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Abstract—Medium-voltage direct-current (MVDC) technology
exhibits advantages over ac transmission due to its enhanced
capacity, controllability, and flexibility. A practical example is
the ANGLE-DC project from Scottish Power Energy Networks,
which converts existing 33 kV ac circuits into dc operation
to improve the system transmission capacity in North Wales,
U.K. Specially designed cascaded power converters are employed
to build up the £27 kV dc link voltage. Within the converter sta-
tions, converter-side single-phase ac faults may threaten the safe
operation of the converters. This paper presents an analysis of
such faults for an MVDC link based on ANGLE-DC. It is shown
that the capacitors of the converters will be overcharged without
suitable protection in place. A protection strategy using a bypass
thyristor-based branch is presented to relieve overvoltage issues
following converter-side faults, and it is verified through sim-
ulations conducted in PSCAD/EMTDC. For completeness, case
studies considering post-fault operation are also included.

Index Terms—AC/DC conversion, cascaded converter,
converter-side ac fault, hybrid AC/DC, distribution network.

I. INTRODUCTION

EDIUM-VOLTAGE direct-current (MVDC) technology

has attracted significant interest in the area of distri-
bution networks due to its enhanced transmission capacity,
control flexibility, and improved power quality compared to
traditional ac technology [1]-[3]. Distribution networks, for
decades, have acted as links between transmission systems
and consumers. AC technologies have been regularly adopted
at the distribution level as they are technically efficient when
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Fig. 1. ANGLE-DC project [14].

power generation and connected electric loads are dominated
by ac [4].

With the development of dc power generation, includ-
ing solar power plants [S] and some types of wind
power plants [6], and with the inclusion of energy storage
systems [7] and dc electric loads such as electric vehicles [8],
hybrid ac/dc distribution networks are required. Although
ac/dc networks are more complex than pure ac distribution
networks, they offer a higher flexibility and efficiency [9]. By
including dc connections, the number of power conversion
stages may be reduced, leading to decreased power losses and
capital costs.

Several practical projects to build MVDC networks have
been planned in recent years and a few are already
operational [10]-[14]. Reference [10] reports a demonstration
project in which underground grids were built in the campus
of RWTH Aachen University, Germany, while [11] presents a
multi-terminal MVDC project constructed in Zhuhai, China,
to provide reliable power supply to distribution networks. In
Shanghai, China, a 230 kV dc system with a power rating of
18 MW was built, which connects a wind farm to a 35 kV
ac grid [12]. This initial deployment demonstrates that con-
verting existing ac cables or overhead lines into dc operation
offers promising solutions to increase the power capacity of
transmission lines [13].

A practical example in the U.K. is the ANGLE-DC project,
Europe’s first MVDC link, which converted existing 33 kV
double-circuit ac lines between the Llanfair substation in the
island of Anglesey and the Bangor substation at mainland
North Wales to +27 kV dc. This is shown in Fig. 1 [14] and
Fig. 2. Such a conversion enables an increased transmission
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Fig. 2. ANGLE-DC project: conversion from ac into dc. (a) Existing double-
circuit ac lines (33 kV). (b) Converted MVDC link (+27 kV dc).

capacity by 23% using the same circuit conductors [15], [16].
This was required due to (i) the increased renewable power
generation in Anglesey and a substantial growth in demand
of around 11%, expected to reach 81 MW by 2023 [17],
(ii) voltage stability concerns, and (iii) ac lines connected to
mainland reaching their thermal limits. In addition to tack-
ling the previous issues, the converters at the terminals can
flexibly regulate power flows and operate as STATCOMs to
support nearby ac networks.

Significant research within ANGLE-DC has been carried
out, with attention dedicated to feasibility and reliability
analysis [18], start-up sequences, dc fault handling, and fault
ride-through of grid-side ac faults [16]. However, converter-
side ac faults remain an under-researched area. Such internal
faults, which could be caused by the insulation failure of
transformer’s wall bushings or windings, have been observed
in HVDC systems [19]-[21], with protection methods being
assessed for modular multilevel converter (MMC) based
HVDC grids [22]-[25]. Notwithstanding, attention is required
for MVDC systems, particularly to the specially designed
cascaded converters employed in ANGLE-DC (see Section II).

