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Abstract—In a multi-terminal direct current (MTdc) system
based on a modular multilevel converter (MMC), high-speed
and large interruption capability direct current circuit breakers
(dc CBs) are required for dc fault interruption. However, the
commercialisation of these breakers is challenging, especially
offshore, due to the large footprint of the surge arrester. Hence, a
supplementary control is required to limit the rate of current rise
along with the fault current limiter. Furthermore, the operation
of the dc CB is not frequent, thus, it can lead to delays
in fault interruption. This study proposes the indirect model
predictive control (MPC)-based zero-current control. This control
provides dc fault current suppression by continuously controlling
the zero-sequence current component using circulating current
suppression control (CCSC), and by providing feedback to the
outer voltage loop and inner current loop of MMCs. The
proposed control is simulated for pole-to-pole and pole-to-ground
faults at the critical fault location of an MTdc system. The
simulation is performed in Real Time Digital Simulator (RTDS)
environment, which shows that the predictive control reduces
the rate of rise of the fault current, and in this way provides
an additional 3 ms after the dc fault occurrence for the dc CB
to clear the fault. Besides, the energy absorbed by the dc CB’s
surge arrester during the pole-to-pole and pole-to-ground fault
remains the same with the proposed control.
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I. INTRODUCTION

IGH power direct current transmission grid with

a meshed modular multilevel (MMC) converter is
considered as a promising technology for extensive offshore
wind power integration in Europe [1]. The Europe’s expected
new wind farm capacity of 116 GW during 2022-2026
[2]. Based on submodules’ (SMs) design and configuration,
the MMC technology is classified into half-bridge (HB),
full-bridge (FB) and Hybrid MMC [3]. However, HB-MMCs
are commissioned due to their lower footprint and cost. This
comes up with another drawback: the lack of direct current
(dc) fault interruption capability. During a fault period, unlike
ac systems, dc systems does not have a natural current zero
crossing, and therefore, a direct current circuit breaker (dc
CB) is needed. In the last decade, different dc CBs have
been proposed, prototyped and tested for the application in
the MTdc systems [4], [S], [6]. The dc fault interruption in
HB-MMC-based MTdc systems has to be ultra-fast (< 3 ms)
due to the high rate of rise of the dc current. In practice,
to limit the fault current, the Fault Current Limiters, in the
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form of rectors, are added, and used for dc fault detection
[7]. However, the high value of the inductance (> 150 mH)
impacts the controllability of converters and increases the
capital cost of the dc grid [8]. Another method to control
the fault current, is to regulate the pole-to-pole voltage near
the converter, which is known as a Fault Current Suppression
(FSC) method. In [9], [10], a combination of hybrid-MMC
and droop control is applied, which regulates the arm voltage
as a way to decrease the fault current. A similar concept for a
HB-MMC is used in [11], [12]. Furthermore, the authors also
compared different methods of FSC. Similarly, [13] provides
a soft current suppression control in the outer voltage loop.
In [14] a notch filter is applied to extract the dc component
and to regulate the fault current only during the fault
occurrence. The suppression methods mentioned earlier imply
proportional-integral (PI)-based control action, either in the
outer voltage loop or by using a circulating current suppression
control (CCSC). In [15], a suppression control was proposed
for the FB-MMC MTdc using CSCC together with a protection
scheme. These controls are based on a mode selection during
the fault; thus, the stability of these controls is undetermined
[16]. The fault interruption creates a temporary instability in
the dc grid, and is propagated into ac systems where renewable
energy resources are connected, which are more susceptible
to disturbances. Hence, the post-fault clearance is crucial.
In the existing literature dealing with suppression control,
MTdc systems are simplified with respect to the offshore
grid, and its control with respect to the offline simulation.
Thus, the dynamics of the offshore grid is removed. The
existing suppression controls are implemented with PI, which
introduces inherent slower performance limitations [17], [18].

In the CCSC, a zero-sequence current component of
dgz-frame current representation can be viewed as one third of
the dc current (i4.). However, this current, in the traditional
strategies, is either left uncontrolled [19] or is employed in
energy control [20]. In this paper, we propose a controller to
the mentioned zero-current, to decrease the fault amplitude and
to smooth the fault recovery. Furthermore, the model predictive
control (MPC) has proven its superiority over conventional
PI control in controlling complex non-linear, multiple-input
multiple-output (MIMO) systems in different industrial sectors
[21].

