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Comparison of AC and DC Transmission 

The merits of two modes of transmission (AC & DC) should be compared based 

on the following factors. 

1) Economics of transmission 

2) Technical Performance 

3) Reliability 

Economics of Power Transmission: 

In DC transmission, inductance and capacitance of the line has no effect 

on the power transfer capability of the line and the line drop. Also, there is 

no leakage or charging current of the line under steady conditions. 

A DC line requires only 2 conductors whereas AC line requires 3 

conductors in 3-phase AC systems. The cost of the terminal equipment is 

more in DC lines than in AC line. Break-even distance is one at which the 

cost of the two system is same. It is understood from the below figure that 

the DC line is economical for long distances which are greater than 

thebreak-even distances. 

 Relative costs of AC and DC transmission lines v/s distance 

 



Technical Performance: 

Due to its fast controllability, a DC transmission has full control over 

transmitted power, an ability to enhance transient and dynamic stability in 

associated AC networks and can limit fault currents in the DC lines. 

Furthermore, DC transmission overcomes some of the following problems 

associated with AC transmission: 

• Stability limits 

• Voltage Control 

• Line Compensation 

• Ground Impedance 

Problems of AC Interconnection: 

• Large power oscillation 

• Increase in fault level 

• Transmission of disturbances from one system to another 
 

Disadvantages of Dc transmission 

High cost of conversion equipment, inability to use transformers to alter voltage 
levels, generation of harmonics, requirement of reactive power and complexity 

of controls. 

To overcome the disadvantages, these are significant advantages in DC 

technology: 

1. Increase in the ratings of a thyristor cell that makes up a valve. 

2. Modular construction of thyristor valves. 

3. Twelve-pulse (and higher) operation of converters. 

4. Use of forced commutation. 

5. Application of digital electronics and fiber optics in the control of 
converters. 

 

Reliability: 

The reliability of DC transmission systems is good and comparable to 



that of AC systems. The reliability of DC links has also been very good. 

There are two measures of overall system reliability-energy availability 

and transient reliability. 

 

Energy availability: 

Energy availability = 100 (1 – equivalent outage time)% 

                                                     Actual time 

 

Where equivalent outage time is the product of the actual outage time and 
the fraction of system capacity lost due to outage. 
 

 

Transient reliability: 

This is a factor specifying the performance of HVDC systems during 

recordable faults on the associated AC systems. 

 

Transient reliability = 100 X 

𝑁𝑜.𝑜𝑓 𝑡𝑖𝑚𝑒𝑠 𝐻𝑉𝐷𝐶 𝑠𝑦𝑠𝑡𝑒𝑚𝑠 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑒𝑑 𝑎𝑠 𝑑𝑒𝑠𝑖𝑔𝑛𝑒𝑑

𝑁𝑜.𝑜𝑓 𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑑 𝑓𝑎𝑢𝑙𝑡𝑠
 

 

Recordable AC system faults are those faults which cause one or more 

AC bus phase voltages to drop below 90% of the voltage prior to the 

fault. 

Both energy availability and transient reliability of existing DC systems 

with thyristor valves is 95% or more. 

 

EXPECTED QUESTIONS FROM THE LECTURE: 

i) What is HVDC Transmission? 

ii) What are the various factors on which the comparison of Ac and DC 

transmission is based? 



iii) Explain the economics of dc transmission briefly. 

iv) Describe the technical performance of DC transmission briefly. 

v) What are the problems related to AC transmission? 

vi) Write down the possible disadvantages of DC transmission and How 

can we overcome from these? 

vii) What is Energy Availability? 

viii) What is Transient Reliability? 

ix) Explain reliability of DC transmission system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



APPLICATION OF DC TRANSMISSION SYSTEM: 

Due to their costs and special nature, most applications of DC 

transmission generally fall into one of the following three categories. 

 

Underground or underwater cables: 

In the case of long cable connections over the breakeven distance of 

about 40-50 km, DC cable transmission system has a marked 

advantage over AC cable connections. The recent development of Voltage 

Source Converters (VSC) and the use of rugged polymer DC cables, with 

the so-called “HVDC Light” option, are being increasingly considered.  

 

Long distance bulk power transmission: 

Bulk power transmission over long distances is an application ideally 

suited for DC transmission and is more economical than ac 

transmission whenever the breakeven distance is exceeded. 

Stabilization of power flows in integrated power system: 

In large interconnected systems, power flow in AC ties (particularly 

under disturbance conditions) can be uncontrolled and lead to overloads 

and stability problems thus endangering system security. Strategically 

placed DC lines can overcome this problem due to the fast controllability 

of DC power and provide much needed damping and timely overload 

capability. The planning of DC transmission in such applications 

requires detailed study to evaluate the benefits. Example is the 

Chandrapur-Padghe link in India. 

Presently the number of DC lines in a power grid is very small 

compared to the number of AC lines. This indicates that DC 

transmission is justified only for specific applications. But advances in 

technology and introduction of Multi-Terminal DC (MTDC) systems are 

expected to increase the scope of application of DC transmission. 

 



Types of HVDC links: 

Monopolar Link: 

A monopolar link as shown in the above 

figure has one conductor and uses either 

ground and/or sea return. A metallic 

return can also be used where concerns 

for harmonic interference and/or 

corrosion exist. 

Bipolar Link: 

 

A bipolar link as shown in the figure 

has two conductors, one positive and 

the other negative. Each terminal 

has two sets of converters of equal 

rating, in series on the DC side. The 

junction between the two sets of converters is grounded at one or both 

ends by the use of a short electrode line. Since both poles operate with 

equal currents under normal operation, there is zero ground current 

flowing under these conditions.  

Homopolar Link: 

In this type of link as shown in the figure, two conductors having the 

same polarity (usually negative) can be operated with ground or metallic 

return. 

Due to the undesirability of operating a DC 

link with ground return, bipolar links are 

mostly used. A homopolar link has the 

advantage of reduced insulation costs, but 

the disadvantages of earth return outweigh 

the advantages. 

 



HVDC Converter Station: 

 

The major components are: 

• Converter unit: This usually consists of two three phase converter 

bridges connected in series to form a 12 pulse converter unit. The 

total number of valves in such a unit is twelve. The valves can be 

packaged as single valve, double valve or quadrivalve 

arrangements. Each valve is used to switch in segment of an AC 

voltage waveform. The converter is fed by converter transformers 

connected in star/star and star/delta arrangements. 

• Converter transformer: The converter transformers are designed 

to withstand DC voltage stresses and increased eddy current 

losses due to harmonic currents. One problem that can arise is 

due to the DC magnetization of the core due to unsymmetrical 

firing of valves. 

• Filters: These are connected between the converter transformer 

and the station AC bus to suppress any high frequency currents. 

Sometimes such filters are provided on high-voltage DC bus 

connected between the DC filter and DC line and also on the 

neutral side. 

• Reactive power source: Converter stations require reactive power 

supply that is dependent on the active power loading. But part of 

the reactive power requirement is provided by AC filters. In 

addition, shunt capacitors, synchronous condensers and static 

VAR systems are used depending on the speed of control desired. 



• Smoothing Reactor: A sufficiently large series reactor is used on 

DC side to smooth DC current and also for protection. The reactor 

is designed as a linear reactor and is connected on the line side, 

neutral side or at intermediate location. 

• DC Switchgear: It is modified AC equipment used to interrupt 

small DC currents. DC breakers or Metallic Return Transfer 

Breakers (MRTB) are used, if required for interruption of rated 

load currents. 

Modern Trends in DC transmission system 

To overcome the losses and faults in AC transmission, HVDC transmission is 
preferred. 

The trends which are being introduced are for the effective development to 

reduce the cost of the converters and to improve the performance of the 

transmission system. 

Power semiconductors and valves: 

The IGBTs or GTOs employed required huge amount of current to turn it 

ON which was a big problem. GTOs are available at 2500V and 2100A. As 

the disadvantage of GTOs is the large gate current needed to turn them 

OFF, so MCT which can be switched OFF by a small current is preferred as 

valves. 

The power rating of thyristors is also increased by better cooling methods. 

Deionized water cooling has now become a standard and results in 

reduced losses in cooling. 

Converter Control: 

The development of micro-computer based converter control equipment 

has made possible to design systems with completely redundant converter 

control with automatic transfer between systems in the case of a problem. 

The micro-computer based control also has the flexibility to implement 

adaptive control algorithms or even the use of expert systems for fault 

diagnosis and protection. 



DC Breakers: 

Parallel rather than series operation of converters is likely as it allows 

certain flexibility in the planned growth of a system. The DC breaker 

ratings are not likely to exceed the full load ratings as the control 

intervention is expected to limit the fault current. 

Conversion of existing AC lines: 

There are some operational problems due to electromagnetic induction 

from AC circuits where an experimental project of converting a single 

circuit of a double circuit is under process. 

Operation with weak AC systems: 

The strength of AC systems connected to the terminals of a DC link is 

measured in terms of Short Circuit Ratio (SCR) which is defined as 

SCR = Short circuit level at the converter bus            

                         Rated DC power 

 If SCR is less than 3, the AC system is said to be weak. The conventional 

constant extinction angle control may not be suitable for weak AC systems. 

 

EXPECTED QUESTIONS FROM THE LECTURE: 

i) Write down the various application of DC transmission system. 

ii) How DC transmission is used in an underground cable system? 

iii) How DC transmission is used as long distance bulk power 

transmission system? 

iv)  How Dc transmission is used to stabilize the power flow in 

integrated power system? 

v) What is Monopolar Link? 

vi) What is Bipolar Link? 

vii) What is Homopolar Link? 

viii) Describe the types of Dc links briefly? 

ix) Describe about the various components of DC converter station 

briefly? 

x) Explain briefly about the Converter Unit used DC link. 

xi) What are the types of filters used in DC converter station? 



xii) Why Smoothing Reactor is used in DC Converter station? 

xiii) Write down the various application of DC transmission system. 

xiv) How DC transmission is used in an underground cable system? 

xv) How DC transmission is used as long distance bulk power 

transmission system? 

xvi)  How Dc transmission is used to stabilize the power flow in 

integrated power system? 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



THYRISTOR VALVE 

Thyristor is a 4 layer device formed by alternate combination of p and n type 

semiconductor materials. It is a device used for rectification and switching 
purpose. SCR is the mostly used member of thyristor family and it is the name 

commonly used when we talk about thyristors. 

SCR also allows the flow of current in one direction and its action is controlled 
by an external trigger pulse applied at its gate terminal. 

Basically SCR is a 4-layer device in the configuration P-N-P-N. This 

configuration generates 3 junctions in the structure of SCR. 

As we have already discussed that the operation of a thyristor majorly depends 
on the applied external potential at the gate 

terminal. 

So, let us understand the case when no any 

external potential is provided at the gate 
terminal but forward voltage is applied 
between anode and cathode. 

