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Abstract—The MMC based DC grids are an effective solution to 
integrate bulk wind power. Under DC faults, the wind power is 
continuously fed into DC grids, resulting in large fault currents. 
To guarantee the uninterrupted and safe operation of healthy 
parts, DC faults should be detected and isolated selectively. Most 
existing DC fault detection schemes rely on large current-limiting 
reactors (CLR) to guarantee high selectivity. The reliability of 
them will be deteriorated under weak boundary conditions. 
Besides, some schemes fail to identify close-in faults. Though fault 
detection schemes independent of CLRs are proposed, they 
cannot work well for remote faults. Hence, to protect the entire 
transmission line with smaller CLRs, an improved DC fault 
detection scheme using zone partition is proposed. Firstly, 
according to different fault distances, internal faults are 
partitioned into four zones along the transmission line. The fault 
characteristics in different zones are analyzed. Then, the 
polarities and arrival times of traveling-waves are used to design 
the criteria dedicated to different zones. The proposed method is 
endurable to fault resistance and noise disturbance. Simulation 
results show that the MTDC wind power integration systems can 
operate safely during DC fault isolation.  
 

Index Terms— DC fault detection, Zone Partition, HVDC 
transmission, modular multilevel converter, wind power.  

I. INTRODUCTION 
Large-scale wind power utilization can effectively deal with 

the issues of fossil fuel shortage and environmental pollution 
[1][2]. At the end of 2019, the total installed capacity of wind 
power rises to 651 GW worldwide [3]. Considering the 
intermittence and fluctuation characteristics of wind power, the 
modular multilevel converter (MMC) based high-voltage direct 
current (HVDC) transmission technology has been recognized 
as a promising solution to integrate bulk wind power. Recently, 
with the merits of operational flexibility and power supply 
reliability, the multi-terminal HVDC (MTDC) wind power 
integration systems have attracted increasing attention [4][5]. 
For example, the world’s first ±500kV DC grid project, 
Zhangbei project, transmits 4500MW wind power to the load 
center Beijing [6]. 

For China, Brazil, and some other countries, the onshore 
wind power integration accounts for a larger proportion [7]. For 
the onshore wind power integration systems, the overhead lines 
(OHL) are preferred for large-scale power transmission over 
long-distance [8]. Being exposed to the air, the OHL has a great 
likelihood of fault occurrence.  
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Additionally, due In the event of DC faults, SM capacitors 
will discharge to the fault point, leading to the rapid drop of the 
SM capacitor voltage to the continuous wind power 
transmission, the fault current and the converter’s arm current 
rise rapidly within several milliseconds, which harms the safe 
operation of the entire system [6]. To avoid overcurrent and 
breakdown of the entire system, some active current-limiting 
control and fault-through control schemes are proposed to 
guarantee safe operation [9]-[11]. For MTDC systems, to not 

 interrupt the power transmission of healthy parts in DC 
grids, the faulty part is desired to be isolated before the 
blocking of the MMCs. Thus, the DC faults should be detected 
selectively and quickly, thereby issuing the trip signal to the 
high voltage DC circuit breakers (DCCB) to isolate the faulted 
lines [6].  

Regarding the single-end selective DC line fault detection 
schemes, most existing schemes rely on the boundary effects 
provided by the current-limiting reactor (CLR) to discriminate 
internal and external faults. Based on different fault detection 
principles, they can also be categorized into the following three 
groups: 1) The traveling-wave (TW) based methods in 
time-domain [12]-[16]. 2) The wavelet (WT) or mathematical 
morphology gradient (MMG) based methods [6][17]. 3) The 
CLR voltage based methods [18][19]. As pointed out in [20], 
for boundary protection schemes, large CLRs (more than 
100mH) are required to guarantee high reliability and 
selectivity. Various simulation results demonstrate that 200mH 
CLRs are required to guarantee robustness to high fault 
resistances and noise disturbance [21]. However, the cost and 
weight of CLRs should also be considered, which means the 
sizes of CLR may not be sufficient for selective and reliable 
protection design. For instance, in existing MMC-HVDC 
projects, the maximum size of CLRs that can provide the 
boundary effects is 150mH [22]. Besides, there are several 
scenarios where the configured CLRs are small that cannot 
provide strong boundary conditions, including the two-terminal 
HVDC systems and fault tolerable converter based HVDC 
systems. For example, 50mH and 100mH CLRs are 
respectively selected for INELFE two-terminal MMC-HVDC 
project [23] and Kunliulong three-terminal HVDC project 
constructed by hybrid MMC [24]. Besides, among these 
aforementioned schemes, the methods in [14]-[16] cannot 
identify close-in faults correctly.  