This paper introduces the indirect MPC-based zero-current
control employed for dc fault current suppression. The CCSC
provides a reference to the Outer Voltage Control and Direct
Voltage Control. The proposed suppression control provides
control during a dc fault, which regulates the fault current
amplitude by reducing the rate of rise of the fault current. As



a result, it provides an extra time margin for fault detection
or dc CB breaker operation without affecting the circulating
current suppression in the MMC arm. Additionally, the better
post-fault recovery is achieved. The proposed control can
also be added to the existing traditional PI control without
creating system instability due to quadratic cost function
formulation. Furthermore, the performance of CCSC is tested
under different faults in the real-time digital simulator (RTDS)
with the detailed equivalent models of the offshore wind farm,
HB-MMC, and dc CBs.

In Section II, the configuration of the MMC and the existing
controls are analyzed. The proposed indirect MPC-based
method is described in Section III. The MTdc setup and
the simulation results are elaborated in Section IV. Finally,
meaningful conclusions are presented in Section V.

II. MMC MODEL AND CONTROL

A decade of development in modelling of MMCs has led to
an accurate MMC non-linear model [18]. The dynamics of the
MMC can be formulated by using two components, ¥ and A,
which represent the dc and ac characteristics of the converter
respectively. By applying the Clarke-park transformation, the
> and A ac components are translated into the stationary
dg—frame:
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A. MMC control design

In the MTdc, each onshore converter consists of three
primary control loops [22], namely, Outer Voltage Control
(OVC), Inner current control (ICC) and Circulating Current
Suppression control(CCSC), as shown in Fig. 1. Fig. 2
highlights the PI controls of the onshore and the offshore
converters. The OVC provides references to the ICC. The
setpoints to the OVC are provided by the Dispatch level via
TCP/IP communication interface, as it is shown in Fig. 1. The
setpoint signals include dc voltage Vi ref, ac voltage Ve ref,
active Pyc ey and reactive Qqcrer power, and frequency
f. The selection of these signals depends upon the control
mode (i.e. constant DC voltage, Grid forming, Active-Reactive
power control-mode). Dispatch controls are typically operated
by the system operators. The system operators, provide the
setpoint based on the power ac/dc power flow and day-ahead
demand.

b))
UMd,q,z

The ICC loop generates the modulatmg voltages (vM dg)
based on the feedforward terms (v g and vgce). The ICC
and OVC are only responsible for the fundamental and the
odd-harmonic components of the grid current. The CSCC
controls the DC and even harmonic components of the grid
current. The presence of the even harmonic results in the losses
within the converter. Hence, these currents are suppressed by
generating modulated voltage (v%/[,dq), and as a result, only
the DC component is present.

The offshore converter consists of DVC and CCSC.
The DVC is the simplest form of grid-forming control
[22]. Similar, to onshore converters, the offshore converter
receives setpoint commands from the dispatch control. The
modulating voltages (vﬁ’iq) are converted into a firing
sequence. Traditionally, these controls are implemented using
the PI controller by transforming ac measurements from the
abce-frame into the stationary dg-frame by making use of a
phase lock loop (PLL) except grid forming control, which
uses an oscillator [19]. The control system of the type-4 wind
turbines is the same as reported in [17].

III. MPC-BASED ZERO-CURRENT CONTROL

As the name indicates, the prediction and the accuracy of
the MPC are purely determined by the system behaviour. The
dg-frame mathematical model of the MMC is represented by
equations (1), and is rewritten in a matrix discrete form as:
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where k& € N indicates discrete time step, H(7Ts) is an
identity matrix, whereas F(T,) = 2T and G(T,) =
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with T, € R as the sampling time, with value 7, =
40 ps. Furthermore, the augmented state is defined as
AZ(k) = #(k) — Z(k — 1), where #(k) € R® indicates the
system state vector at k™ instant and #(k — 1) indicates vector
of states for the previous sampling instance £—1. Similarly, the
augmented input is defined as Au(k) = u(k)—u(k—1), where
(k) represent the system inputs at k" instant and @(k — 1)
indicates the past inputs.
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Fig. 2. The traditional PI-based MMC control design.
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i € U=[-1,1]° C R, represents system inputs. Similarly to
[17], the future control sequence is represented by the discrete
Laguerre network, 7 € [—1,1]° C R, which is determined
by solving the optimal control problem, and minimizing
the objective (cost) function, subjected to the equality and
inequality constraints:

