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Abstract — Dc-dc converters for high voltage direct current (HVDC) applications are interesting devices for the
development of multi-terminal and dc grid schemes. They can adapt the differences between the dc systems
(voltage level, technology and/or line topology) and provide additional protection, controllability and redundancy
services. This paper presents a case study of a non-isolated dc-dc converter interconnecting the NordLink and
Cobra cable projects. This interconnection requires a de-dc converter to adapt the dc voltage and the line topology
(the first project being a £525 kV rigid bipole while the second is a £320 kV symmetric monopole). The case
study has been modelled in Matlab/Simulink and several scenarios are simulated. A first set of 8 simulations
change the power flow directions verifying the adequate behavior of the dc-dc converter and HVDC links. Based
on the previous simulations, additional 16 cases are simulated to verify the system behavior during faults. Two
faults are proposed: a pole-to-ground on the positive pole of the rigid bipole line and another on the positive pole
of the monopole. It is shown that the dc-dc converter can interconnect two existing lines without changing their
initial control strategy. For the normal operation simulations, a fast power variation through the dc-dc converter
is tested proving that the line protections are not triggered. The power perturbations created by the dc-dc converter
are small enough to keep the system under normal operation conditions. During the fault simulations, the dc-dc
converter is able to isolate the healthy side from the fault disturbance (firewall capability). The healthy dc side
observes a power disturbance (loss of power flow through the dc-dc converter) without triggering the protections,
allowing the continuous power transmission and regaining steady state conditions. The dc-dc converter employs
full bridge submodules to be able to block the fault currents, without the presence of dc circuit breakers.

Keywords: dc-dc HVDC converters, dc-MMC, grid topologies, multi-terminal dc grid, modular multilevel
converters.
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1 INTRODUCTION

High voltage direct current (HVDC) transmission lines are currently used to transmit high power over long
distances. The interest in interconnecting two or more HVDC lines has risen in the latest years inspiring multiple
publications and a CIGRE working group (B4.76) dedicated to the study of dc-dc converters for HVDC
applications.

HVDC transmission system does not have an established standard yet, hence, the installation features vary from
one project to another, such as the operation voltage, the technology (line commutated converter or voltage source
converter), the line topology (e.g. bipole, monopole), the grounding strategy (e.g. start point reactor), the protection
scheme or the conductor type used (cable or overhead lines). Dc-dc converters are important devices for the
development of future dc grids [1] as they provide the interface needed to interconnect HVDC systems with
different characteristics. Several HVDC dc-dc converters have been proposed in the literature to interconnect two
dc systems [2], but the literature focuses mainly on the interconnections between two dc systems with different
voltage levels [3], while the impact of their grid topology is not often considered.

There are four different grid topologies for HVDC transmission systems: asymmetric monopole (Fig. la),
symmetric monopole (Fig. 1b), bipole (Fig. 1¢) and rigid bipole (Fig. 1d) [4]. Each topology behaves differently
in case of a fault. There are different possible faults: faults pole-to-ground, pole-to-pole, or internal faults in a
converter. Both monopoles and the rigid bipole must stop the power transmission during any fault and they remain
inoperative until the fault is cleared. Compared to the monopoles, the rigid bipole can be reconfigured to isolate a
fault on a converter. Then it can use the healthy conductors and converters to exchange, up to, half of the rated
power. However, the rigid bipole loses the complete power exchange capacity in case of a fault in a conductor. In
case of a pole-to-ground fault, the symmetric monopole and the rigid bipole have a pole displacement leading to
an increased voltage (pole-to-ground) on the healthy pole. The symmetric monopole can experience voltages up
to 2 p.u., whereas, voltages around 1.4 p.u. have been reported for a given rigid bipole application [5]. The main
advantage of the bipole is its inherent redundancy. Contrary to the rigid bipole, the bipole continues the power
transmission, without interruption, for any fault except the pole-to-pole fault. The bipole use the healthy pole and
the metallic/ground return to exchange up to half the rated power without being subject to voltage or currents
disturbances.
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Figure 1: HVDC grid topologies. (a) asymmetric monopole (b) symmetric monopole (SyM) (c)bipole with
metallic or ground return and (d) rigid bipole (RB) [4].

