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Abstract: Fast detection and isolation of direct current (DC) faults are key issues for DC grids.
Therefore, it is very necessary to study the fault protection principle for DC grids. This paper firstly
presents the main difficulties in DC fault protection. Then, a local protection and local action strategy
for isolating the DC faults is proposed. To illustrate the performance of the proposed protection
strategy, a four-terminal DC grid with the hybrid high voltage direct current (HVDC) circuit breakers
(HVDC CBs) is constructed in the time-domain simulation software PSCAD/EMTDC as the test system.
The systematical comparison between the ordinary protection strategy and the proposed strategy
is carried out. The protection selectivity of the proposed local detection and local action strategy is
thoroughly studied through complete DC line fault scanning of the test system. The simulation results
show that the proposed strategy is of high protection selectivity and speed. In addition, the current
rating and the voltage of HVDC CB could be greatly reduced with the proposed strategy, which
proves the economic benefits of the proposed strategy.
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1. Introduction

Theoretically, the converters in the DC grid can be connected in parallel, in series, or in hybrid
mode [1]. For the parallel converters, the DC voltage of each converter is roughly the same, and the
power distribution can be achieved by controlling the DC current of each converter. For converters
connected in series, the current flowing through each converter is the same, and the power distribution
can be regulated by adjusting the DC voltage of each converter. However, the converters connected in
parallel are more suitable for DC grids due to the higher reliability, economy, and flexibility. In this
configuration, the voltage polarity of each converter is fixed. In the early ages, most high voltage
direct current (HVDC) systems were based on the line commutated converters (LCCs), and the DC
power flow direction was fixed since the current of the thyristor could not be reversed. Due to this
shortcoming in LCC, DC grid has not received much attention in the first 50 years of the HVDC
transmission. However, with the development of power electronics, the voltage source converter-based
HVDC (VSC-HVDC) [2-5] has drawn much attention from both academia and industry due to its
flexible operation capability, and the advantages of a DC grid can be fully achieved by VSC.Ever since,
the DC grid has become a new expectation of the power industry.

There are three main technical bottlenecks in the development of DC grids. One is the fast
detection and isolation technology of DC faults [6,7]. The second is the DC voltage transformation
technology [8,9]. The third is the power flow control technology of the DC lines [10,11]. This paper
mainly deals with the first technical bottleneck and studies the fault protection principle for DC grids.

The difficulties of DC grids in fault protection lie mainly in the following aspects [12-15]:
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(1) The fault current rises very quickly. Generally, the fault current could reach its steady value
within 10 ms after the fault;

(2) The steady fault current is very large, and it could reach dozens of times the rated current;

(3) There is no zero-crossing point in the fault current, which makes it difficult for the circuit breakers
(CBs) to extinguish the fault arc;

(4) The requirements to fast clear the fault current are extremely high. The fault isolation time in the
alternating current (AC) system is generally 50 ms and above, while it is required to clear the DC
faults in 5 ms in the DC grid. Otherwise, the equipment safety will be threatened. To achieve
the rapidity of DC fault protection in the DC grid, the DC faults are supposed not to be cleared
mainly through the relay protection at the AC side.

To this end, this paper proposes a local protection and local action strategy for HVDC grids.
This strategy is of high protection selectivity and speed, which is able to solve the above technical
problems effectively.

This paper is organized as follows. Section 2 gives the basic structure and operation principle of
the hybrid circuit breaker. The local protection and local action strategy is introduced in Section 3.
Section 4 describes the test system constructed in this paper. To verify the improved protection speed
and selectivity, a performance comparison between the proposed strategy and the conventional relay
protection strategy is presented in Section 5. The conclusions are drawn in Section 6.

2. Basic Structure and Operation Principle of DC Circuit Breaker

The HVDC CB adopted in this paper is the hybrid HVDC CB proposed by ABB [16,17], as shown
in Figure 1. The HVDC CB is connected between one multi-level modular converter (MMC) and one
DC line. When the faults occur on the DC lines, the HVDC CB starts action to isolate the fault line.
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Figure 1. Structure of the hybrid high voltage direct current circuit breaker (HVDC CB).

