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Abstract—Transmission of power over long distances has 
become an important aspect in today’s world because of off-
shore generations from wind, ocean currents, tidal, waves and 
others. In general, HVDC technology is well-accepted around 
the world. The VSC-HVDC has gained importance over the 
years. Certain problems regarding protection still remain, but 
with the implementation of the hybrid breaker, the system can 
be protected from system faults. This paper discusses the effects 
of various kinds of faults on the VSC-HVDC system and 
detection of fault current using Wavelet transform (WT). The 
output of the wavelet transform is used for detection of the fault 
currents. The system is designed and simulated in 
PSCAD/EMTDC and results are discussed.

Index Terms— Discrete Wavelet Transform (DWT), fault
analysis, hybrid breaker, multi-terminal HVDC,
PSCAD/EMTDC, voltage source converter, wavelets, etc.

I. INTRODUCTION

With the ever increasing demand for electric power, there 
is a need for improving the efficiency and operation in the
transmission of energy. There are many remote areas where 
transmission of electric energy is still not viable for utilities. 
In the face of stringent environmental regulations, the need for 
cleaner forms of fuel for generation has never been more
obvious [2]. Offshore energy production from wind, ocean 
currents, waves etc. are considered as feasible technologies 
available to harness the power from renewable sources;
however, the problem lies in making this energy available for 
use. Initially, HVDC links were operated using thyristor 
controls interconnecting two AC links as shown in Figure 1,
but with several limitations in operation, the Voltage Source 
Converter (VSC) was introduced which helped to overcome 
the major disadvantages for a conventional HVDC system. 
The VSC-HVDC is operated using IGBT switches which 
gives the operator both turn-on and turn-off capabilities. VSC-
HVDC links enable independent active and reactive control at 
higher frequencies and produces the desired voltage 
waveforms with reduced harmonics. VSC-HVDC accounts 
for its own reactive power support, and thus, operating costs 
are reduced as separate devices are not required for reactive 
power compensation [3]. A multi-terminal VSC-HVDC 
shown in Figure 2 has been designed and considered for study
under fault conditions.
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Figure 1: Conventional thyristor-based HVDC system [1]
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Figure 2: VSC IGBT-based HVDC system [1]

A list of the few major HVDC projects around the world 
are listed in Table I below.

Table I: List of Major HVDC Projects

Major HVDC Projects
Project Name Location Year System Details

MW kV km
Gotland Sweden 1954 20 ±100 96

N. Z. Inter-
Island NZ 1965 600 ±250 609

Hokkaido-
Honshu Japan 1979 300 250 167

East-South 
Intercon India 2003 2000 ±500 1450

Trans Bay 
Cable USA 2010 400 ±200 85

Xiangjiaba-
Shanghai China 2010 6400 ±800 2000
Dolwin1 Germany 2015 800 ±320 165
Borwin2 Germany 2015 800 ±300 200

Although, VSC-HVDC systems are highly vulnerable to 
faults, cable faults are more common due to the breakdown of 
the transmission cable. On the other hand, conventional 
HVDC systems are more robust as they are line commutated.

Today, two kinds of HVDC-based systems are 
operational: Conventional Thyristor HVDC and VSC IGBT 
HVDC.

A comparison between a conventional and VSC-HVDC is 
shown in Table II:
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Table II: Comparison between conventional and VSC HVDC systems

Criteria Conventional 
HVDC

VSC-HVDC

Reactive Power Compensating 
Devices Required

Self-Compensated

Power Direction Controlled by DC 
Voltage

Controlled 
bipolarity of the 
current

Control Employs only 
active power 
control

Controls active and 
reactive power 
independently

Power Reversal Power reversal is 
not possible

Power reversal is 
done by changing 
the polarity

Vulnerability Less Vulnerable to 
faults

More vulnerable to 
faults

VSC-HVDC helps to overcome the disadvantages of a 
conventional thyristor-controlled HVDC, although its 
vulnerability to DC faults creates a challenge.