Np

min T =Y | Em(k+ilk)g + 17 5 + Tme(k),  (5a)
i=1

subject to M7 < b,  (5b)

Here, Q > 0 and R > 0 are weighting matrices, and
N, =20 €I is the prediction horizon. For variables 7, (k),
vector r(k) € R® is a reference signal. The Matrix M and
the column vector b are related to the constraint information
of the rate and amplitude [17]. In reality, there will be an
error due to the modelling or the signal noise. However, these
disturbances can be considered in the optimal control problem,
which is represented by e(k). With e(k) is denoted the error
between the system’s measured signal and the plant’s predicted
signal at E™ instance. I,, >~ 0 is the weight matrix. The
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Fig. 3. Block diagram of implemented zero-current control.

reference determination of the differential-current components
(denoted as i(% ) remains the same as of the traditional
control hierarchy as explained in the section II.A. The CCSC
mainly suppresses additive currents in the traditional control.
However, the zero-current component (z'?) reference is left
uncontrolled. The previous section explains that the MMC
current on dc side can be represent by zero current component.
In this paper, zero-current reference is calculated by using the



active power injected/absorbed in the ac system and the dc
voltage as shown in Fig. 3.

During the stable operation, the active power and the
dc voltages are inside the prescribed limits (i.e. +1.2 p.u,
and 1 p.u — 0.8 p.u, respectively). Hence, the calculated
zero-current component remains the same as the measured
one. During the dc fault period, the active power P, increases
and the dc voltage vg. decreases, which leads to saturation of
the calculated current. In order to reduce the fault current,
the voltage at the MMC terminals is reduced, which results
in a decrease in the rate of rise of the fault current across
the line inductance (I;;,,.). Hence, the zero-current controller
provides the control action which temporally reduces the DC
link voltage and lowers the fault current. Also, this control
action is added to the outer voltage loop and direct voltage
control in the case of grid forming converters (as shown in
Fig. 3), to ensure that both ac and dc component values remain
within the operating limits.

IV. EXPERIMENTAL STUDIES

For the purpose of demonstration of the proposed control
advantages, the state-of-the-art model for the £525 kV, 2 GW
dc terminals is designed and simulated. Fig. 1 shows the
simulated three terminal +525 kV ground return bipolar
MTdc system programmed for the real-time simulation in
the RSCAD/RTDS. The system is divided into two zones
(i.e., onshore and offshore). The onshore system consists
of two converters (i.e. MMC1 and MMC3). Each platform
is connected to two 1 GW MMC converters. The onshore
platforms are connected to a strong grid, with a short circuit
ratio of SCR = 44, by two converter transformers with
a rating of 400/275 kV, 1250 MVA. Similarly, the offshore
platform has two 1 GW MMC converters connected to a wind
farm via 275/66 kV, 1250 MVA. This transformer also acts
as a scaling transformer. The offshore platform is connected
to the wind park by a 66 £V ac cable with a distance of
7 km. The ground for the MTdc is provided at the onshore
platform with the resistance value of 0.01 €2. The onshore zone
is connected to the offshore zone by three 2 GW, 525 kV
HVDC cables with the ratings given in Fig. 1. Cable 12 has
two VSC-assisted resonant current (VARC) dc circuit breakers
(CBs) at each cable’s end. This VARC dc CB is scaled to 525
kV with a fault interruption capability of 20 kA [5]. The wind
park has nine Type-4 wind turbines, each with a rating of
2 MW at 16 m/s. The wind speed data is updated in real-time
through a North Sea sensor using a python script [17].

Table I highlights the circuit parameters for the converters
given in Fig. 1. The proposed controls are located in
both offshore and onshore converters. The onshore grid-tie
converter station, MMC1 controls dc voltage (V., Q-mode),
whilst MMC3 controls active power (P,(Q-mode). The
offshore converter MMC2 is grid forming converter
(Vae, f-mode).

