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Abstract: The main weakness of the half-bridge modular multilevel converter-based high-voltage
direct current (MMC-HVDC) system lies in its immature solution to extremely high current under
direct current (DC) line fault. The development of the direct current circuit breaker (DCCB) remains
constrained in terms of interruption capacity and operation speed. Therefore, it is essential to limit
fault current in the MMC-HVDC system. An enhanced fault current-limiting circuit (EFCLC) is
proposed on the basis of fault current study to restrict fault current under DC pole-to-pole fault.
Specifically, the EFCLC consists of fault current-limiting inductance Lrcr, and energy dissipation
resistance Rrcy in parallel with surge arrestor. Lrc; reduces the fault current rising speed, together
with arm inductance and smoothing reactor. However, in contrast to arm inductance and smoothing
reactor, Lrcy, will be bypassed via parallel-connected thyristors after blocking converter to prevent
the effect on fault interruption speed. Rpcy shares the stress on energy absorption device (metal
oxide arrester) to facilitate fault interruption. The DCCB requirement in interruption capacity and
breaking speed can be satisfied effortlessly through the EFCLC. The working principle and parameter
determination of the EFCLC are presented in detail, and its effectiveness is verified by simulation in
RT-LAB and MATLAB software platforms.

Keywords: fault current-limiting circuit; DC circuit breaker; MMC-HVDC; fault protection

1. Introduction

Fault vulnerability and protection immaturity constrain the development of the voltage source
converter-based high-voltage direct current (VSC-HVDC) system, especially in terms of DC side fault
at high power levels. Thus, reliability has become an important challenge in multilevel converter-based
(MMC)-HVDC with long-distance transmission lines [1,2]. The lack of a perfect fault isolation scheme
and mature DC switchgear products are the primary issues [3]. However, the VSC-HVDC system
has attracted worldwide attention and research interests due to its advantages with respect to control
flexibility and interconnection feasibility. A related analysis of DC faults has been performed to enhance
its fault ride through (FRT) ability under DC fault in the VSC-HVDC system [4,5]. An overview of
HVDC system protection mentions that the major limitation in development of VSC-HVDC is the
inability to limit fault current, given the limitation of the DC circuit breaker (DCCB) in interruption
capability and operation speed [6]. Moreover, limiting fault current can protect the semiconductor
device from excessive electrical pressure, particularly insulated gate bipolar thyristor (IGBT) and
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freewheeling diode in a converter sub-module (SM). Furthermore, restriction of fault current can provide
additional time for fault detection and operation delay. Therefore, limiting fault current development
and propagation in the VSC-HVDC and multi-terminal HVDC (MTDC) systems is essential.

State-of-the-art fault current-limiting (FCL) techniques can be classified into improved SM
topologies [7-12], auxiliary FCL circuits (FCLC) [13-20], and fault current limiters [21-25]. The SM
topology has been modified to reinforce its fault handling ability, because the classical half-bridge
SM (HBSM) is likely to be destroyed under overcurrent if no proper protection scheme is applied,
even if insulated gate bipolar translators (IGBTs)are blocked in a timely fashion [26]. Thus, several
innovative improvements, including full-bridge SM (FBSM) [7,8], clamp double SM (CDSM) [9], and
hybrid SM, which combines FBSM and HBSM, have been conceived in the SM topology design [10].
Although the FBSM solution can ride through faults without blocking the converter, given its ability to
output bipolar voltage, regardless of arm current direction [9], the doubled number and on-state loss of
semiconductors are their main drawbacks. A CDSM solution only has 50% higher semiconduction than
the HBSM to extinguish the DC arc by blocking IGBTs under nonpermanent fault [10]. However, the
MMC converter has generally been regarded as the most appropriate static synchronous compensator
to support alternating current (AC) grids in DC pole-to-pole fault scenarios [11]. Thus, enhancing
the FRT capability without blocking the converter is crucial. A hybrid MMC topology requires each
arm to have the same amount of FBSM and HBSM by considering their nature [10,12]. Thus, the cost
of semiconductor devices and conduction losses have been reduced in comparison with those in the
FBSM. However, further research on control strategies in terms of dynamic characteristics and SM
voltage balancing is required [2]. Overall, control complexity and high cost are the weaknesses of SM
topology-based solutions.

Another FCL technology relies on an auxiliary circuit, which consistently includes energy
dissipation resistance and an FCL reactor. For example, a hybrid current-limiting circuit (Figure 1a)
has been designed to restrain the DC line fault current in the MTDC system [13], which is settled at
the end of the DC line between the DCCB and DC converter ports. The energy dissipation resistance
R, is equipped to share the stress on energy absorption element in the DCCB, and the fault current
interruption speed is accelerated. However, the tradeoff between FCL performance and the extra cost
of the resistor must be considered. In addition, a bridge-type FCLC is composed of a DC voltage
source, a DC reactor, and four groups of diodes (Figure 1b) [14]. Reference [14] shows that the DC
biased current given by the DC power supply is considered to be the threshold value of the DC fault
current in order to automatically activate the FCLC itself. The main advantage is that the DC reactor
can be bypassed in its normal state and after turning off the main breaker of the DCCB. In addition,
the idea of the FCLC is also reflected in the form of an SM [15], which is inserted into each arm in
series. However, the FCL-SM can only limit a unidirectional fault current, and the surge voltage
across FCL-SM must be given further attention. Moreover, an enhanced reverse blocking SM (ERBSM)
topology has been proposed to extinguish a fault current arc by inverse voltage [16]. Control complexity
is reduced because the ERBSM adopts the same modulation strategy. In Reference [17], thyristors have
better performance than diode in withstanding overcurrent (Figure le), and the overcurrent pressure
on freewheeling diode has been relieved via the shunting effect of a single-thyristor switch scheme
(STSS) [17-19]. Although the STSS can protect semiconductor devices, the AC grid current fed into the
DC side cannot be prevented. Thus, the double-thyristor switch scheme (DTSS) has been introduced to
protect the DC overhead line (Figure 1f), which can eliminate the freewheeling effect of diodes, and
the DC line fault current can freely decay to zero [20]. Then, the DC fault is transformed into an AC
short circuit fault that can be cleared by switching off the thyristor. However, the high dv/dt across
thyritors and the sharing current effect of bypassed diodes are ignored in the DTSS solution. To solve
this problem, double-thyristor switches are combined and connected at the AC port of the converter
instead of across the diode in the SM to isolate the AC side from the DC side when a fault occurs.
Moreover, the feasibility of such a scheme has been verified via a case study that considers STSS and
DTSS in a classical VSC-HVDC system, as well as MMC-HVDC.
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The superconducting fault limiter (SFCL) has attracted considerable attention because its nonlinear
impedance characteristics can be used to limit the increase in fault current rate to provide a necessary time
for relay protection. The SFCL can mainly be divided into resistive-SFCL (R-SFCL) and inductive-SFCL
(I-SFCL) [21]. The study concludes that R-SFCL can constrain the amplitude of fault current, but
reduces the increase in fault current rate differently, and I-SFCL can delay the increase in fault rate
significantly [22]. Related research has been performed on the basis of the unique characteristics in
SFCL. For example, R-SFCL has been thoroughly investigated on the basis of the current-limiting
capability comparison and parameter influence, thus indicating that the use of R-SFCL is suggested
for real applications, provided that it is sufficiently sensitive to develop an adequate quenching
resistance [23]. Hybrid DCCB has been equipped with SFCL in the main line to limit the fault current
until a fault is completely interrupted [24,25]. In addition, the superconducting magnetic energy
storage technique has been adopted to limit fault current, which is achieved via a power transform
between the power system and superconducting coil [26]. A rapid limitation can be realized when
controlled FCL (molded as pancakes) is isolated to maintain its dynamic stability.

In contrast to the AC line fault current, the fault current under DC short circuit fault in the
MMC-HVDC system does not have a natural zero crossing. Thus, applying DCCB has been limited
given its high cost and technical immaturity [27]. Mechanical breakers can limit fault current in a few
tens of milliseconds but cannot satisfy the demand in the VSC-HVDC system protection [28]. Although
semiconductor circuit breakers have a large on-state loss, the operation speed requirement is satisfied.
The hybrid HVDC breaker has been proposed and investigated in References [29-31] to eliminate
on-state power loss and limit fault current within several milliseconds. Parametric analysis of hybrid
DCCB has also been conducted thoroughly considering the influence of the main parameters on the
system and the breaker design [32]. Moreover, an interlink DCCB has been proposed to maintain the
fault current interruption ability with a few components to reduce the overall cost of the DCCB in the
DC grid [33].