The paper discusses DC cable faults and related analysis 
in Section II. Fault detection is discussed in Section III and 
PSCAD/EMTDC simulation results are discussed in Section 
IV.

II. VSC-HVDC CABLE FAULT ANALYSIS

VSC HVDC systems are highly vulnerable to DC side 
faults and a DC bus or cable fault can be very dangerous since 
the fault current can ramp up very fast due to the lack of 
reactance in the circuit. Thus, special protection schemes need 
to be designed to protect the system. The faulted system can 
be analyzed in different stages to help us to understand the 
system response under fault conditions.

A. Short Circuit Fault Analysis
A short circuit fault is very uncommon for a VSC-HVDC 

system, but it is the most dangerous. During a short circuit 
fault all the converter station IGBT’s can block themselves 
employing self-protection but the anti-parallel diodes 
connected across the IGBT’s continue to feed the fault current. 
A model representation of a short circuit fault is shown in 
Figure 3. Considering a -model circuit representation of the 
grid side, we can see that R and L are the grid side equivalent 
resistance and inductance of the line from the point where the 
fault has occurred in the system [4]. This is mainly the 
representation of a two-level system, but for a multilevel 
converter station where the capacitance is broken down into 
several smaller capacitance, the analysis will be completely 
different. For a short circuit fault on a VSC-HVDC system the 
response is non-linear, and can be broken down into three 
parts and analyzed individually.

a) Capacitor Discharge Phase (Natural Response)
During this phase the entire charge stored in the capacitor

bus is discharged into the DC link under the condition
2 /R L C . The solution of the second order model gives 

rise to an oscillating system. The equivalent model during 
capacitor discharge is given in Figure 4(a). We assume that 
the fault happens at time 0t with initial conditions

0 0 0 0( ) ( )c cablev t V and i t I . Thus, applying KVL in the 
circuit shown in Figure 4(a) we have:
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Figure 3: VSC under short circuit fault condition
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Comparing (2) with second order general equation,
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This gives rise to an underdamped condition for the second 
order RLC circuit with ( 1), where is the damping 
factor, d is the damped resonance frequency and is the
attenuation.
The general solution for (2) with underdamped conditions is 
given as:
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The cable current flowing during fault is discharged so 
considering a negative sign during discharge. Differentiating 
(7) to calculate the cable current (8):
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Considering the time taken by capacitor to discharge and its 
voltage reaching zero at 2t and putting the values of ( ) 0cV t
in (9) we have,
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Rewriting (10) as (11),
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Equation (14) is the total time taken by the capacitor voltage 
to drop to zero, as can be seen from Figure 5(b); after this the 
diode freewheeling stage starts.

b) Diode Freewheeling Stage (After 0cV )
After the discharge of the capacitor into the DC link cable,

the IGBT’s are turned off but the anti-parallel diodes 
connected across it are forward biased the equivalent circuit 
during this condition is shown in Figure 4(b), and the cable 
inductance in the circuit drives the current across the circuit 
using a freewheel path. The initial value of the cable current 
is given as *

1( )cable cablei t I . The current carried across the 
circuit by the cable inductor is

* ( / )
0 1 / 3R L t

cable D cablei I e and i i . This is the time when the 
VSC network is at its worst, the current carried by the diodes 
is relatively high and thus fast acting circuit breakers are 
required to break the discharge of the fault current [4]. Figure 
5(a) shows the diode currents after the capacitor voltage drops 
to zero.

c) Grid Current Feeding Stage
After the DC link capacitor and the free-wheeling diodes

have fed current into the faulted line, the inductor also 
contributes to the fault current making the dc link capacitor 
and inductor to have a forced response in the form of a current-
source as shown in Figure 4(c). The grid side voltage gav in 
the post fault condition is given as (14):

sin( )ga g sv V t (14)
The phase current gai is given as (15):
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The total current from the inverter is considered to be 
contributed from the freewheeling diodes as (16),
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Figure 4: VSC short circuit phase. (a) Capacitor discharge phase, (b) Diode 
freewheeling, (c) Grid current feeding
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Figure 5: (a) Diode current feeding the fault current during the 
freewheeling stage; (b) Discharge of the capacitor voltage

