated between two nodes that have been selected to maximize the loadability of the system under voltage stability condi-
tions. To select the nodes, a genetic algorithm has been implemented, such as is proposed in References 40,41. In the

FIGURE 4 Network model

TABLE 1 Data of the case study network for the simulation

Variables Values Meaning

Vn1-Vn2 20 kV Nominal voltages buses 1, 2

Θ1 0� Phase angle bus 1

Θ2 �3� Phase angle bus 2

I1- I2 400 A Nominal current AC lines 1 and 2

RL1 and RL2 1.31 Ω Resistance AC lines 1 and 2

XL1 and XL2 0.565 Ω Reactance AC lines 1and 2
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application of the algorithm, each individual of the working population is composed of three genes representing the sys-
tem loadability increment, the MVDC connection node, and the active-to-reactive power ratio that the link can support.
The chargeability can vary between 0 and 1, and the P/Q ratio between 0 and 2.5, the initial value being chosen ran-
domly for each of the individuals in the population.

Table 1 shows the provided by distribution company corresponding to regular operation in steady-state of the
selected link. For the simulation of the behavior of the links, voltages and currents will be in per-unit values. The short-
circuit power at bus 1 is 450 MVA, considered the base power for per-unit values of link 1, and at bus 2, 300 MVA is the
base power for values per-unit values of link 2.

This work does not try to show the improvement in the behavior of the distribution network itself by incorporating
these links, which requires further work, but to see if the MVDC link is a more effective solution than other devices.
MVDC and UPFC topologies are analyzed applying different control strategies to check, which of the devices allows
better control of the active and reactive power. This analysis is complemented by the simulation of a three-phase short-
circuit near one of the converters (one of the most critical contingencies) to check, which of the two topologies best
behaves against this fault.

Since real experiments cannot be conducted, it is necessary to use simulation tools to compare and analyze different
options with both technologies.12 In this paper, the tests have been performed with the power system analysis software
DIgSILENT PowerFactory.

4 | UPFC BEHAVIOR ANALYSIS

4.1 | UPFC data

Table 2 indicates the nominal values of the converters, inductances, resistances, and coupling capacitors, which are
shown in Figure 1. These data were fixed after consulting with technologists from two companies who were provided
with information on the connection points (short circuit power, chargeability, and voltage drops). It should be noted
that the nominal voltage of VSC1 is linked to the voltage of the network (V

!
1) through the transformer ratio (rtsh). The

current circulating through the secondary of the parallel transformer is greater than the primary so that the apparent
power on both sides of the transformer is the same. In the case of VSC2, its nominal voltage is a fraction of the voltage
of the network, and the current on both sides of the series transformer is the same. As a result, the nominal power of
the series converter is low, and the power of the parallel converter is dimensioned at the designer's discretion according

TABLE 2 UPFC and MVDC data

Meaning UPFC variables UPFC values MVDC variables MVDC values

Nominal active power VSC1 Pnsh 10 MW PnC1 10 MW

Nominal active power VSC2 Pns 1 MW PnC2 10 MW

Nominal voltage VSC1 Vcsh 1200 V VnC1 2 kV

Nominal voltage VSC2 Vcs 1200 V VnC2 2 kV

Transformation relation VSC1 rtsh 20 000/1200 rtC1 20/2 kV

Transformation relation VSC2 rts 1/1 rtC2 20/2 kV

Coupling reactance VSC1 Xsh 0.08 pu XC1 0.08 pu

Coupling resistance VSC1 Rsh 0.01 pu RC1 0.01 pu

Coupling reactance VSC2 Xs 0.08 pu XC2 0.1 pu

Coupling resistance VSC2 Rs 0.01 pu RC2 0.01 pu

Switching frequency VSC1 Frcsh 5000 Hz FsC1 5000 Hz

Switching frequency VSC2 Frcs 5000 Hz FsC2 5000 Hz

Voltage DC link Vdc 2.5 kV Vdc 2 kV

Capacitor DC link C 1000 μF

Coupling capacitor VSC2 C2 100 μF
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to the desired degree of reactive power compensation. In this case, the power of VSC1 has been chosen 10 times larger
than that of VSC2 so any change in the reference powers of VSC2 will slightly affect the VSC1. Therefore, the result of
the VSC1 simulation is only shown once, the result is identical for the rest of the simulations. The difference is in the
control strategies used for VSC2.

