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Abstract 
The present thesis deals with fault impact mitigation in grid connected converters used for High 
Voltage Direct Current transmission. Certain critical fault cases require additional obstructing 
protection actions to ease the impact on the converter valves. DC sided faults drives high fault 
currents through the converters. Single phase to ground faults at the converter AC bus results in 
overvoltages across the converter valve arms. 

The phenomenon of these faults are described both for symmetric and asymmetric configurations. 
Different available solutions are explained and evaluated. Simulations in PSCAD/EMTDC show the 
impact of the protection measures. 

A three phase short circuit introduced on the tertiary winding of the transformer is an effective 
temporary measure against the destructive fault cases. It is shown in this report that a tertiary short 
circuit will greatly reduce the overvoltages after converter bus faults and redirect a large part of the 
fault currents after DC faults. With the lower voltage on the tertiary winding, it is a suitable 
connection point for short circuit devices.  

 

Keywords 
AC/DC Converter, Grid Connected Converter, Fault Impact Mitigation, Converter Bus Fault, DC Fault, 
Fast Earthing Switch 
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Sammanfattning 
Det här examensarbetet handlar om hur man kan mildra påverkan av kritiska felfall i nätanslutna 
omriktare för överföring av högspänd likström. För vissa felfall krävs ytterligare skyddsåtgärder för 
att skydda omriktarventilen. Fel som inträffar på DC sidan resulterar höga kortslutningsströmmar 
genom omriktarens armar. Enfasfel mellan transformatorn och ventilen resulterar i höga 
armöverspänningar. 

Fenomenen bakom de här felfallen är beskrivna för både symmetrisk och asymmetrisk design. Olika 
tillgängliga lösningar till dessa problem är förklarade och utvärderade. För teknisk utvärdering har 
simuleringar för skyddsåtgärderna utförts i PSCAD/EMTDC.  

En trefasig kortslutning av transformatorns tertiärlindning är en effektiv temporär lösning för de 
nämnda felfallen. I rapporten visas att kortslutningen av tertiärlindningen kraftigt reducerar 
armöverspänningar efter enfasfel och att delar av kortslutningströmmen från nätet vid DC fel istället 
går till den tertiärkortslutningen. Med en betydligt lägre spänningsnivå är tertiärlindningen en 
lämplig anslutningspunkt för kortslutningsapparater.  

 

Nyckelord 
AC/DC omriktare, Nätansluten omriktare, Felfallshantering, Enfasfel, DC fel, Snabb jordslutare 
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1. Introduction 
The present thesis has been performed at ABB Power Systems in Ludvika. The thesis deals with fault 
impact mitigation in HVDC Light. HVDC Light is the name of the Voltage Source Converter based HVDC 
developed by ABB.  

In HVDC Light there are certain rare fault cases that cause high overvoltages across the converter valve 
arms and high currents through the converter. These problems were introduced with the new modular 
multilevel technology that was adopted recently. Previously there was a lot more semiconductors that 
shared the same voltage, which made sure the insulation margin was sufficient. With the new topology, 
it is too expensive to dimension the converter in such a way. Therefore there is a need of other solutions 
that can mitigate fault impact and thereby making the insulation margin sufficient. 

The outline of this report is as follows. Chapter 1 introduces the topic of thesis, how the issues arise and 
why it is important to deal with them. In chapter 2 transformer considerations for the different solutions 
are explained. Chapter 3 offers a rough evaluation of the available solutions in order to cut the number 
of alternatives. Chapters 4-6 discuss the solutions of interest. Results from PSCAD/EMTDC simulations 
are shown in chapter 7. Finally, the report ends with a discussion in chapter 8. 

 

1.1. HVDC Light 
In March 1997 ABB put the world’s first VSC-HVDC transmission in to practice. It was between Hellsjön 
and Grängesberg in central of Sweden. The VSC technology creates the AC voltage by switching very fast 
between different voltage levels. The converters were at first two level converters, switching very fast 
between the positive and negative DC voltage. Figure 1 shows the basic design of such an HVDC Light 
converter. A large number of IGBT modules were connected in series to be able to withstand the high 
voltage [1]. 

 

Figure 1: Basic design of an HVDC Light converter 
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In bulk power transmission line commutated thyristors are still state of the art. This current source 
converter (CSC) technology is often referred to as HVDC Classic. However, the market for important 
applications like connection of large wind farms to the main grid or stabilizing of existing AC networks 
are growing rapidly, for which self commutated voltage source converters (VSC) are more suitable. 
Important requirements on these new applications are the ability of controlling active and reactive 
power independently, the ability of black starts and a reliable option for extending the DC network to 
more than the typical two stations [2]. In the longer run, multi terminal HVDC allows building up super 
grids, were large portions of renewable energy can be incorporated in the grid [3]. 

With HVDC Light, dynamic support of the AC voltage at every terminal improves the voltage stability in 
the system and will also increase the transfer capacity of both the sending and the receiving AC system. 
Unlike HVDC classic the converters does not consume reactive power, but will instead control it in order 
to regulate AC voltage like a generator [4]. 

The technology development of VSC HVDC is rapid.  The main driving force is the increased usage of 
power electronics in power systems.  This is to a large extent due to the progress in high-voltage high-
power fully controlled semiconductors [5]. 