In Reference [24], varying the DC current is considered an underdamping decay process, given
the small resistance in the fault circuit. Thus, the fault current-limiting inductance Lrc; cannot change
the damping characteristics which refer to criterion R < 2 VL/C. That is, Lrc; can only limit DC fault
current, but not relieve the overcurrent effect in the converter and AC sides [24]. The SFCL has not
been applied extensively in real projects because of its high cost and lack of maturity, particularly with
respect to SFCL recovery after being activated. The main advantage of the SFCL is that it does not
influence the dynamic response under normal state. The direct installation of the DC reactor affects the
system’s normal operation and DCCB isolation speed [34]. Therefore, the present study proposes an
enhanced fault current-limiting circuit (EFCLC) that primarily consists of energy dissipation resistance,
limiting reactor, surge arrester, and semiconductor switches on the basis of existing works. The EFCLC
aims to limit fault current through converter arms and DC line before the DCCB operates, thereby
decreasing the peak current for fault interruption and reducing overcurrent effect on converter arms.
Moreover, the required DCCB capability could be reduced, given limited fault current with EFCLC
and more time is saved for fault detection, since fault current rising speed is more or less restricted.

The remainder of this paper is organized as follows. Section 2 thoroughly analyzes DC fault
current on the basis of theoretical calculation and simulation verification. Section 3 presents the
topology and working principle of EFCLC. Section 4 performs the parametric design study of EFCLC.
Section 5 further investigates the proposed scheme with EFCLC in terms of FCL ability and cost.
Finally, Section 6 summarizes the conclusion and future scope.

2. DC Fault Current Analysis

2.1. Test System Introduction

The scheme of the MMC-HVDC system can be categorized into monopolar and bipolar symmetrical
wiring systems (Figure 1). The monopolar symmetrical HVDC system is also known as the pseudo
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bipolar HVDC system, which typically adopts a cable as a DC line. However, a real bipolar HVDC
system is commonly applied in the HVDC transmission system with a high-capacity and overhead DC
line. The main difference between the two schemes lies in operation mode. Bipolar systems can work
under both monopolar mode and bipolar mode. Namely, the power transmission of the positive pole
overhead line and negative pole overhead line is independent. Therefore, bipolar systems can work
during fault by transferring power through healthy line (monopolar mode). In contrast, monopolar
systems cannot maintain power transmission under fault, since they only operate under monopolar
mode. Hence, the bipolar system demonstrates advantages in terms of power supply reliability and
FRT capability.

Positive pole cable
JI:;} —q ———D5— {bl’
= MMC Negative pole cable =~ MMC =

(@)

Positive pole overhead line
MMC MMC

-} e—o | PrHa@>

Metallic return

Il

O e—o Y@

MMC MMC
Negative pole overhead line

(b)

Figure 1. Diagram of the modular multilevel converter-based high-voltage direct current system in (a)

monopolar symmetrical wiring and (b) bipolar symmetrical wiring.

The MMC-HVDC system mainly consists of modular multilevel converter stations and DC line
parts. The topology structure of MMC, which includes three converter units, is displayed in Figure 2.
Each unit involves upper and lower bridge arms that are connected with the bridge arm reactor L.
The SMs are connected in series in every bridge arm, which consists of two switches, namely, T; and T
(IGBT); anti-parallel connected diodes, namely, D1 and D,; and energy storage capacitor Cy. The DC
voltage is maintained by switching T; and T» on and off in every SM tripped by a control signal. If the
amount of SMs in each converter unit is 2N, then it has N switched-on and N switched-off SMs during
normal operation. The DC side voltage Upc is equal to the sum of the switched-on SM voltage Up. The
main modulation modes are divided into pulse width modulation and nearest level modulation. The
converter stations are blocked by turning off IGBTs in all SMs given the local overcurrent protection
when a current reaches a threshold value (normally twice the value of the nominal current).



Appl. Sci. 2019, 9, 1661 5 of 26

Udc/2
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Figure 2. Topology structure of the MMC.

2.2. DC Fault Analysis of the Test System

In the monopolar MMC-HVDC system, the DC line is typically composed of cables because the
fault possibility is considered much lower in cables than in overhead lines [35]. However, an overhead
line is typically adopted in the bipolar system, especially in long-distance power transmission with a
high capacity. Given that an overhead line is likely to be affected by a short circuit, grounded fault, and
nonpermanent fault, analyzing the fault characteristics for protection relaying is necessary. The DC
line faults are mainly classified into a single pole-to-ground fault, pole-to-pole short-circuit fault (PPF),
and line disconnection. The PPF is regarded as a serious fault considering an extremely high fault
current within a few milliseconds after fault occurrence. In Figure 2, the MMC-HVDC scheme indicates
that the single pole-to-ground fault in the bipolar system can be equivalent to the PPF given bipolar
system’s metallic return is connected to ground. Therefore, the PPF is selected to be investigated in
this study, especially in terms of fault current. Fault current propagation can be segmented into SM
capacitor discharging before blocking IGBT, decayed freewheeling current, and AC gird in-feed current
after blocking IGBT. Before blocking IGBT, the discharging capacitor in inserted SMs leads to surge
current, which provides a high electrical pressure on semiconductor devices. Thus, from a protection
perspective, IGBT is blocked with a control signal when the arm current reaches the threshold value.

2.2.1. Submodule Capacitor Discharging Period

At the beginning of the PPF, the capacitor in every inserted SM discharges and bridge arm current
surges. Figure 3 depicts the fault current circuit, in which the capacitor discharging current flows
through the IGBT of the inserted SMs and the anti-parallel diode of the removed SMs in each converter
unit. The fault occurs at point A and point B, which are connected with dashed line in Figure 3.
Considering that converter includes six arms with same topology, hence, only the upper arm of phase
A is shown with insert SMs and removed SMs due to the space of figure and simplicity. All the IGBT
can be turned off as the bridge arm current reaches the threshold value to protect the IGBT from
overcurrent damage. The voltage cross converter unit vy, decreases with SM capacitor discharging
until the IGBT is blocked. In contrast to the two-level VSC-HVDC system under the PPF, in which a
large capacitor connected to the DC side discharges to zero, even if IGBT is blocked (assuming the
resistance in fault circuit Ry < 2 \/m ), the voltage of the SM capacitor is normally maintained
given the blocked IGBTs in the MMC-HVDC system. If v is higher than the AC grid line voltage
Usj_line (j indicates phases a, b, and c), then the AC grid current cannot be fed in the fault current loop.
If Viono is lower than the AC grid line voltage, then the AC grid begins to feed the AC current i, i G
indicates phases a, b, and c) into the fault current loop. In Figure 3, the red dashed line indicates the
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fault currents is; fed from the AC grid; these fault currents are equally divided into an upper arm
current i,; ,c and a lower arm current i,; ,c (not marked in the figure due to complexity). The blue
dashed-dotted line represents the capacitor discharging path, and i ; expresses the discharging arm
currents. Both AC feeding current in red and SM capacitor discharging current in blue flow through
inserted SMs and removed SMs in each arm. Specifically, the fault current flows through freewheeling
diode in removed SMs and capacitor and on-state IGBT in inserted SMs, shown in Figure 3. The
equivalent circuits of the two fault current paths are exhibited in Figure 4a,b. However, the AC feeding
current can be ignored in comparison with the capacitor discharging current during this period.
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Figure 3. Direct current pole-to-pole fault circuit diagram before blocking submodules.
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Figure 4. (a) Equivalent AC grid feeding current circuit, (b) equivalent SM capacitor discharging
current circuit, (c) simplified SM capacitor discharging current circuit.

The equivalent phase capacitor C,; demonstrated in Figure 4b is normally considered 21\,& in the
existing references [5,6,15,17]. However, Reference [36] proposed that the calculation value of the
fault current with Ce; = % is close to the simulation value. Furthermore, C,; is obtained as l'%\]CO for
the optimal approximation of the discharging current via a tracing point method [37]. Consequently,
Reference [38] verified that C,; of the three converter units depends on the fault time ¢ ¥ and modulation
ratio m, as expressed in Equation (1). Thus, the selection of fault time ¢y and modulation ratio m should
be reconsidered in this paper. Based on equivalent capacitor expression in Equation (2), the relationship
between discharging coefficient ¢ and time is shown in Figure 5, given the preset modulation ratio
m (0.93) of test system. From the perspective of fault protection, the most serious situation must be
considered in selecting ¢ . According to the red curve in Figure 5, the maximum discharging coefficient

o is obtained when ¢ = %”, k=10,1,2.... Namely, the maximum C,; equals 1.473, since the fault time
of the simulation is set at 1.2 s.

2Cy 2Cy 2Cy

Cog = + +
T+ m2sin ()N [1+m2sin?(wt - 20)IN  [1+ m2sin?(wt + 270)|N

)
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Figure 5. Relationship between discharging coefficient and fault time (m = 0.93).

