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Directional Correction of Over-Current Relay Using
Voltage Slope in Multi Terminal DC System
With SFCL

Sang-Jae Choi

Abstract—In the DC system, a larger fault current flows due
to capacitor discharging than in an AC system. In the event of a
fault in the MTDC (multi-terminal DC), although the magnitude
of the current flowing through each DCCB (DC circuit breaker)
varies depending on the fault location, all capacitors in MTDC
may discharge and all DCCB may interrupt. In this paper, the
trigger type SFCL (superconducting fault current limiter) were
constructed to limit large fault current, and DC OCR (overcurrent
relay) was designed to prevent interrupting malfunction according
to the impact of SFCL. When the fault current was small by
operation of SFCL, the DCCB did not interrupt or trip time is
delayed. These problems cause malfunction even when DC OCR
is applied. Therefore, DC OCR requires an additional correction
method. In this paper, a new correction method was proposed
in consideration of the current direction and voltage slope. The
simulation was conducted according to four cases, and the proposed
OCR correction was verified to eliminate malfunctions through
case studies.

Index Terms—MTDC (multi-terminal DC), SFCL
(superconducting fault current limiter), DC OCR (overcurrent
relay), directional correction.

1. INTRODUCTION

HE need for a multi-terminal DC system is emerging due
T to the increase in DC distributed power sources such as
PV and the increase in the consumption of DC load. The MTDC
(multi-terminal DC) system has the advantage of excellent sys-
tem stability using a converter, but protection equipment and
regulation to cope with a DC fault accident have not been specif-
ically established. In a MTDC system, a very large overcurrent
flows due to a capacitor discharge in the case of a fault. Overcur-
rent is also very fast at the rate at which it increases, which can
destroy many facilities in the DC system. Therefore, research
to reduce the operating time of the DCCB (DC circuit breaker)
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is ongoing. DCCBs are largely divided into four types: passive,
active, solid, and hybrid, and passive and active circuit breakers
are relatively inexpensive, but are difficult to apply because the
interruption time is relatively long. Currently, hybrid DCCB was
developed to be able to block within 2 ms [1]. However, hybrid
DCCB has a very high cost to capacity. Therefore, measures to
reduce the circuit breaker current capacity have been studied, and
a representative solution is to use a FCL (fault current limiter)
[2].

However, the resistive FCL has a long limiting response time,
so it is difficult to apply it to a DC system where the fault current
rapidly increases within 1 ms [3]. Due to this, the SFCL (su-
perconducting fault current limiter) using the superconducting
characteristics of the superconductor not only effectively limit
the fault current in a short time, but also there is no need to use
a large-capacity DCCB. Various studies have been conducted
on the types of superconducting fault current limiters [4], [5].
Among them, the trigger type SFCL used in this document
have a switching element connected, unlike the resistive type
SFCL. In general, the resistive type SFCL cannot protect the
superconducting element from a large fault current, and thus the
superconducting element often loses its superconductivity. In
order to prevent this, a trigger type SFCL, in which the voltage
across the superconducting element is measured to operate the
switch, and the fault current limit is limited by the CLR, not the
superconducting element, was studied [6]—[8]. This method has
a great advantage in terms of economy by reducing the amount of
superconducting elements used. For example, the SFCL applied
in the 154 kV class transmission system in south Korea also
applied the trigger type SFCL, not the resistive type SFCL.

On the other hand, an appropriate protection method is re-
quired to operate DCCB. Established protection schemes for
DC system include traveling wave, overcurrent, voltage level
and current differential protection [9]-[12]. According to a
collaborative research conducted in the TEWNTIES project in
2010, the best method for DC system protection is the current
differential method using backup by overcurrent protection [13].
However, this method is practically possible only when a fast
and reliable communication system base between each point is
established. As an alternative to this, there is a method through
correction for OCR (overcurrent relay) commonly used in AC
systems [14]-[16].

In general, when SFCL is applied in the AC power system,
the trip time of the OCR is delayed [16], [17]. Since the delay
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of the trip time causes the circuit breaker to malfunction or non-
tripping, a correction method of OCR is absolutely necessary. On
the other hand, since the fault current of the DC system flows out
of all capacitors connected to the fault location, the probability
of malfunction and non-tripping is higher if a conventional OCR
correction algorithm is used. Therefore, OCR correction com-
bined with DC fault protection algorithm was proposed. In this
paper, along with SFCL, it is modeled a DCCB and a DC OCR,
which are essential for multi-terminal DC system protection.
In consideration of the fault current characteristics and the DC
voltage characteristics in the multi-terminal DC system, new
algorithm for the DC OCR was proposed. Modeling for the
mathematical characteristic equation of each component com-
prising the DC OCR and SFCL, proposed directional correction
method of DC OCR was simulated with the PSCAD/EMTDC
(power system computer aided design/electromagnetic transient
including direct current analysis program). And the application
of DC OCR using the proposed algorithm was confirmed to be
contributed to preventing malfunction of DCCB.