 

1.2. Cascaded two level converter 
A new topology for voltage source converters was suggested by Rainer Marquardt in 2001 [6]. This 
topology was the modular multilevel converter (MMC). The converter arms in the MMC are built up by a 
stack of half-bridge modules. The modules contain two IGBTs with antiparallel diods as switching units 
and a DC storage capacitor [7]. In the last couple of years this topology has become the predominant 
one for VSC-HVDC applications. The first MMC transmission was the “Trans Bay Cable Project” in USA, 
which was commissioned in 2010 [8].  

The fourth generation of HVDC Light is based on MMC technology. The switching devices in each cell 
consist of 8 series connected IGBT modules. This topology is known as Cascaded Two Level (CTL) 
converter and the basic design of a cell is shown in Figure 2. Each station consists of 6 converter arms, 
two per phase. Every arm consists of a stack of cells in series with a converter reactor. The purpose of 
the reactor is to provide control of the phase current during switching and to limit fault currents in to 
the converter cells [9].  
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Figure 2: One cell in a CTL converter 

During normal operation there are two different states of a cell. In the first stateT1 is ON and T2 is OFF. In 
the second state T1 is OFF and T2 is ON. In each state the current flows through either the IGBT or the 
diode, depending on the direction of the current. In the first state the voltage of the storage capacitor 
UC is applied to the cell terminals. When the current path is through D1 the capacitor is charging and 
when the current path is through T1 the capacitor is discharging. In the second state UC is not applied to 
cell terminals. The operation states are summed up in Table 1 [7]. 

Table 1: Operation states of an MMC cell 

T1 T2 i UCELL Storage capacitor 

ON OFF <0 UC Discharging 

ON OFF >0 UC Charging 

OFF ON <0 0 - 

OFF ON >0 0 - 

 

Each cell can be considered as a controlled voltage source, by switching actions the cell voltage is either 
UC or 0 V. By switching several cells in both lower and upper arms the voltage UDC can be adjusted to a 
staircase waveform very close to a sine wave. One phase of a modular multilevel converter is shown in 
Figure 3 [7]. 
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Figure 3: One phase of an MMC 

The semiconductor switches in the CTL converter are press-pack IGBTs. Unlike the industry standard 
components, these press-pack IGBTs will go into a short circuit instead of an open circuit when they fail. 
This is an essential property, when it comes to series connection of IGBTs, which is a cornerstone in 
HVDC Light [9]. The series connection in the cells is the main difference between ABBs CTL converter 
and Marquardt’s MMC. 

 

1.3. Configurations 
Depending on the function of the converter stations various different configurations exists. In most 
applications there are two converters with or without a DC transmission line between them. When there 
is no transmission line between the converters the configuration is back-to-back. A back-to-back 
configuration is used to connect unsynchronized AC grids or AC grids with different frequencies. 
Configurations with transmission are either monopole or bipole. A monopole is a one pole transmission 
and in a bipole there are two poles. In some cases multiterminal converters are used, where the system 
contains more than one point to point connection [5]. 

This thesis will only focus on the monopole configuration. This configuration is the simplest and least 
expensive configuration. Only two converters and a high voltage cable or overhead line are used. It has 
been used in HVDC Classic with a low voltage electrode line or sea electrode as current return in 
submarine cables. In some cases this might not be suitable, could be a fresh water connection or an area 
with high resistivity in the ground. A metallic return can then be used with a ground connection for 
potential reference. This configuration is known as asymmetric monopole [4]. 

In VSC transmission the converters are often connected pole to pole instead of pole to ground. The 
midpoint is grounded through a high impedance to make a reference for the DC voltage. This 
configuration is known as symmetric monopole [4]. 
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Both symmetric and asymmetric monopoles are explained below. The symmetric monopole is state of 
the art in HVDC Light, and the asymmetric can be combined with another asymmetric monopole to 
make a bipole configuration.  The major advantage of such an arrangement is that it can still transmit 
half the rated power after tripping one pole. 

  

1.3.1. Symmetric monopole 
This configuration is the most commonly used configuration for VSC HVDC. With the midpoint grounded, 
half of the converter voltage will be over the insulation of each of the DC cables, one positive and one 
negative. One phase of a symmetrical monopole is shown in Figure 4. 

 

Figure 4: Converter station with symmetric monopole configuration 

Considering only one phase is enough since the three phase voltages are symmetric. Let 𝑢𝑎1 and 𝑢𝑎2 
represent the voltage drop over the upper and lower arms of phase a. The voltage at the converter bus 
is represented by 𝑢𝑎0. If the voltage drops over the converter reactors are disregarded, the basic 
equations 1-3 can be derived to show the relationship between DC and AC voltages [10]. 

 𝑢𝑎1 = 𝑈𝐷𝐶 − 𝑢𝑎0 
 

(1) 

 𝑢𝑎2 = 𝑈𝐷𝐶 + 𝑢𝑎0 
 

(2) 

 𝑢𝑎1 + 𝑢𝑎2 = 2𝑈𝐷𝐶  (3) 
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1.3.2. Asymmetric monopole 
The asymmetrical monopole is the classic monopole arrangement and can be combined with another 
asymmetrical monopole in order to make a bipolar configuration. This configuration has not been widely 
used in VSC HVDC but there is a certain demand on the market. To date there are three HVDC Light 
transmissions in operation with asymmetric converters. The first one with CTL technology is Skagerak 4, 
which is currently under construction [11]. Figure 5 shows one phase of an asymmetrical monopole. The 
lower arm is connected to the neutral which is directly grounded. 