In a steady-state, MMC2 injects an active power of 2 GW
into the dc grid generated by the wind power plant. MMC3
injects an active power of 1 GW into the onshore ac grid. In
order to keep the dc-link voltage constant, the remaining power
is absorbed by MMC1, and injected into the onshore ac grid.

TABLE I
CIRCUIT PARAMETER FOR THE SIMULATED SYSTEM

Parameter Values
Rated capacity 2000 MVA
MMCl1 Ve, @
Cl\‘,}‘(‘)ggl MMC2 Vae, Q
MMC3 PQ
DC link voltage (vg4.) + 525 kV
Number of Submodules per arm 240
(Nsm)
Arm capacitance (Carm) 22 uF
Arm inductance (Lagrm) 42 mH
Arm resistance (Rgrm) 0.544 Q
Transformer leakage reactance (I;-) 0.18 p.u
AC converter voltage (onshore) 275 kV
AC system voltage (onshore/offshore) 400 kV/66 kV
DC line inductance(l;;c) 120 mH
AC frequency(f) 50 Hz

Due to a full selective protection scheme being introduced [5],
the internal protection of converters is disabled. The rated fault
current interruption capability of the VARC dc CB is set to 20
kA, and the operating time of the dc CB is 5 ms. Furthermore,
the dc fault detection is not instantaneous, so a delay of 1 ms
is introduced.

A. Fault Amplitude identification

In order to identify the current hotspot in the MTdc
during the fault, two different types of faults at two different
cable locations are simulated. For this work, a positive
pole-to-ground (PG) dc fault, and a positive pole-to-negative
pole (PP) dc fault are selected. These faults are located at the
MMCT1’s terminal (0 %) and near the opposite terminal (100
%). The nomenclature; PG — 0 — 12 in Fig.4 indicates the PG
dc fault at the terminal in cable 12. Similarly, PG — 100 — 12
indicates the PG dc fault at the opposite terminal of cable
12. Furthermore, [ lflfnewy indicates the current measured in the
cable xy from x terminal of the cable.

PG-0-12 038 1049 0
PG-100-12 16.42

PP-0-12 0.84 4 3
PP-100-12 16.95 30

PG-0-13 0 1377 | 17.07 ’
PG-100-13 0 | 1549 | 1578

PP-0-13 T 1532 | 18.53 20
PP-100-13 1521 | 1872 | 1933 s

PG-0-23 [l 4 1929 | 21.17
PG-100-23 0.08 W 156 | 1537 10

PP-0-23 2127 | 2295 s
PP-100-23 1523 | 1902 | 1892

" ; + " " +

line12 line21 linel3 line31 lli|1023 line32

Fig. 4. Fault amplitude in kA at 6 ms for different fault types and locations
in MTdc.

Fig. 4 indicates the fault current measured at ¢t =
6 ms without any fault current limiting scenario at different
locations during different faults. The analysis shows that, for
a given MTdc system at rated power, the PG and the PP
fault near the MMCI create fault currents with amplitudes
41.73 kA and 42.44 kA, respectively. Similarly, the fault near
MMC?2, on cable 23 produces the second highest fault current.



The converters’ pre-fault condition and the operating mode
determine the fault current amplitude. Since MMCI1 regulates
the dc link voltage to a constant value, the fault near this
terminal results in a high fault current. Similarly, the fault
near MMC?2 produces a high fault current due to the ac power
infeed. Hence, the next study considers the fault near MMC1
and MMC?2 on cable 12.

To understand the impact of the proposed control strategies,
the following cases are investigated:

CI Traditional PI control without zero-current control.
C2 MPC control without zero-current control.

C3 Traditional PI control with zero-current control.
C4 MPC control with zero-current control.