 

Hence, as we can see in the figure shown 
above that forward voltage is applied between 

anode and cathode that causes the junction 
J1 and J3 to be forward biased. But as the same time junction J2 will be reverse 

biased. 

This will lead to generation of depletion region around J2. Hence no forward 
current will flow through the device and only negligibly small leakage current 

will flow through it. This state is said to be practically off state of the 
thyristor(SCR). 

Now, suppose if no any external gate 
potential is applied but a reverse potential is 
applied between anode and cathode. This 

biasing arrangement reverse biases the 
junction J1 and J3 but forward biases the 
junction J2. Still only the leakage current will 

flow through the device. 

https://circuitglobe.com/wp-content/uploads/2019/06/unbiased-gate-condition-of-thyristorSCR.jpg
https://circuitglobe.com/wp-content/uploads/2019/06/biased-gate-condition-of-thyristor-SCR.jpg


Hence we can say without any gate potential, SCR will not conduct in either 
forward or reverse biased condition. 

Let us now consider the case when gate terminal is triggered with a forward 
potential. Also a forward voltage is provided between cathode and anode. 

So in this case, the electrons present in the n region experiences repulsion 
from the negative terminal of the battery. This movement generates gate 
current through the device. 

Also the holes in the p region gets repelled by the positive terminal of the 
battery and drift across the junction J2 thereby giving rise to anode current. 
This regenerative action allows the SCR to conduct heavily. 

However, it is to be noteworthy here that once the SCR starts conducting, then 

the gate potential plays no any further role in conduction. And the device 

continues to be in ON state. 

Two Transistor Analogy 

 

  
The two transistor equivalent circuit shows that the collector current of the 

NPN transistor TR2 feeds directly into the base of the PNP transistor TR1, while 
the collector current of TR1 feeds into the base of TR2. These two inter-
connected transistors rely upon each other for conduction as each transistor 

gets its base-emitter current from the other’s collector-emitter current. So until 
one of the transistors is given some base current nothing can happen even if an 

Anode-to-Cathode voltage is present. 

When the thyristors Anode terminal is negative with respect to the Cathode, 
the centre N-P junction is forward biased, but the two outer P-N junctions are 

reversed biased and it behaves very much like an ordinary diode. Therefore a 



thyristor blocks the flow of reverse current until at some high voltage level the 
breakdown voltage point of the two outer junctions is exceeded and the 

thyristor conducts without the application of a Gate signal. 

This is an important negative characteristic of the thyristor, as thyristors can 
be unintentionally triggered into conduction by a reverse over-voltage as well as 

high temperature or a rapidly rising dv/dt voltage such as a spike. 

If the Anode terminal is made positive with respect to the Cathode, the two 
outer P-N junctions are now forward biased but the centre N-P junction is 

reverse biased. Therefore forward current is also blocked. If a positive current 
is injected into the base of the NPN transistor TR2, the resulting collector 

current flows in the base of transistor TR1. This in turn causes a collector 
current to flow in the PNP transistor, TR1 which increases the base current 
of TR2 and so on. 

Very rapidly the two transistors force each other to conduct to saturation as 
they are connected in a regenerative feedback loop that cannot stop. Once 
triggered into conduction, the current flowing through the device between the 

Anode and the Cathode is limited only by the resistance of the external circuit 
as the forward resistance of the device when conducting can be very low at less 

than 1Ω so the voltage drop across it and power loss is also low. 

Then we can see that a thyristor blocks current in both directions of an AC 
supply in its “OFF” state and can be turned “ON” and made to act like a normal 

rectifying diode by the application of a positive current to the base of 
transistor, TR2 which for a silicon controlled rectifier is called the “Gate” 
terminal. 

 

 

 

EXPECTED QUESTIONS FROM THE LECTURE: 

1. Write down a short note on Thyristor. 
2. Explain briefly about its working principle. 
3. What is two transistor analogy of thyristor? 

 

 

 

 

 



THYRISTOR I-V CHARACTERISTICS CURVES 

 

 

  
Once the thyristor has been turned “ON” and is passing current in the forward 
direction (anode positive), the gate signal looses all control due to the 

regenerative latching action of the two internal transistors. The application of 
any gate signals or pulses after regeneration is initiated will have no effect at all 

because the thyristor is already conducting and fully-ON. 

Unlike the transistor, the SCR can not be biased to stay within some active 
region along a load line between its blocking and saturation states. The 

magnitude and duration of the gate “turn-on” pulse has little effect on the 
operation of the device since conduction is controlled internally. Then applying 
a momentary gate pulse to the device is enough to cause it to conduct and will 

remain permanently “ON” even if the gate signal is completely removed. 

Therefore the thyristor can also be thought of as a Bistable Latch having two 
stable states “OFF” or “ON”. This is because with no gate signal applied, a 

silicon controlled rectifier blocks current in both directions of an AC waveform, 
and once it is triggered into conduction, the regenerative latching action means 

that it cannot be turned “OFF” again just by using its Gate. 

 

 



So how do we turn “OFF” the thyristor? 

Once the thyristor has self-latched into its “ON” state and passing a current, it 

can only be turned “OFF” again by either removing the supply voltage and 
therefore the Anode (IA) current completely, or by reducing its Anode to 
Cathode current by some external means (the opening of a switch for example) 

to below a value commonly called the “minimum holding current”, IH. 

The Anode current must therefore be reduced below this minimum holding 
level long enough for the thyristors internally latched pn-junctions to recover 

their blocking state before a forward voltage is again applied to the device 
without it automatically self-conducting. Obviously then for a thyristor to 
conduct in the first place, its Anode current, which is also its load 

current, IL must be greater than its holding current value. That is IL > IH. 

Since the thyristor has the ability to turn “OFF” whenever the Anode current is 
reduced below this minimum holding value, it follows then that when used on 

a sinusoidal AC supply the SCR will automatically turn itself “OFF” at some 
value near to the cross over point of each half cycle, and as we now know, will 

remain “OFF” until the application of the next Gate trigger pulse. 

Since an AC sinusoidal voltage continually reverses in polarity from positive to 
negative on every half-cycle, this allows the thyristor to turn “OFF” at the 

180o zero point of the positive waveform. This effect is known as “natural 
commutation” and is a very important characteristic of the silicon controlled 
rectifier. 

Thyristors used in circuits fed from DC supplies, this natural commutation 
condition cannot occur as the DC supply voltage is continuous so some other 
way to turn “OFF” the thyristor must be provided at the appropriate time 

because once triggered it will remain conducting. 

However in AC sinusoidal circuits natural commutation occurs every half cycle. 
Then during the positive half cycle of an AC sinusoidal waveform, the thyristor 

is forward biased (anode positive) and a can be triggered “ON” using a Gate 
signal or pulse. During the negative half cycle, the Anode becomes negative 
while the Cathode is positive. The thyristor is reverse biased by this voltage and 

cannot conduct even if a Gate signal is present. 

So by applying a Gate signal at the appropriate time during the positive half of 
an AC waveform, the thyristor can be triggered into conduction until the end of 

the positive half cycle.   

 

 

 

 



Gate Characteristics of Thyristor 

The gate circuit of a thyristor behaves like a poor quality diode with high on 
state voltage drop and low reverse break down voltage. This characteristic 

usually is not unique even within the same family of devices and shows 
considerable variation from device to device. Therefore, manufacturer’s data 
sheet provides the upper and lower limit of this characteristics as shown in 

figure below. Each thyristor has 
maximum gate voltage limit 
(Vgmax), gate current limit (Igmax) 

and maximum average gate power 
dissipation limit (PGav/Max). These 

limits should not be exceeded in 
order to avoid permanent damage 
to the gate cathode junction. There 

are also minimum limits of Vg 
(Vgmin) and Ig (Igmin) for reliable 

turn on of the thyristor. A gate non triggering voltage (Vng) is also specified by 
the manufacturers of Thyristors. All spurious noise signals should be less than 
this voltage Vng in order to prevent unwanted turn on of the thyristor. 

Referring to the gate drive circuit in the inset the equation of the load line is 
given by, 

 
Vg = E – Rgig 

 

Gate Drive Requirements 

• Positive gate voltage or gate current 
• Maximum Permissible gate power dissipation PGM 
• There are maximum and minimum limits for gate voltage and gate 

current to prevent the permanent destruction of junction J3 and to 
provide the realizable triggering. 

• The gate signal can be ac or dc or a sequence of high frequency pulses. 

 

EXPECTED QUESTIONS FROM THE LECTURE: 

1. Describe the I-V characteristics of thyristor with proper diagram and 
illustration. 

2. What is gate drive characteristics of thyristor? Explain briefly about it 
with the help of proper of diagram. 

3. Write down the gate drive requirements of thyristor.  

https://www.electronics-tutorial.net/wp-content/uploads/2015/09/SCR5.png


THYRISTOR VALVE: 
HVDC Converters are an assembly of valves which have the property of 

conducting in the forward direction and blocking in the reverse directions. The 

term 'valve' carried over from the mercury are valve days, is applied even now 

for thyristor valves which are made up of series and parallel connection of 

many thyristor cells or devices. 

The major problem with the mercury arc valves is the occurrence of arc backs 

(or back fire) which results in the destruction of the rectifying property of the 

valves. Arc backs are random phenomena which results in failure to block in 

the reverse direction. Although the incident of arc backs can be reduced by 

carefully controlling the factors that influence them, complete elimination is 

impossible and the valve cost is also increased. Furthermore, are backs are 

non self - clearing and result in line faults which stress transformer windings 

and anodes in the valve. The maintenance requirements for the valves go up 

and lead to poor reliability. 

Thyristor valves which were developed in the late sixties have eliminated all 

these problems. They have now completely displaced mercury are valves in 

HVDC transmission. 

Thyristors that constitute the valves are also not perfect devices. The major 

problem is that their ratings cannot be exceeded even for short durations. 

However, there is continuing development in the field of power semiconductors 

which has brought down the cost while improving the reliability. This chapter 

reviews the principles of operation, characteristic and control of thyristor 

devices. Some of the design aspects, protection and testing of thyristor valves 

for DC transmission applications are also presented 

VALVE FIRING 

 
The basic valve firing scheme .The valve control generates firing signals. Each 

thyristor level receives the 
signal directly from a separate 

fibre-optic cable. Thus each 
thyristor level is independent, 
sharing only a duplicated light 

source at the group potential. 
 

The valve control unit also 
includes many monitoring and 
protective functions. The return 

https://4.bp.blogspot.com/-Gb9zGfVo_Q0/VzxCJd5WL4I/AAAAAAAAAEc/9jSfW6ZS-i4IEstcBtV7_W6Gt4-oux5GQCLcB/s1600/0202.jpg


pulse system coupled with short pulse firing scheme is used in present day 
valve control units. A separate light guide is used to send a return pulse 

whenever the voltage across a thyristor is sufficient and the power supply unit 
is charged. If at that time, firing pulse are demanded from the valve control, the 

light signals are sent to all thyristor control units simultaneously. 
 