To interconnect two dc systems with different grid topologies, a dec-dc converter is needed. The dc-dc converter
must respect the operation limits of each system throughout any operation condition, including faults. These
operation limits can vary depending on the installed equipment, the protection strategy and the fault detection
algorithm. This paper focuses on the operation limits given by a basic fault detection algorithm. The
interconnection of two dc systems with different grid topologies (rigid bipole and symmetric monopole) is
considered in this paper. To interconnect the lines, a non-isolated dc-dc converter is considered, here called flexible
dc-MMC. The converter is based on the one presented in [6], [7]. It offers lower losses and cost compared to the
isolated dc-dc converter front-to-front [8], [9]. The study evaluates the dc-dc converter behavior and its impact on
the HVDC systems in normal operation and during faults.
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The paper starts by presenting the main characteristics of the HVDC lines to interconnect. Section 3 presents the
topology and control of power converters (ac-dc and dc-dc). Section 4 presents the parameters of the simulation
model. The simulation results are shown in section 5 and the conclusions are given in section 6.

2 PROPOSED CASE STUDY

This paper investigates the use of a dc-dc converter interconnecting two lines with different grid topologies based
on a possible case proposed in [4]: the interconnection between the NordLink and Cobra Cable projects. The
NordLink project has 54 km of underground cable and 516 km of submarine cable connecting Norway and
Germany. This HVDC link is based on a rigid bipole (RB) rated at 1400 MW with £525 kV [10]. The Cobra Cable
project has 325 km of submarine cable interconnecting Denmark and the Netherlands. This HVDC link is based
on a symmetric monopole (SyM) rated at 700 MW with £320 kV [11]. The approximated geographical layout is
presented in Fig. 2. The interconnection demands a dc-dc converter able to adjust the dc voltage and the grid
topology between the two projects.

The possible benefit of this interconnection is the increased power flow flexibility between all the interconnected
countries: Netherlands, Germany, Denmark and Norway. The installation of a dc-dc converter enables the direct
power exchange between Norway and Netherlands, not possible in the initial system. The dc-dc converter can also
increase the redundancy of the interconnection. After a line or converter fault, the interconnected system can
reconfigure itself to isolate the damaged segment allowing the power exchange between the healthy sections. For
example, in case of a fault between the dc/dc converter and Denmark (or in the ac/dc converter in Denmark), a
power exchange with Netherlands-Norway-Germany could be possible after the fault isolation. In the initial
system, the same fault will isolate the Netherlands from the Norway.
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Figure 2: Map of the North Sea region presenting NordLink and Cobra cable. The dc-dc converter is proposed
at the crossing point.

3 CONVERTER TOPOLOGIES AND CONTROL

The proposed case study considers two types of HVDC converters: ac-dc and dc-dc converters. The considered
ac-dc converters are modular multilevel converters (MMC). The dc-dc converter is a variation of the dc-MMC
presented in [6]. Some details are presented in this section.

3.1. Ac-dc modular multilevel converter

The MMC is shown in Fig. 3, it has two arms per phase (upper and lower). Each arm is composed of a series
connection of half bridge submodules (HBSMs) and an inductor. At the connection point between the upper and
lower arm, there is an ac output port. The converters used here have 3 legs for a three-phase connection to the ac
grid.

The MMC controller is designed in line with [12]. A general control diagram is presented in Fig. 4a. Three energy
controllers (total, horizontal and vertical) manage the energy by setting the current references (I and I'fy),
which are a linear combination of the upper and lower arm currents I, and Iiow. The control changes the ac current
reference depending on the control mode, either voltage control or power control. The voltage controllers were
tuned to have a second order response with a time constant of 100 ms and an overshoot of 10%. The converter
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control adopts a virtual capacitor controller (VCC) as presented in [12], which is a proportional control that helps
to support the dc voltage variations using the energy in the converters: energy stored in the SMs capacitors. The
energy in the converter varies proportionally to the dc voltage fluctuation and the virtual capacitor coefficient
value, here set to 1. This coefficient is used to calculate the voltage and energy controllers.
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Figure 3: Circuit diagram of the ac-dc modular multilevel converter: submodule (SM), arm inductor (L) and half
bridge submodules (HBSM).