Due to the differences in converter topology and
system configuration, the cascaded converter-based MVDC
system exhibits different fault characteristics compared to
MMC-based systems, which makes the protection methods
in [22]-[25] not applicable to a cascaded 3L-NPC converter.
Further studies still need to be carried out for a system like
the one in ANGLE-DC.

Compared to grid-side ac faults, which occur in the trans-
mission line, the possibility of converter-side ac faults is lower.
However, since the fault location is much closer to the con-
verters, without a proper protection scheme in place, the fast
transients upon fault occurrence may endanger the converters.
For instance, overcurrent and overvoltage could be exhibited,
which may damage the converters and the MVDC system.
Compared to other applications, the cascaded converter-based
system exhibits unique characteristics following the fault.
Such behavior has not been revealed in single converter-based
systems. Detailed analyses are thus required and adequate
protection methods needed. To bridge this gap, the charac-
teristics of converter-side single-phase ac faults are analyzed
and their effects assessed in this paper. A thyristor-based
method is presented to protect the converters following the
fault. For completeness, post-fault operation of the system is
also examined. The effectiveness of the protection strategy
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is supported through computer simulations conducted in
PSCAD/EMTDC.

II. SYSTEM CONFIGURATION
A. System Configuration of ANGLE-DC

A schematic of one converter station and the dc link of
the ANGLE-DC project is shown in Fig. 3. The system
employs a symmetrical monopolar configuration (27 kV dc)
to fully utilize the power capacity of the retrofitted 33 kV
double-circuit ac transmission lines [15]. The transmission
lines consider both cables and overhead lines. The length of
cables is ~2.4 km and the length of the overhead lines is
~0.6 km. The system is grounded with resistor R, at the
neutral point of its dc-side. This resistor provides a ground-
ing potential but does not carry load current under normal
operating conditions and, thus, will not influence the system
performance. The dc currents only flow through the posi-
tive and negative poles of the dc link. However, when a dc
fault occurs, R, will help to limit the magnitude of the fault
current [16].

Cascaded converters (connected in series at their dc-sides)
are used to build up the £27 kV dc voltage at the dc link,
as shown in Fig. 3. Each pole consists of six converter cells
(i.e., #1 to #6). Each cell is a three-level neutral-point-clamped
(BL-NPC) converter. The detailed topology of the converter
cell is shown in Fig. 4. This configuration was selected
since the voltage ratings of the semiconductor devices may
be reduced to half compared to a traditional two-level con-
verter, while the efficiency and the output power quality are
increased. The cells are connected with the ac grid through a
multi-winding interface transformer. As shown in Fig. 4, the
interface transformer separates the ac zone into the grid-side
and converter-side. The grid-side refers to the area between
the connected ac grid and the primary side of the transformer
(see the green shaded area). The converter-side refers to the
area between the secondary side of the transformer and the
converter cells (see the red shaded area). Delta windings are
configured at the converter-side to isolate zero-sequence com-
ponents between the grid-side and the converter-side. The
grounding point is set in the grid-side of the transformer.

B. System Control

The block diagram for the control of the cascaded convert-
ers in the MVDC link is given in Fig. 5 and this is based on
cascaded loops. The outer control loop at one terminal regu-
lates active power P and, conversely, dc link voltage V. at
the other terminal. Reactive power Q is regulated at both ter-
minals. Vector control in a synchronous dg-reference frame is
adopted for the inner current control loops. Voltage balanc-
ing control loops are included as well to balance the capacitor
voltages.

C. DC-Side Voltage

As shown in Fig. 3, the dc link voltage of each pole is
built up by six cascaded 3L-NPC converter cells. Thus, the
relationship between the dc voltage of each cell and dc link
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is expressed as

Uge = 6V4e (])
where Uy, is the rated dc link voltage and V. is the rated dc
voltage for each cell.

As shown in Fig. 6(a), due to the cascaded connection at the
dc-side, the dc voltage of each cell referred to the grounding
point contains an offset value V,". This voltage at the neutral
point of each cell (i.e., mid-point of the two capacitors in the
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Fig. 6. Relationship of ac-and dc-side voltages. (a) DC-side (b) AC-side.