During the SM capacitor discharging period, the AC feeding current can be ignored, because the
discharging current is dominant. For example, the Phase-A discharging circuit can be regarded as a
second-order RLC circuit (circuit consisting of a resistor, an inductor and a capacitor), as displayed in
Figure 4c. Here, the resistance in the arms is neglected. The initial voltage and current of the capacitor
discharging circuit are expressed by Equations (3) and (4), respectively.

ue(04) = uc(0-) = Uy (3)
. . du
ldis(0+) = 1di5<0—) = _Ceqit = Liso 4)

The equivalent capacitor, inductance, and resistance presented in Figure 4c are obtained as follows:

GCO
Ceq = W (5)
2
Leg = gLO + 2L (6)
Req = Rfault + 2Ry, @)

The second-order equation of the RLC circuit is expressed in Equation (8) as follows:

Piye  Redige 1
Dhais | Zenflds 10— 8
i Ly b Lo ®)

C L
idis(£) = €7 ¥ [Uge /L—” sin(w;t) — <2220 sin(wy £ - 0)] ©)
eq

w1

.= ZL_eq o 2(%L0 +2L;)

— — 10
Ry 2Rt Ry 10)
1 Ry \?
w1 = - 11
! LegCeq ( 2L ) D

1
wy = 12
0= 4 / LorCor (12)

0 = arctan(wr) (13)
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where 7 is the attenuation coefficient of the capacitor discharging current, w; is the oscillating current
angular frequency, wy is the inherent angular frequency of the circuit, and 0 is the initial phase angle of
the initial current. The capacitor discharges until the capacitor voltage decreases to 0. The maximum
discharging current can be obtained at #js_pesx without blocking IGBT.

1 Uge / Ceq
) 14
tais peak @o arCtan( IdisO Leq ) ( )

I = fdis;neuk . % n IdisOC‘)OLEq Uﬁc (15)
is_peak — c
M Leq Uge Iﬁisowéqu + uz?c

The AC side can be considered a three-phase short-circuit fault under the DC pole-to-pole fault,
and the DC fault current only consists of the discharging currents of the three converter units, given
the balance fault on the AC side. Thus, the fault current through DC line is defined as

iac(t) = igis(t) (16)

For example, Phase-A arm current during this period can be decomposed using Equations (17)
and (18).

ipa(t) = %idc(t) + %isa(t) (17)
() = %idc(t) - %isa(t) (18)

The Phase-A voltage on the AC side is set as
Ugg = ‘\/EUS Sin(wst + Qu) (19)

where 0, is the phase angle (taken as 0 for convenience in calculation afterward), and w; is the
fundamental angular frequency. Then, the Phase-A current can be obtained using Equation (20).

Us

lsg =
eq

where ¢ is the impedance angle. The AC feeding current in each phase is equally divided into upper
and lower arms.
1 V2Us

fpa_ac(t) = fna_ac(t) = 5 sin(wst + 0, — @) (21)
eq
1 \2
Zeq = 3,; + a)s(Ls + ELO) (22)
Lsa + %LO
p= arctan(—R ) (23)
Sa

In accordance with Equations (9), (16)—-(18), and (21), the expression of the Phase-A arm current
can be obtained.

A g = Liiso@o . 1V2U;
ipa = 3¢ ;[Udc L—Z sin(wt) — d’%lo sin(wyt —0)] + ETqS sin(wst + 0, — @) (24)

A [Ceg . Liisowo . 1V2U;s
ina = 3e : [Uge L—:Z sin(w1t) — dl;Llo sin(w1t —60)] - 3 Ze > sin(wst + 0, — @) (25)
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2.2.2. Freewheeling Current and AC Feeding Current Period

The fault current circuit after completely discharging IGBT blocks or capacitor to Ve = 0 is
depicted in Figure 6, in which the red dotted line indicates the AC feeding current, and the blue
dash-dotted line represents the freewheeling current given the stored energy in the arm reactors. The
equivalent circuits of the AC feeding and freewheeling DC currents are illustrated in Figure 7a,b,
respectively. The fault current can be considered a superposition of the three-phase short-circuit fault
and decayed freewheeling currents. Thus, the fault currents in the upper and lower arms can be
defined as

Ipj = ifwj +ipj ac (26)
inj = 1fw] - inj_ac (27)

where i fwj denotes the freewheeling current in each converter phase. iy; oc and i; 4 indicate the AC
feeding current via the upper and lower arms of each phase, respectively. The analysis during the SM
capacitor discharging period shows that the initial freewheeling current is equal to the peak value of
the discharging current in each converter phase.

1
Iwa = gldiSjeuk (28)

1 i tT 1 Phase-B T 7
ase- g .
" :_3_ Py G |-pb upper arm I’ZIC “}I:l[::ls‘earcm Lica / A
/" Ti %D —p | ¥ —p I_* ; 4
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- |
|
] ]
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- |
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sb_line ® conveeh Tsa - t S * | * —l
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Figure 6. Diagram of the DC pole-to-pole fault circuit after blocking SMs.
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Figure 7. Equivalent circuit of the (a) AC feeding current and (b) freewheeling DC current.
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Thus, the freewheeling current of each arm and the DC line current can be obtained using
Equations (29) and (30).

_t
ifwj(t) = Ipwoe ™ (29)

_t
igc(t) = 3IwaE “ (30)

For example, the initial arm current of the freewheeling period of Phase A is expressed as follows:

1.

Lpa_pk = Trwo + Elsa(tdis_peak) 31)
1.

Irm_bk = Iwa - Elsa(tdis_peak) (32)

Similarly, the arm currents can be decomposed as Equations (33) and (34).
ipa(t) = Z'fwa(t) + ipa_HC(t) (33)

Ina(t) = ifwu(t) —ina_ac(t) (34)

In reference to Equations (21) and (28), the arm currents can be defined as

: 1 12U
1pa(t) = gldis_peake 1+ 5 Zeq : Sln(wst + 6, - (P) (35)
. 1 12U
lna(t) = gldis_peuke 1=z - Sll’l(a)st + 0, — (P) (36)
eq
2(2L0—|—2de)

1= (37)
2Rgc + Rfuult

where 71 is the attenuation coefficient of the freewheeling current. Equivalent impedance is expressed

in Equation (22), and the peak value of the discharging current can be obtained via Equation (15).

2.3. Simulation Verification

The analyses of the arm and DC line currents have been verified via a simulation. The monopolar
MMC-HVDC system is adopted in this study, and the model parameters are listed in Table 1. The
rectifier side takes DC voltage and active power control, and the inverter side adopts active and reactive
power controls. The protection action, including blocking IGBTs, is disregarded in the simulation to
investigate the natural response to a fault. A completely discharged SM capacitor can be equivalent
to blocking IGBTSs at ¢4;5_peqr- The comparison between the calculation and the simulation in terms of
DC line and arm currents (Phase-A upper arm) is depicted in Figures 8 and 9, respectively. Figure 8
demonstrated that the DC line current increases to a high level in a few milliseconds. The IGBTs must
be blocked rapidly due to the electrical pressure on the DC line. The DC line current decays after
completely discharging the SM capacitor. Similarly, the arm current accelerates during the discharging
period (Figure 9) but involves the AC feeding component after completely discharging the SM capacitor
at 1.213 s. The difference between the simulation and calculation values in the arm current before
1.213 s may be attributed to the imbalance shunt current among the converter units. In addition, the
initial AC current at fault time (1.2 s) is ignored in the calculation, thereby leading to more or less error.
However, the overall accuracy of the calculation analysis can be accepted for fault study on the basis of
the general consistency between the simulation and calculation curves in Figures 8 and 9.
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Table 1. Parameters of the modular multilevel converter-based high-voltage direct current system’s
simulation model.

System Parameters

DC voltage +420 kV SM number (2 N) 60
Rated power 1250 MW Arm inductance 140 mH
Short-circuit ratio 20 Internal grounding Yg
AC voltage 450 kV AC line length 10 km
Frequency 50 Hz Line resistance 12.73 mQ/km
Transformer voltage 525 kV/450 kV Line inductance 0.9937 mH
Transformer grounding Yn/yn Line capacitance 12.74 nF/km
Smoothing inductance 20 mH DC line length 200 km
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Figure 8. Simulation and calculation values of the DC line current.
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Figure 9. Simulation and calculation values of the arm current (Phase-A upper arm).
2.4. Protection Demand

The MMC-HVDC system focuses on the protection and healthy part safety of the converter station.
Specifically, the IGBTs are regarded as important components in the converter station given their high
cost but low electrical withstanding ability. IGBTs and freewheeling diodes are destroyed due to
overheating under extremely high arm current. Another point in protection relaying is that the DCCB
occupies a large portion of the cost in the HVDC project considering its high interruption capacity.
Therefore, the arm and DC line currents under a fault must be investigated, and the limitation of
fault current methods is required to satisfy protection demands. In accordance with the fault current
analysis discussed in Section 2, the anti-parallel diodes in removed SMs and IGBTs in inserted SMs
experience a dramatic overcurrent before blocking IGBTs. Moreover, the diode D; in inserted SMs
can withstand the peak value of the discharging current when the IGBTs T; are blocked; this issue is
considered an essential challenge to the DC fault protection of the MMC-HVDC system [4].