Pilot protection schemes can guarantee high reliability to 
identify external and internal faults under weak boundary 
conditions [25][26]. However, they are highly dependent on 
the communication between stations, which is sensitive to 
data code error and synchronization error [21]. Hence, 
single-end non-boundary fault detection schemes independent 
of CLRs are required. In [27], the arrival time difference 
between line-mode and zero-mode TWs is adopted to achieve 
the non-boundary fault detection. This scheme is robust to 
high-resistance faults. However, it cannot identify pole-to-pole 
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(PTP) faults. To improve the applicability for different fault 
types, TW frequency characteristics which are dependent on 
the fault distances are adopted to identify internal faults in [28]. 
Whereas, these non-boundary schemes cannot work well for 
remote faults. Except for [27] [28], there are no other references 
concerning single-end fault detection schemes that do not rely 
on CLRs.  

To be concluded, existing DC fault detection schemes are 
restricted by the sizes of CLRs. In addition, only using some 
simple travelling-wave detection methods, such as detecting 
the arrival times or polarities of the first and second backward 
traveling-waves, there exist protection dead-zones for close-in 
faults and remote faults [14]-[16].To address the challenges, an 
improved DC fault detection scheme using zone partition is 
proposed for the MTDC wind power integration system to 
achieve uninterrupted and safe operation. Considering the 
high-impedance faults are difficult to be identified, the 
high-impedance fault detection is the top concern of this paper. 
Based on different zone partitions, the fault analysis is 
conducted. Then, the polarities and arrival times of the 
backward TWs are adopted to detect internal and external faults. 
As shown in Fig. 1, the proposed method can protect the entire 
transmission line in the case of small CLRs. In addition, it is 
endurable to fault resistances and noise disturbance.  

The rest of the paper is organized as follows. Section II 
depicts the topology and the layout of the MTDC wind power 
integration system. The protected transmission line is 
partitioned into four zones and the fault TW behaviors in 
different zones are analyzed in section III. Based on the 
analysis, section III proposes the DC fault detection criteria 
dedicated to different zones. The robustness and reliability of 
the proposed protection scheme are verified by simulations in 
section V. Finally, conclusions are drawn in section VI. 

Categories  

 The Zone Partition based DC Line Detection Scheme for Multi-
terminal HVDC Wind Power Integration System

Boundary schemes
TW based methods in time-

domain 
WT or MMG based methods

Challenges
Rely on large CLRs / 
be restricted by the 

sizes of CLRs 

The CLR voltage based methods

Non-boundary schemes
The TW arrival time difference 

between different modes
TW frequency characteristics 

dependent on the fault distance 

Cannot work for 
close-in faults 

Cannot work for 
remote faults

 

Parts

Contributions

 Protect the entire transmission line with small CLRs. 

Zone II Zone III Zone IVZone I

OHL 

 
Fig. 1. The challenges of existing schemes and the contributions of the proposed 
scheme. 
II. DC FAULT TW BEHAVIOUR ANALYSIS IN DIFFERENT ZONES 

A. The Zone Partitions of the Transmission Line  
To protect the entire transmission line, particularly for 

close-in faults and remote faults, internal faults are partitioned 
into four zones, thereby designing fault detection criteria 
dedicated to different zones. Taking the relay CB12 as an 
example, based on different fault distances, the zone partition 
of the transmission line is illustrated in Fig. 2. Where close-in 
faults and remote faults are located in Zone I and Zone IV 
respectively.  

Since the minimum or maximum identifiable fault distance 
is affected by the sampling frequency greatly, there is no 
explicit range to define the zone boundaries. In conventional 
AC power system protection, the protective range of the 
distance protection stage I is 80%-95% of the entire 
transmission line. As the sampling frequency improves, for the 
high-precision distance protection or TW protection, the 
dead-zone will shrink. For example, in [28], when the sampling 
step is selected as 500ns, the protection dead-zone is only 
300m.  

Based on the aforementioned analysis, considering that the 
sampling frequency is selected as 6μs, Zone I is ranging from 0 
to 5% of the transmission line and Zone IV is ranging from 95% 
to 100%. Zone II is ranging from 5% to 50% and Zone III is 
ranging from 50% to 95%. Since a margin is considered during 
zone partitions, the internal faults in Zone I (IV) may be 
identified by the criterion of Zone II (III). However, it will not 
cause false fault identification results.  

CB12

OHL12  l

F1
(0-5%)l

Ldc Zone I

(5%-50%)l

Zone II

(50-95%)l

Zone III

(95-100%)l

Zone IV Ldc

Bus1 Bus2
Vdc12

Fig. 2. The diagram of DC faults under different zones. 
B. TW Reflections and Refractions at Different Locations 

As shown in Fig. 3, under DC faults, the negative initial 
backward TW Vi induced from the fault point travels towards 
the terminals of OHL (points A and B). The initial TW is 
reflected at points A and B respectively. The reflected TWs VAβ 
and VBβ can be calculated as: 
 A(B)β A(B) iV = β V  (1) 
where βA(B) is the reflection coefficient of point A(B).  