B. DC fault at MMC1’s terminal

In this scenario, the PG and PP faults are applied at the
terminal of MMCI. Furthermore, the impact of protection
delay (i.e delay in fault detection or dc cb operation) (t4) is
investigated for all cases and summarised in Table II and III.
From these tables it can be seen that the fault is interrupted
by the dc cb with both traditional PI controls, and MPC
with a delay of 1 ms. During PG fault with MPC, the peak
fault current in CB1P dc CB and MMCI is lower by 0.7 kA
and 1.26 kA, respectively. These lower values result from the
MPC’s fast control action on the changes of MMC'’s state
variables. However, this action results in an undershoot of
16% in vge prprc1 voltage. Furthermore, the settling time is
increased by 50 ms. The fast action helps the dc CB to absorb
less energy. As the delay increases, the peak amplitude of the
fault current increases, and as a result, PI controlled system
fails to operate. However, the MPC during the PG fault only
adds up a surplus 0.5 ms of delay before the dc CB fails to
interrupt the fault. A similar trend is observed with a higher
fault current and undershoot during the PP fault as shown in
Table III.

With the proposed control over i> current, in PI’s and
MPC’s CCSC, the sensitivity of the t; is minimised to a
greater extent. The system can withstand a higher delay,
with a lower fault current in the converter and in the dc
CB. This results in a lower energy absorption in the dc
CB’s surge arrester. The energy absorbed by the traditional
Pl-controlled MMC is 30% (PG) and 40% (PP) higher than
that of the MPC-controlled MMC with the proposed control
over i> current for t; = 3 ms during the PG and the PP
fault, respectively. Furthermore, the settling time is shortened
due to the active power feedback in the proposed control.
However, the impact of these improvements is observed on the
undershoot in vg. asarc1- It is also interesting to observe that
the energy absorbed during the PG and PP fault interruption
remains the same, indicating a reduced effect on Surge arrester
during the PP fault. Furthermore, the delay does not increase
the absorbed energy drastically.

Fig. 5 highlights the significance of the proposed control
compared to the PI and MPC in the time domain. During
the fault period, the MMC with the proposed control has
&Y of —114 kV/ms, while PI and MPC controlled MMC
has V4MMCL of 40 kV/ms. The high value of <’4nC1

. dt
dige,cB1p

creates reduction in T of fault current as seen Fig. 5(b).

Furthermore, the proposed control prevents a large drop in
converters’ energy. Hence, it protects the sub-modules during
fast transients. The arm currents of the converts are smaller
compared to traditional PI-controlled MMC, as seen in Fig.
5(d).

—0C (td=1ms) -=-=C2 (td=1ms) ----- C4 (td=3ms)‘
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Fig. 5. Impact of proposed control during PP fault at MMC1 terminal: (a)

MMCI’s terminal voltage [kV]; (b) Line Current [kA] in CBIP dc CB; (c)

Total Energy stored in the MMC1 [MJ]; and (d) Upper arm current of MMCl1

[KAL. )
C. DC fault at MMC2 terminal

In this case, a PG and a PP fault is applied at MMC2
terminal. The effect of protection delay is investigated for all
cases, and are summarised in Table V and IV, respectively.
The DC fault near MMC?2 creates a high rate of rise of fault
current, which results in current interruption failure. The high
value of d”dc’d# is caused by the wind park’s power infeed.
Hence, MMC?2 is very sensitive to the delay of the operation
of dc CB, and the line inductance (I;;,.). However, with the
application of the proposed zero-current PI and MPC control,
the delay sensitivity is removed for both types of faults as
illustrated in Table V and IV for PP and PG faults. The
energy absorption and the peak fault current through CB2P
and MMC?2 for both controls differ by less than 1%. This
is caused by the constant current source behaviour of the
grid-forming converters. Moreover, on average, the settling
time is improved by 100 ms in the case of MPC controlled
system. Furthermore, the undershoot percentage during the PP
fault is higher compared to that during the PG fault.

V. CONCLUSION

In this paper, a new MPC zero-current control for the MMC
converter is proposed, which influences the dc link voltage
control. The proposed control method controls the additive
zero current component, and it can provide an extra window
of 3 ms for the fault detection or dc CB operation. This control
is especially beneficial for a converter that directly influences



TABLE II
PERFORMANCE DIFFERENT CASES UNDER THE POLE-TO-GROUND FAULT AT MMC1 TERMINAL.