The DC circuit breaker is composed of a normal current path, a main breaker branch, and an
energy absorption branch. The normal current path consists of a load commutation switch (LCS) and
an ultra-fast disconnector (UFD) connected in series. Multiple main breakers (MBs) connected in series
constitute the main breaker branch. The basic structure of each part is as follows:

(1) Mainbreakers (MBs). This is the core component of HVDC CB. It determines the voltage withstand
capacity and current breaking capacity. Furthermore, it is composed of multiple parts connected
in series. Each part involves multiple semiconductor switches connected in series, together with
arresters in parallel. To improve the breaking capacity, a single semiconductor switch can be
composed of multiple insulated-gate bipolar transistors (IGBTs) in parallel. MBs need to have
bidirectional current interruption capability and withstand the pole-to-ground voltage;

(2)  Arresters. Each individual main breaker module is in parallel with the arrester banks. The arresters
absorb energy and make the fault current decay quickly;

(3) Load commutation switch (LCS). Its structure is similar to the segmented structure of MBs. It is
composed of multiple switches connected in series, which includes several IGBTs connected in
series and the anti-parallel diodes. Since LCS does not need to withstand high voltages, only a
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few power electronic devices are required. Moreover, LCS needs to have bidirectional current
breaking capability;

(4) Ultra-fast disconnector (UFD). It needs to quickly disconnect the circuit under zero current state.
Furthermore, the breaking time is about 2 ms.

The principle of the hybrid HVDC CB is as follows [18-20]:

(1) During the steady state, UFD and LCS are closed, whereas MBs are open. The DC current flows
through the normal current path;

(2) When a fault occurs on the DC side, the IGBTs in LCS start action, and then the fault current
transfers to the fault current interruption branch after a delay of about 250 ps;

(3) When the current in LCS drops to the residual current, UFD is commanded to open. Moreover,
it achieves full contact separation within 2 ms;

(4) After UFD finishes its operation, MBs start action. At the moment MBs are disconnected,
the arresters are inserted to the fault line. This causes a sudden change in the flowing path of the
fault current. Due to the sudden change of the inductor current, there would be an extremely
high overvoltage in the DC grid (which could exceed twice the rated DC voltage). The insertion
of the arresters makes the fault current attenuate to zero. Usually, it takes 10-15 ms for the fault
current to decay to zero.

3. Two Basic Protection Strategies for DC Grids

For a half-bridge sub-module (HBSM) multi-level modular converters (MMCs)-based DC grid
equipped with HVDC CBs, how to quickly detect and isolate the DC faults is a very challenging problem.

The conventional strategy is to follow the practice of the AC grid. The protection action sequence
is shown in Figure 2. Firstly, the relay protection system detects the fault location, and then the fault
line is isolated by CBs. However, this strategy puts extremely high requirements on the speed and
selectivity of the relay protection system. According to the speed of fault detection in conventional
two-terminal HVDC systems, the duration for fault detection is about 10 ms [21]. If the fault detection
speed in DC grids is the same as that in the conventional two terminal HVDC system, the fault current
to be interrupted by the DC breaker will reach a very high level. Furthermore, this will result in huge
costs of CBs. In addition, this will severely limit the application of DC grids of this structure.

Fault detection by relay gyt jsolation by CBs MMCs deblock
| protection | | |
>

10ms k J

Y
MMCs are blocked when the arm current reaches
twice the rated IGBT current

Fault occurs

Figure 2. Protection action sequence of strategy 1.

The other strategy is based on local protection and local action. There could be two aspects to
explain local protection. The first is the local protection of the converters. If the arm current reaches
twice the rated IGBT current, the converter will then be automatically blocked. Moreover, there is no
need for a relay protection signal. The second means the local protection of CBs. When the current
flowing through CB is more than twice its rated current, LCS will be activated immediately as well as
the whole CB. That is, CBs on both sides of the line independently finish fault detection and tripping,
and there is no need for a coordination between CBs. Local action means that CB only operates when
the fault occurs at the DC line where CB is located. Define that the positive direction of the CB current
is from MMC to the DC line. Then, only when the fault current is the same as the positive direction
and reaches twice the rated CB current, CB is activated. Local action guarantees the high protection
selectivity. The protection action sequence is shown in Figure 3. Practice has shown that this strategy
is very suitable for DC grids. Furthermore, it has high protection speed and protection selectivity,
which could greatly reduce the required breaking capacity of CBs, thereby saving the cost.
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[

Fault occurs  MMCs are blocked when the arm current
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Figure 3. Protection action sequence of strategy 2.