ZC ZC

Rf

VBβα

 Vi

A B

VAβ  Vi VBβ

VBβ

 Vi  Vi
VAβ

VAββ

Ldc

 x

Ldc

 
Fig. 3. The diagram of TW reflection and refraction.  

The reflected TWs VA(B)β travel towards the fault point and 
are reflected at the fault point again. The reflected TW VA(B)ββ 
and refracted TW VA(B)βα can be calculated as: 
 ( ) ( ) ( ) ( ) ; A B F A B A B F A BV V V V       (2) 
where βF and αF are the reflection and refraction coefficients at 
the fault point respectively.  
1) The Reflections and Refractions at the Terminal of OHL  

Based on the Peterson law [14], the reflection and refraction 
at point A can be analyzed using the following equivalent 
circuit, as shown in Fig. 4: 

Ldc

VA (s)

ZC A

2Vi

Zeq (s)I(s)

 
Fig. 4.The Peterson equivalent circuit in s domain. 

Based on the equivalent circuit, it can be obtained: 
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( )=
( )

i

C eq dc

V
I s

Z Z s sL 
 (3) 

where ZC is the wave impedance of the OHL and Ldc is the 
current-limiting reactance. Zeq is the equivalent impedance of 
the converter, which can be expressed as: 

 
2 21 = + +

3 3 6
0 0

eq eq eq
eq 0

sL R NZ sL R
sC sC

    (4) 

where L0, R0 and C0 are the arm inductance, arm resistance and 
sub-module capacitance respectively. N is the number of the 
sub-module per arm. For meshed DC grids, considering 
multiple parallel lines connected to the same DC busbar, the 
equivalent impedance of parallel lines connected to the same 
DC busbar should also be accounted into Zeq.  

Further, voltage VA(s) can be obtained as: 

 
( )

( )=2 ( ) 2
( )

eq dc
A i C i

C eq dc

Z s sL
V s V I s Z V

Z Z s sL


  
 

 (5) 

Then, the reflected TW VAβ and reflection coefficient βA(B) 
can be calculated as: 

 ( )
2

= ( ) = 1
( )

C
A A i A B i i

C eq dc

Z
V V s V V V

Z Z s sL 
 

    
   

 (6) 

Equation (6) shows that the reflected wave VAβ is smoothed 
by CLRs and the reflection coefficient βA(B) is time-varying. 
Using the initial value theorem, at the initial constant of the 
arrival of the initial TW Vi, the reflection coefficient βA(B) can be 
obtained as: 
 ( ) ( )( 0)= lim ( ) 1A B A Bs

t s 


   (7) 

Equation (7) shows the reflection at the terminal of OHL will 
not change the polarities of the wave-fronts of TWs.  
2) The Reflection and Refraction at the Fault Point 

The reflection coefficient βF and refraction coefficient αF can 
be calculated as: 

 
// 2 //

  
// //

f C C f C
F F

f C C f C C

R Z Z R Z
R Z Z R Z Z

 


 
 

；  (8) 

Apparently, the reflection coefficient βF is smaller than zero. 
To be concluded, the polarities of wave-fronts and the 
amplitudes of TWs can be obtained in Table 1. 

Table 1 The polarities of wave-front and the amplitudes of TWs 

TW Amplitudes polarities of 
wave-fronts TW Amplitudes polarities of 

wave-fronts 
Vi Vi Negative VAββ βFβAVi Positive 

VA(B)β βAVi Negative VBβα αFβAVi Negative 

Equation (8) also demonstrates that the amplitude of the 
refracted wave VBβα is determined by the fault resistance Rf. 
When the fault resistance is small, the refracted wave VBβα can 
be negligible. Particularly, for solid faults, the refracted wave 
VBβα is equal to zero. Thus, in the case of low-resistance faults, 
for the measured point A, the refracted wave VBβα will not be 
detected. With the fault resistance increasing, the amplitude of 
the refracted wave VBβα increases. For the measured point A, the 
arrival times of the TWs VAββ and VBβα (ta(VAββ) and ta(VBβα)) can 
be calculated as:  

 3 2( )   ( )a A a B
x l xt V t V
v v 


 ；  (9) 

where v is the TW propagation speed and x is the fault distance. 