B. Line to Ground fault analysis
This is the more frequent form of fault in a VSC-HVDC 

system. The fault current circulated in the DC link is less 
severe due to the absence of the diode freewheeling stage and 
also because of the fact that the ground offers some fault 
resistance. Faults occurring on the positive or negative end of 
the line result in a change in direction of the current.



a) Capacitor Discharge (Natural Response)
This stage is similar to the capacitor discharge phase for a 

line-to-line fault with the exception that the fault occurs with 
a ground resistance. A single line diagram for a line to ground 
fault is shown in Figure 6.
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Figure 6: VSC HVDC with line to ground fault

The equivalent circuit representation during a line-to-ground 
fault is shown in Figure 7.
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Figure 7: Equivalent circuit during capacitor discharge phase
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The solution of a second order differential equation in 
underdamped condition is given by (20),            
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Thus the solution for (20) at 0t is given as (21),
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The current attains a negative value since it is in discharge 
state in (23) as,
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Due to the presence of a fault resistance there is no 
freewheeling stage of a diode and also the capacitor voltage 
does not drop to zero due to the non-oscillatory response of 

the system. Figure 8(a) shows the capacitor voltage decreasing 
but 0cV .

b) Grid Side Current Feeding
A third order state space is used to define this stage,
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Equation (24) is a theoretical representation of the system. The 
diode current rises but there is an absence of the freewheeling 
mode as seen in Figure 8(b).

(a)

(b)

Figure 8: Line to ground fault for VSC HVDC (a) Capacitor voltage 
discharge; (b) Diode current does not freewheel.

III. PROTECTION SCHEME USING WAVELET ANALYSIS

Protection of a multi-terminal HVDC system is a 
challenge. VSC-HVDC is highly sensitive to overloads and 
thus has to be protected. The rate of rise of current is very high 
owing to the lack of reactance in a DC system. Hybrid DC 
breakers are currently employed to break the DC current. An 
important aspect for the breaker operation is the detection of 
the fault current. Current techniques employ use of (di/dt)
change of load current to detect the fault. Although, this is an 
easier way for fault detection but presence of noise and can 
lead to incorrect data samples. This technique can give rise to 
false triggers due to the interconnection of a MT-HVDC 
system, thus a correct fault detection can be employed using 
wavelets.

1) Wavelet Transform
The wavelet transform is similar to the Fourier transform,

except that the former only deals with periodic waveforms 
with a sine wave as its basic function which helps to do 
analysis only in frequency domain [5].

The problem associated with using Fourier transform in 
transient analysis is that these are high frequency oscillatory 
waves which are aperiodic in nature, the Fourier transform 
assumes these signals to be of periodic nature.

Wavelet transform for a continuous signal ( )t is given 



in (25) as:
1( , ) ( ) t bWT a b t g dt

aa
Where ( )g t is defined as the mother wavelet of 

, , 0a b and a b R and a where || g || 1 and centered on the
function t=0. A family of waves from (25) can be generated 
by scaling of ( )g t by b and translation of ( )g t by a .

Wavelet Transforms are generally of two types: Discrete 
Wavelet Transform (DWT) and Continuous Wavelet 
Transform (CWT). During fault application, CWT is 
generally not utilized due to large computation time which is 
not ideal for HVDC fault detection.

Discrete Wavelet Transform can be defined as:
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Equation (26) is a function of geometric progression series 
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giving the DWT a logarithmic frequency coverage 

which is not observed in case of a Stationary Wavelet 
Transform (SWT).

Some common types of mother Wavelets are:
a) Haar Wavelet Transform

This is the simplest type of mother wavelet 
demonstrating step function. The disadvantage with using 
Haar Wavelet is that it is not continuous thus it cannot be 
differentiated [8] although this helps in monitoring with 
sudden transitions. The Haar function can be defined as (27),

1 0 1/ 2
( ) 1 1/ 2 1

0

t
t t

elsewhere

                                             

b) Daubechies
Daubechies of first order (db1) is similar to the Haar 

wavelet transform. This is a family of orthogonal wavelets [8].

c) Coiflets
This is another variation of Daubechies wavelets [8].