3L-NPC cell) is expressed as
Ve =05V +(n—1DVie=m—05)Vg,(nel—6) (2)

where n represents the cell number. From (2), it can be seen
that the 6™ cell contains the largest offset voltage, with a value
of 5.5V .. Such an offset will reflect on the voltages of the
ac-side.

D. AC-Side Voltage With DC Offsets

When the fundamental components are considered in the ac-
side of a 3L-NPC converter cell only, phase-to-neutral voltages
referred to the cell’s neutral point O (see Fig. 4) are given as

3

where v, is the phase-to-neutral voltage of the converter cell,
Ve the root mean square (rms) value of the phase voltage,
and ¢, the phase angle. However, the ac-side phase-to-ground
voltages referred to the ground potential are expressed as

Vy = ﬁVac sin(wt + ¢x), (x=a,b,c)

no_
ng—

“)

where V", is the phase-to-ground voltage of the n™ converter
cell and V," the offset voltage reflected on the neutral point
of the n™ converter.

v+ V) = V2V, sin(wt + o) + V)
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Fig. 7. Zero-sequence current path following a converter-side fault at phase c.

From (4), it can be observed that the ac voltage for each
cell will contain a dc offset. This is exemplified in Fig. 6(b),
where phase-to-ground voltages of phase A for each cell are
shown. Both the pulse-width modulation (PWM) and the fun-
damental components are included. For instance, the ac-side
phase-to-ground voltages of the 6™ cell, connected to the dc
link directly, contain the highest offset of 5.5V,., which is
consistent with the discussion by the end of Section II-C. For
a system like this, the windings of the interface transform-
ers should be thus designed to specifically withstand dc offset
voltages under normal operating conditions.

It should be noted that once an ac fault occurs at the
converter-side, the dc offsets will be removed. A large inrush
current will be induced and the capacitors of the converter
cells may be overcharged. Conventional protection methods
for grid-side ac faults are not applicable for converter-side
ac faults and, thus, suitable methods against converter-side ac
faults are still required.

III. ANALYSIS OF CONVERTER-SIDE AC FAULTS
A. Overcurrent Analysis

Due to no zero-sequence path existing at the converter-side
of the delta connected transformers, there is no zero-sequence
current flowing through the converters. However, when a
converter-side grounding fault occurs, paths for zero-sequence
current are created, as shown in Fig. 7 (see the red and green
dashed lines). This leads to a significant increase of current
magnitude in the faulted converter cell. The contribution to
fault current mainly comes from two components initially: the
current from the dc link (red lines) and the discharging current
of dc capacitors in the 3L-NPC converter cells (green lines).
Under such circumstances, the converters will have to block
their gate signals to protect the IGBTs from overheating.

An equivalent circuit after all the IGBTsS are blocked is given
in Fig. 8. It can be observed that although the converters are
blocked by switching off the IGBTs, the fault current still flows
from the freewheeling diodes in the lower arms of the faulted
converter cell. The current from the dc link is transferred from
the IGBTSs to the capacitors in the cell (see red dashed lines).

Equivalent circuits for the discharging processes of the dc
link and dc capacitors within the converter cells are given in
Fig. 9. As shown in Fig. 9(a), the dc link current will flow
through the capacitors and diodes into the fault point. A system
of two first order differential equations is derived from this

4049
2R
Grid side  Converter J_ 2o
K .
K R .__l‘_ig__.»
) : g
A B >
Nl - Lo
=
N T:
e

=

Ll

..____\
1
1
1
N

1z} w2t
"‘.-_-.»-'_
=~

Izg]
1

Fig. 8. Current paths through the diodes after blocking of converters.
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Fig. 9. Equivalent circuits after the fault. Discharging of: (a) dc link; (b) dc
capacitors in converter cells.