The power control in the rigid bipole is modified (Fig. 4b): both MMCs (positive and negative pole) control the
total energy with the ac current and have a common dc terminal voltage AVdc to control the dc power [13]. The
station controlling the voltage implements the control presented in Fig. 4a including VCC.
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Figure 4: MMC control diagrams. (a) The general control strategy for power or voltage control mode. (b) The

terminal control for the rigid bipole (ungrounded station).



‘ CI 41. CIGRE International Symposium (Ljubljana 1¢t - 4t June 2021)
‘ / me Reshaping the Electric Power System Infrastructure &

100 years 1118
3.2. Flexible dc-dc modular multilevel converter

The dc-dc converter used for the proposed case study is a modular structure presented in Fig. 5. Each phase of the
converter is composed of 3 arms (upper, middle and lower). These arms contain a series connection of sub-
modules (SMs) either half bridge (HBSM) or full bridge (FBSM) and an arm inductor (L). The FBSMs are used
to have negative voltage outputs and to block the dc fault currents. The dc-dc converter needs enough FBSMs to
block the fault interactions between the two interconnected dc systems. In this study, the upper and lower arms
use 400 FBSMs each. The converter has an output passive filter (Lout) allowing the ac power to circulate between
phases and other arms. These interactions are needed to keep the internal energy balanced [7], [14]. Although Lout
works as an ac filter, the control strategy keeps the phase currents balanced to avoid ac components on the dc side.
The high voltage side (left side in Fig. 5) is connected to the rigid bipole while the low voltage side (right side in
Fig. 5) is connected to the symmetric monopole line. The number of phases can change depending on the converter
rated power and the semiconductors current rating. A de-dc converter with three phases is considered in this paper.

The converter is controlled to keep the internal energy constant, while a power is transferred between dc systems.
The control strategy is a cascaded structure with the high level control following the energy references and the low
level controlling the currents. There are three energy controllers per converter phase: total energy (Z), total
difference (AT) and the difference between the upper and lower arm (Au-1). The internal currents are controlled to
follow the references given by the energy controllers, the pole imbalance (on the monopole side) and the power
reference, as shown in Fig. 6. In this work, a power control mode is implemented, but additional controllers can
be added to control the voltage on the dc sides.
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Figure 5: Flexible de-MMC for interconnections between different grid topologies.
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4 SIMULATION MODEL

Figure 7 shows the schematic of the simulation model implemented in Matlab/Simulink. The 7 converters were
implemented using the parameters presented in Table 1. The converters use average arm models, including the
blocked state, depending if they are composed by HBSM [15] or FBSM [16]. The cables are modelled using the
wideband model from the Best Paths project [17]. The model considers two reference points: the first on the dc
side of the RB, which is grounded through a resistance (Rg) of 0.7 Q as presented in [ 5]; the second, on the ac side
of the SyM line through a star point reactor as shown in Fig. 7 [18, p. 291].

P-Ctrl RB Station = V-Ctrl RB Station
¥ 3
P-Ctrl RB+ [FmitR [pC - V-Cul RB+
: H :
AC H—+ DC
DCf 1/ AC
P¢ é
i ' | M
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» | DC =
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H 2 : |
AC /T —L_ HDC
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H DC
I

P-Ctrl SyM Station V-Ctrl SyM Station

Figure 7: Proposed case study interconnecting a rigid bipole (upper side) with a symmetric monopole (lower

side). The currents present the positive power flow direction in the lines and through the dc-dc converter. The
squares adjacent to each ac-dc converter represent the ac circuit breakers.