During normal operation, only one set of light pulses are generated in a cycle 

for each valve. However, during operation at low direct currents, many light 
pulseS are generated due to discontinuous current. 
 
 

EXPECTED QUESTIONS FROM THE LECTURE: 

1. Write a short note on thyristor valve. 

2. Write down briefly about the working of thyristor valve. 

3. What is valve firing? Describe it briefly. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



CONTROL OF HVDC CONVERTER SYSTEMS 

The major advantage of a HVDC link is rapid controllability of transmitted 

power through the control of firing angles of the converters. Modern 

converter controls are not only fast, but also very reliable and they are 

used for protection against line and converter faults. 

Principles of DC Link Control 

The control of power in a DC link can be achieved through the control of 

current or voltage. From minimization of loss considerations, we need to 

maintain constant voltage in the link and adjust the current to meet the 

required power. 

 

Consider the steady state 

equivalent circuit of a two terminal 

DC link. This is based on the 

assumption that all the series 

connected bridges in both poles of 

a converter station are identical 

and have the same delay angles. 

Also the number of series 

connected bridges (nb ) in both 

stations (rectifier and inverter) 

are the same. 

 

 

 

The voltage sources Edr and Edi are defined by 

Edr = (3√2/π) nb Evr cosαr (1) 

Edi = (3√2/π) nb Evi cosγi - (2) 
 



where Evr and Evi are the line to line voltages in the valve side windings of 

the rectifier and inverter transformer respectively. From the above figure 

these voltages can be obtained by 

 

𝐸𝑣𝑟 =  
𝑁𝑠𝑟  𝐸𝑟

𝑁𝑝𝑟𝑇𝑟
 

    

𝐸𝑣𝑖 =  
𝑁𝑠𝑖  𝐸𝑖

𝑁𝑝𝑖𝑇𝑖
 

 

where Er and Ei are the AC (line to line) voltages of the converter buses on 

the rectifier and inverter side. Tr and Ti are the OFF-nominal tap ratios on 

the rectifier and inverter side. 

Combining equations (1), (2) and (3), 

Edr = (Ar Er /Tr) cosαr -- (4) 

Edi = (Ai Ei /Ti) cosγi --- (5) 

where Ar and Ai are constants. 

The steady-state current Id in the DC link is obtained as 
 

 

𝐼𝑑 =  
(𝐴𝑟𝐸𝑟 𝑇𝑟)⁄ cos 𝛼𝑟 −  (𝐴𝑖𝐸𝑖 𝑇𝑖) cos 𝛾𝑖)⁄

𝑅𝑐𝑟  + 𝑅𝑑   −  𝑅𝑐𝑖
 

 

The control variables in the above equation are Tr , Ti and αr , βi . However, 

for maintaining safe commutation margin, it is convenient to consider γi as 

control variable instead of βi . 

As the denominator in the final equation is small, even small changes in 

the voltage magnitude Er or Ei can result in large changes in the DC 

current, the control variables are held constant. As the voltage changes 

can be sudden, it is obvious that manual control of converter angles is not 



feasible. Hence, direct and fast control of current by varying αr or γr in 

response to a feedback signal is essential. 

While there is a need to maintain a minimum extinction angle of the 

inverter to avoid commutation failure, it is economical to operate the 

inverter at Constant Extinction Angle (CEA) which is slightly above the 

absolute minimum required for the commutation margin. This results in 

reduced costs of the inverter stations, reduced converter losses and 

reactive power consumption. However, the main drawback of CEA control 

is the negative resistance characteristics of the converter which makes it 

difficult to operate stably when the AC system is weak (low short-circuit 

ratios). Constant DC Voltage (CDCV) control or Constant AC Voltage 

(CACV) control are the alternatives that could be used at the inverter. 

Under normal conditions, the rectifier operates at Constant Current (CC) 

control and the inverter at the CEA control. 

The power reversal in the link can take place by the reversal of the DC 

voltage. This is done by increasing the delay angle at the station initially 

operating as a rectifier, while reducing the delay angle at the station 

initially operating as the inverter. Thus, it is necessary to provide both 

CEA and CC controllers at both terminals. 

The feedback control of power in a DC link is not desirable because 

1) At low DC voltages, the current required is excessive to maintain 

the required level of power. This can be counterproductive 

because of the excessive requirements of the reactive power, 

which depresses voltage further. 

2) The constant power characteristic contributes to negative 

damping and degrades dynamic stability. 

 



 

Converter Control Characteristics 

Basic Characteristics: 

The intersection of the two characteristics (point A) determines the mode of 

operation- Station I operating as rectifier with constant current control and 

station II operating at constant (minimum) 

extinction angle. 

There can be three modes of operation of the 

link (for the same direction of power flow) 

depending on the ceiling voltage of the 

rectifier which determines the point of 

intersection of the two characteristics which 

are defined below 

1) CC at rectifier and CEA at inverter 

(operating point A) which is the normal mode of operation. 

2) With slight dip in the AC voltage, the point of intersection drifts to 

C which implies minimum α at rectifier and minimum γ at the 

inverter. 

3) With lower AC voltage at the rectifier, the mode of operation shifts 

to rectifier. 

4) The characteristic AB has generally more negative slope than 

characteristic FE because the slope of AB is due to the combined 

resistance of (Rd + Rcr ) while is the slope of FE is due to Rci . 

 

The above figure shows the control 

characteristics for negative current margin Im (or 

where the current reference of station II is larger 

than that of station I). The operating point shifts 

now to D which implies power reversal with 



station I (now acting as inverter) operating with minimum CEA control 

while station II operating with CC control. 

This shows the importance of maintaining the correct sign of the current 

margin to avoid inadvertent power reversal. The maintenance of proper 

current margin requires adequate telecommunication channel for rapid 

transmission of the current or power order. 

 

 

EXPECTED QUESTIONS FROM THE LECTURE: 

1. Explain the principal of DC link control. 

2. Describe the control characteristics of converter with proper 

diagram. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Voltage Dependent Current Limit 

The low voltage in the DC link is mainly due to the faults in the AC system 

on the rectifier or inverter side. The low AC 

voltage due to faults on the inverter side can 

result in persistent commutation failure 

because of the increase of the overlap angle. 

In such cases, it is necessary to reduce the 

DC current in the link until the conditions 

that led to the reduced DC voltage are 

relieved. Also the reduction of current relieves 

those valves in the inverter which are 

overstressed due to continuous current flow in them. 

 
 

If the low voltage is due to faults on the rectifier side AC system, the 

inverter has to operate at very low power factor causing excessive 

consumption of reactive power which is also undesirable. Thus, it becomes 

useful to modify the control characteristics to include voltage dependent 

current limits. The figure above shown shows current error characteristics 

to stabilize the mode when operating with DC current between Id1 and Id2 . 

The characteristic cc| and c|c|| show the limitation of current due to the 

reduction in voltage. 

System Control Hierarchy 

The control function required for the HVDC link is performed using the 

hierarchical control structure. 

The master controller for a bipole is 

located at one of the terminals and is 

provided with the power order (Pref ) 

from the system controller (from energy 

control centre). It also has other 



information such as AC voltage at the converter bus, DC voltage etc. The 

master controller transmits the current order (Iref ) to the pole control units 

which in turn provide a firing angle order to the individual valve groups 

(converters). The valve group or converter control also oversees valve 

monitoring and firing logic through the optical interface. It also includes 

bypass pair selection logic, commutation failure protection, tap changer 

control, converter start/stop sequences, margin switching and valve 

protection circuits. 

 

 

 

The pole control incorporated pole protection, DC line protection and 

optional converter paralleling and deparalleling sequences. The master 

controller which oversees the complete bipole includes the functions of 

frequency control, power modulation, AC voltage and reactive power 

control and torsional frequency damping control. 

The current or extinction angle controller generates a control signal Vc 

which is related to the firing angle required. The firing angle controller 

generates gate pulses in response to the control signal Vc . The selector 

picks the smaller of the α determined by the current and CEA controllers. 

 

Firing Angle Control 

The operation of CC and CEA controllers is closely linked with the method 



of generation of gate pulses for the valves in a converter. The requirements 

for the firing pulse generation of HVDC valves are 

The firing instant for all the valves are determined at ground potential and 

the firing signals sent to individual thyristors by light signals through 

fibre-optic cables. The required gate power is made available at the 

potential of individual thyristor. 

While a single pulse is adequate to turn-on a thyristor, the gate pulse 

generated must send a pulse whenever required, if the particular valve is to 

be kept in a conducting state. 

The two basic firing schemes are 

1. Individual Phase Control (IPC) 

2. Equidistant Pulse Control (EPC) 
 

 

EXPECTED QUESTIONS FROM THE LECTURE: 

1. Explain briefly about the voltage dependent current limit. 

2. Describe about the System Hierarchy. 

3. Explain briefly about the firing angle control of converter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



INDIVIDUAL PHASE CONTROL (IPC) 

This was used in the early HVDC projects. The main feature of this scheme 

is that the firing pulse generation for each phase (or valve) is independent 

of each other and the firing pulses are rigidly synchronized with 

commutation voltages. 

 
There are two ways in which this can be achieved 

1. Constant α Control 

2. Inverse Cosine Control 

Constant α Control 

Six timing (commutation) voltages are derived from the converter AC bus 

via voltage transformers and the six gate pulses are generated at nominally 

identical delay times subsequent to the respective voltage zero crossings. 

The instant of zero crossing of a particular commutation voltage 

corresponds to α = 0o for that valve. 

The delays are produced by independent delay circuits and controlled by a 

common control voltage V derived from the current controllers. 

 

Inverse Cosine Control 

The six timing voltages (obtained as in constant α control) are each phase 
shifted by 90o and added separately to a common control voltage V. 
 

 

 

 

The zero crossing of 

the sum of the two 



voltages initiates the firing pulse for the particular valve is considered. The 

delay angle α is nominally proportional to the inverse cosine of the control 

voltage. It also depends on the AC system voltage amplitude and shape. 

The main advantage of this scheme is that the average DC voltage across 

the bridge varies linearly with the control voltage Vc . 

 

Drawbacks of IPC Scheme 

The major drawback of IPC scheme is the aggravation of the harmonic 

stability problem that was encountered 

particularly in systems with low short 

circuit ratios (less than 4). The harmonic 

instability, unlike instability in control 

systems, is a problem that is 

characterized by magnification of non-

characteristic harmonics in steady-state. 

This is mainly due to the fact that any 

distortion in the system voltage leads to 

perturbations in the zero crossings which affect the instants of firing 

pulses in IPC scheme. This implies that even when the fundamental 

frequency voltage components are balanced, the firing pulses are not 

equidistant in steady-state. This in turn leads to the generation of non-

characteristic harmonics (harmonics of order h ≠ np ± 1) in the AC current 

which can amplify the harmonic content of the AC voltage at the converter 

bus. The problem of harmonic instability can be overcome by the following 

measures 

1. Through the provision of synchronous condensers or additional 

filters for filtering out non-characteristic harmonics. 