As can be seen in (9), the arrival times of the TWs VAββ and VBβα 
are dependent on the fault distances. Thus, the following 
analysis is conducted based on different zones. 
C. Fault Analysis of Different Zones 

Assuming that the direction from the MMC to the OHL is 
positive, the TWs Vi, VAββ and VBβα are all backward TWs. For 
the relay CB12, the busbar fault F1 is the backward external 
fault while F2 is the forward external fault. The backward 
external fault F1 can be sorted out by the directional element 
easily. Thus, the solid bus fault F2 is the worst external case and 
it is difficult to be identified. 
1) Fault Analysis in Zone III  

Based on equation (9), in the case of faults in Zone III, the 
refracted wave VBβα will arrive at the point A earlier than the 
reflected wave VAββ. Since the TW VBβα is negative, the 
backward TW Vb will decrease abruptly once TW VBβα arrives. 
The time interval when the TWs Vi and VBβα arrive at point A 
(∆t (Vi and VBβα)) can be calculated as: 

 2( )(   )i B
l xt V and V
v


   (10) 

Subsequently, the reflected wave VAββ arrives at point A, 
leading to the rapid rise of the backward TW Vb. Hence, the 
detected backward TW Vb at point A can be obtained, as shown 
in Fig. 5. 

t0

Vb

t
ta(Vi) ta(VBβα) ta(VAββ) 

A F A iV V


 

B F B iV V


 

2(2 )(   )i B A

x lt V and V
v 


 

2( )(   )i B

l xt V and V
v


 

Fig. 5. The detected Vb at point A in the case of faults in Zone III. 
2) Fault Analysis in Zone II 

In the case of faults in Zone II, the reflected wave VAββ will 
arrive at point A earlier. Thus, after the arrival of the initial TW 
Vi, the backward TW Vb rises rapidly before the abrupt drop. 
The time interval when TWs Vi and VAββ arrive (∆t (Vi and VAββ)) 
can be calculated as: 

 2(   )  i A
xt V and V

v   (11) 

The detected backward TW Vb at point A is presented in Fig. 6. 
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t
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xt V and V
v

 

2( 2 )(   )A B

l xt V and V
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B F B iV V


 

 
Fig. 6. The detected Vb at point A in the case of faults in Zone II. 
3) Fault Analysis in Forward Bus Fault F2 

Under the forward bus fault F2, the initial negative TW Vi 
travels towards point A through the current-limiting reactors, as 
shown in Fig. 7. The refracted TW Viα can be obtained as: 
 i B iV V   (12) 
where αB is the refraction coefficient at point B. Since CLR will 
not change the polarities of the wave-fronts of TWs, the 
wave-front of the refracted wave Viα is also negative. Since the 
reflection coefficients at points A and B are both positive, the 
wave-fronts of the detected backward TWs VAββ and VAββββ at 
point A are both negative. The time intervals ∆t(Viα and VAββ) 
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and ∆t(Viα and VAββββ) are: 

 2 4(   )   (   )i A i A
l lt V and V t V and V

v v      ；  (13) 

ZC ZCA B

 ViVAβ
VAββ

Ldc
 Viα

VAβββVAββββ

Fig. 7. The TW reflections and refractions under the busbar fault F2. 
4) Fault Analysis in Zone I  
a) The Challenges of Close-in Fault Detection 

Under close-in faults, there exist multiple reflections 
between the fault point and point A in a short time, as shown in 
Fig. 8. Due to the short time interval, several subsequent 
backward TWs cannot be captured accurately. Particularly, 
when the DC fault occurs at point A, the reflected wave VAββ 
cannot be detected.  

Considering a large time interval Δt (Vi and VBβα), the 
reflected wave VBβα may provide a potential approach to 
identify close-in faults. However, the detection of the reflected 
wave VBβα will arise a new challenge. The detailed analysis is as 
follows. 

As can be seen in Table 1, the polarity of the wave-front of 
the TW VBβα is negative and the time interval ∆t(Vi and VBβα) is 
close to 2l/v. Whereas, under the bus fault F2, the detected 
second backward TW VAββ is also negative and the time 
intervals ∆t(Viα and VAββ) is equal to 2l/v. Thus, the reflected 
wave VBβα cannot be adopted to detect close-in faults.  
b) Difference of Close-in Faults and the Fault F2 

Based on the aforementioned analysis, in the case of the 
busbar fault F2, the third detected backward TW VAββββ is 
negative. Whereas, in the case of close-in faults, the third 
detected backward TW is VBβββα, which can be calculated as: 
 2( )B B F B iV V     (14) 

Equation (14) shows that the wave-front of the TW VBβββα is 
positive. Hence, the wave-front polarities of the third detected 
backward TW can be adopted to identify close-in faults.  

ZC ZCF

VBβα

A B

VBβ

 Vi  Vi
VAβVAββ

  VBββ

VBβββVBβββα

Ldc

 
Fig. 8. The TW reflections and refractions in the case of Zone I 

5) Fault Analysis in Zone IV  
The TW reflections and refractions in Zone IV are shown in 

Fig. 9. As can be seen in equation (10), under remote faults, due 
to the small time interval Δt(Vi and VBβα), the refracted wave 
VBβα cannot be detected accurately, which proposes challenges 
on the remote fault detection. 

ZC ZC FA B

 Vi  Vi

VAβ

Ldc

VBβα VBβββ

VBβββα VAββ  
Fig. 9. The TW reflections and refractions in the case of Zone IV. 

