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Abstract—One of the most significant obstacles preventing 
the large-scale application of direct-current (DC) technology in 
medium voltage (MV) distribution networks is their fault 
protection. The existing AC relay protection needs to be 
changed or redesigned to protect the future overlay MVAC and 
MVDC distribution networks. Therefore, a comprehensive 
understanding of the dynamic and fault behavior and post-fault 
restoration strategies of MVAC and MVDC systems are 
critically important. Moreover, a comparison of MVAC and 
MVDC systems during a fault will also contribute to designing 
the protection systems of hybrid MV AC/DC systems. In this 
paper, the challenges of protecting DC faults of MVDC systems 
and possible solutions are first introduced. Then, the fault 
characteristics and post-fault restoration of MVDC and MVAC 
distribution systems are compared and investigated through 
case studies. Time-domain simulations have been conducted in 
PSCAD/EMTDC. The work in this paper will be valuable for 
the protection design for future hybrid MV AC/DC systems. 

Keywords—DC fault; DC protection; DC post-fault 
restoration; MVDC; AC fault; AC post-fault restoration; DC 
circuit breaker; MVAC. 

I. INTRODUCTION 

Power generation plants, transmission grids and 
distribution networks are constantly expanding to cope with 
growing demand. At the same time, the environmental impact 
due to the burning of fossil fuels needs to be minimized. 
Renewable energy has a key role to play in this effort [1].  

The fast development of power electronics converter 
based direct-current (DC) technology is driving the 
transformation of power energy systems [2]-[3]. The DC 
technology is raising more and more attractions in the top and 
tail of energy networks: transmission and distribution electric 
power systems. It is because that the DC infrastructure shows 
excellent performance in integrating renewable energy and 
providing affordable, reliable, and flexible power.  

The voltage source converter (VSC) technology is 
becoming an attractive alternative to conventional line 
commutated converters (LCCs) for its features. These include 
[4]-[5]: 1) compact and flexible station layouts, with low 
space requirements, and a scalable system design; 2) a high 
dynamic performance and stable operation with AC 

networks; 3) capability of supplying power to passive 
networks and black-start; 4) an independent control of active 
and reactive power; and 5) no voltage polarity reversal during 
power flow reversal. Therefore, VSC-based DC systems are 
more suitable for distributed renewable energy integration 
than their LCC counterpart.  

The feasibility, operation and control, and protection of 
building VSC-based MVDC grids and hybrid MV AC/DC 
distribution networks have been studied in the literature [2]-
[3], [6]-[13]. The real applications of MVDC technology in 
the ANGLE-DC and Tangjiawan projects have been 
presented in [6]-[7]. The power-voltage coordinated control 
of using the VSCs in hybrid AC/DC distribution networks 
have been proposed in [2]-[3]. References [8]-[9] investigate 
the fault protection of AC grid-side unbalanced fault in a 
distribution network with a soft-open-point. The feasibility of 
converting the existing AC distribution network into DC 
operation has been studied in [10]-[12]. In [13], the analysis 
of harmonic transfer through an MVDC link has been 
conducted.    

Although VSC-based MVDC grids complement the 
existing MVAC grids by making them more functional and 
controllable, their large-scale development still faces a 
number of challenges. One of the major obstacles is DC fault 
protections [14]. Effective DC protection methods are needed 
to minimize the impact from DC faults and ensure the secure 
operation of DC systems. There are three possible solutions to 
clear dc faults within a DC network: using AC circuit-breakers 
(ACCBs); using DC circuit breakers (DCCBs) and using fault 
blocking converters. The application issues associated with 
the above protection strategies in MVDC grids need to be 
investigated. For instance, the impact of DCCB operation on 
MVDC systems and the post-fault restoration of MVDC 
systems. Moreover, the comparison of the fault protection and 
post-fault restoration of MVDC and MVAC systems should 
be investigated to provide guidance for mitigating negative 
impacts on system operation and control. 

In this paper, possible solutions for protecting DC faults in 
MVDC systems are first introduced. Then, fault 
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characteristics and post-fault restoration of MVAC and 
MVDC distribution systems are compared and investigated 
through simulations conducted in PSCAD/EMTDC.  

II. FAULT PROTECTION METHODS FOR MVDC SYSTEMS 

The fault detection, isolation and restoration have been 
widely studied in the literature [15]-[16]. Therefore, only 
protection methods for DC systems are discussed in this 
section.   