circuit as follows:

de% + Rgidc(t) +ve(t) = Uge
Co e = ige(1) )
_ C

-C_ _C
CS_N_77n

{ ve(0+) = NVge = (7T — n) Ve
idc(o"') == Idc

where Uy, is the dc link voltage fed by the healthy terminal,
Lge the inductance of the dc link,C is the capacitance of
one 3L-NPC converter cell,iz(f) the dc link current, v.(¢) the
capacitor voltage in series with the dc link following the fault,
C; the capacitor in series with the dc link, and N the number
of capacitors in series with the dc link. It should be noted that
the values of Cs, v.(t), and N depend on the fault location.
When a fault occurs at the n'h cel, N =7 —n.
Solving (5) for iyz.(f) and v.(f) considering (6) yields

(6

{ ve(t) = K1 + Ko™ + Uy, )

ige(t) = Cs(Klsle‘Ylt + K2S2€s2t)

where the s1 and s are the roots of the characteristic equation
for system (5) and constants K; and K, depend on the initial
conditions (6). It should be highlighted that the fault location
will have a strong influence on the overcurrent magnitude since
the number of capacitors in series with the dc link may change
depending on the fault position (i.e., n will change with fault
location). This will be verified in Section V-C.

Besides the current from the dc link, the capacitors in the
3L-NPC converter cells also discharge through the diodes into
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the fault point (see green dashed line in Fig. 8). The dis-
charging process at the beginning of the fault is represented
by the RC equivalent circuit shown in Fig. 9(b). The current
contributed by the capacitors is expressed as

Ve _L

(1) = e ®)
8
Ve= -1V 9
T = Ry C (10)
n—1

where V, is the sum of capacitor voltages during the fault, t
is the time constant of the circuit, and C is the capacitance of
one 3L-NPC converter cell.

It can be seen from (8)-(10) that the peak value of the fault
current is determined by capacitor voltage V, and the ground-
ing resistor R,. The maximum value appears when a fault
occurs in the nearest converter to the dc link (i.e., n = 6),

Ve _ 5Vye

i k —_——
pea
Rg Rg

Y

Since fault current will flow through the diodes of the
faulted converter, it is important to carefully select the value
of R, to ensure that the surge current remains within the
diode’s safe region of operation under a converter-side ac
fault. For instance, a 10S2 resistor is used in the ANGLE-DC
project [16].

It should be highlighted that when the voltage of the capac-
itors is lower than the peak value of the line-to-line voltage
from the ac-side, the 3L-NPC converter cells will behave as
a diode rectifier and will keep injecting current to the fault
point (see blue dashed lines in Fig. 8) through the transformer.
AC-side circuit breakers (ACCBs) need to be switched off to
interrupt the fault current permanently.

B. Overvoltage Analysis

As discussed in the previous section, after blocking the con-
verters, the fault current fed by the dc link will transfer from
the IGBTs into the capacitors C; in the 3L-NPC converters
[see Fig. 9(a)]. According to (5)-(7), the capacitors in series
with the dc link will be charged to the dc link voltage value,
that is,

ve(00) = Uge (12)
U, Uac
Viewo = 5 =7~ (13)

where V(o) is the steady-state capacitor voltage of the con-
verter cell after the fault. As discussed, the fault will be more
severe when it occurs at the cell closest to the dc link as
the capacitor will be charged to the dc link voltage Uy.. The
overcharged capacitor will lead to an overvoltage of the IGBT
devices which could, in turn, damage the 3L-NPC converter
cell. Under such circumstances, switching off the ACCB may
not occur in time to avoid the overvoltage since its operating
time is 40-100 ms, which is not fast enough. To address this
issue, a protection method is presented in Section IV.

IEEE TRANSACTIONS ON SMART GRID, VOL. 13, NO. 5, SEPTEMBER 2022

- -

S Su] Sa| LCF
Converter -_- .
side Sa| & S X S2| Ri
D,
—%¢
c
g D.:

Grid sid:
ac bus COtid side

ACCB

D Dy el | .
1 Thyristor
| Branch
-

& SolgKx & Sqf = [
D> Dy 2
S Sui]
P

U=

ssedAg

[LAETSY

Transéormer suﬂ
|

iy =(i,+iy+i. )3 S
Zero-sequence current
detection

Fig. 10. Thyristor branch-based protection method.