 

Figure 5: Converter station with asymmetric monopole configuration 

Again, let 𝑢𝑎1 and 𝑢𝑎2 represent the voltage drop over the upper and lower arms of phase a. The 
voltage at the converter bus is represented by 𝑢𝑎0. If the voltage drops over the converter reactors are 
disregarded, the relationship between DC and AC voltages are shown in equations 4-6. 

 𝑢𝑎1 = 𝑈𝐷𝐶 − 𝑢𝑎0 
 

(4) 

 𝑢𝑎2 = 𝑢𝑎0 
 

(5) 

 𝑢𝑎1 + 𝑢𝑎2 = 𝑈𝐷𝐶  
 

(6) 
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1.4. Fault cases 
The fundamental topology difference of multilevel converters compared to two or three level converters 
brings up some critical issues. One such a problem is that it is very difficult to have a direct overvoltage 
protection on the cells or on the arms by conventional arresters. Another issue is that the breakers on 
the AC side sometimes fail in isolating the converter from the AC grid when necessary due to a too high 
DC component, which prevents zero-crossings in the current. Depending on which configuration it is, the 
fault impact is a bit different. Therefore the next sections will discuss the fault cases for symmetric and 
asymmetric monopoles separately. 

 

1.4.1. Symmetric monopole 
The most destructive overvoltage on the arms can be caused by a converter AC bus fault, a single phase 
to ground fault between the transformer and the AC terminal of the converter. Another problem is high 
transient currents through the converter arms that evolve after DC pole to pole faults. These two fault 
cases are shown in Figure 6, and will be briefly discussed in the following sections. 

 

Figure 6: Destructive fault cases with symmetrical monopole 

  

1.4.1.1. Converter AC bus fault 
In a symmetric monopole the arm voltage is the critical factor. As the converter arms are connected 
between pole and converter bus, the arm voltage will be pole voltage plus converter bus voltage, as was 
shown in the equation 1 and 2. If a converter bus fault strikes phase A, then the converter voltage 

becomes 𝑢𝑎0
𝑃𝑜𝑠𝑡−𝑓𝑎𝑢𝑙𝑡 = 0. The two healthy phases will be symmetrical and grow to line voltages if no 

measure is taken. This is shown for top values of phase B voltage in equation 7. 
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 û𝑏0
𝑃𝑜𝑠𝑡−𝑓𝑎𝑢𝑙𝑡 = √3û𝑏0

𝑃𝑟𝑒−𝑓𝑎𝑢𝑙𝑡 
 

(7) 

After the fault, if considering the peak voltage of one of the healthy phases at the converter bus it is 
higher than the DC pole voltage. The DC cable will then get charged through the diodes and thus 
increase the DC pole voltage. In the following half period the phase voltage will reach its opposite peak 
value and then the difference between DC pole plus converter bus voltage and sum of cell voltages will 
drive a current through the lower diodes and charge the cell capacitors. As long as the forward voltage 
drop of the diodes cannot overcome this voltage difference the charging will go on. Again considering 
phase B, as long as equation 8 is valid. The equation is for the sum of cell voltages in the upper arm, but 
it is also valid for the lower arm. 

 û𝑏0 + 𝑈𝐷𝐶 > �𝑈𝑐𝑒𝑙𝑙𝑏1 

 

(8) 

If no measure is taken, the charging will eventually force the arm voltage up to twice of the post fault 
peak of the converter voltage. In IEC 62501 it is stated that insulation margins of 30% over the valve 
arms are required. If the converter bus voltage peak is 300 kV before the fault, the post fault value will 
be around 520 kV. If no measure is taken the arm voltage will rise to about 1040 kV. With a margin of 
30% that would mean the arms needs to be dimensioned for 1352 kV. 

 

1.4.1.2. DC pole to pole fault 
At a DC pole to pole fault the DC voltage goes down to 𝑈𝐷𝐶

𝑃𝑜𝑠𝑡−𝑓𝑎𝑢𝑙𝑡 = 0. The voltages over the arms are 
clamped, hence no overvoltages. The problem is instead that a current path directly between positive 
and negative pole is introduced. This new current path causes high fault currents to flow through both 
through upper and lower arms. 

 

1.4.2. Asymmetric monopole 
A phase to ground converter AC bus fault causes high overvoltages over the upper arms. It will also drive 
high transient currents through the lower arms. A DC pole to ground fault can cause high currents 
through the diodes in both upper and lower arms. These two fault cases are shown in Figure 7, and will 
be briefly discussed in the following sections. 
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Figure 7: Destructive fault cases with asymmetrical monopole 

 

1.4.2.1. Converter AC bus fault 
The issues with this fault are mainly the overvoltages built up over the upper arms. For arms connected 
to the pole the impact is almost the same as for symmetrical monopoles. When the fault occur the DC 
component in the converter bus voltage will change drastically to nearly zero. If phase A is the faulty 

phase 𝑢𝑎0
𝑃𝑜𝑠𝑡−𝑓𝑎𝑢𝑙𝑡 = 0 is still valid. At the negative peaks in the healthy phases the difference between 

converter bus voltage and DC pole voltage will be bigger than the forward voltage drop over the diodes 
in the converter arms. This will drive a current through the arms connected to the pole and thereby 
charge the cell capacitors, which makes the arm voltages raise.  