The two different strategies will be studied separately in the following sections. The first strategy
is to deal with the faults by the conventional DC fault relay protection. The second strategy is the local
protection and local action strategy.

4. Test System

The two different strategies will be compared through simulations of a test system on
PSCAD/EMTDC. The designed test system is shown in Figure 4. Both the AC system at the sending
end and the receiving end are connected to a modified two-zone four-generator system [22]. The main
parameters of the four-machine system are listed in Table 1. The generator and the control system
parameters, as well as the network structure and parameters remain consistent with the original system.
Only the load and output of the generator are changed. The DC grid is in the monopole-grounded return
operation mode. The model of all DC lines is 4 X LGJ]-720. The parameters of DC lines in the simulation
are resistance 0.009735 ()/km, inductance 0.8489 x 10~3 H/km, and capacitance 0.01367 x 107 F/km.
The parameters of the four MMCs based on HBSMs are shown in Table 2. The control mode is shown
in Table 3. Table 4 gives the initial state of the two AC systems. Among them, G51-Ga4 and Gp1—Gp4
are the generators of the two AC systems A and B, respectively. La7, Lag and Ly, Lpg are the loads
connected to the No. 7 and No. 9 buses. Cp7, Cag and Cpy, Cpg are the reactive power compensators.
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Figure 4. Structure of the designed test system.
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Table 1. Main parameters of the four-generator alternating current (AC) system.

Item Values
Generator G1-G4
Rated RMS voltage 20kV
Rated 3 Phase MVA 900 MVA
Tdol 80s
qu’ 04s
Ta0” 025s
Tqo” 025s
X4 720
Xq 6.8 Q)
X4’ 120
Xq' 220
Xq” 1.00
Xq” 1.00
Transformer
Transformer ratio 20 kV/230 kV
Positive sequence leakage reactance 8.82 ()
AC lines
Length 100 km

+ve sequence R
+ve sequence L
+ve sequence C

1.32 x 1072 O/km
1.32 x 1071 H/km
8.28 x 107 F/km

Table 2. Main parameters of multi-level modular converters (MMCs) in the test system.

MMC1 MMC 2 MMC 3 MMC 4
Rated capacity/MVA 750 1500 750 1500
AC bus voltage/kV 230 230 230 230
Rated DC voltage/kV 500 500 500 500
Transformer rated capacity/MVA 900 1800 900 1800
Transformer nominal ratio 230/255 230/255 230/255 230/255
Transformer inductance/% 15 15 15 15
SM rated voltage/kV 1.6 22 1.6 22
Number of SMs per arm 313 228 313 228
SM capacitance/mF 12 18 12 18
Arm inductance/mH 66 32 66 32
Smoothing reactor/mH 300 300 300 300

Table 3. Control mode and reference value of MMCs.

Reference Value

MMC Control Mode
d-axis: Constant active power control
1 g-axis: Constant reactive power control
d-axis: Constant active power control
2 g-axis: Constant reactive power control
d-axis: Constant active power control
3 g-axis: Constant reactive power control
4 d-axis: Constant voltage control

g-axis: Constant reactive power control

Pgc1 =200 MW; Q,1 = 0 Mvar
P4cr =400 MW; Qa0 = 0 Mvar
P4z = =200 MW; Q,3 = 0 Mvar

udc4 =500 kV; Qac4 =0 Mvar
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Table 4. Initial state of the generators, loads, and reactive power compensators in the AC systems.