2. Use of filters in control circuit to filter out non-characteristic 

harmonics in the commutation voltages. 

3. The use of firing angle control independent of the zero crossings 



of the AC voltages. This is the most attractive solution and leads 

to the Equidistant Pulse Firing scheme. 

 

EXPECTED QUESTIONS FROM THE LECTURE: 

1. Write down a short note on Individual Phase Control Scheme. 

2. What are the various types of IPC scheme? Explain them brielfly. 

3. What are the drawbacks of IPC scheme? 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Equidistant Pulse Control (EPC) 

The firing pulses are generated in steady-state at equal intervals of 1/pf , 

through a ring counter. This control scheme uses a phase locked oscillator 

to generate the firing pulses. There are three variations of the EPC scheme 

1. Pulse Frequency Control (PFC) 

2. Pulse Period Control 

3. Pulse Phase Control (PPC) 
 

 

Pulse Frequency Control (PFC) 

A Voltage Controlled Oscillator (VCO) is used, the frequency of which is 

determined by the control voltage Vc which is related to the error in the 

quantity (current, extinction angle or  DC voltage) being regulated. The 

frequency in steady-state operation is equal to pfo where fo is the nominal 

frequency of the AC system. PFC system has an integral characteristic and 

has to be used along with a feedback control system for stabilization. 

The Voltage Controlled Oscillator (VCO) consists of an integrator, 

comparator and a pulse generator. 

 

The output pulses of the 

generator drive the ring 

counter and also reset the 

integrator. The instant (tn ) of 

the firing pulse is 

determined by 



 

  ( +  ) =  

 − 

where V1 is a bias (constant) voltage and V3 is proportional to 

the system period. In steady-state, Vc = 0, and from the above 



equation, we get 

K1 V1 (tn – tn-1 ) = V3 

Since, tn – tn-1 = 1/pfo 

in steady-state, the gain K1 of the integrator is chosen as 

K1 = pfo V3 / V1 

The circuit does not incorporate frequency correction (when the system 

frequency deviates from fo ). The frequency correction is obtained by 

deriving V3 as 

V3 = V2 / (1+ST1 ) , V2 = K1 V1 (tn-1 – tn-2 ) 
 

 
 

 

 

Pulse Period Control 

It is similar to PFC except for the way in which the control voltage Vc is 

handled. The structure of the controller is the same, however, Vc is now 

summed with V3 instead of V1 .  

The frequency correction in this scheme 

is obtained by either updating V1 in 

response to the system frequency 

variation or including another integrator 

in the CC or CEA controller. 

 

Pulse Phase Control (PPC) 

An analog circuit is configured to generate firing pulses according to the 
following equation 

 

  =  − (−) +  

 − 

where Vcn and Vc(n-1) are the control voltages at the instants tn and tn-1 



respectively. 

For proportional current control, the steady-state can be reached when 

the error of Vc is constant. 

The major advantages claimed for PPC over PFC are (i) easy inclusion of 

α limits by limiting Vc as in IPC and (ii) linearization of control 

characteristic by including an inverse cosine function block after the 

current controller. Limits can also be incorporated into PFC or pulse 

period control system. 

 

Drawbacks of EPC Scheme 

EPC Scheme has replaced IPC Scheme in modern HVDC projects; it has 

certain limitations which are 

1. Under balanced voltage conditions, EPC results in less DC voltage 

compared to IPC. Unbalance in the voltage results from single 

phase to ground fault in the AC system which may persist for over 

10 cycles due to stuck breakers. Under such conditions, it is desirable 

to maximize DC power transfer in the link which calls for IPC. 

 

2. EPC Scheme also results in higher negative damping contribution 

to torsional oscillations when HVDC is the major transmission 

link from a thermal station. 

 
EXPECTED QUESTIONS FROM THE LECTURE: 

1. Write down a short note on Equidistant Pulse Control Scheme. 

2. What are its various types? Explain them briefly. 

3. What are the drawbacks of EPC scheme? 

 



 

CURRENT AND EXTINCTION ANGLE CONTROL 

The current controller is invariably of feedback type which is of PI type. 
 

The extinction angle controller can be of predictive type or feedback type 

with IPC control. The predictive controller is considered to be less prone to 

commutation failure and was used in early schemes. The feedback control 

with PFC type of Equidistant Pulse Control overcomes the problems 

associated with IPC. 

The extinction angle, as opposed to current, is a discrete variable and it 

was felt the feedback control of gamma is slower than the predictive type.  

Under large disturbances such as a sudden dip in the AC voltage, signals 

derived from the derivative of voltage or DC current aid the advancing of 

delay angle for fast recovery from commutation failures. 

 

Starting and Stopping of DC Link 

 

Energization and Deenergization of a Bridge: 

Consider N series connected bridges at a converter station. If one of the 

bridges is to be taken out of service, there is need to not only block, but 

bypass the bridge. This is because of the fact that just blocking the pulses 

does not extinguish the current in the pair of valves that are left 

conducting at the time of blocking. The continued conduction of this pair 



injects AC voltage into the link which can give rise to current and voltage 

oscillations due to lightly damped oscillatory circuit in the link formed by 

smoothing reactor and the line capacitance. The transformer feeding the 

bridge is also subjected to DC magnetization when DC current continues 

to flow through the secondary windings. 

The bypassing of the bridge can be done with the help of a separate bypass 

valve or by activating a bypass pair in the bridge (two valves in the same 

arm of the bridge). The bypass valve was used with mercury arc valves 

where the possibility of arc backs makes it impractical to use bypass pairs. 

With thyristor valves, the use of bypass pair is the practice as it saves the 

cost of an extra valve. 

 

With the selection of bypass pair 1 and 4, the commutation from valve 2 

to4 is there, but the commutation from valve 3 to valve 5 is prevented. In 

the case of a predetermined choice of the bypass path, the time lapse 

between the blocking command and the current transfer to bypass path 

can vary from 600 and 1800 for a rectifier bridge. In the inverter, there is 

no time lag involved in the activation of the bypass pair. The voltage 

waveforms for the rectifier and inverter during de-energisation are shown 

below where the overlap is neglected. 



 

 
 

The current from bypass pair is shunted to a mechanical switch S1 . With 

the aid of the isolators S, the bridge can be isolated. The isolator pair S 

and switch S1 are interlocked such that one or both are always closed. 

The energisation of a blocked bridge is done in two stages. The current is 

first diverted from S1 to the bypass pair. For this to happen S1 must 

generate the required arc voltage and to minimize this voltage, the circuit 

inductance must be small. In case the bypass pair fails to take over the 

current, S1 must close automatically if the current in that does not become 

zero after a predetermined time interval. AC breakers with sufficient arc 

voltage, but with reduced breaking capacity are used as switch S1 . 

In the second stage of energisation, the current is diverted from the bypass 

pair. For the rectifier, this can take place instantaneously neglecting 

overlap. The voltage waveforms for this case are shown below. 

Start-Up of DC Link: 

There are two different start-up procedures depending upon whether the 

converter firing controller provides a short gate pulse or long gate pulse. 

The long gate pulse lasts nearly 1200 , the average conduction period of a 

valve. 



Start-up with long pulse firing: 

1. Deblock inverter at about γ = 900 

2. Deblock rectifier at α = 850 to establish low direct current 

3. Ramp up voltage by inverter control and the current by rectifier 

control. 

Start-up with short pulse firing: 

1. Open bypass switch at one terminal 

2. Deblock that terminal and load to minimum current in the rectifier 
mode 

3. Open bypass switch at the second terminal and commutate current to 
the bypass pair 

4. Start the second terminal also in the rectifier mode 

5. The inverter terminal is put into the inversion mode 

6. Ramp up voltage and current. 

 
 

The voltage is raised before raising the current. This permits the 

insulation of the line to be checked before raising the power. The 

ramping of power avoids stresses on the generator shaft. The switching 

surges in the line are also reduced. 

The required power ramping rate depends on the strength of the 

AC system. Weaker systems require fast restoration of DC power for 

maintaining transient stability. 

 
Power Control 

The current order is obtained as the quantity derived from the 

power order by dividing it by the direct voltage. The limits on the current 

order are modified by the voltage dependent current order limiter 

(VDCOL). The objective of VDCOL is to prevent individual thyristors 

from carrying full current for long periods during commutation failures. 

By providing both converter stations with dividing circuits and 

transmitting the power order from the leading station in which the 

power order is set to the trailing station, the fastest response to the DC 



line voltage changes is obtained without undue communication 

requirement. 

 
The figure below shows the basic power controller used. 
 
 

 
 

 
 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 

When the DC line resistance is large and varies considerably e.g., when the 

overhead line is very long and exposed to large temperature variations, the 

DC line voltage drop cannot be compensated individually in the two 

stations. This problem can be solved by using a current order calculated in 

one substation only and transmitting its output to the other substation.  

 

EXPECTED QUESTIONS FROM LECTURE: 

 

1. Explain briefly about current and extinction control. 

2. Describe about the starting and stopping of DC link. 

3. Write a short note on power control of converter. 
 



CONVERTER FAULTS AND PROTECTION 

DC converter stations form an integral part with the AC-power system, and 
their basic protection philosophy is thus greatly influenced by AC-system 
protection principles. 

There are, however, two technical reasons which influence some departure 
from the conventional protection philosophy, i.e. the limitations of DC circuit 
breakers and the speed of controllability of HVDC converters. Furthermore, the 
series connection of converter equipment also presents some special problems 
not normally encountered in AC substations. 

As with AC protective systems, DC safety margins should be based on 
statistical risk evaluations, distinguishing between independent disturbances 
and the possible cascading of faults. For a given disturbance, the protective 
system must also be capable of disconnecting only the lowest necessary level 
and for the minimum time interval. 

The characteristics of internal (within the converter) and external faults are 
quite different and are considered separately. 

 

CONVERTER DISTURBANCES 

According to the origin of the malfunction, converter disturbances can be 

divided into three broad groups, i.e.: 

• Malfunction of the valves or their associated equipment. The main types 

are: misfire, fire-through and backfire (only in mercury-arc valves). 

• Commutation failure, the most common disturbance during inverter 

operation. This fault often follows other internal or external 

disturbances. 

• Short circuits within the converter station. Although these faults are 

rare, they must be taken into consideration in converter design. 

 

Misfire and firethrough 

 

Misfire is the failure to fire a valve during a scheduled conducting period and 
fire-through is the failure to block a valve during a scheduled non-conducting 
period. These faults are caused by various malfunctions in the control and 
firing equipment. 