A. Using AC Circuit Breakers 

There are ACCBs and normally closed sectionalizing 
switches in AC distribution networks [15], [17]. An AC fault 
will be firstly detected and located. Then, ACCBs will open 
to isolate the fault. These processes can be tens to hundreds 
of milliseconds in distribution networks [9], [17]. Finally, the 
system will be restored to re-power the loads beyond the 
faulted zone. 

For DC systems, ACCBs are already equipped on the 
AC side of converters and can be one option to protect the 
DC network, as shown in Fig. 1. The so-called 
“Handshaking” method which employs ACCBs and fast DC 
switches has been proposed in [18]. In order to extinguish the 
DC fault currents, all converters need to be blocked once a 
DC fault is detected. Then ACCBs will be tripped. Fast DC 
switches are available at both ends of each line and are used 
to isolate the faulted line under zero current. The healthy 
circuits will be restored once the faulted line is isolated. A 
progressive fault isolation and grid restoration strategy using 
ACCBs are proposed in [19]. The strategy reduces the grid 
outage time through the progressive restoration of the DC 
grid. 
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Fig. 1.  Schematic diagram of a 4-terminal DC grid equipped with ACCBs, 
DCCBs and fast DC switches. 

The advantages of using ACCBs are that it is simple and 
economic. This approach greatly reduces the investment cost 
of building a large-scale multi-terminal DC grid. However, the 
long fault isolation time (several hundred milliseconds or 
longer) associated with this strategy will lead to the de-
energization of the entire DC grid [18]-[19]. This, in turn, may 
negatively affect the system secure operation. 

B. Using DC Circuit Breakers 

The absence of current zero-crossings in a DC system 
inherently makes DC current interrupting more difficult than 
that in AC systems. DC fault currents need to be isolated 
within several milliseconds. Even though some manufacturers 
have proposed several fast DCCBs, their high capital costs 
limit their applications [20]-[21]. Therefore, fast and 
economical DC protection is one of the main obstacles for the 
deployment of large-scale DC networks. Fig. 1 shows the 

application of DCCBs in a DC grid. Normally, DCCBs are 
installed at the two ends of a DC line. Sometimes, a single 
DCCB is needed to protect a DC bus.  

The protection and post-fault restoration of DC networks 
have been widely studied in the literature. In a DC grid using 
DCCBs to provide fast clearance of a DC fault, two main 
solutions appear: one is to apply the same protection 
philosophy and principles used as AC systems which are 
called as the “Fully Selective Approach” [22]-[23] and the 
other is the “Open Grid” concept [24]-[25]. 

C. Using Fault Blocking Converters 

The converters, such as full-bridge modular multi-level 
converter (FB-MMC) [26], clamp-double MMC (CD MMC) 
[27] and alternate arm converter (AAC) [28], have the 
capability of blocking AC infeeding currents by blocking the 
converters [29]. Once all of the converters within the DC grid 
are blocked, DC fault currents will start to naturally decay to 
zero so that fast DC switches are able to operate to isolate the 
faulted circuits. The converters will be de-blocked once the 
faulted line is isolated and the DC grid will start to restore to 
a new steady state.  

The higher capital costs and power losses of using fault 
blocking converters are the main drawbacks of employing 
this technology in real applications. This may become even 
worse in medium or low voltage systems. Moreover, although 
the fault can be isolated without using DCCBs, the whole DC 
network will suffer an interruption of service and its 
associated AC systems will be impacted as well. 

D. Comparison of MVAC and MVDC System Protection and 
Restoration 

The comparison of MVAC and MVDC system 
protection and restoration are given in Table I. It should be 
mentioned that, due to the low impedance of DC circuits, a 
DC fault will propagate to all the converters at almost the 
same time [24]. All the VSC connected AC systems will be 
affected. From the viewpoint of AC systems, a fault within a 
DC network can be seen as “multiple faults” which may 
exacerbate the negative impact of the fault [23].  

TABLE I 
COMPARISON OF AC AND DC SYSTEM PROTECTION AND RESTORATION 

Items AC systems DC systems 

Fault interrupting 
devices 

ACCB 
DCCB, ACCB and 
converters 

Fault detection and 
location time 

Tens to hundreds of 
milliseconds 

Several milliseconds 

Fault isolation time 
Tens to hundreds of 
milliseconds 

Several milliseconds 

System restoration 
devices 

ACCB, AC switches, 
sectionalizing switches 

DCCB, DC switches, 
ACCB and converters 

System restoration 
time 

Seconds to minutes 
Tens to hundreds of 
milliseconds 

As for AC networks, the system restoration may need 
help from the normal open ACCBs which will be studied in 
the following section. However, the closing of these normal 
open ACCBs may lead to transient overcurrents [10]. The 
black-start and static synchronous compensator operating 
capability of VSCs are helpful during the post-fault 
restoration processes. 
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III. CASE STUDIES AND ANALYSIS 

In this section, the modeling of the test systems and the 
operation and control sequences during AC and DC faults in 
the test systems will be presented. The systems are modeled 
in PSCAD/EMTDC. The test systems are depicted in Fig. 2. 