As the neutral is connected to earth, the fault will introduce a ground to ground current path from the 
ground fault to the neutral ground. The fault current drawn from the AC grid by the ground fault return 
through the dodes of the negative arms and back to the AC grid. These currents can be high enough to 
harm the equipment and due to the diodes they will contain a significant DC component, which will 
cause DC components in the currents going through the main AC breakers. If these currents have high 
enough DC components the main AC breakers will fail to open. Since the breakers can only open at a 
zero crossing, it could be devastating if the DC component were higher than the peak AC value. 

 

1.4.2.2. DC pole to ground fault 
The problem at DC pole to ground fault are high transient currents through the diodes. The pole to 

neutral voltage will go down to 𝑈𝐷𝐶
𝑃𝑜𝑠𝑡−𝑓𝑎𝑢𝑙𝑡 = 0, but a non-zero voltage will be introduced between 

neutral and ground. As the pole is directly grounded by the fault it introduces a ground to ground 
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current path. This new current path allows for high currents flowing through both upper and lower 
arms. 

 

1.5. Thesis objective 
In HVDC Light, further attention is required for a couple of potentially destructive fault cases. The first is 
a single phase to ground fault at the converter AC bus, between the transformer and the AC terminal of 
the converter. This will build up overvoltages across the converter arms. The other is a DC fault, which 
causes very high surge currents. In case of symmetrical monopole the pole to pole fault is the critical 
fault and in asymmetrical monopole it is pole to ground.  

The big problem is that the main AC breakers on the primary side of the transformer will take about 
three cycles to clear the faults after detection. In order to quickly reduce the influence from these faults 
additional measures are to be evaluated that can ease the fault impact much faster than in three cycles. 

The fault impact and the measures are a bit different depending on converter configuration. Therefore 
this thesis investigates the procedure in symmetric and asymmetric monopoles separately.  
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2. Transformer considerations 
Some additional measures require fast earthing switches to be installed in the converter to provide with 
fast grounding upon a fault. These solutions are to a large extent dependent on the design of 
transformer windings. It is hard to find a fast earthing switch that can be connected at a high voltage 
level. Therefore it is suitable to use the transformer as a connection point which makes it possible to 
connect at a lower voltage level. If a fast three phase short circuit is to be introduced, the only way to do 
that is to connect switches to a medium voltage tertiary winding. If a switch is introduced to directly 
ground the transformer neutral, the secondary winding must be Y-connected, since a ∆-connected 
winding do not have a neutral. The following sections discuss transformer considerations for symmetric 
monopole, asymmetric monopole and auxiliary power supply for the converter station.  

 

2.1. Symmetric monopole 
When the modular multilevel converter was introduced, it was a symmetrical monopole with a Y-∆ 
connected transformer. This is to filter harmonics and DC component in the transformer windings and to 
avoid the zero-sequence component caused by AC faults. [8] [10] 

One way to limit overvoltages is to put an arrester in the transformer neutral, which clamps the voltage 
at a lower level than what is shown in equation 7. Let 𝑈𝑎𝑟𝑟𝑒𝑠𝑡𝑜𝑟𝑆𝐼𝑃𝐿   be the SIPL (Switching Impulse 

Protection Level) value of the arrester. Furthermore, let û𝑏0
𝑃𝑟𝑒−𝑓𝑎𝑢𝑙𝑡 and û𝑏0

𝑃𝑜𝑠𝑡−𝑓𝑎𝑢𝑙𝑡 represent the pre-
fault and post-fault top value of the converter bus voltage. Then for phase B, when it is one of the 
healthy phases, the converter bus voltage is limited according to equation 9. 

 û𝑏0
𝑃𝑜𝑠𝑡−𝑓𝑎𝑢𝑙𝑡 = û𝑏0

𝑃𝑟𝑒−𝑓𝑎𝑢𝑙𝑡 + 𝑈𝑎𝑟𝑟𝑒𝑠𝑡𝑜𝑟𝑆𝐼𝑃𝐿  
 

(9) 

For cost considerations it would be preferable to have a transformer without tertiary winding since an 
additional transformer winding is very expensive. The problem with having a Y-Y connected transformer 
is that zero-sequence impedance is almost infinite, while it is defined for a Y-∆ or Y-Y-∆ connected 
transformer. With infinite zero-sequence impedance, there will be voltage distortion problems for lightly 
loaded transformers. The transformers are unloaded or lightly loaded at black start and during 
energization. In order to have a zero sequence current path, at least one of transformer windings needs 
to be ∆-connected. 

 

2.2. Asymmetric monopole 
For reasons given above at least one ∆-connected winding is required in the converter transformer. For 
asymmetric monopoles the converter bus voltage will contain a DC component that equals the top value 
of the AC component. This is because there is no negative pole in an asymmetric monopole. Due to the 
DC component it is hard to define a proper protection level for an arrester as proposed for symmetrical 
monopoles. With the arrestor in neutral solution no longer applicable, the need of a Y-connected 
secondary winding disappears.  
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With a Y-∆ connected transformer some other measures are required in order to protect the converter 
arms from overvoltages after a converter bus fault. Since there is no secondary neutral to use as a 
connection point, it is not possible to connect additional protection devices to the two winding 
transformer. A tertiary winding could be that connection point, making the transformer Y-∆-∆ 
connected. In this design the tertiary ∆-winding is not necessary in order to provide a zero-sequence 
current path.  

  

2.3. Auxiliary power 
From the discussion above it is obvious that both symmetric and asymmetric monopoles from a 
technical perspective benefits from including tertiary windings in the transformers. Another reason to 
include tertiary windings is the auxiliary power supply which is often connected to a tertiary winding. 