The effect of these faults is more critical when they occur at the inverter end. 
With rectifier operation they do not constitute a serious disturbance unless 
they are sustained, in which case they can introduce voltage and current 
oscillations on the DC side. 



The development of a fire-through in valve at the instant B during inverter 
operation. The valve voltage Vi is indicated by the thick broken line; this valve 
can fire-through at any time after instant A, although the scheduled firing 
instant is F. If the cause of the fire-through persists, the fault will recur at 
instant G, as the thick dotted lines indicate. 

 
 

It must be pointed out that the idealised waveforms of Figure 8.1 are only 
valid in the presence of infinite smoothing inductance and a very large short-
circuit ratio. In practice, the current will change considerably during the 
disturbance and, with it, the level of distortion of the voltage waveforms. 

 

Commutation failure 

 

This fault is the result of a failure of the incoming valve to take over the direct 
current before the commutating voltage reverses its polarity, taking into 
account the need for sufficient extinction time. 
 

A true commutation failure is due to varying conditions in the external AC or 
DC circuits combined with inadequate predictive control of the inverter 
extinction angle. Either a low alternating voltage, a high DC current or both, 
can prevent completion of the commutation process in sufficient time for safe 
commutation; in such cases the direct current is shifted back from the 
incoming valve to the previously-conducting valve. 
 

It illustrates the idealised development of a single commutation failure. For 
simplicity the fault is created by introducing some delay in the firing of the 
incoming valve, i.e. valve V3 is fired at instant B, instead of the normal instant 
A Since the commutating voltage (phases RY) becomes positive after instant C, 
the incoming valve V3 eventually ceases conducting at E and the direct current 
commutates back to the preceding valve Vi  

When valve V4 is fired at D, a three-phase short circuit is briefly established by 

the conduction of the four valves V\ to V4 until instant F, when the 
commutation from F2 to V4 is completed. Between D and / the bridge is 

bypassed by the conduction of valves V\ and V4, during this period there are 
no alternating currents in the converter transformer, but the direct current 

increases in practice as a result of the temporary voltage collapse of the 
inverter. If a normal commutation takes place from V4 to VQ between H and /, 

the bridge normal voltage is gradually reestablished. 

However, owing to the DC-current rise, caused by the temporary DC-voltage 
collapse at the inverter end, commutation from valve V2 to V4 may also be 



unsuccessful, thus causing a double successive commutation failure. In this 
case, successive valves V\ and V2 are the only conducting valves after instant 
G, and the inverter output voltage Vd reverses for nearly half a cycle Such 
development would, in practice, increase the DC current rapidly and, as a 
result, subsequent commutations may also fail. 

As a result of the DC short circuit at the inverter end, the transformer is 
either partially or totally bypassed and the DC-line current exceeds the 
current in the AC lines. This effect has been used to detect the occurrence of 
commutation failures. 

After the occurrence of a commutation failure, the next firing instant is 
advanced by constant extinction-angle control. If the failure is caused by low 
alternating voltage following an AC disturbance, upon clearance of this 
disturbance the normal voltage will return and prevent further commutation 
failures. 
 

In the event of recurring commutation failures the valve group should be 
blocked. This is often combined with bridge or valve-group bypass in the case 

of a multi-group converter station. 

Voltage-waveform distortion following AC-switchgear switching operations at 
the inverter station can lead to commutation failures. Counter measures used 
to avoid these are temporary shifts of the commutation margin angle prior to 
the switching operation and the application of circuit breakers with closing 
resistors. 

The probability of commutation failure can be reduced by increasing the 
minimum extinction angle allowed in normal operation. This, however, 
increases the VAR compensation required and a compromise is reached where 
a reasonably low probability of commutation failure is acceptable. As a 
guideline, the minimum margin angle is fixed to avoid commutation failures 
during voltage reductions of up to 15 %.1 There-fore, only disturbances 
resulting in converter voltages below 85 % of the nominal are considered in the 
assessment of the converter transient reliability (TR). TR, a concept used in 
CIGRE survey reports,2 is defined as the ratio of the number of times that the 
HVDC system returns to its pre-disturbance power transfer level after a 
disturbance, to the number of disturbances (in per cent). Another parameter of 
interest in this respect is the number of commutation-failure starts (CFS). A 
CFS is the initiation of a distinct and separate commutation-failure event. 

 

Backfire 

 

Although backfires, or conduction in the reverse direction, can occur (and 
have occurred) on thyristors, both as external flashover and as failure of all 



thyristors in a valve, this fault is only discussed with reference to mercury-arc 
valves and is caused by the combined effect of: 

• high reverse voltage across the valve; 

• high rate of rise of initial voltage jump; 

• high rate of fall of current at the instant of initial voltage jump. 
 

The reverse voltage is higher during rectification and therefore the backfire 
probability is much higher on this mode of operation. 

Having lost its unidirectional conduction property, the backfiring valve, 
together with the forward-conducting valve on the same side of the bridge, 
provides a path for uncontrolled phase-to-phase short circuit in the converter 
transformer. Self recovery is not normally possible with backfires and total 
blocking is ordered upon detection of a single fault. However, blocking is not 
always possible and back-up AC breaker action is often needed to clear the 
fault. 

The current in the forward-conducting valve during this condition reaches 
typical peak values of 10 p.u.3 The combination of a high-voltage jump 
following current extinction in the forward-conducting valve, and the large 
current magnitude shortly before extinction (i.e. the ionisation level met by the 
recovery voltage), often produces what is called a consequential backfire in this 
valve. This constitutes a most serious condition in mercury-arc rectifiers, as 
the converter valves and transformers have to be rated to withstand large 
overcurrents prior to fault clearance by the AC circuit breaker. 

Internal short circuit 

Although rare, short circuits can occur at various locations of the converter 
station. These can be caused by maloperation of earthing switches, 
deteriorating insulators or surge-arrester failures, particularly during transient 
over-voltages. 

A flashover across a non-conducting valve produces a phase-to-phase short 
circuit with a very large over-current on the conducting valve. 

The largest stress is produced during rectification with a small firing delay, and 
the worst instant is immediately after commutation, e.g. across valve V\in this 
case the current in valve V3 is only limited by the transformer leakage 
reactance and the system source impedance. 

 

Bypass action 

Many of the valve faults are of a temporary nature and can be eliminated by a 
temporary absence of conduction. 



In mercury-arc schemes this is achieved by the use of a bypass valve across 
the converter bridge. This valve is kept blocked when the bridge unit is 
conducting in the normal manner. When it is necessary to stop the bridge 
from conducting, the bypass valve is fired while the main bridge valves are 
blocked. Once a bypass valve has fired, it can be blocked only by first 
interrupting its current so that its grid can regain control. In the case of a 
rectifier, assuming that its bypass valve is carrying current, when the bridge 
valves are restarted a positive voltage is established across the bypass valve, 
the cathode of which becomes positive with respect to its anode; the bridge 
valves then take over the current from the bypass valve, which stops 
conducting since it cannot conduct in the reverse direction. 

In the case of the inverter, the bypass valve will not stop until its cathode is 
made positive with respect to its anode; the necessary reversal of polarity may 
be accomplished by a temporary advance of the angle to greater than 60°. 

A combination of a bypass and two series switches permits bridge isolation for 
more permanent outages. 

 

Bypass action in thyristor bridges 

 

The absence of backfires in thyristor valves permits a simpler bypass scheme 
without the need for a bypass valve. Instead, one of the main bridge arms 
provides the necessary bypass. A healthy-arm pair can always be found to 
relieve a temporary disturbance in one of the bridge valves. 

Blocking of a converter through bypass pairs involves the same series of 
operations, in principle, as blocking through a bypass valve; i.e. blocking of 
the main firing pulses and the simultaneous injection of continuous firing 
pulses to a bypass pair. 

The selection of blocking sequences applicable to bypass pairs is particularly 
important to give the faulty valves the best chance to recover, without 
resorting to the operation of the isolators associated with the converter. 

 

EXPECTED QUESTIONS FROM LECTURE: 

1. Explain briefly about the various types of disturbances occur in 
converters. 

 

 

 



OVERCURRENT PROTECTION 

With mercury-arc converters the highest over-currents are produced as a 

result of backfires, particularly when they develop into a consequential 

backfire in another valve. 

In the case of thyristor-based HVDC converters the over-current protection 
settings are decided with reference to the overload capability of the thyristor 
valves, because of their smaller heat dissipation compared to conventional 
plant. A typical valve-overload capability also indicates suggested tripping 
levels for various disturbances. 

The steady-state short-circuit current of an uncontrolled rectifier is limited 
by the increase in overlap angles, which leads to simultaneous 
commutations on both halves of the bridge and zero DC-voltage periods. 
However, this situation will not be permitted to develop in practice as the 
fault current is normally reduced by control action. Of more concern, 
therefore, is the transient short-circuit behaviour which, as indicated in 
Section 8.3, requires detailed transient simulation of the converter and AC 
and DC-systems behaviour. Such studies are necessary to provide adequate 
over-current protection without unnecessary trippings. 

Disturbances causing over-currents in the converter valves can be divided 

into three groups, i.e. internal faults, DC-line faults and inverter-end 

commutation failures. 

Commutation failures may cause long duration overstress if they occur as a 
consequence of another fault in the receiving-end system. Their effect on the 
rectifier-end current is relatively small, since they are separated from the 
rectifier valves by two smoothing reactors and the DC line. 

The protection of internal and DC-line faults is considered next under the 
subjects of valve-group and DC-line protection, respectively. 

Valve group protection 

Internal faults cause severe over-currents because the impedance between 
the fault location and the AC-system source is small. A terminal-to-terminal 
short circuit across one valve, although a rare event, produces the highest 
over-current stress in other valves; typically, a current peak of ten per unit 
can be expected. Normally, fast suppression of the firing pulses should block 
the short-circuit current, provided that the valves are capable of 
withstanding the recovery voltage immediately after the fault. However, if the 
valve is not able to block, the only way to avoid repetitive over-current peaks 
is by immediate tripping of the AC circuit breaker. 

A typical over-current protection scheme is used for the detection of internal 
faults in a modern 12-pulse group converter. The group differential 



protection compares the rectified AC current with the DC current. This unit-
protection scheme provides speed and selectivity.  

If the comparison shows that the DC is greater than the AC current (when 
the firing angle is in the inverting region) this indicates a commutation 
failure and the only action required is an automatic increase in the 
extinction angle, y. However, if the condition persists, a temporary block is 
initiated. 

The case of the AC being greater than the DC current indicates either a 
backfire (only with mercury-arc converters) or a short circuit in the valve 
group and requires circuit-breaker tripping. 

A non-unit over-current protection scheme is also used as a backup, with a 
higher tripping level, to avoid tripping action during faults outside the 
station which can be cleared by control action. 

Finally, the detection of ground faults on the DC side relies on a pole-
differential protection scheme, which blocks the converter valves and trips 
the AC breaker of the affected pole. 