Table 1: Converters parameters

Parameter MMC Rigid bipole MMC monopole de-de
Rated power 700 MW per pole 700 MW 700 MW
Dc voltage 525 kV 640 kV +525 kV — £320 kV
Frequency 50 Hz 50 Hz 150 Hz
Arm inductance 47 mH 69.8 mH 15 mH
Number of phases 3 3 3
Average SM voltage 1.6 kV 1.6 kV 1.6 kV
Upper arm

e Number of HBSMs e 329 e 400 0

e Number of FBSMs e 0 e 0 400

e SM Capacitance e 1l.1mF e Ol1mF 7 mF
Middle arm

e Number of HBSMs 650

e Number of FBSMs Not present Not present 0

e SM Capacitance TmF
Lower arm

e Number of HBSMs e 329 e 400 0

e Number of FBSMs e 0 e 0 400

e  SM Capacitance e 11.1mF e Ol1mF 7 mF




T A
ﬁ:’%‘, cl 41. CIGRE International Symposium (Ljubljana 15t - 4t June 2021)
‘QI."' ge Reshaping the Electric Power System Infrastructure ~

100 years 1118

The five converter stations implement a fault detection algorithm, which uses local voltage and current
measurements to detect a fault. The fault detection algorithm blocks the converter before the arm current reaches
3 kA, as the complete case study was designed using IGBT valves rated at 1.5 kA and 3 kV. After blocking the
converter, it is assumed that the fault current circulates through the by-pass thyristors integrated within the
SMs [18]. In addition, the algorithm trips the station ac circuit breakers (ACCB) to stop the fault current
contribution from the ac side. The fault detection algorithm has a 300us delay [19] to emulate the detection,
communication and tripping time inside a converter station. An additional 100ms delay is added to the ACCB
opening signal. With regard to the voltage measurements, the algorithm triggers the block signal if the
measurements deviate 20% from their nominal values. The voltage thresholds in the dc-dc converter are set to
15% of deviation, to block the converter before the tripping of the protections in the lines. This last feature allows
the dc-dc converter to act as a firewall i.e. preventing the spreading of fault disturbances from one side to the other.

=/

5 SIMULATION RESULTS

The proposed case study interconnecting two HVDC lines using a dc-dc converter may have multiple power flow
distributions around the system. Figure 7 shows the positive convention for the dc currents, which are also used
for the power direction. The positive power direction in the lines are from the dc side towards the power controlled
stations, whereas the positive convention in the de-dc converter is from the RB to the SyM line. Eight power flow
variations are proposed to test the system during normal operation, i.e. without faults. Based on these eight power
flow scenarios, the fault behavior is analyzed considering 2 different fault locations per case, which gives a total
of 16 fault simulations. The considered fault locations are: a fault on the positive pole of the rigid bipole (P-Ctrl
RB+) and a fault on the positive pole of the V-Ctrl SyM station, as shown in Fig. 7. The details of the power flow
directions and fault locations are organized in Table 2.

Table 2: Variations of the case study, where the positive conventions (+) are shown in Fig. 7. In the RB and SyM
lines from right to left (towards the P-Ctrl stations) and in the dc-dc converter from the RB to the SyM.

Parameter 1 2 3 4 5 6 7 8 9 10 | 11 | 12 | 13 | 14 | 15 | 16
Power in RB

aooomMw) | T T T T T T T T s
P Ogggi&%%dc S S I IR S IS S A I R
Fault location | RB il}[, RB i/}ll RB i/}[/ RB i/}ll RB i/}l] RB i/}l/ RB i/}[, RB i/}l,

The simulation starts with nominal voltage and power reference on the RB and SyM lines, 1000 MW and 300 MW
respectively. After reaching the steady state, a power reference is sent to the dc-dc converter to exchange power
(400 MW) between dc systems in both directions. The simulation results in normal operation are shown in Fig. 8,
for case 1: positive power flow in the lines and bidirectional exchange through the dc-dc converter. The results
obtained for the other 7 cases are similar: the fluctuations presented in Fig. 8 are representative for all tested normal
operation cases. The power exchange measured at the five converter stations are presented in Fig. 8a. It can be
seen that the stations in voltage control mode change their power exchange to compensate the power through the
dc-dc converter (magenta line), while the stations in power control keep their power exchange invariant as their
references have not been changed (solid lines).