Regarding the fault analysis in Zone IV, it is conducted based 
on two following cases.  

Case I: The refracted TW VBβββα can be detected, which 
results in a sharp rise of the backward TW. The time interval ∆t 
(Vi and VBβββα) is 

 4 3(   )  i B
l xt V and V

v


   (15) 

Case II: The refracted TW VBβββα cannot be detected. Based 
on the aforementioned analysis, under the bus fault F2, the 
wave-front of the second detected backward TW VAββ is 
negative. Whereas, under remote faults, the wave-front of the 
second detected backward TW VAββ is positive.  

Regardless of cases I and II, the wave-front polarities of the 
second detected backward TW can be adopted to identify 
remote faults correctly.  

To be concluded, the detected second and third backward 
TWs under different zones can be obtained, as shown in Table 
2. As can be seen, for internal faults, except Zone III, positive 
backward TWs can be detected.  

Within Zone III, the maximum time interval max [∆t(Vi and 
VBβα)] is: 

 
0.5

2( )[ (   )]i B
x l

l x lmax t V and V
v v




    (16) 

As can be seen from equation (16), the time interval between 
the initial backward TW and the second backward TW under 
Zone III is smaller than that under the external fault F2.  

Thus, the polarities of backward TWs together with their 
arrival times can be adopted to identify internal and external 
faults. 

Table 2 The detected backward TWs under different zones  
Zone The second backward TW The third backward TW 

Zone I VBβα (negative) VBβββα (positive) 
Zone II VAββ (positive) / 

Zone III VBβα (negative)  
max[∆t(Vi and VBβα)]=l/v / 

Zone 
IV 

Case I VBβββα (positive) / 
Case II VAββ (positive) / 

Bus fault F2 
VAββ (negative)  

∆t(Viα and VAββ)=2l/v VAββββ (negative) 

III. THE DC FAULT DETECTION CRITERION DESIGN 
DEDICATED TO DIFFERENT ZONES  

A. The Mathematical Morphology Gradient and MM Filter 
1) The Mathematical Morphology Gradient (MMG) 

To detect the arrival of backward TWs, the mathematical 
morphology gradient (MMG) is adopted to design the fault 
detection criterion. For the MMG technology, the upper and 
lower edges of the signal f are extracted by using two structure 
elements g+ and g- at different origin positions respectively as: 

 

+

+

( ) ( )( )+( )( )
( ) ( )( )+( )( )

( ) ( )- ( )

n f g n f g n
n f g n f g n

MMG n n n





 

 

  



   


  




 (17) 

where structure elements g+ and g- are respectively as: 
 -

1 2 1 1 2 1{ , ,..., , }; { , ,..., , }l l l lg g g g g g g g g g

    (18) 
where l is the length of the structure element and the underscore 
represents the origin position. 

In (17), “⊕” and “Θ” represent the erosion and dilatation 
operations. The erosion and dilatation operations of the 
structure element g on the signal f are expressed as: 
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( )( ) max{ ( ) ( )}

( )( ) min{ ( ) ( )}
y

y

f g x f x y g y

f g x f x y g y

   



   

 (19) 

2) The Mathematical Morphology Filter (MMF) 
To avoid noise disturbance, the MMF based on the 

opening-closing (OC) operation has been adopted. The opening 
operation “∙” and closing operation “∘” are: 
 ( )( ) ( )( );( )( ) ( )( )f g n f g g n f g n f g g n      (20) 

The opening operation can be adopted to weaken the noise at 
the signal peak while the closing operation can be used to 
weaken the noise at the signal trough. To suppress the noise 
better, the alternate hybrid filter (AHF) is adopted. 

 
[ ( ( )) ( ( ))]0.5

( ( )) (( ) )( ) 
( ( )) (( ) )( )

OC CO

OC

CO

F f x F f xAHF
F f x f g g x
F f x f g g x

 



 

 (21) 

B. Criterion Design Dedicated to Different Zones 
1) The Protection Criterion I 

Assuming that the MMG of the initial backward TW is 
positive. For Zone II or the case I of Zone IV, the detected 
second backward TW VAββ or VBβββα is positive. Thus, the MMG 
of the second backward TW is negative, as shown in Fig. 10 
(a)(b). Besides, the maximum time intervals max [∆t(Vi and 
VAββ)] and max[∆t(Vi and VBβββα)] are respectively as: 

 0.5

0.95

2[ (   )]

4( ) 0.2[ (   )]

i A x l

i B
x l

x lmax t V and V v v
l x lmax t V and V v v









   




  



 (22) 

For Zone III, as can be seen from (16), the MMGs of the 
second backward TW are within l/v, as shown in Fig. 10(c).  