4.2 | Control strategy of VSC1

In this section, the VSC1 control strategy is considered. VSC1 controls the DC link voltage and the reactive power
injected at its point of connection (Q1). This means that it only has one degree of freedom (Q1) governed by the refer-
ence current i1d

*. The following procedure must be performed to operate UPFC:

• The DC link is preloaded using an uncontrolled rectifier until a voltage close to the nominal voltage is reached.
• When the voltage is stabilized, the control of the DC link is initiated using the rectifier controlled in the instant

0.02 second at a voltage close to the nominal (Figure 5, top). The reference current i1d
* must be zero until the DC link

voltage is stabilized (0.1 second in this simulation (Figure 5, bottom).

FIGURE 5 Tracking of reference voltage vdc* (top) and reference current i1d* (bottom)

FIGURE 6 Reactive power flow in AC line 1, Q1
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• At 0.1 second, the reference current i1d
* is changed, thus changing the reactive power injected by this converter

(Figure 6). It is observed how the current i1d allows controlling the reactive power, although this is not achieved until
0.2 second when the IGBTs turn on, when i1d becomes a stable parameter of control and can follow the reference
current i1d

* (Figure 5, bottom).

4.3 | Control strategy of VSC2

In this section: three different control strategies of the series converter are studied: current control, voltage control, and
power control.

4.3.1 | Control changing the reference currents

This section shows the simulations corresponding to the control of VSC2 acting on the reference currents i2d* and i2q*,
whose control is related to the control of P2 and Q2, respectively.

FIGURE 7 Tracking of reference current i2q* and active power P2 (top) and reference current i2d* and reactive power Q2 (bottom)

FIGURE 8 Series voltage injected into the system
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Following the procedure described in Section 4.2, once the DC link is stabilized at 0.1 second, Q1 is controlled and
stabilized. Then, VSC1 can start to control P2 and Q2 indirectly via i2q* and i2d*. Figure 7 shows the variation of the ref-
erence currents and the active and reactive powers P2 and Q2, related to them. Note that i2q* and i2d* are null until they
are changed at 0.2 and 0.3 second, respectively, because until then the only degree of freedom is the control of Q1 by
i1d. Figure 7 also shows the difficulty of tracking i2q* and i2d* with this control strategy. There is also a significant cou-
pling between active and reactive powers since a change of the reactive power is reflected in the active one and vice
versa.

These results show that the control strategy based on the VSC2 reference currents is not successful because the
value of the capacitor C2 (Figure 1) must be decreased to diminish the current flowing toward it. This decrease pro-
duces a significant increase in the harmonic content of the injected series voltage (Figure 8), affecting the controller.

FIGURE 9 Tracking of references voltages vcd* (top) and references voltages vcq* (bottom)

FIGURE 10 Reactive and active powers flowing by AC line 2
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4.3.2 | Control changing the reference voltages

Given the results obtained by the current control, it is now possible to control the VSC2 through the grid injected series
voltage vc, acting on vcd and vcq. Figure 9 shows how vcd and vcq follow the reference voltages vcd

* and vcq
* from

0.15 second when the IGBTs are connected. Good tracking of the reference voltages is achieved despite a small coupling
between the voltages. Therefore, the voltage control can be used for decreasing or increasing the voltage at the point of
connection but does not provide independent control of the active and reactive power flowing to the AC line 2. As
shown in Figure 10, P2 and Q2 are not decoupled correctly. For this reason, power control is analyzed in the next
section.

FIGURE 11 Tracking of reference powers Qs* (top) and Ps* (bottom)

FIGURE 12 Tracking of reference voltage vcd* (top) and reference voltage vcq* (bottom)
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4.3.3 | Control changing the reference powers

As in the previous section, it is intended to control P2 and Q2 via the voltages vcd and vcq, but introducing an inter-
mediate step that consists of controlling the powers Ps and Qs with VSC2 (Figure 1) through reference power
PS

* and QS
*.

Controlling Ps and Qs (Figure 11), the reference voltages vcd
* and vcq

* are obtained (Figure 11), and their
variations, followed by the voltages vcd and (Figure 12) will cause P2 and Q2 to vary more independently
(Figure 13). It can be observed how a variation of Ps produces a change of P2 (0.25 second), and a variation of Qs

modifies Q2 (0.3 second). A small coupling is maintained between the powers because a change in one of them
is reflected in the other. This VSC2 control is more adjusted to make the control of active and reactive powers
independent than the controls explained in the previous sections. This does not mean that the above-mentioned
strategies could not be valid, because depending on the operational needs, one or the other control strategy could
be used.

FIGURE 13 Tracking of reactive power Q2 (top) and active power (bottom)

FIGURE 14 Three-phase short-circuit on AC line 2, i2
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4.4 | Response to a three-phase short-circuit at VSC1

This section studies the behavior of the UPFC topology when a fault occurs at VSC1 terminals. VSC1 is chosen for being
the most critical one since it controls the DC link voltage. The short circuit is produced at 0.2 second to ensure a
steady-state operation of UPFC before any control strategy is applied, and ends 0.05 second later.