Considering the action of blocking IGBTs, the arm current under the DC pole-to-pole fault has
been simulated (Figure 10). Using Equations (16) and (28), the DC current reaches 30 kA when the
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IGBT is blocked beyond the maximum interruption capacity of 16 kA [33]. When a fault occurs, the
arm current mainly consists of the capacitor discharging and AC feeding currents in the initial stage.
Specifically, the SM capacitor begins to discharge the current through arms and DC loops, and the
IGBTs are blocked with a triggering signal while the arm current reaches the threshold value. The IGBT
blocking time is set to 1.205 s, that is, 5 ms after fault occurrence to provide a distinguishable vision on
the current development; this timeframe is slightly longer than that in the real project (2-3 ms). In
addition, the AC side begins to feed current into the fault current circuit while a fault occurs because
the rated AC line voltage is set to more than half of the DC voltage (V ac jine = 450KV, Vpc = £420kV).
However, if V4c jiye < Vpc = 0.5Upc, then the AC feeding current will appear as Voc jiye > Vpc given
the SM capacitor’s discharging effect. In Figure 10, the AC feed current (red line) in the three-phase
uncontrolled rectifier bridge, and the energy stored in the arm reactors begin to freewheel decayed
current (blue line) through anti-parallel diodes because the IGBTs are blocked. The AC circuit breaker
(ACCB) is triggered to isolate the fault section after a fault is detected. The delay in the ACCB is
normally 4-5 cycles. Thus, the triggering time point is set to 100 ms after the fault occurrence. Figure 10
demonstrates that the arm current reaches approximately 10 kA while the IGBT blocks and decays
slowly with the AC feeding component. The limitation of the fault current is essential to realize
protection considering the limitation in the DCCB capability. The AC feeding current can be restrained
using a parallel-connected thyristor in previous works [18-21]. Therefore, the discharging current
limitation and rapid decaying freewheeling current are the focus in the present study.

T
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Figure 10. Phase-A upper arm current under the DC pole-to-pole fault.

3. Enhanced Fault Current Limiting Circuit

3.1. Fault Current-Limiting Characteristics

The FCLC mainly consists of energy dissipation resistance and limiting inductance [14,15,25,35].
Thus, investigating the influence of the two elements on the fault current development is important.
The related simulation was performed under controlled conditions. Figure 11a displays that limiting
inductance can help slow down the accelerating speed of the fault current but increase the time spent
in decaying the freewheeling current to its expected level. In Figure 11b, the energy dissipation
resistance facilitates the constraining fault current peak value and the accelerating extinguishment
of the freewheeling current. The adoption of the reactor and resistance in the discharging period
is suitable, considering that the maximum fault current will flow through the freewheeling diode
while the IGBTs are blocked or the SM capacitors are completely discharged. However, the limiting
inductance can affect the dynamic response speed and prolong the recovery time. Therefore, further
study on the FCLC design is required.

A series of simulations was conducted under controlled conditions to obtain the expected fault
current limitation and rapid recovery. The simulation conditions are divided into resistance and reactor
groups as follows: the former is labeled with “a”, “b”, “c”, and “d”, and the latter with “e”, “f”, “g”
and “h”. Specifically, the related explanations of the conditions are listed in Table 2. “v/” indicates that

7
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the resistance or reactor is inserted in the fault circuit, and “Xx” denotes the absence of resistance or
reactor. First, the reactor was ignored, and Figure 12a illustrates that the red curve (“ag”) provides an
improved performance in limiting fault current. Thus, the condition with “a” was selected for the
following simulation. Figure 12b depicts the performance of various reactor-based FCLC scheme, in
which the red dashed—dotted curve (“ad”) represents the lowest fault current level. However, the “ad”
scheme was unsatisfactory for real projects, where large inductance will affect the dynamic response
speed of the entire system during the normal state. Therefore, the “af” scheme most closely approaches
the optimized FCLC scheme, because the energy dissipation resistance consumes the energy in the
fault circuit. This phenomenon is due to the fault being detected, and the FCL reactor being inserted to
limit the increase in current speed, but also being removed to accelerate the decaying speed of the
freewheeling current after blocking the IGBT.
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Figure 11. DC fault current characteristics (a) with variable limiting inductance; (b) with variable
energy dissipation resistance.
Table 2. Condition classification for the fault current limiting circuit scheme.
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Figure 12. Comparison among different FCL schemes (a) different resistance conditions without

considering the reactor, (b) different reactor conditions with selected resistance schemes.
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3.2. Basic Topology

The EFCLC is proposed on the basis of analyzing the fault current limitation characteristics
(Figure 13). During the normal state, the series-connected IGBTs, namely, T; and T5, are opened. When
a fault is detected, T and T are closed by a switching-off signal, and the energy dissipation resistance
Rrcr and FCL reactor Lrcy, are inserted in the fault circuit. Lrcp will be bypassed via bidirectional
parallel-connected thyristors T3 and T4. The surge arrestor is equipped to protect circuit components
from surge current and voltage. In addition, the thyristors can function as a voltage stabilizer due to
the surge voltage across Lrcy. Considering zero voltage switching and loss reduction, the IGBTs are
protected by a snubber circuit, which consists of snubber capacitor, snubber resistance, and diode [34].

J S I
IGBT LFCL
Cell RFCL
T4

MOA

Figure 13. Proposed enhanced fault current limiting circuit.

3.3. Fault Current Interruption with DC Circuit Breaker

Considering that fault relay involves FCL behavior and DCCB operation, it is necessary to
investigate the coordination between EFCLC behavior and DCCB operation in this paper. Hence,
the fault interruption progress could be determined for further parameter setting of EFCLC. The
DCCB topologies in articles and patents can be classified into passive and active resonance DCCB,
hybrid DCCB (HCB), and solid-state DCCB (SCB) [39]. The resonance-based DCCB spend a relatively
long time in fault current interruption and may lead to overcurrent. The HCB and SCB have a rapid
operation speed. Although the detailed topologies of the HCB and SCB are different from the nominal
path, these topologies can be equivalent to the ideal breaker in the nominal path and a metal oxide
arrestor (MOA) when proactive switching control is applied [14,24]. A residential current breaker is
used to cut a residential current in the MOA, which is also modeled as an ideal breaker. The topologies
of the DCCB and equivalent simulation model [14] are exhibited in Figure 14a,b, correspondingly. The
main breaker demonstrated in Figure 14b will wait for the operation delay in ultrafast disconnector
switch (Figure 14a) operation, and the delay time is normally 2ms [33]. The fault current with a hybrid
DCCB operation is exhibited in Figure 15.

Figure 16 displays the fault current interruption sequence of the EFCLC with DCCB. T and T
are opened during the normal state, whereas T3, T4, and the DCCB main breaker are closed. When
a fault occurs, T and T, remain open before a fault is detected, and the main breaker of the DCCB
remains closed (Figure 16a). When a fault is detected, T; and T, are switched off to insert an FCL
branch in the fault circuit loop, and the DCCB main breaker remains closed due to operation time
delay [33] (Figure 16b). Thus, the fault current level and accelerating speed are limited by the FCL
branch, which releases the overcurrent pressure on the IGBTs and diodes in the converter and reduces
the requirement of the DCCB in an interruption capacity. Once the converter is blocked under an
overcurrent protection, T3 and T, are switched on to bypass Lrcr, and the DCCB main breaker is
opened (Figure 16¢). Consequently, Rrcy, shares the fault current with the MOA in the DCCB, and the
fault circuit inductance is reduced to quickly extinguish the fault current. Afterward, when the current
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level slightly decreases, the fault current will be cut via the residential current breaker. In addition, T,
T,, T3, and T4 are switched to their normal states.

Ultrafast Ling .
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Figure 14. (a) Direct current circuit breaker topology, (b) simplified simulation model.
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turned off.
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4. Design of the Enhanced Fault Current Limiting Circuit

4.1. Design Objective

The EFCLC aims to reduce the requirement for the interruption capacity and isolation speed in
the DCCB. Several factors are considered to achieve the design objective.

1.  The peak value of the DC line current i;. must be limited under the maximum breaking current
of the DCCB I s when the main breaker opens.