Active Power/MW  Reactive Power/Mvar  Voltage Output/p.u.  Phase Angle/°

Ga1 762 166 1.03 0
Gz 700 285 1.01 -17.0
Gas 700 160 1.03 -12.9
Gas 700 272 1.01 -25.9
Gg1 766 169 1.03 0
Ggo 700 292 1.01 -173
Gps 700 154 1.03 1.8
Gpa 700 260 1.01 -115
La7 1100 100 0.96 -205
Cay 0 0 0.96 -205
Lao 1100 100 0.96 -29.6
Cao 0 0 0.96 -296
Ly 1700 100 0.96 —20.7
Cpy 0 0 0.96 -20.7
Lgo 1700 100 0.96 -15.7
Cho 0 0 0.96 -15.7

5. Performances of the Two Strategies

5.1. Strateqy 1—Relay Protection

It is assumed that a pole-to-ground fault occurs on the DC line between MMC 2 and MMC 4.
Att =0 s, the test system is in steady state. At ¢ =10 ms, a pole-to-ground fault occurs on the positive
line side of By4. Suppose the relay protection completes fault location detection at 20 ms. LCS of Byg
and By, starts action at the same time. UFD of By4 and By, opens after 0.25 ms. At t = 22.25 ms, UFD
achieves full contacts separation and MBs start action. During the entire process, if the arm current is
higher than twice the rated IGBT current, the converter will be blocked. The rated IGBT current of
MMC 1 and MMC 3is 1.5 kA, and the rated IGBT current of MMC 2 and MMC 4 is 3.0 kA. The blocked
MMCs deblock at t = 40 ms and operate according to the pre-fault control strategy. Figures 5-7 give
the responses of By4, B4y, and MMCs, respectively.

It can be seen from Figure 5 that for By4 (CB near the fault), the current when LCS starts action is
23.4 kA, and the current when MBs start action is 19.2 kA. After MBs are fully opened, the maximum
voltage across them is 933.0 kV, which is 1.87 times the rated DC voltage. It can be seen from Figure 6
that for By (CB far from the fault), the current when LCS starts action is 5.5 kA. Furthermore, the current
when MBs start action is 6.5 kA. The maximum voltage across MBs when they finish operation is
823.5 kV, which is 1.65 times the rated voltage of the DC grid. It can be seen from Figures 5 and 6 that
it takes about 10 ms for the fault current to decay to zero.

It can be seen from Figure 7 that for MMCs near the fault, the currents of the smoothing reactors
reach 14.3 kA and 7.3 kA, respectively. The arm currents are also very large, exceeding twice the
rated IGBT current, and blocking MMC 2 and MMC 1. After MBs of By4 and By, are disconnected,
the overvoltage of the whole network reaches the peak value instantly. The voltage of MMC 3 reaches
1162.5 kV, which is more than twice the rated DC voltage (the peak value does not appear at the
moment when CB is opened).

5.2. Strateqy 2—Local Detection and Local Action

In this test system, the rated IGBT current of MMC 1 and MMC 3 is 1.5 kA, and the rated IGBT
current of MMC 2 and MMC 4 is 3.0 kA. Therefore, MMC 1 and MMC 3 would be blocked when the
arm current reaches 3.0 kA; MMC 2 and MMC 4 would be blocked when the arm current reaches
6.0 kA. The maximum currents of all DC lines in the test system under normal conditions are less than
3.0 kA. The defined positive directions of CBs are marked in Figure 4. Therefore, the HVDC CB is
supposed to operate as soon as the current through it is in the positive direction and reaches 6.0 kA.
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Figure 5. Responses of By4 under strategy 1: (a) currents flowing through load commutation switch

(LCS), main breakers (MBs), and arrester; (b) voltages across ultra-fast disconnector (UFD), LCS,
and arrester.
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Figure 6. Responses of By, under strategy 1: (a) currents flowing through LCS, MBs, and arrester;
(b) voltages across UFD, LCS, and arrester.
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It is assumed that a pole-to-ground fault occurs on the DC line between MMC 2 and MMC 4.
Att = 0s, the test system is in steady state. Att =10 ms, a pole-to-ground fault occurs on the positive
line side of By4. Figure 8 shows the currents flowing through the eight HVDC CBs. It can be seen that
the current through By4 and Bs, on both sides of the fault line reaches 6.0 kA. By4 and By, start action at
1.6 ms and 8.8 ms after the fault, respectively. As a result, the DC currents passing through the other
CBs begin to decrease, and the other CBs do not operate.