When the fault occurs, the reference voltages v�cd and v�cq are canceled and the series transformer at VSC2 side is
short-circuited. Very high currents are established at 0.2 second due to the short circuit produced at VSC1 terminals,
which controls vdc. i2 is higher due to the line linking the parallel connection with the UPFC series and for being sup-
plied by a voltage source of 20 kV. This causes the tripping at 0.25 second of the circuit breaker protecting the VSC2
IGBTs, being i2 null from that moment, since no series voltage is injected into the system (Figure 14). It can also be
observed that this configuration cannot act as fault damping since the only possible action to protect the equipment
(due to the high value of i2�) is to open the switch at the output of the series transformer.

5 | MVDC BEHAVIOR ANALYSIS

5.1 | MVDC data

In MVDC topology, VSC1 and VSC2 are double connected in parallel (Figure 2). The nominal values that define the
converters are shown in Table 2. As in the case of UPFC technology, these data were fixed after consulting with tech-
nologists from two companies who were provided with data on the connection point. The following sections show the
results obtained for MVDC simulation for both converters and the response to a three-phase short-circuit at VSC1.

5.2 | Control changing the reference currents

In this analysis, VSC1 controls vdc and i1d, while VSC2 controls i2d and i2q. It will be observed how P2 and Q2 are con-
trolled independently via i2q and i2d, respectively. The change in references for currents and voltages follows the follow-
ing sequence:

• First, the DC link is preloaded with an uncontrolled rectifier, up to a voltage close to the nominal voltage.
• At 0.3 second, the control over the converters begins. At this point, the IGBTs receive an opening signal. The refer-

ence currents are null at the same time as the voltage vdc is assigned a value higher than that obtained by the uncon-
trolled rectifier.

• At 0.43 second, a change is applied in the reference current i1d
*.

• At 1.35 seconds, a change is applied in the reference current i2d
*.

• At 2.1 seconds, a change is applied in the reference current i2q
*.

FIGURE 15 Tracking of voltage vdc and currents i1d, i2d, and i2q
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Before 0.3 second, while the link capacitor is being charged, the reference currents remain null. In Section 4.2, the cur-
rents were not blocked until the IGBTs came into operation, and for this reason, the oscillations shown in Figure 5
occurred. Now, in this case, the currents (0.3 second) are blocked, so there is no oscillation (Figure 15). From 0.3 second
onwards, the converters start to operate, absorbing VSC1 and VSC2 reactive power since the voltage on AC lines 1 and
2 is higher than on VSC1 and VSC2 terminals, respectively (blue and green lines in Figure 16). Besides, VSC1 absorbs
active power, and therefore (neglecting losses), VSC2 supplies active power to the same extent.

At 0.43 second, i1d
* changes forcing VSC1 to supply reactive power to AC line 1. This means that the voltage on

VSC1 terminals becomes higher than the voltage on line 1, so vdc also increases. This increment of vdc implies an
increase of the voltage at VSC2 terminals until it is equal to the voltage on line 2, not being necessary that VSC2
absorbs reactive power from AC line 2 (green line, Figure 16). In addition, it is no longer necessary that VSC1
absorbs as much active power as before, so VSC2 also needs to supply less active power (red line Figure 16). From
1.35 seconds onwards, i2d

* changes to a negative value so that reactive power is absorbed by VSC2 from AC line
2 (and VSC1 continues to supply reactive power to the network 1 as no reference has changed), showing the inde-
pendence of the reactive power control by both converters. Finally, it can be observed that from 2.1 seconds
onwards, VSC2 starts to absorb active power because i2d

* changes to a negative value, and this does not affect the
reactive power of VSC2 or VSC1.

FIGURE 16 Active and reactive power flows

FIGURE 17 Three-phase currents on AC line 1, i1 (top) and AC line 2, i2 (bottom)
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With this control strategy, it is clear that, despite the reactive power changes in VSC1 and VSC2 and active power
changes in VSC2, the responses are independent of each other, thus demonstrating the independence of active and
reactive power control in this type of DC link.

Figure 17 shows the currents i1 and i2 in three-phase coordinates for the reference currents changes made previ-
ously. Sinusoidal circulating currents with harmonic content are shown again due to the switching of the IGBTs.