Grid side  Converter
side
ACCB ; » DC link
= - AC rectifier
- Capacitor
-
—1+—n

Fig. 11. Current paths after blocking of converters with thyristor branch.

IV. THYRISTOR-BASED PROTECTION METHOD
A. Fault Detection

Given that zero-sequence currents indicate a converter-side
fault, their presence can be used to distinguish from other types
of faults (e.g., from grid-side ac or dc-side). The zero-sequence
current is expressed as

it = (o +ip +i0)/3 (14)

where ig” is the zero-sequence current at the converter-side of
the n'" 3L-NPC converter cell. When the magnitude of current
lip"l is higher than a pre-defined threshold, it can be concluded
that a converter-side fault has occurred.

B. Thyristor-Based Protection Method

A thyristor-based branch is installed in parallel with the
3L-NPC converter cell, as shown in Fig. 10, to protect the
converter from overvoltage. When a converter-side fault is
detected, all the thyristors at the faulted terminal are trig-
gered and, as a result, the dc link current will flow through
the branch instead of charging the capacitors (as described in
Section III-B).

The equivalent circuit following triggering of the thyristor-
based branch is given in Fig. 11. Part of the discharging
currents coming from the capacitor within the cells flows
through the branch, which further protects the diode from
overcurrent.

It should be noticed that a resistor needs to be in series
with the thyristor-based branch to prevent large inrush current
generated by its parallel capacitor. Initially following a fault,
the dc capacitor discharges through the thyristor-based branch.
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When the capacitor voltage is lower than the line-to-line ac
voltage, the ac-side operates as a rectifier and continues to
contribute to fault current (see blue dashed line in Fig. 11).

C. Design of the Thyristor Branch

1) Resistor: As mentioned in the previous subsection, a
resistor R is needed in the thyristor branch to prevent the large
inrush current coming from the capacitor of the converter cell.
A large resistance value leads to a small current magnitude.
However, it could also lead to an overvoltage even after this
branch is triggered following a fault.

An equivalent circuit following the fault (i.e., the thyristor
branches have been triggered) is given in Fig. 12. The most
critical case at the positive pole is given as an example, where
the fault occurs at the 6 cell. Since it takes time for the ACCB
to operate, namely 100 ms in this paper, the healthy terminal
behaves as a diode rectifier after being blocked before the
ACCB is switched off. Within such a time, the healthy terminal
still provides a voltage Uy, to the dc link of around 18 kV. As
shown in Fig. 12, Uy, will be shared between the ground-
ing resistor R, and Ry of the thyristor branch. The capacitor
voltage V. is derived as

Rt

Vo= —— X
Re + Ry

Ude 15)
To avoid overcharging the capacitor, V. should be smaller
than the rated voltage of the converter cells (i.e., 4.5 kV in
this application). Therefore, the following criterion is adopted
to select the value of the resistor:
R; +Rr

Substituting R, = 1022 and Uge =18 kV into (16), yields

v, x Uge < 4.5kV (16)

Rr < 3.33Q (17)

For the ANGLE-DC project, Ry should be smaller than
3.33 @ to avoid overvoltage of the converter cell. To leave
some margin for transients, a resistance of 1.5 Q is used in
this paper.

2) Thyristor: Since the thyristor branches are installed in
parallel with the converter cells, the rated voltage of the
selected thyristors should be equal or larger than the rated
voltage of the converter cell, that is,

Vr > Vg =45kV (18)
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TABLE I
NUMBER OF SEMICONDUCTOR DEVICES AND COST ANALYSIS

Semiconductors Number of Percentage Percentage
Devices (number) (cost)
IGBT 12 38.7% 56.07%
Diode 18 58.1% 42.06%
Thyristor 1 3.2% 1.87%

To ensure the safe operation of the thyristor, its loading
integral I°t should be also examined, i.e.,

Pt = /i%tdt

In this application, the peak value of the fault current flow-
ing through the thyristor is ~3 kA and the duration time is
around 100 ms (i.e., after 100 ms, the ACCB is switched off to
interrupt the fault current). Therefore, when selecting thyris-
tors, the 2t should be larger than 0.9 MAZs. This will be
verified in Section V-D.