There are other options for the connection of auxiliary power. In many cases the costumers provide the 
auxiliary power themselves from existing AC networks. This is applicable if the auxiliary supply comes 
from two independent AC networks. In most projects it is optional for the costumer to include auxiliary 
power supplied by the transformer. This can either be from a yoke winding or from a tertiary ∆-
connected winding. If black start capability is required the tertiary winding is mandatory.  

 

2.4. Evaluation of ∆-connected tertiary winding 
Both alternative connection points for the fast closing devices evaluated in this thesis requires a ∆-
connected tertiary winding. In order to get the big picture of what it means to include a ∆-connected 
tertiary winding, Table 2 summarizes basic advantages and disadvantages brought up in the previous 
sections.    

Table 2: Advantages and disadvantages with including a ∆-connected tertiary winding 

Advantages Disadvantages 
Provide a zero-sequence current path that allows 
the secondary winding to be Y-connected. 

If the secondary is ∆-connected a zero sequence 
current path is already provided. 

A medium voltage winding is a possible connection 
point for various different protection devices. 

Additional winding means additional cost. 

Natural connection point for auxiliary power 
supply. 
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3. Rough evaluation of possible solutions 
There are many different alternative measures for the problems described in section 1.4. In the 
following sections possible solutions are identified and roughly evaluated. The solutions are either 
measures for all of the problems or measures to some of them. With measures that are to solve parts of 
the problems, a combination of different solutions is required. 

 

3.1. Short circuit devices 
In order to reduce the effects on the converter cells fast earthing switches that are much faster than the 
main breakers can be installed. The switches are ordered to close upon detection of a fault and thereby 
creating a short circuit. With a Y-connected secondary winding in the transformer a single switch can be 
installed with connection to ground. The other possible connection point is a ∆-connected tertiary 
winding, which requires three switches, one for each phase. These solutions can provide a reference to 
ground for the converter bus voltage, which limits the overvoltages. The tertiary short circuit can also 
redirect parts of the fault currents in order to lower the currents through the converter arms. 

 

3.2. DC chopper 
The chopper is a well proven device to cut off overvoltages on the DC side that has been used in several 
delivery projects already. The chopper is designed to temporary absorb excess energy after AC faults, 
thereby holding down the voltage across the converter arms [12]. The basic design of a DC chopper is 
shown in Figure 8. 

 

Figure 8: Principle design of a DC chopper 

The performance of the chopper is well known and does not need further investigation here. The 
chopper provides a temporary solution for overvoltages and can be combined with other measures to 
mitigate the problems described in section 1.4. 
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3.3. Increased number of cells 
One of the most straightforward approaches to deal with overvoltages over the converter arms is to 
simply increase the number of cells in each arm. With more cells to share the arm voltage, the voltage 
over each cell will be reduced. Considering equation 7 and remembering that without additional 
measures the voltage over the converter arms can rise to twice the post fault converter bus voltage it is 
obvious that this solution would be very expensive. 

In combination with other overvoltage measures the number of required additional cells can be 
reduced. In that sense, this solution is to improve other measures that on their own are not entirely 
sufficient. More cells will only help for the overvoltages, hence other measures must be taken for the 
high currents. 

   

3.4. DC breaker 
For DC faults the new hybrid HVDC breaker developed by ABB is an effective solution. It is much faster 
than a mechanical breaker, with the ability to isolate the converters in about 2 ms after a DC fault [13].  

The speed of the hybrid DC breaker makes it a very suitable measure against DC faults. For AC faults 
however, the DC breaker does not help at all. It most therefore be combined with other measures to 
solve problems related to AC faults. The question mark with the hybrid DC breaker is the cost. It is an 
expensive solution that will still only solve parts of the problems discussed in section 1.4. 
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4. Short circuit on tertiary winding 
In order to short circuit the tertiary winding, all three phases are ordered to close. The tertiary winding 
will then provide a low impedance current path directly to ground. This way most of the fault current 
will go through the transformer tertiary winding, giving time for the main breakers to clear the fault. It 
will also provide a reference to ground for the converter bus voltage, which lowers the overvoltages 
across the converter arms. The earthing switch solution basically creates a three-phase fault in order to 
ease the impact from more severe fault cases. 

The ∆-connected tertiary winding is in many cases already is in use for auxiliary power supply. In parallel 
with this auxiliary power supply it is possible to connect fast earthing switches. The solution requires 
three switches, one for each phase.  The main advantage of this solution is that it mitigates the impact 
from all issues brought up in section 1.4. It does not matter if the transmission is symmetric or 
asymmetric monopole. Figure 9 shows one phase of the converter station with a fast earthing switch 
connected to the tertiary winding.

 

Figure 9: Fast earthing switch at transformer tertiary winding 
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5. Switch on transformer neutral 
A switch on the transformer neutral makes it directly grounded when it close. This will greatly reduce 
the overvoltages on the converter arms after a converter bus fault. For DC faults other measures are 
required. With an arrester in the neutral the post fault voltage on the converter bus is according to 
equation 9. A fast closing device will make the voltage of the healthy phases phase to ground voltages. 
Again considering phase B when phase A is the faulty phase this is given in equation 10. 