A. System Modelling 

Fig. 2(a) shows the configurations of a distribution 
system with two 10 kV MVAC networks. The two networks 
are identical. Their main AC grids are at 110 kV. The loads 
are supplied through 10 kV double-circuit overhead lines 
(OHLs). For instance, the loads ① and ①' are at one load 
point but equally supplied by the double circuits. The length 
of each segment is 1 km. The loads are modelled as fixed 
loads with the capacity of P+jQ. The parameters of the 
MVAC networks are given in Table II.  

TABLE II 
PARAMETERS OF THE MVAC NETWORK 

Parameters Values 

AC grid frequency (Hz) 50 
Main grid voltage (kV) 110 
Main grid transformer capacity (MVA) 20 
Main grid transformer ratio (kV/kV) 110/10 
Main grid transformer leakage reactance (p.u.) 0.1 
Load transformer capacity (MVA) 1.2 
Load transformer ratio (kV/kV) 10/0.38 
Load transformer leakage reactance (p.u.) 0.1 
Resistance of the OHL (Ω/km) 0.13 
Inductance of the OHL (H/km) 0.0127 
Load at each load point (MW+jMVar) 2+j0.4 

The two AC networks can be connected through the two 
ACCBs (CBs 1 and 2) which are normally opened in normal 
operations. The CBs 1 and 2 can be closed for system 
reconfigurations and post-fault restorations. 

Fig. 2(b) shows the configuration of the hybrid MV 
AC/DC network. The MVAC network 1 are replaced by a ± 

8 kV MVDC link. It can be seen that there are only two 
conductors used as the positive and negative poles. Therefore, 
the capital cost of the lines is lower than its AC counterpart. 
However, two VSC stations are needed to be built at the two 
ends of the circuits which are the main cost of the MVDC 
system. The AC loads in this system will be supplied through 
DC/AC converters which are VSCs in this study. As the 
capacity of DC supply is higher than AC supply, each load 
can be supplied by a single converter instead of being 
supplied by the double-circuit in the AC system. The high 
capital cost and power losses of the two main VSCs and the 
load VSCs are the main drawbacks of utilizing DC 
technologies. However, the power capacity of the MVDC 
link can be much higher than the MVAC link which may be 
more cost-effective in the long-term operation. 

As shown in Fig. 2(b), the DC network is connected to 
the AC network 2 via VSC 2’s converter transformer. As the 
studied system is an MVDC system, MMCs may be not 
suitable due to their higher cost and power losses compared 
to two-level VSCs. Therefore, VSCs 1 and 2 and all of the 
load VSCs are all modelled using two-level VSCs. The DC 
side of the VSCs is solidly grounded. The VSC 1 controls the 
DC voltage and reactive power. The VSC 2 controls the 
active and reactive power. The load VSCs operate at active 
power and AC voltage control mode and they will be blocked 
and re-started based on their local protections quickly. The 
parameters of the converters are given in Table III.  

B. Dynamic Performances 

Before studying the fault characteristics of the AC and 
DC systems, the steady-state and dynamic performances will 
be studied first. Fig. 3 illustrates the performance of the two 
systems in Fig. 2. The locations of the voltage measurements 
(VACx and VDCx) are shown in Fig. 2.  
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Fig. 2.  Test systems. (a) Two AC networks; (b) Hybrid AC/DC network. 
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TABLE III 
PARAMETERS OF THE VSCS 

VSC 1 

Capacity (MW) 30 
Interface transformer capacity (MVA) 33 
Interface transformer ratio (kV/kV) 110/10 
Interface transformer leakage reactance (p.u.) 0.12 
DC capacitor (μF) 5000 
DC terminal inductor (mH) 0.003 

VSC 2 

Capacity (MW) 10 
Interface transformer capacity (MVA) 11 
Interface transformer ratio (kV/kV) 10/10 
Interface transformer leakage reactance (p.u.) 0.12 
DC capacitor (μF) 4000 
DC terminal inductor (mH) 0.0025 

Load VSCs 

Capacity (MW) 2 
Interface transformer capacity (MVA) 2.2 
Interface transformer ratio (kV/kV) 10/0.38 
Interface transformer leakage reactance (p.u.) 0.1 
DC capacitor (μF) 500 
DC terminal inductor Ldc (mH) 0.002 