3) Economic analysis: To evaluate the cost of adding a
thyristor branch, consider the information in Table I. From
the table, it can be seen that, there are twelve IGBTs and
eighteen diodes in one 3L-NPC converter cell. (Note: Although
in some applications a diode may have been integrated into the
packaging of an IGBT, diodes and IGBTs are considered as
individual devices in this paper.) Since the voltage and current
ratings of a thyristor can be higher than those of an IGBT,
one thyristor is used in this analysis. As shown in Table I,
the presented protection method only brings a 3.2% increase
in the number of semiconductor devices. Since the price of
a thyristor is lower than that of an IGBT or a fast recovery
diode, the extra cost incurred by adding a new thyristor could
be lower than 3.2%. Assuming that the price of a fast recovery
diode is 50% of an IGBT and the price of a thyristor is 40% of
an IGBT, the cost of the additional thyristor would be around
1.87%.

(Note: The semiconductor devices normally dominate the
costs of a converter and are thus here considered only.
Other components, such as cooling plates, IGBT drivers, and
mechanical devices are not included.)

19)

D. Fault Isolation and Post-Fault Operation

Overvoltage is effectively avoided when the thyristor branch
is switched on following the fault. However, fault currents fed
by the dc link and the ac-side diode rectifier still exist. To clear
the fault current permanently, the ACCBs from both stations
need to be switched off to ensure fault current decays to zero.

After the fault current reduces to zero, the faulted cell at the
ac-side can be isolated by using additional fast disconnecters
and/or ACCBs. At the dc-side, an additional mechanical switch
can be used to bypass the faulted cell [see Fig. 13]. Meanwhile,
other non-faulted cells can be restored for normal opera-
tion. Therefore, the presented scheme minimizes the effect of
converter-side ac faults on the power transmission irrespec-
tive of the specific position of the converter cell being directly
affected.
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In order to match the dc voltage, a converter in the other
healthy terminal should be also bypassed. After that, the whole
system can be restored to an operational state without the
faulted converter cell.

As shown in Fig. 3, there are twelve 3L-NPC converter cells
in total for each terminal of the MVDC system (i.e., 6 cells per
pole x 2 poles = 12 cells). Therefore, when one converter cell
is out of operation following a fault, the number of cells that
can transmit power is reduced from 12 to 11 at both terminals.
The remaining power capacity is therefore

N-—-1

11
n= x 100% = 7 * 100% = 91.6% (20)

This implies that the dc link can still transfer power at 91.6%
of its rated capacity. The flowchart shown in Fig. 14 summa-
rizes the protection strategy.

V. SIMULATION RESULTS AND ANALYSIS

A. System Parameters

The system shown in Fig. 3 was built in PSCAD/EMTDC
to verify the analysis and the effectiveness of the protection
method presented in Section IV. System parameters are given
in Table II. DC transmission lines are represented by equiv-
alent resistances and inductances. The parameters of each
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TABLE II
MVDC SYSTEM PARAMETERS

Parameters Value Units
Rated capacity 33 MVA
Rated ac voltage 33 kV
Rated dc link voltage +27 kv
Transformer capacity 2.85%6x%2 MVA
Transformer ratio 33/2.1 kV
Transformer leakage inductance 0.2 p-u.
Number of 3L-NPC cells 6x2 -
DC current limiting inductor 6 mH
Grounding resistor 10 Q
Resistance of dc Transmission lines 2.1 Q
Inductance of dc Transmission lines 2 mH
TABLE III

PARAMETERS OF 3L-NPC CONVERTER
Parameters Value Units
Rated capacity 2.75 MVA
Rated dc voltage 4.5 4%
Rated ac voltage 2.1 kv
Capacitor of 3L-NPC 4600 uF
Switching frequency 750 Hz
Sample frequency 20 kHz

3L-NPC converter cell are given in Table III. The 12 cells
at each station operate in an interleaved mode to increase the
total equivalent switching frequency.