II. FAULT CURRENT IN MULTI-TERMINAL DC SYSTEM
WITH SFCL

A. Multi-Terminal DC System Configuration

In the current study, a multi-terminal DC system connected
to the AC distribution system was constructed through VSC
(voltage-sourced converter) and coupling transformer, as show
in Fig. 1. The MTDC (multi-terminal DC) system consists of
two load, VSC and PV terminal. The VSC is constructed in
the form of a 3-Level converter. The PV capacity is 15 [MW],
assuming maximum power, and each load consumes 4 [MW].
Therefore, VSC transmits 7 [MW] of power to the AC system.
The power in VSC can be changed according to PV output and
load consumption. To connect the PV to the MTDC system, a

AW
DC Load
— W
T —
LV
- Buck Con.  DC Load
= Fault 4 MW

Configuration of Multi-Terminal DC System with SFCL connected with AC Distribution System.

boost converter was modeled and it was controlled according
to the MPPT (maximum power point tracking) algorithm [18],
[19]. Each DC load is connected to the MTDC system through
a buck converter, and the consumption power of the load is kept
constant. The SFCL (superconducting fault current limiter) was
applied at the front feeder to BUS 1 where the largest fault current
flows in the DC system.

The cable that composes the MTDC system is modeled by alu-
minum sheath segment stranded XLPE (Cross linked polyethy-
lene insulated cable), and the maximum conductor resistance
at 20° is 0.0176 Q/km, and the capacitance is 0.33 uF/km. The
ACSR 170/40 is used as the overhead line, and the maximum
conductor resistance at 20° is 0.1682 {2/km.

B. Fault Current Flow in Multi-Terminal DC Systems

From Fig. 2, the fault location is assumed to be at loadl,
but the fault may occur in PV or load2, and more feeders can be
connected to BUS2. Also, since the capacitor of VSCis generally
the largest in MTDC system, the point where the fault current
is greatest is also BUS1. For this reason, it was decided that the
most effective location to applying SFCL was at front feeder of
BUSI.

The fault occurred at load 1, as can be seen in Fig. 2. The fault
type is pole to pole. In a DC system, the initial fault current is
the capacitor discharge current [20], [22]. Since the capacitors
of the modeled multi-terminal DC system, are connected to two
loads, VSC and PV, the fault current flowing at this time can be
plotted as shown in Fig. 3.

The fault current flows through a total of three paths. The red
color is the path through which the fault current flows from the
VSC capacitor. Blue is the path of fault current flowing from the
boost converter capacitor of PV, and green is the path of fault
current flowing from the buck converter capacitor of load2.
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Equation (1) below is an equation representing the magnitude
of the fault current. The fault current can be mathematically
analyzed by the parallel capacitor connected to each terminal
and the line impedance. 71, 72, and 74 can be obtained by the line
impedance of the fault current path and each parallel capacitor.
Since the 7 value is proportional to the capacitor capacity, it can
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Fig. 4. Equivalent Circuit of Trigger Type SFCL(Superconducting Fault Cur-
rent Limiter).

be inferred that the larger the parallel capacitor, the larger the
initial fault current. When modeling a DC cable, the size of the
capacitance is much larger compared to the serial inductance.
Therefore, it was calculated ignoring the inductance and could
be assumed as a first-order circuit.
t
Z.faultl - ;7;3503)3 67 /Tl

Z'fauth = 1'1?};1(%)3 e /7_2 (1)

. Veq (0 */
Lfaultd = szT(R)s e T4

Z.fault = ifaultl + ifauth + Z.fotult4

The practical fault current is different from equation (1)
because it considers even the arc current of the fault contacts.
However, the initial fault current is more affected by the capaci-
tor discharge current than the arc component, so the initial fault
current is similar to equation (1).

C. Modeling of SFCL

The trigger type SFCL can effectively limit the fault current
through the CLR (current limiting reactor/resistor) while pro-
tecting HTSC (high-temperature superconductor) from being
damaged by fault current. Fig. 4 below shows the equivalent
circuit of trigger type SFCL [4]-[6]. Trigger type SFCL connects
SW in series with HTSC and CLR in parallel. SW is normally
closed, but when HTSC is quenched, open it to commutate the
fault current toward CLR. Rgc, the resistance of HTSC, used a
model that is affected by the fault current only when quenched,
and increases with time after quench. Equation (2) below shows
the model used for HTSC resistance [23].