Fig. 3(a) shows that the voltages along the distribution 
line are different due to the voltage drops. The voltage VAC6 

at the end of the line drops to 0.955 p.u.. As the two networks 
are identical, the steady-state voltages shown in Fig. 3(b) are 
the same as Fig. 3(a). To increase the voltage VAC14 at the end 
of network 2 to 0.98 p.u., the 10 kV side tap changer of the 
transformer T2 in Fig. 2(a) is changed to 1.03 p.u. at t = 0.75 
s and is changed back to 1.00 p.u. at t = 1.00 s. Fig. 3(b) shows 
that all voltages along the distribution line are increased 
during this period. As the ACCBs 1 and 2 are open, the 
network 1 is not affected. It should be noted that increasing 
the line voltage by changing the tap changer may lead to the 
suffering of overvoltage at points close to the transformer.  

 

 
Fig. 3.  System responses in the. (a) Voltages at the AC Network 1 in Fig. 
2(a); (b) Voltages at the AC Network 2 in Fig. 2(a); (c) Converter terminal 
voltages at the DC Network in Fig. 2(b); (d) Voltages at the AC Network 2 
in Fig. 2(b).  

Fig. 3(c) shows the DC terminal voltages of the 
converters in the MVDC network. The voltages are all above 
0.985 p.u.. VSC 2 injects 3 MW and 0.6 MVar to the AC 
network 2. Due to the support from VSC 2, the voltages at the 
points close to VSC 2 are improved to above 0.97 p.u. as 
shown in Fig. 3(d). Especially, the voltage VAC14 has been 
increased to 0.983 p.u., as it is closely connected to VSC 2. 
The reactive power of VSC 2 is increased to 1.2 MVar at t = 
0.75 s and changed back to 0.6 MVar at t = 1.00 s. As shown 
in Fig. 3(d), during this period, the voltages at AC network 2 
are all increased without a large increase of the voltages of 

the points far away from the VSC 2. The dynamic process of 
changing the reactive power leads to small oscillations of the 
DC voltages which become stable within 0.1 s. The active 
power of VSC 2 is increased to 4.5 MW at t = 1.25 s and is 
changed back to 3 MW at t = 1.50 s. During this period, the 
voltages at AC network 2 are all increased, however, the 
increases are less than changing reactive power. Moreover, 
the oscillations of the DC voltages are larger than changing 
reactive power. However, the DC voltages also become stable 
within 0.1 s. 

The studies in this section show that the support from 
VSC can effectively improve the voltage profiles of its 
connected AC network. This can reduce the use of online tap 
changer of the transformer. 

C. System Performances against Faults 

In this section, the performances of the MVAC network 
and hybrid MV AC/DC network subject to faults are 
investigated. A permanent three-phase-to-ground AC fault is 
set in the middle of the line between loads ② and ③ in the 
system shown in Fig. 2(a). A permanent positive pole-to-
ground DC fault is set in the middle of the line between loads 
2 and 3 in the system shown in Fig. 2(b). 

Fig. 4 illustrates the fault responses and post-fault 
processes of the two cases. The fault occurs at t = t1. Fig. 4(a) 
shows that the voltages VAC1 and VAC2 drop to 0.55 p.u. and 
0.18 p.u. while the voltages at other points drop to zero. The 
main breaker CB 3 is tripped at t = t2 to isolate the fault. The 
interval between t1 and t2 is used for fault detection, location 
and isolation which can be hundreds of milliseconds [9],[11]. 
The AC fault currents through the CB 3 reach to 8.71 p.u. in 
this period. The fault is cleared, and the faulted line is fixed 
at t = t3. The interval between t2 and t3 can last from minutes 
to hours. The CB 3 is reclosed at t = t4 then the loads on this 
line are powered again through its main grid. 

 
Fig. 4.  Fault responses and post-fault restorations processes of the AC 
network 1 and the DC network. (a) Voltages and currents of the AC network 
1; (b) Voltage and currents of the DC network. 

Fig. 4(b) shows the DC voltages and current during the 
DC fault. In this case, the ACCB based protection scheme is 
employed [18]. This ACCB based protection scheme has 
been applied in the ANGLE-DC project. The converters will 
be blocked immediately either the current is 2 p.u. of its rated 
current or the DC terminal voltage drop to lower than 0.80 
p.u. of its rated voltage. Then, the converter AC side breakers 
will be tripped to isolate the fault. It can be seen that the 
voltages along the DC lines drop to zero immediately after 
the fault and the DC fault current at the terminal of the VSC 

  
A

C
 v

ol
ta

ge
s 

(p
.u

.) 