2. The fault current rising speed (di;. /dt) must be lower than the largest rate of the current change
withstood by the DCCB ((di/dt)g 4.)-

3.  In accordance with the fault current through the converter arms displayed in Figure 10, the
freewheeling diodes still withstand overcurrent after blocking IGBTs. Thus, the DCCB is required
to operate before the fault current reaches its maximum value. That is, the main breaker must
open before the IGBT is blocked, thereby benefiting the system recovery and restart. The time
period from fault occurrence to the DCCB operation (t,y) must be shorter than the time consumed
from fault occurrence to blocking IGBTs (f;). Specifically, ¢,y involves the fault detection time
(t fd) and DCCB operation time (tgiop) (Figure 15). In accordance with the aforementioned points,
the following condition can be obtained:

max(iz.) < Ip max (38)
max(dige/dt) < (di/dt)g 39)
ty > top - tfd + tB_op (40)

4.2. Determination of Boundary Condition

Reference [33] mentioned that the hybrid DCCB has been tested to interrupt the maximum fault
current of 9 kA within 2 ms. Thus, Ip_pay is set to 9 kA in this study. The DCCB operation time tp_o is
set to 2 ms. Therefore, (di/dt)g .. is set to 9 kA /2 ms = 4.5 kA /ms. The fault detection time under
the DC fault in the HVDC sys’;em has been reduced to within 1 ms via a wavelet-based algorithm
without using communication [40]. Consequently, the fault detection time ¢4 can only be set to 1ms,
and the capacitor discharging time t;; must be more than 1 ms + 2 ms = 3 ms. The worst fault scenario
has been adopted in this part as the PPF at the end of the DC overhead line. Furthermore, the threshold
value of the arm current (Iy,) is normally set to twice as that of the rated current (Iy) to block the IGBT.
Therefore, Iy, = 2 X Iy =2 %1000 A = 2000 A with Iy is set to 1000 A in this study.

The capacitor discharging current is defined in Equation (9) on the basis of the fault current
analysis discussed in Section 2. The contributions from the AC grid and distributed line capacitance are
omitted here. According to Constraint (38), the time during fault detection and main breaker operation
delay is 3 ms.
<IB max = 9KkA (41)

max (igc) = idis(t)‘t:3 ms

The change rate in the DC fault current can be obtained using Equation (42); the change rate must

be less than 4.5 kA /ms.
max(dige/dt) = max(igs(t)’) < 4.5kA/ms (42)

In reference to Equations (35) and (36), Constraint (40) must be considered to decrease the arm
current at 3 ms less than the threshold value of blocking the IGBT after fault occurrence.

farm ()] < Iy = 2kA (43)

t=3ms

Equations (35)—(37) express that the equivalent capacitance and inductance determine the fault
current development and capacitor discharging time. Moreover, the fault current curve must be



Appl. Sci. 2019, 9, 1661 17 of 26

separated into two stages using the proposed EFCLC (Figure 12b). Specifically, the fault current rising
speed is higher in the first 1 ms stage than in the rest time. Thus, the fault current change rate within
the first 1 ms must be limited by Constraint (42). Furthermore, the fault current value at 3 ms after
fault occurrence must be obtained by superposing the fault current calculation in two discharging
stages. Therefore, varying the fault circuit parameters, which are similarly considered in determining
the capacitor discharging time, must be addressed.

4.3. Parametric Design

Before the EFCLC is inserted in the fault circuit loop, the fault current is only limited via the
smoothing reactor, which decides the maximum increase in the fault current rate. The minimum
smoothing reactor can be obtained using Equation (9) considering the limitations in the DCCB
withstanding fault current change rate (4.5 kA). The theoretical minimum smoothing reactor is 41.2 mH.
However, the simulation result provides 43 mH with 4.2% error. The reason may be attributed to the
consideration of DC line current under the normal states. The smoothing reactor Ly, is set to 50 mH
considering the margin. The EFCLC will be inserted to limit fault current rising speed and amplitude
after detecting a fault. Thus, the fault current rising speed is less than the fault detection time; thus,
Constraint (39) is satisfied by properly selecting a smoothing reactor.

An initial test with the EFCLC has been performed. The energy dissipation resistance Rpcy, is set
to 50 (), and the FCL reactor Lg¢y, is set to 100 mH. The simulation conditions “af” and “ah,” as listed
in Table 2, are compared here. The red dashed line in Figure 17 indicates that a fault occurs at 1.2 s
and takes 1 ms to detect fault [37]. Furthermore, the delay in the IGBT of the EFCLC is disregarded
here. The fault current change rate during At; is approximately 4 kA/ms, which is expectedly limited
under the maximum current change rate of the hybrid DCCB. The EFCLC is inserted in the fault
current circuit at 1.201 s, and the fault current experiences a sharp decrease Al; because a part of the
electrical energy is stored in Lrcy. The fault current rising speed is lower during At than during At;.
Therefore, the fault current at 1.203 s (the main breaker opens) is limited to approximately 6.6 kA,
which is far below the maximum breaking current of the DCCB. Moreover, Lrcy, is bypassed by the
thyristor while the main breaker opens, and the fault current extinguishment can be accelerated. The
initial simulation result suggests that Constraint (41) leads to the minimum value of Lrc;, and Rpcy.
Therefore, the controlled match of Lrc;, and Rpcp must be investigated. The fault current at 1.201 s is
consistently 4 kA given the unchanged fault circuit parameter. Therefore, Figure 17 presents that

4kA — AL + Al < 9kA (44)

In comparison with the blue dashed-dotted line illustrated in Figure 17, two current curves share
nearly the same part during At,. Thus, Al; can be obtained with a difference between the current values
of the two discharging conditions. In accordance with Equation (9), Al is expressed as Equation (45).

Al = idis_uf(t)‘tzlms h Z‘dis—“h(t)|t:1ms )

Moreover, Equations (44) and (38) can be simplified as Equation (46), because the two current
curves depicted in Figure 17 have nearly the same value at 1.203 s.

idis_a ()]s < 9A (46)

The equivalent resistance R, 5, and equivalent inductance L, g are acquired as Equations (47)
and (48), respectively. Thus, on the basis of Equation (9), the fault current iy 4, at 1.203 s can be
calculated. If Rpcr = 20 Q), then Lrc;, must be larger than 46.4 mH to limit the fault current at 1.203 s
under 9 kA. The minimum Lgc;, matched with Rpc;, = 20 () has been verified via a controlled simulation
(Figure 18). The simulation results of the EFCLC with controlled Rr¢c; and different Lpcy are compared
(Figure 18). The fault current with the EFCLC (calculated Lrcy,_yin = 46.4 mH with Rpcr,_min = 20 Q)
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reaches 9106 A at 1.203 s. Thus, the error rate of the theoretical calculation is approximately 1.2% within
a reasonable range, and the minimum Lrcy, can be set to 47mH. Constraint (43) can be analyzed using
the arm current Equations (24) and (25) in Section 2. Setting Rrc;, = 20 (), the Lrcy,_pmin is calculated
as 219 mH to satisfy Constraint (43). The arm currents are compared under the calculated Lrcy min
and Lrcr,_min obtained via a simulation (Table 3). The calculated Lrcy, i leads to the maximum arm
current (2023.5 A), which can contribute to blocking the IGBTs. The error in the calculation method
may be attributed to the circulating current among arms. However, the simulation method provides
expected results; that is, the currents of the six arms are all limited under 2 kA at 1.203 s. Therefore, in
the overall view of constrains, Lrcy,_yix is approximately 225 mH when Rpcy is set to 20 (). However,
Lrcr,_min is selected as 250 mH with Rpcp = 20 Q) considering the margin in the parameter setting.

Req_ﬂh - Rfault + 2Ry + Rrcr (47)
2
Leg_an = 3Lo+2Lac + Lrcr (48)
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Figure 17. Simulation results of the DC line current with the EFCLC.
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Table 3. Arm currents under the calculated and simulated Lrcy, yin-

LFCL =219 mH, RFCL =200 LFCL =225 mH, RFCL =200
Phase-A upper arm current 1712.7 A Phase-A upper arm current 1668.3 A
Phase-A lower arm current 2023.4 A Phase-A lower arm current 1999.2 A
Phase-B upper arm current 20235 A Phase-B upper arm current 1999.1 A
Phase-B lower arm current 1704.4 A Phase-B lower arm current 1680.2 A
Phase-C upper arm current 1876.5 A Phase-C upper arm current 1834.3 A
Phase-C lower arm current 1858.7 A Phase-C lower arm current 1852.3 A

5. Discussion

Several existing FCL schemes were compared in terms of FCL ability, cost, power loss, and
influence on recovery and restart operations. The energy dissipation resistance-based FCL method in
Reference [14], the inductance-based FCL scheme [15,35], and the proposed EFCLC were simulated
under controlled conditions in this section.