To be concluded, if the second MMG is detected within the 
time interval l/v, the fault is identified to be internal. 
Considering a margin for the time interval ∆t, the fault 
detection criterion I for Zones II, III and the case I of Zone IV is: 
 1.25| | 0.5  lMMG and t v    (23) 
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(e) Case II of Zone IV (f) The busbar fault F2 

Fig. 10. The diagram of the MMG under different zones. 
2) The Protection Criterion II 

For Zone I, the case II of Zone IV, and the busbar fault F2, the 
diagrams of MMG under these Zones can be obtained, as 

shown in Fig. 10 (d)-(f). For the bus fault F2, the detected 
MMGs are all positive. Whereas, in the event of Zone I and the 
case II of Zone IV, negative MMGs can be detected. In addition, 
the maximum time intervals max [∆t (Vi and VBβββα)] and 
max[∆t (Vi and VAββ)] are: 

 0
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i B
x

i A x l

l x lt V and V v v
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 (24) 

To be concluded, if a negative MMG is detected within the 
time interval 4l/v, the fault is identified to be internal. 
Considering margins for the amplitude of MMG and time 
interval ∆t respectively, the fault detection criterion II for Zone 
I and the case II of Zone IV is: 
 4.250.5  lMMG and t v     (25) 
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Fig. 11. The flowchart of the overall DC fault detection scheme. 

Thus, the overall DC fault detection scheme for the 
uninterrupted and safe operation of the MTDC wind power 
integration system can be obtained, as shown in Fig. 11.  

IV. THE TOPOLOGY AND LAYOUT OF THE MTDC WIND 
POWER INTEGRATION SYSTEM 

The topology of the MTDC wind power integration system 
is shown in Fig. 12. Each wind farm consists of a direct-drive 
permanent magnet synchronous generators (PMSG), a 
generator side VSC (GS VSC) and an integration side VSC (IS 
VSC). 
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Fig. 12. The topology of the MTDC wind power integration system. 
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Fig. 13. The controller diagram of the wind farm. 
 

For the wind turbine, the maximum power point tracking 
(MPPT) algorithm is adopted to obtain the active power 
reference. The converter GS VSC regulates the back-to-back 
converters’ DC-link voltage by controlling the generator 
currents via a field-oriented control technique [29], where pitch 
angle control, torque control, and pitch compensation control 
prompt the angular frequency ωm to be coincident with the 
reference value ωref . For the converter IS VSC, the constant DC 
voltage control is adopted to balance the power flow [30], as 
shown in Fig. 13. 

In meshed DC grids, MMC3 controls the DC voltage while 
MMC2 controls the active power. For converters MMC1 and 
MMC4 connected with the wind farms, the grid forming control 
is adopted to regulate its frequency and AC voltage [31]. To 
suppress the fault current rise rate, CLRs are installed at the 
terminals of OHLs. The hybrid DCCBs with the fast 
interruption speed and the low on-state loss are adopted to 
isolate the DC faults. 

V. SIMULATION VALIDATIONS 

The MTDC wind power integration system shown in Fig. 12 
is built in the PSCAD/EMTDC platform. Various fault cases are 
simulated to verify the feasibility of the fault detection scheme. 
The current-limiting reactor is selected as 0.1H and the 
overhead line adopts the frequency-dependent model. The 
system is a symmetric monopole structure. The AC transformer 
adopts the Y/Y connection and the secondary side that is close 
to the converter is grounded by a large resistance. The structure 
is robust to pole-to-ground faults [18]. Thus, pole-to-pole faults 
are the main concern in this paper. The other converter 
parameters are listed in Table 3.  

 
Table 3  Parameters of each converter station 

Converter MMC1 MMC2 MMC3 MMC4 
arm inductance / mH 50 50 50 50 
SM capacitor / mF 4 4 8 8 

SM number / N 200 200 200 200 
rated power / MW 750 750 1500 1500 
Compared with the zero-mode backward TW Vb0, the 

line-mode backward TW Vb1 has a steady propagation speed 
[27]. Thus, the line-mode backward TW Vb1 is adopted to 
identify the internal and external faults. Besides, taking the relay 
CB12 as an example, the simulations are conducted. 
Considering the line length l is 240km and the TW propagation 

speed is close to the light speed, the detection times ∆t in criteria 
and (25) are respectively 1ms and 3.4ms. 
A. Simulation Analysis of Close-in Faults 

DC fault with 150Ω fault resistance is applied in Zone I and 
the fault distance is 3km. The line-mode backward TW Vb1 and 
MMG are shown in Fig. 14 (e) and (f) respectively. 

As shown in Fig. 14(e), in the case of Zone I, due to the small 
fault distance, there exist multiple refractions and reflections in 
a short time interval. Thus, after the initial TW, the following 
TWs including the TW VAββ are difficult to be detected. 
Subsequently, the TWs VBβα with the negative wave-front and 
VBβββα with the positive wave-front arrive successively, which 
brings about the abrupt drop and rise of the backward TW 
respectively. In Fig. 14(f), the negative MMG is detected within 
3.4ms. Hence, it is deemed to be internal and DCCB12 will be 
tripped. During fault isolation, the arm-bridge currents Iarm of 
MMC1 are smaller than twice the rated current (1.8kA), as 
shown in Fig. 14(d). Hence, there is no risk of overcurrent.  