 û𝑏0
𝑃𝑜𝑠𝑡−𝑓𝑎𝑢𝑙𝑡 = û𝑏0

𝑃𝑟𝑒−𝑓𝑎𝑢𝑙𝑡 
 

(10) 

The solution requires a Y-connected secondary winding and is therefore only applicable to symmetric 
monopoles for reasons described in section 2.2. Figure 10 shows the concept of having a fast earthing 
switch on the secondary neutral. 

 

Figure 10: Fast earthing switch at transformer secondary neutral 
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6. Hybrid DC breaker 
One of the cornerstones in the development of DC grids is a reliable DC breaker. ABB have in the last 
couple of years developed a hybrid DC breaker. It is an expensive protection device for a two-terminal 
system but it would be a very effective solution to faults on the DC side.  

The concept is to combine a pure DC breaker consisting of series connected semiconductors with a 
bypass path consisting of an auxiliary breaker and a very fast mechanical disconnector. In normal 
operation the current goes through the low resistance bypass path and when a fault occurs the auxiliary 
breaker commutates the current to the main path. Then the disconnector opens to fully disconnect the 
bypass path. When the disconnector is open the main DC breaker switches off to break the current. The 
operation time of the DC breaker mainly decided by the disconnector, which is able to open in less than 
2 ms [13].  
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7. Simulations 
In order to see the impact of the different protection measures, simulations are performed. These 
simulations are performed in PSCAD/EMTDC. Two different models are used, one for symmetric 
monopole and one for asymmetric monopole. The measures are evaluated based on how much the 
critical voltage and current can be reduced. 

All simulations are performed from steady state. The length of each simulation is 200 ms. To make sure 
the graphs shows the worst case simulation sweeps have been performed for all simulations. In the 
sweeps the fault impact has been changed in steps of 1 ms from 20 ms to 40 ms.  

The main AC breakers which disconnect the converters from the grid are primary protection and are 
common for all solutions. These breakers open at the first current zero crossing to occur 40 ms after 
detection of a fault. Furthermore, all IGBTs are blocked when the fault is detected which means all fault 
current goes through the diodes. 

 

7.1. Symmetric monopole 
The most severe fault cases in symmetric monopoles are phase to ground converter AC bus faults and 
DC pole to pole faults. The issue at converter bus faults is overvoltages over the converter arms and at 
the DC faults high currents through the arms. 

The PSCAD/EMTDC circuit used for symmetric monopole is a ±320 kVDC point to point connection with 
a DC cable. The system voltage of the AC network is 380 kV and the short circuit capacity is 41 465 MVA. 
The transformer ratio is 405/420/50. Each arm consists of 37 cells and the load flow is 900 MW active 
power and 300 MVA reactive power. All faults are applied to the station working as inverter. 

 

7.1.1. Converter bus fault 
The main problem in a symmetric monopole at a converter bus fault is high overvoltages over the 
converter arms. When there is a fault in phase A, the AC voltage at the converter bus will go down to 
zero and the other two phases will lift to line voltages as was explained in section 1.4. In the simulations 
for symmetrical monopole, an arrester is connected to the secondary neutral. The post fault voltage at 
the converter bus is therefore according to equation 9.  

Figure 11 and Figure 12 shows a converter bus fault at 25 ms without additional measures. From top to 
bottom, the figures shows graphs of converter bus voltages, DC pole voltage, converter arm currents 
and converter arm voltages. As is seen in the figures, the peak converter bus voltage of the faulty phases 
is around 425 kV, which corresponds to the pre fault value plus the protection level of the arrester. For 
the arm voltages, equation 8 needs to be considered. When the difference between pole voltage and 
converter bus voltage is higher than the arm voltage, a current will go through the arm and charge the 
cell capacitors, which raise the arm voltage.  
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Figure 11 shows the converter arm connected to the positive pole during the fault. The faulty phase 
suffers an initial raise in arm voltage due to a transient current peak which charges the cell capacitors in 
that phase. The voltage is then clamped on that level. For the healthy phases, it is seen that equation 8 
is valid during the negative converter bus voltage peaks. This gives rise to the positive peaks in arm 
currents, during which the cell capacitors are being charged. As is seen in the figure there is a step in the 
arm voltages for every positive current peak. This goes on until the main breakers clear the fault after 
about three cycles. The highest arm voltage reaches 827 kV. 

In Figure 12, the corresponding graphs for the negative pole are shown. Here it is the positive peaks in 
converter bus voltage that causes the raise of arm voltages. The highest arm voltage reaches 799 kV. 
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Figure 11: Positive pole at converter bus fault 
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Figure 12: Negative pole at converter bus fault 

From the graphs in Figure 11 and Figure 12 it is easy to see that in order to reduce the overvoltages 
across the arms, the number of high voltage peaks in converter bus voltage must be reduced. A fast 
earthing switch will provide a reference to ground, regardless of the connection is on the secondary 
neutral or the tertiary winding of the transformer. If the switch is extremely fast, all peaks in converter 
bus voltage is avoided and the initial fault transient is the only arm voltage that is not immediately 
clamped. Otherwise the first peaks will come through, giving raise to one step in voltage, which will be 
lower for shorter closing times. 
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7.1.1.1. Tertiary short circuit 
In order to evaluate the performance of the tertiary short circuit simulations are performed where the 
switches are closed 3 ms after fault impact. The fault impacts at 25 ms. Figure 13 and Figure 14 shows 
the converter bus voltages, pole voltages, arm currents and arm voltages for the positive and the 
negative pole respectively. The highest arm voltage is 704 kV. 