5.1. Fault Current-Limiting Ability Comparison

To investigate the FCL ability, the bias voltage adopted in the scheme presented in Reference [15]
is omitted for convenience, and the values of the FCL reactor and energy dissipation resistance are
maintained in comparison with the FCL ability (Rrc; = 20 ), Lrcy, = 250 mH). In accordance with the
FCL method in Reference [21], the AC feeding current can be limited via a parallel-connected thyristor,
and the FCL ability is compared on the basis of the capacitor discharging current in the present study.
Therefore, the AC feeding current is eliminated by switching off the start connector in the simulation
while the DCCB operates. The simulation results of the arm and DC line currents with different FCL
schemes are compared, as exhibited in Figure 19. The arm current with the resistance-based method
(R-method) is limited to approximately 6 kA (Figure 19a). The arm currents with inductance-based
method (I-method) and proposed scheme are restricted under 2 kA (Figure 19¢,e, respectively). The
proposed method can accelerate the fault current decay while the main breaker opens. Thus, the
freewheeling diodes and IGBTs can be protected from overcurrent for a long time, and the fault current
isolation speed is shortened. The R-method has the worst FCL performance, thereby limiting the
DC line current to approximately 18 kA (Figure 19b). By contrast, the I-method and the proposed
method can restrain the DC line current under 5.5 kA (Figure 19d,f, correspondingly). However, the
DC line current with the I-method remains at a high level after the main breaker opens. In summary,
the proposed scheme has an improved performance in limiting the fault current through converter
arms and DC line.

5.2. Cost

The main cost of the proposed EFCLC lies in fault current-limiting inductance Lpcy, energy
dissipation resistance Rrcy, semiconductor switches, and surge arrester. Similar to the main breaker in
the hybrid DCCB, the number of IGBT depends on the voltage across the EFCLC. The amount and
parameter selection of a surge arrester are also determined by protection requirement. The EFCLC can
be regarded as an auxiliary circuit to share the energy absorption and electrical pressure by limiting the
fault current under an acceptable level. Although IGBTs and surge arrester in EFCLC lead to extra cost,
the HVDC system can ensure the fault interruption with a low risk on the DCCB failure. Moreover,
according to the simulation result in Figure 19, the R-method adopted in References [14,41] has a higher
fault current level than the proposed method during the fault interruption period, thereby indicating
extra cost on interruption capacity, surge arrester, and the cooling system. Therefore, it might be
economic to have EFCLC in protection operation, given its strength in FCL ability. Furthermore, lower
peak fault current indicates less investment in DCCB interruption capability. The main expenditure of
the I-method depends on the SFCL inductance technology because its unique characteristics can limit
the fault current without affecting the system’s dynamic response speed. However, the immaturity of
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the SFCL device leads to an increased cost to satisfy the protection requirement in terms of the system
recovery and restart. Furthermore, compared with the proposed approach, the I-method requires
additional cost in the energy dissipation component to accelerate the fault current extinguishment. In
summary, taking comprehensive consideration of economic efficiency and FCL performance, EFCLC
deserves consideration to be applied in real project.
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Figure 19. FCL ability comparison among existing methods: (a) Arm current in the resistance-based
method, (b) DC line current in the resistance-based, (¢) Arm current in the inductance-based method,
(d) DC line current in the inductance-based method, (e) Arm current in the proposed method, (f) DC
line current in the proposed method.

5.3. Power Loss

As explained in Section 4.3, the proposed scheme requires a smoothing reactor of 50 mH, thereby
leading to power loss during the normal state. Considering that the resistance value of a 2 mH reactor
equals 18.9 m(Q) [42], the power loss P, is expressed as Equation (49).

415 R Ly
P =2 x100% (49)
p cableN
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where I;y is the rated DC line current, Ry = 0.00945 Q)/mH is based on Reference [43], L, is the

smoothing reactor, and P is the rated DC line power. Thus, the smoothing reactor in the proposed
scheme causes 0.135% power loss in comparison with the rated DC line power, thus denoting a

promising economic efficiency.

5.4. Influence on Fault Current
Figure 20a,b presents the influence of Rrcp and Lrcr on the DC line current, respectively. When

Rrcr increases but Lrcy, remains at 250 mH, the DCCB capability requirement is low, and the fault
current extinguishment is accelerated (Figure 20a). When Lrc; increases but Rrc remains at 20 (),
the peak value of the fault current decreases but the time spent in the fault current interruption is
unaffected. Therefore, Lrcy in the proposed scheme hardly influences the dynamic response or the

fault current extinguishment.
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Figure 20. DC line current with variables (a) Rrcy, and (b) Lpcy.-

5.5. Influence on Enerqy Absorption
Because of the isolation effect of the thyristor on the AC feeding current, the fault current during

fault interruption is mainly the freewheeling current, given the energy stored in the smoothing reactor,
whose path is depicted in Figure 21. The energy stored in the smoothing reactor can be obtained using

Equation (50).
EL = 1/2Lgcl,,(kop)

where L. is the smoothing reactor; i fault(tt)p) is the fault current through the DC line while the DCCB
operates, which can be obtained using Equation (9); and ¢ is the time point of fault occurrences.

. _tr=to Ceq .
lfault(top) =e T [udc = Sln(c‘)l(top —to
eq

) = 90 ity = 1) = )

P |

MOA

Figure 21. Fault current path during fault interruption.

(50)
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The energy absorbed by Rpcy, can be expressed as

Er = f (U /Rpcp)dt = f ((Recrifau)*/Rcy)dt (52)
Then, the energy absorbed in the MOA of the DCCB can be expressed as
Em = EL —Er (53)

Figure 20b displays that a large smoothing reactor will lead to a small i fﬂult(top). Thus, the energy
stored in the smoothing reactor will decrease, thereby indicating a reduced energy consumed in the
MOA and decreased time spent in the fault current interruption. Moreover, the fault detection time
can influence the energy stored in the smoothing reactor in a positive relationship. Thus, determining
the energy absorbed in Rpc; must consider the effect of inductance and fault detection time to reduce
stress on the MOA of the DCCB. The simulation result presented in Figure 22a shows that a large Rrcr,
results in minimal energy absorption in the MOA of the DCCB given the low fault current level at the
DCCB operation time point and shared energy absorption. Similarly, a large Lrcr, denotes a minimal
energy absorbed in the MOA because an increase in Lrcy, leads to a low current and energy stored in
Lj. when the main breaker opens. Overall, Rpc; and Lrcy, can limit the fault current to a relatively low
level to reduce the energy absorbed in the MOA of the DCCB. However, a balance between the DCCB
and EFCLC is observed in terms of energy consumption during the fault current-limiting period and
fault current extinguishment stage. Therefore, the tradeoff between FCL performance and additional
cost on the snubber circuit and cooling system of the EFCLC must be considered.

x10

tIN(ms)

20 40 80 100 20 40 6 80 100

60 0
Rpc Rpcr (€
(a) (b)
Figure 22. Characteristic curves of absorbed energy and interruption time under variables (a) Rpcy, and

(b) Lrct.-
5.6. Influence on Fault Interruption Time

Although Lpc; is involved in the EFCLC, it can still be bypassed by the thyristor after the main
breaker operates. Thus, the fault current extinguishment speed cannot be delayed due to large
inductance. As mentioned in Section 5.5, the fault current level is restricted by a large Rrcy and
Lrcr, and the interruption time can be reduced at a low fault current level at the beginning of fault
extinguishment. According to the expression of the attenuation coefficient during the fault interruption
expressed in Equation (37), the large Rpcy can accelerate extinguishment speed. In summary, the
interruption time is reduced when the values of Rpcy and Lrcy are high. This result agrees with the
simulation result demonstrated in Figure 22b.
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5.7. Practicality and Necessity of Proposed Circuit

According to the study in this section, the proposed FCL circuit has better performance in limiting
fault current under DC pole-to-pole fault, compared with previous FCL method under same parameter
setting. In the viewpoint of reality, the power loss during normal state is considered acceptable as
analyzed in Section 5.3. In order to cooperate with protection relaying, the proposed FCL circuit is
installed at the ends of transmission line so that communication delay among DCCB, measure point
and protection relay could be reduced. Moreover, big smoothing reactor (200 mH) in [42-44] would
influence the dynamic response speed and proposed FCL circuit could help reduce value of smoothing
reactor for better performance of dynamic response. However, it requires further investigation on
economic efficiency of proposed method, considering previous FCL methods, such as superconductor
based fault current limiter, FCL circuit and converter topology based approach.