DC line protection 

DC faults are more frequent than internal short circuits and are mainly 
caused by lightning. The current amplitude is limited by the smoothing 
reactor and by control action to typically two to three per unit. 

The detection scheme includes rate of change of voltage (which responds 
after some 3 ms) and a slower back-up line under-voltage relay (which 
responds after, say, 50 ms). With parallel lines it is also common to include a 
rate of change of current comparison scheme to indicate which parallel line 
is faulty. 

The rate of change is set to discriminate between ground faults and lightning 
surges not resulting in ground faults; commutation failures at the other end 
of the line produce less steep voltages at the rectifier end (since there are two 
smoothing reactors in between) and are also ignored. 

A back-up under-voltage unit is also used to detect high-resistance DC-line 
faults, where the rate of decrease of DC-line voltage is slow. Although normal 
current control can limit the current to a small value, this action is not 
sufficient to extinguish the fault arc. The fastest way of bringing the line 
current to zero is to delay the rectifier firing into the inverting region; as a 
result both stations are temporarily inverting to transfer the energy stored in 
the DC-circuit electric and magnetic fields into the two AC systems. 

DC-line protection is not needed in back-to-back interconnections as the two 
converters are located in the same building. 

 



EXPECTED QUESTIONS FROM THE LECTURE: 

1. What is Over-current and what are its causes? 

2. Explain over-current protection briefly.  

3. What are the types of over-current faults? Describe those. 

4. Describe valve group protect with proper diagram. 

5. Explain DC line protection briefly. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

OVERVOLTAGE PROTECTION 

There are some fundamental differences between the types of overvoltage 

experienced in AC and DC transmission schemes, the main differences 

resulting from: 

a) The commutation phenomena between the converter devices which, 

even during normal operating conditions, result in complex voltage 

waveforms. 

b) The combination of direct and alternating (or transient) voltage. 

 

The bridge units of multi-group converters are normally connected in series 

on the DC side and in general they are symmetrically placed with respect to 

earth, as shown in Figure 9.2. The number of energy-storing elements 

increases in proportion to the number of bridges on the same side of earth 

and this results in growing voltage-to-earth stresses on the bridge valves as 

their separation with respect to earth increases; the stress across each valve 

is the same, however. 

According to their source of origin converter over-voltages can be divided 

into: 

• Over-voltages excited by disturbances on the DC side; 

• over-voltages excited by disturbances on the AC side; 

• fast transients produced at the converter itself; 

• fast transients of external origin (i.e. lightning or switching-type surges). 

 

Over-voltages excited by disturbances on the DC side 

In order of increasing relevance, three types of DC-system disturbance need 
to be discussed. 

• When a short circuit occurs in one pole of an HVDC bipolar trans-
mission system, a transient overvoltage is induced on the healthy pole. 
However, the level of overvoltage will be limited to less than two per unit by 
control action and does not constitute a decisive factor for the insulation 
coordination. 
• The re-energisation or deblocking of converter bridges can be a cause of 
large transient overvoltage. 
• The most severe voltage oscillations across a valve will occur in the event, 
unlikely but possible, of an earth fault on the valve side of the DC-reactor's 
bushing; however, this overvoltage does not affect the line insulation. 
 



Over-voltages excited by AC disturbances 

• AC harmonic filters present capacitive impedance for frequencies below 
their lowest tuned frequency. If the AC system is inductive, as is the usual 
case, there is the possibility of a parallel resonance between the filter and the 
system at one of these low harmonics of the supply frequency (e.g. at the 
third or fourth harmonic in the presence of fifth-harmonic filters), and the 
lower resonant frequencies will usually result in increased over-voltages. 

• Following disturbances such as transformer switching, load rejection, 
AC-system faults etc. the resonant circuit can be excited, generating 
harmonic voltages superimposed on the fundamental frequency. 

• When transformers are driven into saturation they draw harmonic 
currents and, if the AC system exhibits high impedance as a result of 
resonance at one of these harmonic frequencies, then harmonic voltages of 
considerable amplitude can be superimposed on the fundamental-frequency 
voltage. 

• The most important over-voltages occur during three-phase-faults 
clearance.  

• The level of harmonic overvoltage is very dependent on the effective 
system resistance, and therefore on the impedance angle of the system at the 
harmonic frequency. 

• Unbalanced AC faults cause the injection of second-harmonic voltage 
and current on the DC line, which may excite oscillations if the natural 
frequency of the DC line coincides with this frequency. 

 

Over-voltages owing to converter disturbances 

• Internal converter disturbances such as a repetitive misfire or 
commutation failure in one valve can inject fundamental-frequency voltage 
on the DC line.  
• Another important source of overvoltage on the DC line occurs when the 
inverter firings are blocked without bypass action. In this case, two valves 
(per bridge) remain conducting and a large AC voltage is injected on the DC 
line. Voltage and current oscillations on the DC line may then cause current 
extinction at the inverter followed by a considerable over-voltage, owing to 
the rectifier continuing to provide energy into the DC system. 
• A properly designed converter current-control system is very effective in 
reducing DC over-voltages and oscillations. Even when the line is resonant 
to the frequency of the injected AC voltage, a good controller will limit the 
over-voltages to less than fifty per cent of the line voltage. 

 

 

 



EXPECTED QUESTIONS FROM THE LECTURE: 

1. What is Over-voltage and what are its causes? 

2. Explain over-voltage protection briefly.  

3. What are the types of over-voltage faults? Describe those. 

4. Describe overvoltage by disturbances on DC side. 

5. Explain over-voltage disturbance by disturbances on AC side. 

6. Write a short note on over-voltages due to converter disturbances. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



SURGE AREESTERS 

There is an important difference in the behaviour of AC and DC surge 

diverters. Owing to the parallel connections, the AC system has a low 
impedance and the follow current in an AC surge diverter, even with strong 

arc-suppression characteristics, has little effect on the AC-system voltage 
against which the diverter has to reseal. On the other hand, DC schemes 
have large smoothing reactors and other inductive components i.e. the 

diverter has to suppress the direct current in a highly inductive circuit. As a 
result, unless the suppression is done in a controlled way, the surge diverter 
might cause further over-voltages. Some early HVDC schemes used 

protective gaps but the development of self-sealing surge arresters changed 
the situation. Arresters with series gaps and silicon-carbide valve elements 

with nonlinear resistance have been extensively used in HVDC schemes. 

However, metal-oxide arresters have now taken over the overvoltage 
protection of HVDC converters. They consist mainly of zinc-oxide (ZnO) but 
contain additives of other metal oxides. The main advantages of the new type 
are their high discharge capability and the lack of gap spark-over transient; 
the latter property is particularly important in the protection of thyristor 
valves. 

Typically, a ZnO disc can carry thousands of amps at twice the nominal 

voltage and thus permit the elimination of series-connected spark gaps. 

The zinc-oxide arrester voltage characteristic has a very definite knee and is 
extremely flat; hence, the arrester will not permit the voltage to rise without 
shunting a substantial current to ground. Furthermore, in the case of a 
switching surge, all arresters connected to a busbar share the discharge 
duty; they draw an increased current out of the overvoltage source and 
hence contribute to the damping effect. 

With gapless metal-oxide arresters, the arrester elements are continuously 
subjected to the normal operating voltage of the AC-DC system. The 
numbers of series-connected elements are selected so that only a very low 
current flows under normal applied voltage. 

An important advantage of the metal-oxide arresters is their ability to 

parallel units to achieve the needed energy capability. However, metal-oxide 

arresters have a given physical ratio between the maximum DC operating 

voltage and the protective level at internal over-voltages. 

An overvoltage limiter can also be designed using anti-parallel connected 
thyristor valves in series with the metal-oxide arrester, or using other 
material such as a metallic resistance. The limiter can be triggered 
depending on overvoltage conditions or by DC control. With such equipment 
even lower protective levels can be achieved. 



 

 

 

 

Application of surge arresters 

 

As a general principle, a surge arrester must be set to discharge, or divert, 
over-voltages higher than the highest normal operating voltage and lower 
than the breakdown voltage of the insulation under protection. 
 

Most over-voltages within a converter station are of the switching surge type. 
Although lightning surges caused by thunder storms do not enter the 
converter bridges, the valves are exposed to lightning-surge-type stresses 
during ground faults within the station. It is thus necessary to test the 
HVDC equipment with some standard voltage waveforms similarly to HVAC 
equipment. 

Four examples of surge arrester protection are 

• Square Butte 

• Cross-Channel 2000 MW scheme 

• British Columbia Hydro (Stage IV) 140 kV valves 

• BC Hydro valve-insulation co-ordination 

 

EXPECTED POSSIBLE QUESTIONS 

1. What is Surge Arrester? 

2. Write down the applications of Surge Arresters. 

3. Explain the principle of Surge Arresters. 

 

 

 

 

 



PROTECTION AGAINST OVERVOLTAGES 

Most of the internal over-voltages occurring in the DC cables have 

amplitudes lower than 1.5 p.u. and durations in the range of 100 ms. They 
do not influence the insulation co-ordination of the cable and there is no 

need for their limitation by overvoltage protection, as the DC-cable insulation 

capability for internal over-voltages at the given operating voltage is higher. 

 

However some faults, combined with control malfunctioning, can lead to 
over-voltages higher than 1.5 p.u. Depending on the assumptions made 
regarding possible control failures and on the transmission data used 
especially if a resonance condition at the fundamental frequency is present 
in the DC circuit – over-voltages exceeding 2 p.u. can occur. These over-
voltages should be limited by surge arresters to reduce the cost of DC-cable 
insulation. Examples of these occurrences are loss of firing pulses in inverter 
or inverter blocking, rectifier start against an inverter open end and a fault 
on a DC line in mixed overhead/cable transmission schemes. 
 

Considering that the present ratio between maximum DC operating voltage 
and internal overvoltage protecting levels of metal-oxide arresters is about 
1.9, the DC-cable over-voltages must be limited to this value if no additional 
measures are taken. For arresters with this protective level only moderate 
energy capability is required. 

 

In mixed DC overhead line/DC-cable transmission, lightning over-voltages 
can stress the DC-cable insulation. During direct strokes on the DC line and 
back flashovers, surges propagate towards the cable terminals and part of 
their discharge energy is transmitted into the cable. For long cables, since 
the surge impedance of the cable is much lower than that of the overhead 
line, the voltage on the cable is reduced and damped before reflections in the 
cable can lead to high over-voltages. Therefore, the reflections are changed 
into over-voltages of the switching-surge type and of lower amplitude. 
 

However, if a short cable section is inserted into the DC overhead line 
transmission (e.g. only a few kilometres) multiple-wave reflections in the 
cable can result in high over-voltages. To limit these over-voltages it is 
important to provide measures which prevent direct strokes and back 
flashovers close to the line/cable junction, e.g. the use of low tower footing 
resistance and good DC-line shielding by earth wires. 
 