  

D
C

 v
ol

ta
ge

s 
(p

.u
.) 

A
C

 v
ol

ta
ge

s 
(p

.u
.) 

A
C

 v
ol

ta
ge

s 
(p

.u
.)

 



5 

 

1 reach to 7.52 p.u. within 8 ms. The fault is cleared, and the 
line is fixed at t = t2. As most of the distribution networks are 
not fully automatic, this process may need human operators 
[16]. Thus, the interval between t1 and t2 can last from 
minutes to hours as well. The DC system starts to restore at t 
= t3. To limit the current during the startup process, the VSC 
1 is charged through a startup resistor which is bypassed at t 
= t4. The VSC 1 is deblocked at t = t5. Then the DC voltage is 
regulated to its rated value. The AC side circuit breaker of 
VSC 2 is reclosed t = t6. Then, the VSC 2 and load converters 
are deblocked and the system is restored.  

It should be mentioned that the AC network 2 is affected 
by the DC fault due to the connection with VSC 2. Fig. 5 
illustrates the voltages in the AC network 2. VAC14 drops to 
0.83 p.u. and VAC9 drops to less than 0.95 p.u.. This may 
trigger the relay protection of the AC network 2 and therefore 
exacerbate the fault. The whole system protection design 
should consider this kind of mutual interactions between AC 
and DC systems.   

 
Fig. 5.  Voltage profiles of the AC network 2 during and after the DC fault. 

The use of DCCBs can reduce the negative impact of 
DC faults on system operation. There have been many 
DCCBs for MVDC applications [20]. Fig. 6 illustrates the 
system responses of using DCCBs to protect the DC network. 
DCCBs are deployed at the DC terminals of VSCs 1 and 2. 
In this study, a 5 ms delay after the fault is used to emulate 
the operating time of DCCBs. Due to the fast operating speed, 
the VSC 1’s DC voltage of the positive pole just drops to 0.99 
p.u. and the DC fault current is interrupted at 1.96 p.u.. The 
system can use the residual voltage to achieve a fast system 
restoration, for instance in several seconds. As the fault is 
isolated quickly, the AC network 2 is less affected compared 
to the case of using ACCBs.  

 
Fig. 6.  System responses when the DCCBs are used. 

It should be mentioned that the MVDC network uses a 
monopolar configuration. Any kinds of DC faults, pole-to-
pole or pole-to-ground, will lead to the outage of the whole 
DC system. However, for the MVAC system, the load in one 
circuit can be relocated to other circuits through network 
reconfiguration. Take the above case for example, after 
isolating the faulted line using the sectionalizing switches, the 
loads ①, ②, ⑦ and ⑧ can be re-powered by closing the CB 
3 at t = t1 as shown in Fig. 7. In order to supply the loads on 
the outage line, the voltage is increased by changing the tap 
changer in the AC network 2 at t= t2. The loads ④-⑥ are re-
supplied when the CB 1 is closed. Load ③ is not connected 
because it will lower the voltages to less than 0.93 p.u.. 
Similarly, if there is a fault occurs in the main grid of the AC 
network 1, part of the loads can be supplied by the AC 
network 2 through network reconfiguration.  

 
Fig. 7.  Voltage profiles of the two AC networks during the network 
reconfiguration.  

It should be mentioned that the bipolar configuration 
which employs two independently controlled asymmetrical 
monopolar VSCs can achieve 50% power transmission 
during a fault in one pole [30]-[31]. This improves the system 
reliability, however, it will double the capital costs and 
therefore may not be economical for MV applications. 

IV. CONCLUSION 

In this paper, the fault protection approaches for AC and 
DC systems have been investigated. The challenges of 
protecting DC grids from DC faults are first presented. The 
comparison of the fault protection and post-fault restoration 
of AC and DC system has been conducted. Time-domain 
simulations in PSCAD/EMTDC have been carried out to 
investigate the dynamic and fault behaviors of the AC and 
DC systems. Both ACCB and DCCB based protection 
methods have been applied in the test systems. The studies 
show that the application of a DC link can effectively 
improve the voltage profile and control flexibility of an AC 
network. Moreover, the response time of DC systems during 
a fault and the post-fault restoration time is much faster than 
AC systems. However, it should be mentioned that the 
adopted protection strategies for a hybrid MV AC/DC system 
must consider the practical requirement on the reliability of 
power supply and capital costs. Moreover, the whole system 
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protection design of a hybrid AC/DC system needs to 
consider the interactions between the AC and DC systems 
during faults.  
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