 

Figure 13: Positive pole after a converter bus fault with a tertiary short circuit 
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Figure 14: Negative pole after a converter bus fault with a tertiary short circuit 

  

7.1.1.2. Secondary neutral grounding switch 
For evaluation of the secondary neutral grounding switch a closing time of 3 ms are used in the 
simulations. The fault impacts at 25 ms. Figure 15 and Figure 16 shows the converter bus voltages, pole 
voltages, arm currents and arm voltages for the positive and the negative pole respectively. The highest 
arm voltage is 719 kV. 
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Figure 15: Positive pole after a converter bus fault with a secondary neutral grounding 
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Figure 16: Negative pole after a converter bus fault with a secondary neutral grounding 
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7.1.2. DC pole to pole fault 
At DC pole to pole faults the current through the converter arms will rapidly increase. The high currents 
can potentially harm the diodes of the cells if no measure is taken. A tertiary short circuit introduces an 
alternative current path for the fault current which flows from the AC grid, thereby reduces the current 
in the converter valves. The other measure is do open a Hybrid DC breaker, which will clear the fault. 
Figure 17 shows the currents through the converter arms and the DC voltages after a DC pole to pole 
fault impacting at 35 ms. The main AC breakers open at the first current zero crossings after 40 ms, but 
no additional measures are taken. The highest arm current is 12.74 kA. 

 

Figure 17: DC pole to pole fault without additional measures   
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7.1.2.1. Tertiary short circuit 
The fault impacts at 24 ms. Figure 18 shows the arm currents when the tertiary short circuit devices are 
closed 3 ms later. The highest current peak is 11.86 kA. 

 

Figure 18: DC pole to pole fault with a tertiary short circuit 
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7.1.2.2. Hybrid DC breaker 
The fault impacts at 35 ms. Figure 19 shows the arm currents when the DC breaker opens 3 ms later. 
The highest current peak is 3.63 kA. 

 

Figure 19: DC pole to pole fault with hybrid DC breaker 

 

7.1.3. Summary of results 
The results from the simulations in symmetric monopole are summarized in Table 3. The table shows 
the highest arm voltage in kV and p.u. at converter bus faults. It also shows the highest current peak 
through the converter arms at pole to pole faults.   

Table 3: Simulation results for symmetric monopole 

Additional measure Arm voltage at converter 
bus fault 

Arm current at DC pole to 
pole fault 

Without additional measure 827 kV (1.29 p.u.) 12.74 kA 
Tertiary short circuit 704 kV (1.10 p.u.) 11.86 kA 
Secondary neutral ground 719 kV (1.12 p.u.) - 
Hybrid DC breaker - 3.63 kA 
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7.2. Asymmetric monopole 
The most severe fault cases in asymmetric monopoles are converter AC bus faults and DC pole to 
ground faults. At a converter bus fault the issues are overvoltages over the converter arms connected to 
the pole, high transient currents through the neutral arms and delayed current zero crossings. The 
problem at a DC pole to ground fault is a rapid development of fault currents through all converter arms. 

The PSCAD/EMTDC circuit used for asymmetric monopole is a 320 kVDC point to point connection with a 
DC cable. The system voltage of the AC network is 400 kV and the short circuit capacity is 43 650 MVA. 
The transformer ratio is 405/420/50. Each arm consists of 36 cells and the load flow is 520 MW active 
power and 180 MVA reactive power. All faults are applied to the station working as inverter. 

 

7.2.1. Converter bus fault 
Several problems occur at a phase to ground converter bus fault in an asymmetric monopole. Just as is 
the case with symmetric monopoles, the fault results in overvoltages over the converter arms, but only 
in those connected to the pole. In the arms connected to the neutral it is the current that is the 
problem, since the fault ground introduces a ground to ground current path. The high currents in the 
arms connected to the neutral causes DC components in the AC current through the main breakers. 
Since the main breakers can only open at current zero crossings this may prevent the breakers from 
clearing the fault.  

Figure 20 shows graphs for converter valve arms connected to the pole following a converter bus fault at 
23 ms without additional measures. From top to bottom, the figure shows graphs of converter bus 
voltages, DC pole voltage, converter arm currents and converter arm voltages. It is seen that when the 
difference between pole voltage and converter bus voltage is higher than the arm voltage, a current will 
go through the arm and charge the cell capacitors, which raise the arm voltage.  

It is obvious from Figure 20 that the overvoltages are built up during negative peaks in converter bus 
voltage. The highest arm voltage reaches 486 kV. A short circuit on tertiary would provide a reference to 
ground for the converter bus voltage, thereby reducing the AC component. With a reduced AC 
component the negative voltage peaks would be reduced, resulting in lower overvoltages across the 
valve arms.  
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Figure 20: Overvoltages after a converter bus fault without additional measures 

The high transient currents through the neutral arms are due to that a ground current loop is introduced 
between the neutral ground and the ground fault on the converter bus. Figure 21 shows the neutral arm 
currents after a converter bus fault impacting at 38 ms. The highest current peak is 16.9 kA. With a short 
circuit on tertiary the currents can be reduced since it provides an alternative path for the fault current. 
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Figure 21: Current through neutral converter arms following a converter bus fault without additional measures 

The main breakers on the AC side are to clear severe faults in the system. In each phase it will take 
about two to three cycles for the breaker to open. The problem is that the breakers must open at a 
current zero crossing. If the zero crossings are delayed due to DC components in the current, the 
breakers will not open as fast as they should and thereby it would take longer time to clear the fault. 
Figure 22 shows the network currents after a converter bus fault that impacts at 31 ms. 