The DC cables must also be protected against lightning by arresters at both 

ends. 

 



EXPECTED POSSIBLE QUESTION: 

1. Write a short note on Over-voltage protection. 

 

SMOOTHING REACTOR 

Functions of smoothing reactors 

 

The smoothing reactor performs the following functions and is essential for 
the converter operation in HVDC system. 

 

1. To prevent consequent commutation failures in inverters by reducing 
the rate of rise of direct current during commutation in one bridge when 
the direct voltage of another series connected bridge collapses. 

 

2. They reduce the incidence of commutation failure in inverters cause by 
dips in the ac voltage at the converter bus. 

 

3. It smoothens the dc current ripples. 
 

4. To reduce the harmonic voltage and current in the dc line. 
 

5. To reduce the requirement of dc filters and ac filters. 
 

6. To reduce the current and voltage transients, during sudden changes in 

dc power flow. 
 

7. To reduce the crest of the short circuit current in the dc line, thereby 
reducing the stresses on the converter valve. 

 

8. To limit the current in the valves during the converter bypass pair 
operation, due to the discharge of shunt capacitances of the dc line. 

 

Disadvantages and Limitations 

 

1. High inductance of smoothing reactor on dc side results in slowing 
down of response of current control of HVDC transmission systems. 
 



2. Reactor has additional losses. 
 

3. The resonant frequency is reduced and the current stabilization control 
becomes difficult. 
 

4. High stored energy causes high short circuit currents on dc side 
between pole bus and earth. 

 

 

Principle of smoothing reactor 

 

Smoothing reactor functions as a pure inductance. Current Id through the 
reactor cannot change instantaneously. Under changing current condition, 
the emf is induced in the reactor coil given by 

𝑒 = 𝐿
𝑑𝑖

𝑑𝑡
 

 

This emf opposes the rate of change of current. The current change takes 
finite time of the order of a few micro or milliseconds. The above principle 
gives a smoothing reactor to the dc waveform. 

 

Criterion for choice of smoothing reactor 

1. Inductance should be sufficient to ensure flow of dc current even when 
the delay angle is close to 90 degrees. 

2. The inductance should smoothen the dc voltage and current 
waveforms to acceptable limits. The percentage of ripples should be reduced 
to acceptable limits. 

3. During the inverter faults and dc line faults, the rate of rise of current 
should not exceed the limit. 
4. The inductance value should remain practically constant with 

variations in the direct current. 
5. Inductance should be low, so that the dc system current noise (due to 

magnetostriction) is low. 
 

There is little information available on the choice of the optimum size of the 

dc smoothing reactor. 

One criterion used is the Si factor, defined below. 



𝑆𝑖  =  
𝑉𝑑𝑛

𝐿𝐼𝑑𝑛
 

 

EXPECTED POSSIBLE QUESTIONS 

 

1. Explain the principle of smoothing reactor briefly. 
2. What are the functions of smoothing reactor in HVDC transmission? 
3. Write few disadvantages and limitations of smoothing reactor. 
4. What are the different criterions on which selection of smoothing reactor 
based upon? 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CORONA EFFECTS IN D.C. LINE 

When compared to the I2R heating loss, the average corona losses on several 
lines from 345 kV to 750 kV gave 1 to 20 kW/km in fair weather, the higher 
values referring to higher voltages. In foul-weather, the losses can go up to 
300 kW/km. Since, however, rain does not fall all through the year (an 
average is 3 months of precipitation in any given locality) and precipitation 
does not cover the entire line length, the corona loss in kW/km cannot be 
compared to I2R loss directly. 

A reasonable estimate is the yearly average loss which amounts to roughly2 
kW/km to 10 kW/km for 400 km lines, and 20-40 kW/km for 800 km range 
since usually higher voltages are necessary for the longer lines. Therefore, 
cumulative annual average corona loss amounts only to 10% of I2R loss, on 
the assumption of continuous full load carried. With load factors of 60 to 
70%, the corona loss will be a slightly higher percentage. Nonetheless, 
during rainy months, the generating station has to supply the heavy corona 
loss and in some cases it has been the experience that generating stations 
have been unable to supply full rated load to the transmission line. Thus, 
corona loss is a very serious aspect to be considered in line design. 

When a line is energized and no corona is present, the current is a pure sine 
wave and capacitive. It leads the voltage by 90°. However, when corona is 
present, it calls for a loss component and a typical waveform of the total 
current. When the two components are separated, the resulting inphase 
component has a waveform which is not purely sinusoidal. It is still a 
current at power frequency, but only the fundamental component of this 

distorted current can result in power loss. 

When corona is present on the conductors, e.h.v. lines generate audible 

noise which is especially high during foul weather. The noise is broadband, 

which extends from very low frequency to about 20 kHz. Corona discharges 

generate positive and negative ions which are alternately attracted and 

repelled by the periodic reversal of polarity of the ac excitation. Their 

movement gives rise to sound-pressure waves at frequencies of twice the 

power frequency and its multiples, in addition to the broadband spectrum 

which is the result of random motions of the ions. 

There are in general two types of corona discharge from transmission-line 

conductors: (i) Pulse less or Glow Corona; (ii) Pulse Type or Streamer Corona. 

Both these give rise to energy loss, but only the pulse-type of corona gives 

interference to radio broadcast in the range of 0.5 MHz to 1.6 MHz. 

Corona on conductors also causes interference to Carrier Communication 
and Signalling in the frequency range 30 kHz to 500 kHz. In the case of 
Radio and TV interference the problem is one of locating the receivers far 



enough from the line in a lateral direction such that noise generated by the 
line is low enough at the receiver location in order to yield a satisfactory 
quality of reception. In the case of carrier interference, the problem is one of 
determining the transmitter and receiver powers to combat line-generated 
noise power. In the case of Radio and TV interference the problem is one of 
locating the receivers far enough from the line in a lateral direction such that 
noise generated by the line is low enough at the receiver location in order to 
yield a satisfactory quality of reception. In the case of carrier interference, 
the problem is one of determining the transmitter and receiver powers to 
combat line-generated noise power. 

 

EXPECTED POSSIBLE QUESTIONS  

1. What are the various effects of Corona in high voltage lines? 

2. Write down the types of corona in high voltage lines. 

3. Write a short note on corona effects in D.C line. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



PROTECTION OF D.C. LINE 

DC LINE FAILURE  

DC line faults are generally caused by ground flashover caused by the 

reduction of line insulation level caused by environmental factors such as 

lightning strikes, pollution or branches. When the DC line is short-circuited 

to the ground, the DC voltage drop and the DC current rise are detected from 

the rectification side; the DC voltage and the DC current are both detected 

from the inverter side. 

Lightning Strike 

 For DC transmission lines, the voltage polarity of the two poles is opposite. 

According to the principle of heterosexual attraction and homosexual 

repelling, the electric cloud is easy to discharge to DC poles of different 

polarities. Therefore, for bipolar DC transmission lines, the probability that 

two poles are simultaneously struck by lightning at the same location is 

almost zero. Generally, the lightning strike time of the DC line is very short, 

and the lightning strike causes the DC voltage to rise and then drop. If the 

instantaneous voltage rise makes the insulation of the DC line unacceptable, 

the phenomenon of DC line-to-ground flashover will occur.  

Ground Flashover 

 In addition to the above-mentioned lightning strikes, if the insulation of the 

tower of the DC line is damaged by the environment such as rain, snow, fog, 

branches, and pollution, the ground flashover will also occur. If the DC line 

is flashed to the ground and the DC power supply cannot be taken in time, 

the arc extinction becomes difficult. After the DC transmission line flashes to 

ground, its voltage and current changes will propagate from the flashover 

point to the converter station at both ends. 

DC Line Disconnection  

The disconnection of the DC line brings an open circuit fault to the DC 

system, the DC current drops to zero, and the voltage of the rectifier rises to 

its maximum limit. 

High Resistance Grounding  

When a high-impedance ground fault such as a tree touch line occurs on a 

DC line, there is a current difference between the converter stations at both 



ends due to a short-circuit of the DC current, but the voltage and current 

changes caused by the fault cannot be detected by the travelling wave 

protection.  

 

AC and DC Lines Touch the Line  

The DC transmission line is long, and it will inevitably intersect with many 

AC transmission lines of different voltage levels on the way. If it is operated 

for a long time, it may happen that the AC and DC lines collide. The effect of 

this fault is that the power frequency AC component will appear in the DC 

line.  

DC LINE PROTECTION 

DC Line Travelling Wave Protection  

DC Line Travelling wave protection is the primary protection for DC line 

faults. Its purpose is to detect ground faults on DC lines. The basic principle 

of travelling wave protection is: when a DC line has a ground fault, a 

travelling wave appears on the line. 

When the DC voltage drops, the DC current on the rectifier side is over 

hooted by the current controller, and the DC current on the inverter side is 

also reduced until it stabilizes to a stable value. 

Differential Under-voltage Protection  

Differential under voltage protection is a backup protection for travelling 

wave protection, and protection is only effective at the rectifier station. It 

detects DC voltage and DC, and has two different protection action 

conditions, differential and under voltage. The combination of each other can 

improve the correctness of the protection action. The differential part has a 

differential circuit. When the DC line has a ground fault, the DC voltage is 

reduced to a lower value at a higher rate, and the differential detection part 

is fast. To make the differential detection more perfect, and to detect the DC 

under voltage, higher differential settings and lower under voltage levels, 

combined with appropriate delays, prevent protection from false transients. 

To distinguish between faults in the rectifier station and DC line faults. 

Simultaneous measurement dU/dt of the measurement dI/dt ; a higher 

positive dI/dt value (current increases in the normal direction) indicates that 



the fault occurred on the line side of the DC line current transformer, while a 

larger negative value indicates that the fault point occurred in the DC field.  

DC Line Differential Protection  

The purpose of the differential protection is to detect the high-impedance 

ground fault that cannot be detected by the travelling wave on the DC line 

and the differential under voltage protection. The working principle is: 

measuring and comparing the polar currents of the two stations, and 

delaying the time difference that the measured current may occur. 

EXPECTED POSSIBLE QUESTIONS 

1. What are the various causes for which we need DC line protection? 

2. Write a short note on DC line protection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



DC CIRCUIT BREAKERS 

Circuit breakers will be positioned on DC grids and act when a fault occurs. 

Breakers would have to fulfil some basic requirements. Current zero crossing 

should be created to interrupt the current once a fault occurs. At the same 

time the energy that is stored in the system’s inductance should be 

dissipated and the breaker should withstand the voltage response of the 

network. There are two types of HVDC circuit breakers: electromechanical 

and solid-state. 