Peak . . settling

pole-to-ground fault inig.cpip l"eak n Undershoot in time Energy Status
' ige,MMC1 | Vie of V, SA
C
- ty = lms 17.70 kKA 1530 kA | 91631 kV (-12.73 %) | 0.13s | 69.25 MJ EICeanls
without | fd = 1:5ms 37.01 kA 2436 kA | 533.87 kV (-49.15 %) Inf OBYIMN Fails
e tq = 2ms 36.93 kA 2446 KA | 534.68 kV (-49.07%) Inf 0.00 MJ RPN
2 ty = 2.5ms 36.84 kA 2451 kA | 532.94 kV (-49.24 %) Inf 0.00 MJ RS
control | " _ 3¢ 36.78 kA 2457 kA | 533.79 kV (-49.16 %) Inf 0.00 MJ RN
MPC Ty = Ims 17.00 KA 1404 kKA | 881.92kV (-16.00 %) | 0.18 s | 5538 MJ [RINISecin]
without | td = 1.5ms 18.77 kA 15.18 KA | 867.75kV (-1735%) | 0.19s | 6227 MJ RIS atne
- ty = 2ms 32.63 kA 22.14 kKA | 538.90 kKV(-48.67 %) Inf ORYIMN Fails
2 tq = 2.5ms 32.55 kA 2218 kKA | 539.94 kV (-48.57 %) Inf XORYISN Fails
control |, _ o ¢ 32.47 kKA 22.14 kKA | 540.47 KV (-48.52 %) Inf 0.00 MJ RPN
PI tqg = lms 15.59 kA 11.52 kKA 789.86 (-24.78%) 0.18 s 42.5 MJ Interrupts
with ty = 1.5ms 16.53 kKA 12.49 kKA 790.77 (-24.69%) 0.18s | 47.96 MJ [RENISee]
i ty = 2ms 17.57 kA 13.36 kKA 789.43 (-24.82%) 0.29s | 53.51 MJ [RETTSate
bz || ta=2.5ms 18.8 kA 13.88 kA 790.13 (-24.75%) 029s | 59.83 MJ [RENTSeen
contro ty = 3ms 47.1 KA 29.51 kA 517.49 (-50.72%) Inf 0 MJ Fails
MPC tqg = lms 15.03 kA 9.5 KA 739.02 (-29.62%) 0.16 s 32.33 MJ RGETIE
with tqg = 1.5ms 15.76 kKA 10.71 kKA 739.51 (-29.57%) 0.17 s 36.55 MJ RIS
~ ty = 2ms 16.5 kKA 11.5 kKA 738.56 (-29.66%) 0.17s | 404 MJ [RENISee]
‘2 || ta=25ms 17.34 kA 11.95 kA 736.82 (-29.83%) 0.16s | 44.05 MJ [RETTSaen
control ty = 3ms 18.53 KA 12.53 kKA 735.28 (-29.97%) 0.16s | 48.78 MJ [BENISee 0
TABLE 11
PERFORMANCE DIFFERENT CASES UNDER THE POLE-TO-POLE FAULT AT MMC1 TERMINAL.

Peak Peak in . settling

pole-to-pole fault inigecB1P | fde,MMC1 Iéndershoot m time glxergy Status
de of V.