Another point should be noted that the proposed EFCLC would make more contribution to fault
interruption and clearance, compared with traditional FCL behavior with DC terminal reactor. The
basic advantage of EFCLC over DC terminal reactor could be summarized as following aspects. Firstly,
EFCLC is only triggered as fault detected to limit fault current, thereby having no influence on normal
state and system dynamic response. By contrast, to achieve the same level of FCL performance of
EFCLC, larger DC terminal reactor is required even under normal state, which does affect system
dynamic response. Seconded, compared with DC terminal reactor, EFCLC could accelerate fault
clearing speed due to its energy dissipation resistor. The last but not the least, the FCL inductor in
EFCLC would be bypassed after IGBT blocks. Hence, the fault isolation time would be reduced to
some degree since remained inductor would delay the fault current clearance.

5.8. Effectiveness of the Proposed Circuit

With application of the proposed EFCLC in fault loop, the requirement of DCCB'’s interruption
ability is reduced, and fault current interruption speed is accelerated. A comparison is performed in
Table 4 between a fault situation with EFCLC and that without EFCLC, in terms of maximum fault
current and fault interruption time. As mentioned in Section 4.3, Lrcy,_min and Rpcy, are set as 250 mH
and 20 ) in the test circuit. The test results shown in Table 3 reflect that the peak fault current needed
to interrupt at DCCB operation is reduced from 12.4 kA to 5.1 kA with the help of EFCLC. Meanwhile,
the time taken for the whole fault interruption process decreases from 34.8 ms to 13.6 ms. In summary,
the effectiveness of the proposed circuit is verified, and reduced peak fault current and accelerated
fault interruption would contribute to lower cost in relay and fast fault clearance.

Table 4. Effectiveness verification of enhance fault current limiting circuit.

Term Requirement of Fault Current Interruption Fault Interruption Time
Without EFCLC 12.4 kA 34.8 ms
With EFCLC 51kA 13.6 ms
Improvement 41.1% 39.1%

6. Conclusions

An EFCLC has been proposed and investigated in this study to reduce the DCCB requirement
in terms of fault interruption capability and breaking speed. The EFCLC mainly consists of the
energy dissipation resistor and FCL reactor. These devices are plugged into the fault loop after fault
detection to limit the fault current rising speed and fault current level. Thus, while the DCCB operates,
the fault current level is restrained, and the energy stored in the smoothing reactor is also reduced.
Consequently, the fault current extinguishment stage can be accelerated given the increased energy
dissipation resistor and decreased energy storage. Furthermore, the FCL reactor can be bypassed to
accelerate the decaying of the freewheeling current. Moreover, the AC feeding current is eliminated via
the bidirectional parallel-connected thyristor, whose feasibility and effectiveness have been verified in
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existing works. Thus, this study focused on the methods for limiting fault current caused by capacitor
discharging in the FCLC design. The proposed EFCLC has been verified to limit fault current under an
expected level with a proper parameter setting on components. However, the performance tradeoff
and additional cost of the EFCLC must be considered in terms of the cooling system, surge arrester,
and overvoltage protection. The development of the EFCLC in the multi-terminal HVDC system, the
related fault protection scheme, and the FRT strategy will be investigated in future research.

Author Contributions: All the authors have contributed to this paper in different aspects. Q.H. proposed the
original concept and wrote the original draft. K.L. and L.Q. acted as supervisor and gave suggestions on paper
improvement. S.Z., X.L. and Y.L. helped with software simulation and methodology improvement. Last but not
least, H.D. contributed to paper editing and reviewing.

Funding: This work was supported in part by the National Key Research and Development Project (Grant No.
2018YFB0904600).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Deng, F; Tian, Y.; Zhu, R.; Chen, Z. Fault-tolerant approach for modular multilevel converters under
submodule faults. IEEE Trans. Ind. Electron. 2016, 63, 7253-7263. [CrossRef]

2. Cui, S;; Sul, SK. A comprehensive DC short-circuit fault ride through strategy of hybrid modular multilevel
converters (MMCs) for overhead line transmission. [EEE Trans. Power Electron. 2016, 31, 7780-7796.
[CrossRef]

3. Farhadi, M.; Mohammed, O.A. Protection of multi-terminal and distributed DC systems: Design challenges
and techniques. Electr. Power Syst. Res. 2017, 143, 715-727. [CrossRef]

4. Yang, ]; Fletcher, ].E.; O'Reilly, J. Short-circuit fault and grounded fault analyses and location in VSC-based
DC network cables. IEEE Trans. Ind. Electron. 2012, 59, 3827-3837. [CrossRef]

5. Belda, N.A; Plet, C.A.; Smeets, R.P. Analysis of faults in multiterminal HVDC grid for definition of test
requirements of HVDC circuit breakers. IEEE Trans Power Deliv. 2018, 33, 403—411. [CrossRef]

6.  Mitra, B.; Chowdhury, B.; Manjrekar, M. HVDC transmission for access to off-shore renewable energy: A
review of technology and fault detection techniques. IET Renew. Power Gen. 2018, 12, 1563-1571. [CrossRef]

7. Tang, G.; Xu, Z.; Zhou, Y. Impacts of three MMC-HVDC configurations on AC system stability under DC
line faults. IEEE Trans. Power Syst. 2014, 29, 3030-3040. [CrossRef]

8. Dorn, J.; Gambach, H.; Strauss, J.; Westerweller, T.; Alligan, J. Trans Bay Cable—A breakthrough of VSC
multilevel converters in HVDC transmission. In Proceedings of the CIGRE Colloquium, San Francisco, CA,
USA, 7-9 March 2012.

9. Marquardt, R. Modular multilevel converter topologies with DC-short circuit current limitation. In
Proceedings of the 8th International Conference on Power Electronics (ECCE Asia), Jeju, South Korea,
30 May-3 June 2011; pp. 1425-1431.

10. Zeng, R.; Xu, L.; Yao, L.; Williams, B.W. Design and operation of a hybrid modular multilevel converter.
IEEE Trans. Power Electron. 2014, 30, 1137-1146.

11.  Dorn,].; Pohl, M.; Retzmann, D.; Schettler, F. Transformation of the energy systems in Germany—Enhancement
of system stability by integration of innovative multilevel HVDC in the AC grid. In Proceedings of the
IInternational ETG-Congress 2013; Symposium 1: Security in Critical Infrastructures Today, Berlin, Germany,
5-6 November 2013; pp. 1-6.

12. Zeng, R; Xu, L.; Yao, L.; Morrow, D.J. Precharging and DC fault ride-through of hybrid MMC-based HVDC
systems. IEEE Trans. Power Deliv. 2015, 30, 1298-1306. [CrossRef]

13. Liu, J; Tai, N.; Fan, C.; Chen, S. A hybrid current-limiting circuit for DC line fault in multi-terminal
VSC-HVDC system. IEEE Trans. Ind. Electron. 2017, 64, 5595-5607. [CrossRef]

14. He,],; Li, B,; Li, Y. Analysis of the fault current limiting requirement and design of the bridge-type FCL in
the multi-terminal DC grid. IET Power Electr. 2018, 11, 968-976. [CrossRef]

15. Li, J; Ding, B,; Liu, S.;; Chen, Z.; Li, Z. DC fault current-limiting and isolating technique for the
MMC-based DC system. In Proceedings of the International Electrical and Energy Conference, Beijing,
China, 25-27 October 2017; pp. 543-548.


http://dx.doi.org/10.1109/TIE.2016.2538201
http://dx.doi.org/10.1109/TPEL.2015.2513426
http://dx.doi.org/10.1016/j.epsr.2016.10.038
http://dx.doi.org/10.1109/TIE.2011.2162712
http://dx.doi.org/10.1109/TPWRD.2017.2716369
http://dx.doi.org/10.1049/iet-rpg.2018.5274
http://dx.doi.org/10.1109/TPWRS.2014.2315666
http://dx.doi.org/10.1109/TPWRD.2014.2360042
http://dx.doi.org/10.1109/TIE.2017.2677311
http://dx.doi.org/10.1049/iet-pel.2017.0493

Appl. Sci. 2019, 9, 1661 25 of 26

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Yang, X.; Xue, Y.; Chen, B.; Lin, Z.; Mu, Y.; Zheng, T.Q.; Igarashi, S.; Li, Y. An enhanced reverse blocking
MMC with DC fault handling capability for HVDC applications. Electr. Power Syst. Res. 2017. [CrossRef]
Ding, G.; Tang, G.; He, Z.; Ding, M. New technologies of voltage source converter (VSC) for HVDC
transmission system based on VSC. In Proceedings of the 2008 IEEE Power and Energy Society General
Meeting—Conversion and Delivery of Electrical Energy in the 21st Century, Pittsburgh, PA, USA,
20-24 June 2008; pp. 1-8.