Under the DC fault, the AC voltage of the windfarm1 
connected to the DC grid VAC_grid and the transmission active 
power of the windfarm1 Pwindfarm1 will decrease slightly. Since 
the fault isolation is fast and the healthy parts of the DC grid can 
still transmit the wind power, the voltage VAC_grid and the power 
Pwindfarm1 can restore quickly, as shown in Fig. 14(a) and (b). In 
addition, the output AC currents of the windfarm1 IAC_grid will 
not increase significantly, as shown in Fig. 14(c). 

To be concluded, during DC fault isolation, the MTDC wind 
power integration system can still operate uninterruptedly and 
safely. 
B. Simulation Analysis of Zones II and III Faults 

At 2.0s, DC faults with 150Ω resistance are applied at 25% 
and 75% of OHL respectively. The line-mode backward TWs 
Vb1 are shown in Fig. 17 (a) and Fig. 18 (a) respectively. As 
shown in Fig. 17 (a), in the case of Zone II, the initial negative 
backward TW Vi arrives at the terminal of OHL, leading to the 
rapid drop of the backward TW. The subsequent backward TWs 
VAββ and VBβα arrive successively, which bring about the abrupt 
rise and fall of the backward TW respectively. These rapid 
changes of TW Vb1 are detected by the MMG, as shown in Fig. 
17 (b). The second MMG is detected within 1ms, which holds 
criterion (23). Thus, the fault is deemed to be internal and the 
trip signal is issued to the responding DCCBs.  

Within Zone III, the detected second MMG is positive, as 
shown in Fig. 18 (a). Since the second MMG is detected within 
1ms, the fault is also identified to be internal. 
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(a) The AC voltage of the windfarm1 (b)The transmission active power of the windfarm1 (c) The output AC current of the windfarm1 
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Fig. 14. The measured backward TWs and MMG under Zone I faults. 
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(a)The backward TW Vb1 with 40db noise (b)The backward TW Vb1 with MMF (c)The detected MMG 

Fig. 15. The measured backward TWs and MMG in the case of a solid fault F2 with 40dB noise. 
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Fig. 16. The measured backward TWs and MMG in the case of an internal fault with 150Ω fault resistance and 30dB noise. 
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Fig. 17. The measured backward TW and MMG in the case of Zone II faults. 
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Fig. 18. The measured backward TW and MMG in the case of Zone III faults. 

C. Simulation Analysis of Remote Faults 
A DC fault with 150Ω resistance is applied in Zone IV and the 

fault distance is 237 km. The measured line-mode backward 
TW Vb1 and MMG are shown in Fig. 19. 
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Fig. 19. The measured backward TW and MMG in the case of Zone IV. 
As shown in Fig. 19 (a), in the case of Zone IV faults, due to 

the small time interval between the arrivals of the TWs Vi and 
VBβα, the TW VBβα is difficult to be detected. However, the TW 
VAββ can be captured accurately. In Fig. 19 (b), the negative 
MMG is detected within 3.4ms, which holds the criterion (25). 
Hence, it is deemed to be an internal fault. 
D. Simulation Analysis of External Fault F2 

A solid DC bus bar fault F2 is applied, which is regarded as 
the most severe external fault to test the selectivity of the 
proposed method. The measured line-mode backward TWs Vb1 
and MMG are shown in Fig. 20(a) and (b) respectively.  
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(a)The backward TW Vb1 (b) The detected MMG 

Fig. 20. The backward TW and MMG in the case of an external fault F2 

Unlike the detected backward TWs in the case of Zone I and 
IV faults, the wave-fronts of the detected backward TWs are all 
positive, as shown in Fig. 20(a). Thus, in Fig. 20(b), no negative 
MMGs are detected within 3.4ms. Hence, the fault is identified 
to be external and no trip signals are delivered to DCCB12. 
E. Robustness Analysis of Fault Resistances 

Various internal faults with 500Ω fault resistance are applied 
in different zones. The detection times of the proposed scheme 
under these internal DC faults are shown in Fig. 21. 

For Zones II, III, and the case I of Zone IV, the faults are 
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identified to be internal when the second MMG is detected 
within 1ms. According to equations (10)(11) and (15), in the 
case of Zone II faults, the larger the fault distance, the longer the 
detection time of the second MMG. On the contrary, for Zone 
III and the case I of Zone IV faults, the larger the fault distance, 
the shorter the detection time, as shown in Fig. 21. 