Then, the speed and selectivity of the proposed strategy is studied by complete line fault scanning
of the test system. This is achieved by simulation of DC faults at all typical fault locations. The typical

fault locations are selected as the sending end, the receiving end, and the midpoint of all the DC lines.
The results are shown in Table 5.



Energies 2020, 13, 4795 9of 14

Current/kA

Figure 8. Currents flowing through eight HVDC breakers.

Table 5. The activated CBs and activated time under different faults.

Fault Location Activated CBs and Activated Time (After Fault)/ms
B13 line side 3132 1.6 B312 7.6
Midpoint of line 13 Bq3: 3.8 B31: 5.1
B31 line side 3132 6.3 B31: 3.3
B12 line side Blzi 2.5 B212 3.9
Midpoint of line 12 B1o: 3.6 By1: 3.5
B21 line side B12: 39 B21Z 25
B24 line side B242 1.6 B422 8.8
Midpoint of line 24 Boy: 4.1 Byy: 6.0
B42 line side B24Z 69 B422 33
B34 line side B342 2.3 B432 6.7
Midpoint of line 34 Bag: 4.9 Bys: 5.0
B43 line side B342 68 B43Z 25

It is noted in Table 5 that this strategy has high speed and protection selectivity. Take the fault on
the positive line side of By4 as an example for explanation. Obviously, CBs closest to the fault site are
By4 and B,q. Therefore, Bo4 and By should be the first CBs to start action. However, B,y is activated
but By; is not. On the one hand, this is because the fault current through By; is provided by MMC 1.
Due to the smoothing reactors and DC line, the fault current through By; reaches the operating current
more than 2 ms later than By4. Therefore, for By, it will not start action since the fault disappears once
Byy starts action. On the other hand, the fault current through By, is in the opposite direction, whereas
the fault current through By, is in the positive direction. Therefore, according to the local protection
and local action strategy, By; will not start action.

5.3. Performance Comparison of Two Strategies

To show the complete features of strategy 2, comparisons with strategy 1 are given under the
pole-to-ground fault on the positive line side of Bys. Figures 9-11 give the responses of Bys, Bsy,
and MMCs, respectively. It can be seen from Figure 9 that for Byy near the fault, the current when LCS
starts action is 6.0 kA. Moreover, the current when MBs start action is 12.6 kA. After MBs are fully
opened, the maximum voltage across them is 890.6 kV, which is 1.78 times the rated voltage of the DC
grid. It can be seen from Figure 10 that for By, far from the fault, the current when LCS starts action is
6.0 kA. Furthermore, the current when MBs start action is 7.1 kA. The maximum voltage across MBs
after they are disconnected is 831.9 kV, which is 1.66 times the rated DC voltage. Both Figures 9 and 10
show that it takes about 10 ms for the fault current to decay to zero.
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Figure 9. Responses of By; under strategy 2: (a) currents flowing through LCS, MBs, and arrester;
(b) voltages across UFD, LCS, and arrester.
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Figure 10. Responses of By, under strategy 2: (a) currents flowing through LCS, MBs, and arrester;
(b) voltages across UFD, LCS, and arrester.
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Figure 11. Responses of MMCs under strategy 2: (a) currents flowing through the smoothing reactors;
(b) voltages across MMCs; (c) arm currents.

It can be seen from Figure 11 that for MMC 2 and MMC 1 that are close to the fault, the currents
through the smoothing reactors reach 6.6 kA and 4.6 kA, respectively. The arm currents do not exceed
twice the rated IGBT currents, and MMC 2 and MMC 1 do not need to be blocked. When B,4 and By,
are completely disconnected, the overvoltage of the whole network reaches the peak value instantly.
The voltage of MMC 3 reaches 1054.0 kV, which is more than twice the rated DC voltage (the peak
value does not appear at the moment when CB is opened).