 

Figure 22: Delayed current zero crossings without measure 

It is seen in Figure 22 that the last phase opens at 102 ms, which is 71 ms after the fault. Since the 
breakers are ordered to open at the first current zero crossing after 40 ms, all breakers would be open 
60 ms after the fault if it would not be for the DC components. Phase B, which is the green curve, should 
be the last phase to open, but due to too high DC components in phases A and C they have no zero 
crossings that allow the breakers to open. When phase B is opened it has a symmetric effect on the 
other phases which lowers the DC components in the other phases and force current zero crossings. If a 
tertiary short circuit is to be introduced it can symmetrize the network currents and thereby make sure 
there is current zero crossings. With a tertiary short circuit the DC components in phases A and C can 
hopefully be lowered enough to allow the breakers to open one cycle earlier. 
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7.2.1.1. Tertiary short circuit 
With a tertiary short circuit the worst case of overvoltages across the converter arms occurs when the 
fault impacts at 23 ms. This is shown in Figure 23. The highest voltage is 456 kV. 

 

Figure 23: Overvoltages at a converter bus fault with tertiary short circuit 

The highest transient currents occur when the fault impacts at 24 ms, which is shown in Figure 24. The 
highest current is 12.0 kA. 
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Figure 24: Transient currents at a converter bus fault with tertiary short circuit 

The longest time to open the main breakers occurs when he fault impacts at 34 ms. The last breaker 
opens 63 ms later. This is shown in Figure 25. 

 

Figure 25: Current zero crossings with tertiary short circuit 

The highest short circuit current through the switches occurs when the fault impacts at 32 ms, which is 
shown in Figure 26. The highest peak is 59 kA.  

 

Figure 26: Tertiary short circuit currents 
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7.2.2. DC pole to ground fault 
The procedure of a DC pole to ground fault in an asymmetric monopole is similar to that of a pole to 
pole fault in symmetric monopoles. The fault ground of the fault introduces a ground current path from 
the pole to the ground of the neutral. The currents through all arms will suffer a rapid increase. Possible 
measures for this fault are the tertiary short circuit which provides an alternative path for the fault 
current, or the hybrid DC breaker. Figure 27 shows the currents through the converter arms after a DC 
pole to ground fault at 33 ms with no additional measures. The highest arm current peak is 13.88 kA. 

 

Figure 27: Converter arm currents after a DC pole to ground fault 
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7.2.2.1. Tertiary short circuit 
The highest fault current with a short circuit introduced on tertiary occurs when the fault impacts at 27 
ms. This is shown in Figure 28. The highest current is 9.76 kA. 

 

Figure 28: Fault currents through converter arms at pole to ground fault with tertiary short circuit 

 

7.2.2.2. Hybrid DC breaker 
The fault impacts at 33 ms. Figure 29 shows the arm currents when the DC breaker opens 3 ms later. 
The highest current peak is 3.63 kA. 

 

Figure 29: fault currents through converter arms at pole to ground fault with DC breaker 
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7.2.3. Summary of results 
The results from the simulations in symmetric monopole are summarized in Table 4. The table shows 
the highest arm voltage in kV and p.u. at converter bus faults, together with highest current peak 
through the lower arms and time until last breaker is open. It also shows the highest current peak 
through the converter arms at pole to pole faults.   

Table 4: Simulation results in asymmetric monopole 

Additional measure Arm voltage at 
converter bus fault 

Lower arm current 
at converter bus 
fault 

Last Breaker 
open after 
converter bus  

Arm current at 
pole to ground 
fault 

Without additional 
measure 

486 kV (1.5 p.u.) 16.9 kA 71 ms 13.88 kA 

Tertiary short circuit 456 kV (1.4 p.u.) 12.00 kA 63 ms 9.76 kA 
Hybrid DC breaker - - - 5.75 kA 
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8. Discussion 
The tertiary short circuit has proven to be an effective solution to all the problems discussed in this 
report. The possible exceptions are the high currents developed at DC pole to pole faults and the 
overvoltages after converter bus faults in asymmetric monopoles. A tertiary short circuit reduces the 
currents by approximately 7 % at pole to pole faults, which means that even with measures currents of 
nearly 12 kA will go through the diodes. On the other hand, 12 kA may not be a big problem for the 
diodes. With a tertiary short circuit the overvoltage in asymmetric design will be around 1.4 p.u. 
compared 1.5 p.u. without additional measures. This is due to the reduction of DC component in 
converter bus voltage after fault, which will cause negative voltage peaks even with measures taken. 

For DC faults, the hybrid DC breaker is by far better than the tertiary short circuit. But the cost of a DC 
breaker is much higher than that of the tertiary switches and it would still require other measures for AC 
faults such as the converter bus fault. If a DC breaker should be considered is very much dependent on 
how high the short circuit currents can be.  The transient currents depend on short circuit capacity of 
the AC network and the impedance that is introduced in the HVDC station. A strong network gives high 
currents, but these can also be limited by higher transformer impedance and larger phase reactors. 

For symmetric monopole the fast closing switch on the neutral is not as effective as the three phase 
short circuit on tertiary. Since a tertiary winding must be included even for the neutral solution, it is 
better to use the tertiary short circuit as protection.  
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