For Zone I and the case II of Zone IV faults, they are identified 
to be internal when the negative MMG is detected within 3.4ms. 
The larger the fault distance, the shorter the detection time of the 
negative MMGs for Zone I while the longer detection time for 
the case II of Zone IV.  

To be concluded, the negative MMGs under these faults can 
be detected within 3.4ms or the second MMG can be detected 
within 1ms. Thus, these faults can be identified to be internal 
correctly. The fault resistance that the proposed method can 
endure is as high as 500Ω. 
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Fig. 21. The detection time under internal faults with 500Ω fault resistance. 
F. Impact Analysis against Noise Disturbance 

A solid external fault F2 with 40dB noise disturbance and an 
internal fault with 30dB noise disturbance are applied 
respectively to test the impacts of noise disturbance. Where the 
fault distance is selected to be 150km and the fault resistance is 
selected to be 300Ω for the internal fault. 

The measured backward TWs Vb1 with the noise disturbance 
are shown in Fig. 15(a) and Fig. 16(a) respectively. The noise 
disturbance can be weakened effectively by the MMF, as shown 
in Fig. 15(b) and Fig. 16(b). Under the fault F2, no negative 
MMGs are detected, as shown in Fig. 15(c). Hence, the fault is 
deemed to be external. In the case of Zone III fault, a second 
MMG is detected within 1ms, as shown in Fig. 16(c). Hence, it 
is identified to be internal. Thus, the proposed method is 
endurable to noise disturbance.  
G. Discussion on Different CLR Sizes 

CLRs are usually employed to differentiate internal and 
external faults as the line boundaries. Here, smaller CLRs 
(30mH and 50mH) are adopted to test the robustness of the 
proposed method under weak boundary conditions. The 
measured backward TWs and MMGs under the solid external 
fault F2 are shown in Fig. 22 and Fig. 23 respectively. 
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Fig. 22. The measured backward TW and MMG in the case of 50mH CLR. 

VAββ

Viα

V b
1(k

V
)

Time(s)

VAββββ

2 2.001 2.002 2.003 2.004 2.005
-1000

-500

0

500

VAββViα

M
M

G
 (V

b1
)

Time(s)

VAββββ

2 2.001 2.002 2.003 2.004 2.0050

0.5

1

1.5

 
(a)The backward TW Vb1 (b) The detected MMG 

Fig. 23. The measured backward TW and MMG in the case of 30mH CLR. 

As can been seen, when the size of CLR decreases, the 
wave-front of the initial backward TW will be sharper. Whereas, 
the polarities of the wave-fronts of backward TWs remain 
unchanged. Hence, there are still no negative MMGs to be 
detected, which will not trigger the protection falsely. Thus, the 
proposed method can still work well under weak boundary 
conditions. 
H.  Relationship between the Protection Time and the 
Transmission Line Length 

For Zones II, III, and the case I of Zone IV, the faults are 
identified to be internal when the second MMG is detected 
within 1ms. Thus, the detection time of the faults in Zones II, III 
and the case I of Zone IV can be calculated as: 
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For Zone I and the case II of Zone IV, the faults are identified 
to be internal when the negative MMG is detected within 3.4ms. 
The detection time of the faults in Zone I and the case II of Zone 
IV can be calculated as: 
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 (27) 

As pointed out earlier, high-impedance fault detection is the 
top concern in this paper. The fault currents under 
high-impedance faults are much smaller than those under 
low-impedance faults. Thus, the need for fast detection speed is 
not the main concern in the manuscript. 

Taking the Zhangbei project as an example, the most severe 
fault is allowed to be detected within 3ms. While, the longest 
fault detection time for the proposed method is no more than 
3.5ms. Considering that the transmission line in the simulation 
test system is longer than the lines in Zhangbei project and these 
faults are high-impedance ones, the detection speed of the 
proposed method is fast enough. 

VI. CONCLUSION 

To guarantee uninterrupted and safe operation of the MTDC 
wind power integration systems, an improved DC fault 
detection scheme using zone partition is proposed. Based on 
different zones, the polarities and arrival times of the backward 
TWs are analyzed. Then, the MMG is adopted to detect the 
arrival of backward TWs, thereby designing the fault detection 
criteria dedicated to different zones. When the second MMG is 
detected within 1ms or the negative MMG is detected within 
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3.4ms, it is deemed to be an internal fault. The DCCBs will be 
tripped quickly to isolate the DC fault. 

Compared with some existing time-domain TW-based 
methods, the proposed fault detection scheme can identify 
close-in faults correctly. Compared with existing non-boundary 
protection schemes, the proposed scheme can detect remote 
faults effectively. In the case of small CLRs, the wave-front 
polarities and the arrival times of backward TWs remain 
unchanged. Thus, the proposed method can still work well 
under weak boundary conditions. To be concluded, the 
proposed method can protect the entire transmission line with 
small CLRs. In addition, it is robust to fault resistances and 
endurable to noise disturbance. 
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