PI tqg = Ilms 19.46 kKA 16.4 kKA 767.07 kV (-26.95 %) 0.19 s 84.32 MJ BRIV
without | td = 1:5ms | 4324 kA 24.94 kA 11422 kV (-101.35 %) | Inf 0 MJ Fails
i tq = 2ms 43.16 kKA 25.13 kKA -13.62 kV (-101.3 %) | Inf 0o MJ Fails
"z ty = 2.5ms | 43.08 kA 25.18 KA -13.88 kV (-101.32 %) | Inf 0 MJ Fails
control | ,° _ 5 ¢ 43 KA 25.25 kA -13.98 kV (-101.33 %) | Inf 0MJ Fails
MPC Ty = Ims 18.06 kKA 147 kKA 60154 kV(-34.14 %) | 0.19s | 63.05 MJ [BIItSeas
without | td = 1:5ms | 37.88 kA 22.69 KA -10.72 kV(-101.02 %) | Inf 0 MJ Fails
i ty = 2ms 37.67 kA 22.76 kA -15.06 kV(-101.43 %) | Inf 0 MJ Fails
bz tq = 2.5ms | 37.57 kA 22.79 KA -14.02 kV(-101.34 %) | Inf 0 MJ Fails
control | ,°_ 5 ¢ 37.44 kA 22.87 kA -13.36 kV(-101.27 %) | Inf 0 MJ Fails
. Ty = Ims 15.71 kKA 1134 kKA 53532 kV (49.02%) | 0255 | 44.57 MJ |iicesian)
with tq = 1.5ms | 16.63 kA 12.4 kA 53033 kV (-49.49%) | 026's | 5027 MJ [RINTSeenn
it ty = 2ms 17.71 kKA 13.12 kKA 520 kV (-50.48%) 027s | 56.11 MJ [RENESesnan
vz tq = 2.5ms 19.13 kKA 13.61 kKA 535.75 kV (-48.98%) 0.26 s 64.22 MJ BRITERLHIT
control | ,°_ 5 49.91 kA 28.1 kA -16.5 kV (-101.57%) Inf 0 MJ Fails
MEC Ty = lms 15.15 kKA 927 kA 417.64 KV (-60.22%) | 0.18 s | 33.31 MJ [rissainy
with tq = 1.5ms | 1587 kA 10.49 kKA 41839 kV (-60.15%) | 0.18 s | 37.55 MJ [BIISeenin
it ty = 2ms 16.65 kA 11.36 kKA 418.08 kV (-60.18%) | 0.18 s | 41.61 MJ [EIISsarinn]
Yz 1 tq = 2.5ms | 17.52 kKA 11.87 kKA 422.06 kV (-59.8%) 0.18 s 45.39 MJ GV
control | - _ 36 18.71 kA 12.21 kA 42138 kV (-59.87%) | 0.17s | 5034 MJ [ErISsarinn]

TABLE IV
PERFORMANCE DIFFERENT CASES UNDER THE POLE-TO-GROUND FAULT AT MMC2 TERMINAL.

Peak

Peak in

settling

pole-to-ground fault inigecBip | tde,MMC2 :J‘;] de):rshoot m time lsixergy Status
de Vae)

- Ty = Ims 36.33 KA T47TKA | 572.04 KV(-45.52%) Tnf
without | td = 1-5ms | 3641 kA 1446 kKA | 568.81 kV(-45.83%) Inf
b4 ty = 2ms 36.36 kA 1449 kKA | 570.08 kV(-45.71%) Inf
bz tq=25ms | 3637 kA 1443 kA | 568.81 kV(-45.83%) Inf
control | " _ 35 36.4 kA 1443 KA | 569.14 kV(-45.8%) Inf
MPC tq = 1ms 30.12 kA 15.07 KA | 606.88 KV(-42.2%) Inf Fails
without | td = 15ms | 2999 kA 15.74 kKA | 605.47 KV(-42.34%) Inf Fails
i ty = 2ms 29.85 kKA 1549 kA | 604.13 kV(-42.46%) Inf Fails
'z tg=25ms | 29.84 kA 151 kA | 607.27 kV(-42.16%) Inf Fails
control | ' _ 35 29.75 kA 14.85 KA | 605.14 kKV(-42.37%) Inf Fails
- ty = lms 1473 kKA 551 kA | 723.09 kV(-31.13%) | 0.26s Interrupts
with tqg = 1.bms 15.41 kKA 5.56 kA 719.83 kV(-31.44%) 0.27 s Interrupts
5 tqg = 2ms 15.99 kA 5.56 kA 716 kV(-31.81%) 0.27 s Interrupts
bz || ta=2.5ms 16.62 kKA 551 kA | 715.35KkV(-31.87%) | 026 Interrupts
control | 3, 17.48 KA 556 KA | 719.83 kV(-31.44%) | 025 Interrupts
MPC iy = Ims 1451 kKA 5.06 KA | 701.06 kV(-33.23%) | 0.16s Interrupts
with ty = 1.5ms 15 kKA 5.06 kKA | 700.16 kV(-33.32%) | 0.17 s Interrupts
b4 ty = 2ms 15.59 kA 507 kA | 701.49 kV(-33.19%) | 0.17 s Interrupts
zfmtrol tqg = 2.5ms 16.01 kA 5.05 kA 700.58 kV(-33.28%) 0.17 s Interrupts

tqg = 3ms 16.6 kKA 5.05 kKA 700.8 kV(-33.26%) 0.18 s Interrupts




TABLE V

PERFORMANCE DIFFERENT CASES UNDER THE POLE-TO-POLE FAULT AT MMC2 TERMINAL.