Figure 8b shows the voltage variations pole-to-ground on each converter. These perturbations depend on the
voltage control tuning on each line (time response of 100 ms) and the rate of change in dc-dc converter power
reference (2.3 GW/s, i.e. 3.3 p.u./s). In this case study, the voltage perturbations do not exceed 6% of the nominal
line voltage, but they can be reduced if a decreased slope in the dc-dc converter power references is used.

Figure 8c shows the variations in the average total energy stored in every converter. In this case, the power
controlled station in the SyM line has the higher energy variation (11.4%) followed by the voltage control station
in the same line. These energy variations are the consequence of the VCC, which helps to keep the dc voltage
regulation using the converter internal energy. For the converters in the RB line, the VCC is implemented only in
the V-Ctrl station. The P-Ctrl station controls the total converter energy with the ac power (Fig.4b) therefore,
P-Ctrl in RB keeps its energy constant. Similar to the voltage variation, these energy disturbances can be attenuated
by reducing the slope in the dc-dc converter power reference, but for this paper the slope remains unchanged to
test the systems responses to fast power transients.
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Figure 8: Simulation results in normal operation for the case 1. (a) Power per station. (b) Pole-to-ground
voltage, positive (+) or negative (-) measured at the different converter terminals in the system (the negative
poles were inversed to simplify the visualization). (c) Total energy in the converters.

Regarding the fault simulations, the starting sequence is the same, but the dc-dc converter only exchanges power
in one direction: positive from RB to SyM and negative in the opposite direction. After reaching the steady state,
a fault of 1 Q to ground is simulated (at 2s), at the terminals of the P-Ctrl RB+ or V-Ctrl SyM as shown in Fig. 7.
The results presented in Fig. 9 are the worst cases per station found when a fault in the RB line is simulated (odd
cases of Table 2). During the fault, the voltage in the faulted pole drops to zero as shown in Fig. 9a. At the fault
instant (t=2s), the negative pole in the RB has an increased voltage reaching -880 kV for the 15% case (see Fig. 9b).
The steady state voltage for this pole stabilizes at -762 kV, which represents 1.45 p.u., similar to the results found
in [5]. On the SyM side (Fig. 9b-c), the voltages do not exceed £10% of the nominal voltage for any case, which
agrees with the initial control design.
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Figure 9: Dc voltages pole-to-ground during and after the fault on the RB side (worst cases). (a) positive pole in
RB. (b) Negative pole RB. (c) Positive pole SyM. (d) Negative pole SyM.

Figure 10 presents the higher dc currents measured at the RB (Fig. 10a), the SyM (Fig. 10b) and the dc-dc converter
(Fig. 10c) terminals for the cases when the fault is on the RB side. Figure 10a shows a peak of 8 kA for the currents
measured in V-Ctrl RB+ converter. It is worth mentioning that the converter protection strategy blocks the MMC
under 400us after the fault. The currents observed in V-Ctrl RB+ continue to rise until the ACCB is opened: after
2.1 s, which illustrates how the ac currents feed the fault in that pole. On the SyM side (Fig. 10b) the currents have
a perturbation due to the loss of power from/to the dc-dc converter (t = 2s). After the transient, the currents reach
the operation point where the voltage controlled stations exchange the same power as the power controlled stations
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(behavior expected without the use of dc-dc). Figures 9b-c and 10b illustrate that the dc-dc converter can act as a
firewall during a fault in a RB, as the healthy link continues normal operation once the dc-dc converter is blocked,
irrespectively of the state of the other link.

DC currents in RB, fault in RB DC currents in SyM, fault in RB

DC currents in dc-dc, fault in RB
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Figure 10: Dc currents during and after the fault on the RB side (worst cases). (a) currents in all four MMCs in
the RB line. (b) Currents measured in the SyM. (c) Currents measured in the dc-dc.