Candelaria, J.; Park, J.-D. VSC-HVDC system protection: A review of current methods. In Proceedings of the
2011 IEEE/PES Power Systems Conference and Exposition, Phoenix, AZ, USA, 23 May 2011; pp. 1-7.
Friedrich, K. Modern HVDC PLUS application of VSC in modular multilevel converter topology. In
Proceedings of the 2010 IEEE International Symposium on Industrial Electronics, Bari, Italy, 4-7 July 2010;
pp. 3807-3810.

Li, X.; Song, Q.; Liu, W.; Rao, H.; Xu, S.; Li, L. Protection of nonpermanent faults on DC overhead lines in
MMC-based HVDC systems. IEEE Trans. Power Deliv. 2013, 28, 483—490. [CrossRef]

Wheeler, K.; Elsamahy, M.; Faried, S. Use of superconducting fault current limiters for mitigation of
distributed generation influences in radial distribution network fuse-recloser protection systems. IET Gener.
Transm. Distrib. 2017, 11, 1065-1612. [CrossRef]

Wang, C.; Lin, B.; He, J.; Xin, Y. Design and application of the SFCL in the modular multilevel converter
based DC system. IEEE Trans. Appl. Supercond. 2017, 27, 3800504. [CrossRef]

Li, B.; He, J. Studies on the application of R-SFCL in the VSC-based DC distribution system. IEEE Trans.
Appl. Suppercond. 2016, 26, 5601005. [CrossRef]

Khan, U.A;; Lee, J.; Amir, F; Lee, B. A novel model of HVDC hybrid-type superconducting circuit breaker
and its performance analysis for limiting and breaking DC fault currents. IEEE Trans. Appl. Superconduct.
2015, 25, 5603009.

Mokhberdoran, A.; Carvalho, A.; Silva, N.; Leite, H. Application study of superconducting fault current
limiters in meshed HVDC grids protected by fast protection relays. Electr. Power Syst. Res. 2017, 143, 292-302.
[CrossRef]

Elserougi, A.A.; Abdel-Khalik, A.S.; Massoud, A.M.; Ahmed, S. A new protection scheme for HVDC
converters against DC-side faults with current suppression capability. IEEE Trans. Power Deliv. 2014, 29,
1569-1577. [CrossRef]

Elshieskh, M.E.; Mansour, D.A.; Zhang, M.; Yuan, W.; Wang, H.; Xie, M. New technique for using SMES to
limit fault currents in wind power systems. IEEE Trans. Appl. Suppercond. 2018, 28, 5602005.

Masood, H.; Lu, Z.; Dragan, J. DC Transmission Grid with Low-Speed Protection Using Mechanical DC
Circuit Breakers. IEEE Trans. Power Deliv. 2015, 30, 1383-1391.

Hafner, J.; Jacobson, B. Proactive hybrid HVDC breakers—A key innovation for reliable HVDC grids. In
Proceedings of the Electric Power System of the Future: Integrating Supergrids and Microgrids, CIGRE
Symposium, Bologna, Italy, 13-15 September 2011; pp. 1-9.

Ahmed, N.; Angquist, L.; Mehmood, S.; Antonopoulos, A.; Harnefors, L.; Norrga, S.; Nee, H.P. Efficient
modeling of an MMC-based multiterminal DC system employing hybrid HVDC breakers. IEEE Trans.
Power Deliv. 2015, 30, 1792-1801. [CrossRef]

Callavik, M.; Blomberg, A.; Hafner, J.; Jacobson, B. Breakthrough! ABB’s hybrid HVDC breaker, an innovation
breakthrough enabling reliable HVDC grids. ABB Rev. 2013, 2, 7-13.

Martinez-Velasco, ].A.; Magnusson, J. Parametric analysis of the hybrid HVDC circuit breaker. Electr. Power
Syst. Res. 2017, 84, 284-295. [CrossRef]

Li, C.; Liang, J.; Wang, S. Interlink hybrid DC circuit breaker. IEEE Trans. Ind. Electron. 2018, 65, 8677-8686.
[CrossRef]

Li, B;; He, J.; Li, Y,; Li, R. A novel solid-state circuit breaker with self-adapt fault current limiting capability
for LVDC distribution network. IEEE Trans. Power Electron. 2019, 4, 3516-3529. [CrossRef]

Hu, J.; Zeng, R.; He, Z. DC fault ride-through of MMCs for HVDC systems: A review. J. Eng. 2016, 9, 321-331.
[CrossRef]

Leterme, W.; Beerte, J.; Hertem, D. Equivalent circuit for half-bridge MMC dc fault current contribution.
In Proceedings of the 2016 IEEE International Energy Conference (ENERGYCON), Leuven, Belgium,
4-8 April 2016; pp. 1-6.


http://dx.doi.org/10.1016/j.epsr.2017.08.040
http://dx.doi.org/10.1109/TPWRD.2012.2226249
http://dx.doi.org/10.1049/iet-gtd.2015.1156
http://dx.doi.org/10.1109/TASC.2017.2652489
http://dx.doi.org/10.1109/TASC.2016.2537049
http://dx.doi.org/10.1016/j.epsr.2016.09.008
http://dx.doi.org/10.1109/TPWRD.2014.2325743
http://dx.doi.org/10.1109/TPWRD.2015.2398825
http://dx.doi.org/10.1016/j.ijepes.2016.06.006
http://dx.doi.org/10.1109/TIE.2018.2803778
http://dx.doi.org/10.1109/TPEL.2018.2850441
http://dx.doi.org/10.1049/joe.2016.0195

Appl. Sci. 2019, 9, 1661 26 of 26

37.

38.

39.

40.

41.

42.

43.

44.

Jiang, B.; Gong, Y.; Cao, J.; Wang, H. Fault current analysis of MMC based HVDC system under DC
pole-to-pole fault condition. In Proceedings of the International Conference on Renewable Power Generation
(RPG), Beijing, China, 17-18 October 2015; pp. 1-5.

Duan, G.; Wang, Y.; Yin, T; Yin, S.; Li, G.; Sun, S. DC Short Circuit Current Calculation for Modular Multilevel
Converter. Power Syst. Technol. 2018, 1, 2145-2152. (In Chinese)

Bucher, M.K,; Franck, C.M. Fault current interruption in multiterminal HVDC networks. IEEE Trans.
Power Deliv. 2016, 31, 81-95. [CrossRef]

De Kerf, K.; Srivastava, K.; Reza, M.; Bekaert, D.; Cole, S.; Van Hertem, D.; Belmans, R. Wavelet-based
protection strategy for DC faults in multi-terminal VSC HVDC systems. IET Gener. Transm. Distrib. 2011, 5,
496-503. [CrossRef]

Wang, J.; Wang, X.; Ma, J.; Zhou, Z. Research on Fault Current Limiting and Fast Restart Strategy for the
Bipolar MMC-HVDC System. Proc. CSEE 2017, 37, 21-29. (In Chinese)

Li, R;; Xu, L.; Yao, L. DC fault detection and location in meshed multiterminal HVDC systems based on DC
reactor voltage change rate. I[EEE Trans. Power Deliv. 2017, 32, 1516-1526. [CrossRef]

Xue, S.; Lian, J.; Qi, J.; Fan, B. Pole-to-Ground Analysis and Fast Protection Scheme for HVDC Based on
Overhead Transmission line. Energies 2017, 10, 1059. [CrossRef]

Haleem, N.M.; Rajapakse, A.D. Application of new directional logic to improve DC side fault discrimination
for high resistance faults in HVDC grids. . Mod. Power Syst. Clean. Energy 2017, 5, 560-573. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1109/TPWRD.2015.2448761
http://dx.doi.org/10.1049/iet-gtd.2010.0587
http://dx.doi.org/10.1109/TPWRD.2016.2590501
http://dx.doi.org/10.3390/en10071059
http://dx.doi.org/10.1007/s40565-017-0301-4
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	DC Fault Current Analysis 
	Test System Introduction 
	DC Fault Analysis of the Test System 
	Submodule Capacitor Discharging Period 
	Freewheeling Current and AC Feeding Current Period 

	Simulation Verification 
	Protection Demand 

	Enhanced Fault Current Limiting Circuit 
	Fault Current-Limiting Characteristics 
	Basic Topology 
	Fault Current Interruption with DC Circuit Breaker 

	Design of the Enhanced Fault Current Limiting Circuit 
	Design Objective 
	Determination of Boundary Condition 
	Parametric Design 

	Discussion 
	Fault Current-Limiting Ability Comparison 
	Cost 
	Power Loss 
	Influence on Fault Current 
	Influence on Energy Absorption 
	Influence on Fault Interruption Time 
	Practicality and Necessity of Proposed Circuit 
	Effectiveness of the Proposed Circuit 

	Conclusions 
	References