0 (t < tfault)

R, [1 —exp <

SIS

Rsc (t) = *M)} @

T

(tfault <t< tSWopen)

In normal state, icrr is O because superconducting resistance
Rgc is 0. After a fault occurs, fault current flows through the
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CLR and the voltage of HTSC vgc is induced. At this time, a
signal is generated to open SW in the control circuit based on
the vgc. After the SW opens, the fault current flows through the
CLR and is limited.

Fig. 5 shows the voltage and current waveforms when trigger
type SFCL is operated. When SFCL is not applied, it can be seen
that the current flowing through CB1 increases significantly.
When SFCL is applied, isc rises first due to fault current. At this
time, when the igc becomes larger than the threshold current,
the HTSC is quenched and the current flows to the icpg. After
that, when vgc rises above the threshold voltage, SW opens and
fault current commutates toward CLR.

D. Impact of SFCL

As can be seen from Fig. 3, only the current through the red
path is affected by the SFCL. This is simply proved through
Equation (1). When the SFCL operates, resistance in series with
R; increases in Equation (1). So ig,y141 gets smaller. At this time,
the blue path current, which is the path of fault current from PV, is
not limited. Due to this, the trip time of CB3 is delayed, whereas
the trip time of CB2 is not. There are various correction methods
to solve this problem, but in DC [12], [13], unlike AC, there are
many sources of fault current, so it is not appropriate to apply
these conventional methods.

Therefore, an algorithm that can determine the direction
according to the sign of the current has been developed. This
makes it possible to prevent tripping in all cases except when a
failure occurs on the PV side. However, in this study, it was
not considered that the reverse current flows after the fault
elimination. This will be confirmed again in Section III.

III. OVER CURRENT RELAY DIRECTIONAL CORRECTION
WITH VOLTAGE SLOPE
A. Conventional OCR Operating Characteristic Equation

Equation (3) is the standard formula for OCR used in Korean
distribution systems
A
+ B ) 3)

Tirip = TD (M—l
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Fig. 6. Fault Current Reversal by Capacitor Recharging on PV Generating
Terminal .

A, B, and p mean relay constants. TD is a time dial and is
a changeable parameter proportional to the trip time. Likewise,
Ipickup 1s a threshold value at which the system operator starts
generating trip signals.

B. Directional Correction

In DC, it is easier to determine the direction of fault current
compared to AC. When the current changes from positive to
negative or from negative to positive, it can be seen that the
current direction is reversed. By using this, the malfunction of
the relay can be prevented. This can be set simply by making
a difference between the load terminal relay and the generator
terminal relay. For instance, if a fault occurs at the load end,
the current direction is the same as in the normal state and fault
state. However, when a fault occurs in the generator terminal,
the direction of the current changes between the normal state
and fault state.

- Method 1) The load terminal relay trips on when the
direction does not change and the fault current becomes
larger than the threshold value.

- Method 2) The generator terminal relay trips on when the
direction changes and the fault current becomes larger than
the threshold value.

However, the method of correction through the current direc-
tion has a big problem. In general, when the fault is removed,
the discharged capacitor is recharged with an overcurrent in the
reverse direction. Fig. 6 shows the direction of current flow when
the capacitor is recharged after the fault is removed.

In the existing direction correction method 2), the direction
of the current at the generator terminal does not change and it
is set to trip when overcurrent flows. Therefore, the direction
of the current is reversed again due to recharging, and OCR2
trips due to the flow of overcurrent. In other words, the CB2
operates even though the fault is removed. To solve this problem,
in this paper, we consider charging and discharging of capacitors
through voltage slope. That is, if the cause of the current flowing
in the forward direction is due to charging, no trip. Conversely,
if overcurrent occurs due to discharge, it is judged as a fault,
OCR2 trips, and CB2 is open.
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C. Voltage Slope Correction

In case of fault, the voltage of the capacitor can be obtained
through the differential equation as shown in equation (4) & (5).

dves (t
VBUS2 = Va2 (1) — ch%() “4)
VBUS2 — 13u (t), Ve2 (0) = O (5)
ot
ve2 (t) =vBUs2 <1 —e /T> , T =Ry C (6)

Fig. 10.  Power Flow and Voltage of DC Bus2, Trip Signal waveform in case3
(fault with SFCL and DC OCR correction method using current direction).