B. Normal Operating Conditions

Fig. 15 shows relevant waveforms of the system under nor-
mal operating conditions. The dc link voltage of the positive
pole is 27 kV and the dc voltage of a single 3L-NPC cell
is 4.5 kV, as shown in Fig. 15 (a) and (b), respectively. The
phase-to-ground voltages of phase A for each 3L-NPC cell
are given in Fig. 15(c). As it can be observed, the output
voltages of the 3L-NPC converter cell exhibit dc offsets as
analyzed in Section II-D. Specifically, for the 6™ cell this is
5.5V 4., which verifies equation (2). The line-to-line voltage
of one 3L-NPC converter cell is shown in Fig. 15(d). The
voltages contain five-level voltage steps, which is the typical
operating behavior of a 3L-NPC converter. The grid-side and
converter-side ac currents are given in Fig. 15 (e) and (f).
As it can be observed, the grid-side current (sum up of the
12 cells) contains lower harmonics than that in the converter-
side (one cell) due to the interleaved operation mode of the
converter cells.

C. Blocking the Converter Only

To observe the effects of converter-side ac faults at different
locations and verify the analysis presented in Section III, solid
faults have been applied to the system. Since there are six
cells per pole, different fault positions (i.e., different 3L-NPC
converter cells) have been tested, with results shown in Fig. 16.
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Fig. 16. Effect of the fault location. (a) Capacitor voltages. (b) Peak values
of fault current.

The peak capacitor voltage and peak fault current for these
locations are given respectively in Fig. 16(a) and (b). It can
be seen that the most critical condition occurs when the fault
occurs at the cell connecting to the dc link (i.e., n = 6 in
Fig. 3). In this case, the capacitor is overcharged from 4.5 kV
to around 18 kV and the peak fault current is ~4 kA.

To illustrate the transient process following the fault in
the most severe condition, time-domain simulation results are
given in Fig. 17. The current flowing through the faulted point
is shown in Fig. 17(a), with a peak value of ~4 kA. As dis-
cussed in Section III-A, the fault current comes from two
parts: the discharging current from the capacitor of the 3L-
NPC converter cells [Fig. 17(c)] and the discharging current
from the dc link [Fig. 17(e)]. Fig. 17(b) shows the dc link
voltage following the fault. After the fault is detected, both
converter stations are blocked to avoid overcurrent of IGBTs.
After that, the healthy station starts behaving as a diode recti-
fier. The maximum dc link voltage reduces to 70-80% of the
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rated value to ~18 kV [Fig. 17(b)], but such a voltage will
still overcharge the capacitor in the faulted converter cell. This
is shown in Fig. 17(d), where the capacitor in the 6™ cell is
charged from 4.5 kV to ~18 kV. Therefore, blocking the con-
verter only cannot protect the system from overvoltage. This
is consistent with Fig. 16: when the fault is located at the 6™
and 5 cells, the resulting overvoltage (18 and 9 kV, respec-
tively) will damage capacitors and power electronic devices
without protection in place.

D. Thyristor-Based Protection

Fig. 18 shows simulation results following a fault occurring
at the 6" 3L-NPC converter cell when the protection method
is in place. The thyristor-based branches are triggered once
the fault is detected. As it can be observed in Fig. 18 (b), the
dc link voltage at the faulted terminal reduces significantly.
Thus, no overcharging occurs at the 6 3L-NPC converter
cell [Fig. 18 (d)]. By comparing Fig. 17(a) and (d) with
Fig. 18 (a) and (d), not only the protection method does
not increase the fault current magnitude, but it effectively
eliminates overvoltage.

The current and the energy absorbed (I°f) in one of the
thyristor branches are given in Fig. 19. It can be seen that the
peak current is ~3 kA and It is ~0.4 MAZs, which are within
the safe operating area (SOA) of the selected thyristor [26].

E. Post-Fault Operation

It should be highlighted that each 3L-NPC converter cell
within the cascaded structure is controlled individually. This
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implies that after one converter cell experiences a fault, it can
be isolated by disconnecters at its ac-side and bypassed at
its dc-side and, more importantly, that other healthy converter
cells may remain operational.