Peak Peak in Undershoot in settling | Pk
pole-to-pole fault inig.cpop | tde,MMC2 v time Energy Status
de of Vie | SA

Pl i, = Ims 3926 kKA 471 kA | -20.01 kV (101.91%) Inf oM
without | ta = 1.5ms 39.14 kKA 14.66 kA | -19.1 kV (-101.82%) Inf 0oMJ
jE ty = 2ms 39.09 kKA 14.61 KA | -20.47 kV (-101.95%) Inf 0o MJ
& ty = 2.5ms 39.09 kKA 14.64 kKA | -20.16 kV (-101.92%) Inf 0 MJ
control | ,°_ 5o 39.19 kA 14.67 kA | -19.53 kV (-101.86%) Inf 0MJ
MPC ty = Ims 3542 KA 1622 kA | -44.7 kV (-104.26%) Inf 0MJ Fails
without | 4 = 1.5ms 3531 kA 16.08 kKA | -40.77 kV (-103.88%) Inf 0MJ Fails
i ty = 2ms 35.15 kA 1585kA | -33.77 kV (-103.22%) Inf oMJ Fails
'z ty = 2.5ms 35.11 kKA 1546 KA | -29.99 kV (-102.86%) Inf oMJ Fails
control | ° _ 55 34.94 kA 1525 kA | -19.57 kV (-101.86%) Inf 0 MJ Fails
PI tqg = 1lms 15.25 kA 4.98 kA 324 kV (-69.14%) 027 s RERZBYIE Interrupts
with tqg = 1.5ms 16 kKA 5 kA 324.31 kV (-69.11%) 0.27 s 42.87 MJ EBLTE iR
S ty = 2ms 16.75 kA 498 kA 323.68 KV (-69.17%) | 025s | 4639 MJ [RIAGeainy)
i ty = 2.5ms 17.56 kA 5.01 kKA 32428 kV (-69.12%) | 024's | 49.49 MJ [BIRCSeaon)
control | ,°_ 5 ¢ 18.63 kKA 4.98 kKA 32424 KV (-69.12%) | 0.22s | 5377 MJ [RIESsatnn]
MPC iy = Ims 15.15 kA 497 kKA 307.95 KV (-70.67%) | 023s | 32.88 MJ [RINGSeaing]
with ty = 1.5ms 15.89 kA 5.04 kA 307.74 KV (-70.69%) | 0.18 s | 35.64 MJ [eSes e
5 tqg = 2ms 16.57 kKA 5.04 kKA 307.95 kV (-70.67%) 0.18 s 38.52 MJ G YRITIE]
if)ntrol ty = 2.5ms 17.26 kKA 5.04 kA 307.61 kV (-70.7%) | 0.18s | 40.45 MJ [REIESeei

ty = 3ms 17.99 kA 5.11 KA 308.5 kV (-70.62%) | 0.18's | 42.86 MJ [EIESeee]

the dc grid. The proposed control ensures the same energy
absorption in the surge arrester during terminal PP and PG
faults at converter, which regulates the dc voltage of MTdc.
The proposed controller can also be added to the existing
control strategies. However, the slower nature of the existing
control strategies causes a larger setting time of the dc voltage.

There is a trade-off between the dc link voltage and the
fault current. Based on the priority, suitable constraints in the
controls need to be set up. However, the implementation of
this control reduces the time dependence on the protection
algorithm, breaker operation, and fault current limiters by
increasing the reaction time window. Hence, it provides more
time for the proper reaction of the dc CB during the dc fault.
Furthermore, the energy absorption during the fault is reduced.
Therefore, the footprint of the dc CB is reduced, and, thus,
provides a low-cost solution.

More work will be done in the near future to investigate the
sensitivity of this control on the latency, converter parameters
and topology change. Besides, the constraints depending upon
the system and fault conditions will be defined by taking into

account the dc CB protection.
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