Equation (5) is the solution to Equation 4, and through this,
the slope of the capacitor voltage can be obtained. At this time,
the voltage slope is positive during charging and the voltage
slope is negative during discharge.

Therefore, the algorithm can be designed to prevent trips
during charging. The proposed algorithm is shown in Fig. 7.
The bus voltage and the current flowing through the CB are
sensed and the Ty, value is calculated based on this. When
its reciprocal integral value reaches 1, a trip signal is generated.
Meanwhile, the sign of the differential value between the current
and the voltage on the bus side is determined.

IV. SIMULATION AND RESULTS

A. Simulation Setup

The model used in the simulation was composed of the A
system in Section II above. The DC system is composed of PV,
DC Load, and VSC terminals. The fault location is assumed on
the DC Load1 side. At this time, the location of SFCL is located
in front of the CB on the VSC side. The PV irradiation amount
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TABLE I
PARAMETERS FOR SIMULATION

Classification Description Value & Unit
Irradiation 1200 [W/m?]

PV (Photovoltaic) Tempejratur? 28 [C]
Capacitor Size 5000 [uF]
Rating Voltage 10.7 [kV]
Load Size 4 [MW]

DC Load Capacitor Size 200 [uF]
Rating Voltage 10 [kV]

VSC(Voltage \Rloltage Con. 13 [kV]

Sourced Converter) eactlye quer Con. 0 [Mvar]
Capacitor Size 8000 [uF]

and temperature, and the mode of each converter are shown in
the Table I below. In addition, the size of each converter’s ripple
adjustment capacitor is also listed in Table 1.

B. Case Study

The system used in this paper is shown in Fig. 1. At this time,
four cases were reviewed according to the application of SFCL
and the OCR correction method

e Case I: W/O SFCL, No OCR Correction

e (Case 2: with SFCL, No OCR Correction

® Case 3: with SFCL, Directional Correction with only Cur-

rent Direction

e (Case 4: with SFCL, Directional Correction with Current

Direction and Voltage Slope

In the normal state, PV outputs 15 MW. Each load consumes
4 MV, so a total of 8 MW is consumed. Therefore, 7 MW is
converted to the AC distribution system side through VSC. After
a fault occurs, CB2 is not tripped, but only CB3. The trip time
of CB3 is 3.7 ms.

Since loadl is dropped after the CB3 trip, the total load
consumption is 4 MW and PV is not dropped, so it outputs
15 MW again. No delay due to SFCL effect. In VSC, overcurrent
flows as the discharged capacitor is recharged, and power flows
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in the DC side direction. After charging is completed, 11 MW
is converted to the AC side.

In Case 2, the current was greatly reduced due to SFCL, and
the trip time of CB3 was significantly delayed from 3.7 ms to
4.25 ms. However, CB2 trips before CB3 because there is no
delay due to SFCL effect. That is CB2 malfunctions. Due to
this, PV output becomes 0 after fault removal.

In Case 3, when a fault occurs, it does not trip because the
current direction in CB2 is in the reverse direction. However,
after the fault is removed, a positive overcurrent occurs due to
the recharging of the capacitor, so it trips again. Eventually, CB2
malfunctions.

In the last case, the proposed directional correction was ap-
plied. Since the voltage slope is positive as the voltage rises
after the fault, the trip signal of CB2 does not occur by the
proposed algorithm. Therefore, it can be seen that CB2 does not
malfunction before and after fault. However, the trip delay of
CB3 still exists due to the influence of SFCL.

V. CONCLUSION

In this paper, the protection relay method of DC circuit breaker
in multi-terminal DC system was reviewed. Each CB (circuit
breaker) trips through OCR (over-currentrelay), and the trip time
is inversely proportional to the magnitude of the fault current.

Therefore, due to the use of SFCL (superconducting fault
current limiter), the size of the fault current could be effectively
reduced, but the trip time was delayed. Due to this, the PV side
relay malfunctioned. If the directional correction considering
the current direction is used, CB malfunction due to a failure
can be prevented, but after the fault is removed, the malfunction
occurs due to overcurrent due to capacitor recharging.

Finally, an algorithm that considers the charging and dis-
charging of capacitors was proposed using the current direction
and voltage slope. By applying the proposed algorithm to the
modeled system, the malfunction of CB2 could be effectively
prevented. In order to minimize the fault section when config-
uring the MTDC system, the proposed method in this paper is
effective. Therefore, this study can contribute when designing
future MTDC system or connecting additional terminals.
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