For the pole-to-ground fault on the positive line side of By4, Table 6 shows the performances
of the two strategies. It can be seen from Table 6 that the fault isolation time is earlier in strategy 2.
The current level when CBs closest to the fault are activated is much lower in strategy 2 than that in
strategy 1. In addition, in strategy 2, the peak currents flowing through the smoothing reactors and the
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arms are greatly reduced. More specifically, the MMCs in strategy 2 do not need to be blocked, and the
impact of the fault is mitigated. Above all, the transient performance of strategy 2 is improved.

Table 6. Performance comparison of the two strategies.

Item Strategy 1  Strategy 2
By4 LCS activated time after the fault/ms 10 ms 1.6 ms
The current level when Byy LCS is activated/kA 23.4 kA 6.0 kA
The current level when Byy MBs are activated/kA 19.2 kA 12.6 KA
The overvoltage times when Bys MBs interrupts the fault current 1.87 1.78
By, LCS activated time after the fault/ms 10 ms 8.8 ms
The current level when By, LCS is activated/kA 55 kA 6.0 KA
The current level when Byy MBs are activated/kA 6.5 kA 7.1 kA
The overvoltage times when By, MB interrupts the fault current 1.65 1.66
Peak current through MMC 1 smoothing reactor/kA 7.3 kA 4.6 kKA
Peak current through MMC 2 smoothing reactor/kA 14.3 kA 6.6 kKA
Peak current through MMC 3 smoothing reactor/kA 6.0 kA 2.1kA
Peak current through MMC 4 smoothing reactor /kA 7.0 kA 44KkA
Peak current through the 6 arms of MMC 1/kA 41KkA 19kA
Peak current through the 6 arms of MMC 2/kA 74 kA 3.0 kA
Peak current through the 6 arms of MMC 3/kA 2.4 kA 1.0kA
Peak current through the 6 arms of MMC 4/kA 4.6 kKA 29kA
The DC grid overvoltage times when By4 and By, MBs interrupt the fault current 2.33 211

5.4. Cost Comparison of Two Strategies

Taking the pole-to-ground fault on the positive line side of By, for example, the device costs of
CBs can be computed as follows. LCS is not required to withstand high voltages. MBs should be able
to withstand the maximum pole-to-ground voltage as well as the maximum fault current after MBs are
activated. Therefore, MBs are the main investment in both the two strategies [23].

Assume that the HiPak 5SNA 3000K452300 (ABB, Lenzburg, Switzerland) is adopted as the IGBT
module. The rated collector-emitter voltage of the IGBT module is 4.5 kV. The breaking capability
is 3 kA. Since the breaker is designed to break the current in either current direction, the direction
index is 2. The peak current of the IGBT module can be obtained from Table 6. Moreover, the required
breaking capability of CBs is usually larger than that. The IGBTs should be connected in parallel to
guarantee sufficient current breaking capacity. In addition, series IGBTs in MBs need to withstand the
pole-to-ground voltage. Furthermore, the series index could be calculated based on the maximum
pole-to-ground voltage. In HVDC grids, one converter is usually connected to m (m > 2) DC lines.
Therefore, the total required device number of Bys under the two strategies could be computed as
listed in Table 7.

Table 7. Required device number of the two strategies.

Strategy 1 Strategy 2

Current breaking ability 21 kA 15 kA
Main investment MBs MBs
Required number of CBs m m
Series index 226 215
Direction index 2 2
Parallel index 7 5
Number of required IGBTs 3164 m 2150 m

It can be seen from Table 7 that as the number of the connected DC lines rises, the number of
required IGBTs in strategy 1 increases more. Moreover, it is the same for other CBs. The cost savings
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will be more conspicuous if there are more DC lines. Therefore, strategy 2 is very beneficial to reduce
the investment of CBs in HVDC grids.

6. Conclusions

This paper proposes a local detection and local action strategy for DC grids. Compared with the
conventional relay protection strategy, the proposed strategy has the following advantages:

(1) The proposed strategy has good protection selectivity. The difficulties in fault detection of DC
grids are well solved;

(2) The proposed strategy has high protection speed, which can quickly isolate the faults, and greatly
reduces the impacts of the faults on the DC system;

(3) The proposed strategy can greatly reduce the interrupted current level of HVDC CBs, and can
greatly reduce the cost of HVDC CBs.
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