2) Hybrid DC circuit breaker
Hybrid DC circuit breaker was designed by ABB [6] for

protecting the HVDC stations against DC fault currents 
by operating semiconductor switches as AC circuit 

breakers could not be utilized since DC current does not 
have any natural zero crossing. It consists of mainly two 
branches an auxiliary branch which comprises of IGBT 
switches connected in antiparallel direction for bi-
directional operation, this is connected in parallel to the 
main breaker branch which has more number of IGBT 
switches here is where the main breaking of the current 
takes place.
Modes of Operation: Both the branches of the hybrid 
breaker remain operational during normal condition. More 
current flows through the auxiliary branch since it has 
fewer number of IGBT switches, thus the conduction loss 
is compared to the main breaker branch. When a fault 
occurs of the system the auxiliary branch is first turned off 
by turning off the IGBT gate pulses (Load Commutation 
Switch). In series with the auxiliary branch an ultra-fast 
mechanical switch is connected which operates after all 
the energy in the auxiliary branch is zero and the fault 
current flowing through auxiliary branch is transferred to 
the main branch. At a threshold value the gate pulses of 
the main branch is also turned off thereby disconnecting 
the faulted line from the circuit. The excess energy from 
the main branch is absorbed by the energy absorption 
branch connected in parallel to the breaker which are metal 
oxide varistors (MOV). This absorbs any excess energy 
that is there in the circuit after the operation of the main 
breaker. A detailed figure of the hybrid breaker is shown 
in Figure 8. Due to such a design only a small cooling 
(water cooled or forced air cooled) unit is required for the 
auxiliary branch which is designed to carry the majority of 
the load current [9].

Current Limiting Reactor

Ultra Fast Disconnector

Load Commutation Switch

Main Breaker

Varistors

Figure 8: Hybrid DC breaker

IV. SIMULATION AND RESULTS

A Multi-terminal VSC-HVDC system is designed as 
shown in Figure 9. The system consists of two offshore 
generating stations connected to two different utility grids 
using a common DC link. The two stations are considered 
to generate 60MW and 30MW of power which are 
transmitted using the DC link at 50kV. A fault was created 
at one of the DC line, both line-to-ground and line-to-line. 
The system behavior and performance was noted. Due to 
abrupt changes in the current in the DC line there were 
changes observed in the wavelet transform high frequency
output of the current in the DC line. A threshold value was 
set and the Hybrid Breaker was operated. Figure 10 shows 
the flow of current through the branches of a circuit 
breaker, the current in the main branch rises after the 
auxiliary branch is turned off. Figure 11 shows the 
detection of fault current using both conventional and 
wavelet method. The operation of the hybrid breaker is 



faster while using wavelets for detecting a fault in the 
circuit. Daubechies of order 2 was selected as the mother 
wavelet for the simulation.
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Figure 9: MT VSC-HVDC

Figure 10: Hybrid breaker operation

(a)
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Figure 11: Fault current detected using (a) wavelets; (b) conventional 
method

V. CONCLUSION

Fast and correct detection of the fault current was done 
using DWT. The detection of fault current using wavelets is 
much faster than the /di dt technique. The response of the 
wavelets is faster while detecting a change in the DC current 
during faults. It took 1 ms using the DWT while it takes 3.5
ms for breaker operation using conventional techniques. The 
change in the wavelet high frequency output waveform sends 
the message to the breaker relay, to trip the different sections 
of the hybrid breaker at various threshold values and remove 
the faulted line from the circuit. Although, due to high 
sampling frequency of the wavelets, the output is time shifted,
still detection is faster and more robust. Selecting the lowest 
number of coefficients of wavelets gives the best result.
Change in the DC current due to load changes do not force the 
breaker to trip, thus maintaining transmission.
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