Fig. 20 shows the post-fault operation of the system when
the 61 cell in the positive pole is bypassed following the fault.
From Fig. 20(a), it can be seen that the voltage of the positive
pole of the dc link is 22.5 kV, which is 4.5 kV lower that the
negative pole. The dc link currents are given in Fig. 20(c).
It can be observed that the positive and negative pole cur-
rents are the same for a post-fault condition, which means
that the current in the grounding resistor remains zero. The
total power transferred is 27.5 MW, which is 91.6% of the
rated 30 MW due to the loss of one cell. This verifies the
analysis in Section IV-D.

Fig. 21 shows the transients exhibited during the protection
and restoration process following a converter-side ac fault at
the 6 cell of the positive pole. The fault occurs at r = 0.2 s
and the thyristor branches are bypassed when the fault is
detected. As it can be seen in Fig. 21(a), the dc link voltage in
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the faulted pole is reduced to a low value (lower than 4.5 kV)
after bypassing, which prevents an overvoltage in the converter
cells. Due to the blocking of the converters and bypassing of
the thyristor branch, the ac-side active power increases from
30 MW (i.e., normal full power conditions) to around 40 MW
within 100 ms, as shown in Fig. 21(b). It can be seen from
Fig. 21 (c) and 21(d), that both ac-side and dc-side currents are
reduced to zero after the ACCBs are switched off at r = 0.3 s.
After that, the system can isolate the faulted converter cell and
may begin to prepare for restoration. As shown in Fig. 21(a),
at t = 0.4 s, the system begins to re-charge its dc link and the
dc link voltage is re-built at + = 0.5 s. Due to the removal of
one converter cell in the positive pole, the post fault voltage
of the positive dc link operates at 22.5 kV, which is 4.5 kV
lower than the norminal 27 kV(see the red dashed line). The
restoration of active power starts from ¢t = 0.5 s. As shown in
Fig. 21(b), the total transferred power reaches 27.5 MW, which
is 2.5 MW lower compared to the pre-fault condition due to
the loss of one cell. The results verify the analysis presented
in Sections IV-B and IV-D.
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VI. CONCLUSION

Scottish Power Energy Networks’ ANGLE-DC, a Network
Innovation Competition project funded by Ofgem, the Great
Britain government regulator for gas and electricity markets,
is a trial operational MVDC transmission link adopting power
electronics devices to convert existing ac lines into dc oper-
ation for distribution networks. At the time of construction,
ANGLE-DC was the first pilot project of its kind at an inter-
national level, aiming to smooth the way for the integration
of increasing volumes of renewables and accommodating the
growth of local electricity demand. As ANGLE-DC is a real
practical project, thorough studies are required to ensure its
operational success.

In this paper, theoretical analyses and simulation studies
complementing previous work for ANGLE-DC have been con-
ducted to reveal the transient behavior of the MVDC link
following converter-side single-phase ac faults. It has been
demonstrated that, if left unattended, this type of faults may
severely affect the MVDC link operation. For instance, zero-
sequence currents of a large magnitude are exhibited, leading
to the blocking of the converter. Moreover, severe overvolt-
age may be present in the converter capacitors if the converter
cell is directly blocked which, in turn, could lead to potential
damage of the MVDC system.

To relieve the aforementioned issues, a thyristor-based
branch protection strategy has been presented, with its effec-
tiveness being verified through simulations conducted in
PSCAD/EMTDC. Once the protective branch is triggered after
a fault, overvoltage is effectively eliminated at the faulted
converter cell. After that, ACCBs and/or disconnecters can
isolate such cell without affecting the operation of the healthy
cells. When the faulted cell is bypassed, the system can
restore system operation to 91.6% of the rated transmission
capacity. This demonstrates that even under the event of a
converter-side single-phase fault, the MVDC link may remain
operational at a slightly reduced capacity and power transfer
may be still achieved. Within the context of the ANGLE-DC
project, this has practical relevance as the presented protection
scheme would avoid the need to curtail renewable generation
at Anglesey should the MVDC link be placed out of service.

The analysis presented in this paper and the introduced pro-
tection method may serve as a reference for future projects and
will contribute to building confidence in the deployment of
MVDC technologies by other distribution network operators.
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