Figure 11 shows the worst voltages measured at the stations, for the simulations when the fault is on the SyM line
(even cases in Table 2). The voltages on the RB exceed the 10% of variation with respect to the nominal value for
the cases 8 (Fig. 11b), 10 and 12 (Fig. 11a). These fluctuations are consequence of the RB control scheme, which
is sensitive to the variations in the dc side due to the terminal control in the P-Ctrl station. The voltage fluctuations
depend on the rate of change of the power delivered by the dc-dc converter. These variations can be reduced if the
dc-dc converter reduce the disturbances during the fault. Reference [14] present a control strategy that allows the
converter to control the fault current, decreasing the magnitude of the disturbances. On the SyM side, the positive
pole voltage drops to zero (Fig. 11c), while the negative pole presents an overvoltage of 2 p.u. (Fig. 11d). The
results were obtained without surge arresters, but the implementation of overvoltage protections can reduce the
voltage peak and steady state values.
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Figure 11: Dc voltages pole-to-ground during and after the fault on the RB side (worst cases). (a) positive pole
in RB. (b) Negative pole RB. (c) Positive pole SyM. (d) Negative pole SyM.

Figure 12a shows the currents in the RB and how they recover steady state values after the fault. Similar to the
results presented in Fig. 10, the power and voltage controlled stations find the operation point where the dc-dc is
absent. Figure 12b presents the dc currents in the SyM and how they are blocked in a short time (less than 50 ms).
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The currents through the dc-dc converter are presented in Fig. 12¢c. The de-dc converter is able to isolate the RB
line during a fault in the SyM allowing the first to regain steady state operation without triggering any protection.
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Figure 12: Dc currents during and after the fault on the RB side (all even cases on Table 2). (a) currents in all
four MMC:s in the RB line. (b) Currents measured in the SyM. (c) Currents measured in the dc-dc.

Figure 13 presents the energy in the dc-dc converter during and after the 16 faults cases of Table 2. Figure 13a
presents the cases for a fault on the RB side. In these scenarios the energy variations are near 1% of the nominal
value (30.24 MIJ). For the cases where the fault is located on the SyM (Fig. 13b), the energy in the converter
increases up to 110% as a consequence of the FBSMs charging as they stop the fault current.
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Figure 13: Energy in the dc-dc converter for (a) a fault in the RB (odd cases of Table 2) and (b) a fault in the
SyM (even cases of Table 2).

6 CONCLUSIONS

Dc-dc converters are needed for the interconnection between dc systems with different characteristics. The present
publication explores the hypothetical interconnection between the NordLink (rigid bipole - RB) and Cobra Cable
(symmetric monopole — SyM), using a non-isolated dc-dc converter.

The case study was modelled and simulated in Matlab/Simulink. The power flow in the lines and through the dc-dc
converter was changed to simulate 8 possible normal conditions. These initial simulations validated that the
exchange of power between the two lines does not trip any protection. After validating the converter behavior in
normal operation, a set of 16 fault cases were simulated. Satisfactory results were obtained for the dc-dc converter
firewall capability: in case of a fault in a line, the dc-dc converter is able to stop the fault propagation to the healthy
system. This firewall capability was validated independently of the power flow direction or the fault location. If
enough FBSMs are installed in the dc-dc converter, the firewall capability can be ensured without the presence of
dc circuit breakers.

The interconnected lines do not require major adjustments to operate in an interconnected system using a dc-dc
converter. The control strategy implemented in the dc-dc converter can be adapted to guarantee the normal
operation of the initial lines, and its protection strategy can be design to operate before the line protections. A fast
power exchange between dc lines was tested in this paper disturbing the operation of the lines without triggering
the fault protections. A slower rate of change can be implemented to reduce the disturbances on the system.
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The case study proposed in this paper did not change the grounding strategy and reference points of the initial
links. A dc reference is found on the RB and an ac reference on the SyM line. In this particular case, no problems
were found, but further studies must be carried to check the impact of multiple reference points on the protection
strategy and isolation coordination.

Further studies should evaluate the impact of the ac faults on the dc-dc converter control strategy and fault detection
algorithm. Additional fault studies should be done to assess the dc-dc converter behavior under different fault
conditions. Different types of faults and locations should be tested. Supplementary studies can be done for the
degraded operation, where a fault in the interconnected system leads to the isolation of a portion of a line (e.g. a
three-terminal system or the RB reconfiguration into an asymmetric monopole - isolating the faulted converter).
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