5.3 | Control changing the reference powers

In this section, the simulations corresponding to the changes produced in the reference powers P2
* and Q2

* are pres-
ented, maintaining the control of i1d by VSC1 to control the reactive power Q1. The process to simulate power control
in the converters is as follows:

• It begins by preloading the DC link with an uncontrolled rectifier, up to a voltage close to the nominal voltage.
• At 0.3 second, the control over the converters starts. At this moment, the opening signal is sent to the IGBTs. The ref-

erence values for the currents will be null at the same time as the DC link voltage is assigned a value higher than that
achieved by the uncontrolled rectifier.

• At 0.75 second, the reference power P2
* is changed.

• At 1.5 seconds, the reference power Q2
* is changed.

• At 2 seconds, the reference current i1d
* is changed.

Starting from 0.3 second, when the IGBTs come into operation, the VSC2 supplies active power and absorbs reactive
power from AC line 2, as in Section 5.2 since nothing has changed regarding VSC2. For VSC1, it can be observed
(Figure 18) that a negative value in the reference current i1d

* is imposed at 0 s, and the current i1d is guided toward that
reference. This means that it will absorb reactive power (according to the convention adopted for the MVDC) as shown
in Figure 19. At 2 seconds, the reference current i1d

* changes to positive, so VSC2 supplies reactive power, and the
values of P2 and Q2 are not altered.

In short, as in the previous section, each of the changes in the reference powers is perfectly followed by the con-
verters. Therefore, it is concluded that for MVDC the reference current control and the reference power control allow

FIGURE 18 Tracking of vdc*, P2*, Q2* and i1d*
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independent active and reactive power control, while for UPFC this is only achieved with the control changing the ref-
erence powers, and not entirely due to the small coupling between them.

5.4 | Response to a three-phase short-circuit at VSC1

In this section, the performance of MVDC is studied when a fault occurs at VSC1 terminals since this is the most critical
converter due to its control of vdc. The conditions of the simulated short-circuit are the same as for UPFC in Section 4.4.

When the fault occurs, VSC1, which was controlling vdc, is not able to maintain that voltage, being now vdc con-
trolled by VSC2. With that purpose, VSC2 absorbs reactive power to increase the voltage at its terminals as well as
vdc. At 1.30 seconds, and since vdc was stabilized, it is no longer necessary to pursue the strategy described above
for dynamic operation, so it switches to strategy in a stationary mode where VSC1 monitors vdc again. From
1.30 seconds, the voltage at VSC1 terminals increases too, in the same ratio in which vdc did, thanks to being con-
trolled by VSC2 (just before 1.30 seconds, the voltage at VSC1 terminals was null due to the fault). As a result, the
VSC1 input short-circuit current is dampened (Figure 20) while continuing to supply VSC2 terminals, since there
was not necessary to clear it through the line protections that act on the main circuit breakers of the continuous
link, as was the case in Section 4.4 when UPFC was used.

It can be observed in Figure 20 how i1 increases at 1.25 seconds due to the fault and the fast operation of the con-
trollers, keeping the currents low in order not to supply the short-circuit current, as opposed to Section 4.4 for UPFC,
which simply cuts off supply to clear the fault.

FIGURE 19 Reactive power flow through AC line 1

FIGURE 20 Three current in the AC line i1
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6 | CONCLUSION

The increase in electrical demand and the incorporation of distributed energy resources into the distribution grids is
causing power systems to start working close to their technical limits. In this global context, it is necessary to propose
solutions that involve a change in the way electrical grids are planned and operated. The incorporation of MVDC
devices in MV grids can be an optimal solution to this problem. MVDC brings numerous benefits, allowing power flows
to be dynamically forced and to make better use of existing grid capacity.

To show the benefits of this technology, an MVDC device has been analyzed simulating a real situation in a con-
gested distribution grid, comparing it with a UPFC device, both based on the use of VSC converters.

First, a dynamic simulation of both topologies has been carried out, studying separately the control of each one of
them with different variations of their parameters. The drawn conclusions are:

• It has been shown that the tracking of the reference signals of the parameters in both devices is good. However, the
objective of decoupling active and reactive power control by variation of the control parameters is perfectly satisfied
by the MVDC topology, whereas the UPFC only achieves it in the case of power parameter variation

• Subsequently, the behavior of MVDC and UPFC has been analyzed in the case of a three-phase short circuit in termi-
nals of the VSC1, which controls the DC link voltage, as this is the most severe fault. It has been shown that UPFC is
not capable of dampening the fault, being the only action possible to remove it from service, while MVDC allows act-
ing on the currents circulating through the electrical line mitigating the effect caused by the fault.

Therefore, it has been shown that the implementation of MVDC in distribution networks can help, better than other
options, solve some of the problems that these networks are currently experiencing.

In a future work, this research aims to further study the selection of the most appropriate nodes for the location of
the links, including economic aspects in the optimization criteria, and to continue analyzing real situations in which
this technology can be applied.
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