 Electromechanical can be grouped into three categories: (1) inverse voltage 

generating method, (2) divergent current oscillating method, and (3) inverse 

current injecting method. Only the inverse current injecting method can be 

used in high voltage and current ratings. In this type of breaker, current zero 

can be created by superimposing an inverse current (of high frequency) on 

the input current by discharging a capacitor (that was precharged) through 

an inductor. The cost of components required for an electromechanical DC 

circuit breaker would not be significantly higher than that of an AC circuit 

breaker. Electromechanical HVDC circuit breakers are available up to 500 

kV, 5 kA and have a fault-clearing time of the order of 100 ms. 

Solid-state circuit breakers are the second type of HVDC breakers. These 

breakers can interrupt current much faster (which is required in some cases) 

than electromechanical circuit breakers, having an interruption time of a few 

milliseconds. They are based on Integrated Gate Commutated Thyristors 

(IGCT), which compared to IGBT (bipolar thyristors) have lower on-state 

losses. Current flows through the IGCT and in order to interrupt, the IGCT is 

turned off. Once that happens, voltage quickly increases until a varistor (that 

is in parallel to the thyristor) starts to conduct. The varistor is designed to 

block voltages above the voltage level of the system. The main disadvantages 

of these types of circuit breakers are the high on-state losses and the capital 

costs.  

Typical ratings of solid-state circuit breakers in operation are 4 kV, 2 kA, 

although in ratings of up to 150 kV, 2 kA were considered 

 

Electromechanical Circuit Breakers 

 

On the figure we can see a basic electromechanical circuit breaker. The 

breaker consists of three parts: 



• The nominal current path is where DC 
current passes through and the switch is 
closed during normal operation 
• The commutation path consists of a 
switch and a resonant circuit with an 
inductor and a capacitor and is used to 
create the inverse current 
• The energy absorption path consists of a 
switch and a varistor 
The commutation path has a series 
resonance. When interruption is required, 
current oscillation can occur between the 
nominal and the commutation path at the 
natural frequency (1/LC). If the amplitude 
of the oscillating current is larger than that of the input current then zero 
crossing occurs and the switch can interrupt the current in the nominal 
path. Current (Io) will continue to flow and will charge the capacitor. If the 
capacitor voltage exceeds a given value, which is chosen to be the voltage 
capability of the circuit breaker, the energy absorption path will act causing 
the current to decrease. 
 

This is a basic circuit that would need further implementations to be 

efficient in high voltages. Reduction in cost and better use of the costly 

components (varistor, capacitor) will be required. Also, the optimum 

capacitance value would minimize the breaker’s interruption time and 

improve the whole interruption performance. Furthermore, current 

oscillations grow when the arc resistance (dU/dt) of the switch on the 

nominal path is negative. Growing oscillations can lead to faster current 

interruption. At the same time a large C/L ratio can help maximize the 

breaker’s interruption performance. 

 

Solid State Circuit Breakers  

 

The second type of circuit breaker we will be analyzing is the solid-state 

circuit breaker. In the following figure we can see that a solid-state circuit 

breaker uses gate-commuted thyristors instead of integrated gate-commuted 

thyristors for semiconductor devices, this is due to the fact that in this 

topology our immediate concern is lowering the on-state losses. 



When there is no circuit failure detected current flows through the GCTs. 

Once it is detected, the semiconductors are switched-off. This leads to the 

rapid increase of the voltage until the varistor begins to conduct. Any voltage 

higher than the grid voltage is blocked due to the design of the varistor. This 

in turn, leads to the demagnetization of the line inductance. In this topology, 

parallel connections are unnecessary; hence we have a total of fourteen 

devices.[4] 

The solid-state circuit breaker model has many advantages compared to the 

rest of the circuit breaker topologies. First of all, because of the lack of any 

mechanical components the solid-state circuit breaker is much more 

responsive, which leads to a reduced turn-off time. Furthermore, the higher 

the voltage across the inductor the higher the overvoltage which allows the 

demagnetization process to be performed faster. 

The solid-state circuit breaker is the better choice due to the low component 

cost, low turn off time and low peak current regardless of grid voltage or 

cable length. This however is not the case because of one significant 

disadvantage; the high on-state losses. 

In high voltage grids however, the solid-state topology has an advantage 

since the power saved per circuit break is sufficient to make them more 

economic compared to the other circuit breakers, even when the on-state 

losses are taken into consideration. 

EXPECTED POSSIBLE QUESTIONS 

1. What is dc breaker and why it is used? 

2. What are the various types of DC circuit breakers, explain them briefly. 

3. Write short notes on: 

a) Electromechanical Circuit breaker 

b) Solid State Circuit breaker 

4. Write the advantages of Solid State Circuit breaker. 

 

 

 

 

 



REACTIVE POWER IN HVDC SYSTEM 

The converters in HVDC stations are line commutated, which implies that 

the current initiation in the valve can only be delayed with reference to the 

zero crossing of the converter bus AC voltage. This result in lagging power 

factor operation of the converters, requiring reactive power sources 

connected at the converter bus for better voltage control. The reactive 

sources are required at both the rectifier and inverter stations. While the 

rectifier station appears as a load in the system, the inverter station can be 

viewed as a generator consuming reactive power. This characteristic of the 

inverter is generally not desirable and requires suitable modifications by 

providing adequate var compensation. 

The reactive power sources that are used vary switched capacitors to static 

var systems. The requirements of voltage control and the costs dictate the 

choice of the speed of response of the reactive power control under dynamic 

conditions. 

SOURCES OF REACTIVE POWER 

The reactive power requirements of the converter are met by one or more of 

the following sources: 

1. AC system 

2. AC filters 

3. Shunt capacitors 

4. Synchronous condensers 

5. Static var system. 

 

Reactive power supplied by the AC system 

The voltage regulations the converter, bus is desirable not only from the 

voltage control view point but also from minimization of loss and stability 

considerations. This requires adjustable reactive power source which can 

provide variable reactive power as demanded. For slow variations in the load, 

switched capacitors or niters can provide some control. However, this is 

discrete type of control and can result in voltage flicker unless the size of the 

unit, which is switched, is made sufficiently small. In contrast, the 

synchronous condensers and static var systems provide continuous control 

of the reactive power and can follow fast load changes. 



The synchronous condensers are essentially synchronous motors operating 

at no load, with .excitation control to maintain .the terminal voltage. Their 

advantages are as follows: 

1. The availability of voltage source for commutation at the inverter even if 

the connection to the AC system is temporarily interrupted. This also implies 

an increase in SCR as the fault level is increased. When the load supplied by 

the inverter is passive, the synchronous condenser is essential for providing 

voltage sources for the line commutation at the inverter. 

2. Better voltage regulation during a transient due to the maintenance of 

flux linkages in the rotor windings. The effect of the armature reaction is 

counteracted during a transient by induced currents in the field and 

amortisseur circuits. 

There are also disadvantages of synchronous condensers. These are (i) high 

maintenance and cost - the former necessitated by slip rings and brushes on 

the rotor and (ii) possibility of instability due to the machine going out of 

synchronism. 

 The static var systems (SVS) provide the fastest response following a 

disturbance. The configurations normally used are (i) fixed capacitor (FQ, 

thyristor controlled reactor (TCR) or (ii) thyristor switched capacitors (TSC) - 

TCR combination. 

The passive AC filters that are provided at the converter bus for filtering 

out AC current harmonics appear as capacitors at the fundamental 

frequency and thus provide reactive power. These filters and shunt 

capacitors are mechanically switched- Although these devices are less 

expensive than SVS or synchronous condensers, they suffer from the 

inability of continuous control. Also they can cause low order resonances 

with the network impedance, resulting in harmonic over-voltages. 

 

STATIC VAR SYSTEMS 

 The static var systems or compensators were initially used for load 

compensation where the objective is to dynamically control the reactive 

power demand of large fluctuating loads such as rolling mills. They were 

subsequently used for voltage control applications in transmission systems, 

where, by maintaining voltage support at specified locations, it is possible to 

provide increased power transfer capability, control of dynamic over-voltages 



and damping of oscillations. By using auxiliary control signals, it is also 

possible to damp sub-synchronous frequency oscillations. 

 In HVDC converter stations, the provision of SVS mainly helps to have fast 

control of reactive power flow, thereby controlling voltage fluctuations and 

also to overcome the problem of voltage instability. The first example of the 

installation of SVS is at chateaguay HVDC link in Canada in 1984. 

There are basically three types of SVS schemes. 

1)         Variable impedance type SVS 

2)         Current source type SVS 

3)         Voltage source type SVS. 

EXPECTED POSSIBLE QUESTIONS 

1. Write a brief note on Reactive Power Requirements in HVDC. 

2. Explain briefly about Static VAR system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



INTRODUCTION TO MULTI TERMINAL DC SYSTEM 

Although the classical HVDC has the aforementioned advantages, the need for 

active network connection at both ends (and hence its inability to supply 

passive loads), its consumption of reactive power at both terminals, its inability 

to reverse the direction of current flow, and its susceptibility to commutation 

failures have been the down sides of classical HVDC. These constraints have 

limited the use of classical HVDC to power transmission between two points. In 

the light of this understanding, Voltage Sourced Converter - HVDC (VSC-

HVDC), a recent arrival in the arena of high voltage technology, has eliminated 

all the mentioned drawbacks of classical HVDC and opened new application 

areas and possibilities. VSC-HVDC consists of three phase switch mode 

converter and uses pulse width modulation (PWM) for controlling its phase 

voltages. Since VSC-HVDC does not need changing its DC voltage polarity for 

either direction of power flow and is capable of independent control of active 

and reactive power flow, it has attracted attention as a promising candidate for 

developing  Multi terminal HVDC (MTDC) system. 

MTDC is a DC equivalent of AC grid which will have DC transmission network 

connecting more than two AC/DC converter stations. The range of operating 

voltage of the DC transmission is expected to be within specified upper and 

lower limits. The upper limit of the operating DC voltage can be determined by 

the ratings of the DC cables, DC circuit breakers or the forward blocking 

capacity of the IGBTs used in the VSC. The lower limit of the operating DC 

voltage is determined by the maximum of the operating AC voltages of all the 

converter stations incorporated in the MTDC system. 

HVDC transmission systems designed and operated so far are point to point 

systems with two terminals (converter stations). A multi terminal DC (MTDC) 

system has more than two converter stations, some of them operating as 

rectifiers and others as inverters. The simplest way of building a MTDC system 

from an existing two terminal system is to introduce tappings. Parallel 

operation of converters and bi poles can also be viewed as multi terminal 

operation. Unlike in AC systems, the task of extending two terminal systems to 

multi terminal systems is not trivial. The complexities of control and protection 

increase considerably, and the use of HVDC breakers is generally required in 

the MTDC systems. 

In recent times, with growth in HVDC transmission, there could be more than 

one converter in proximity feeding same load area. The operational issues of 

such Multi-In feed DC (MIDC) systems are similar to those of MTDC systems. 



Hence, MIDC systems are also discussed in this chapter. With recent advances 

in the emerging technology of VSC-HVDC transmission, the application of 

MTDC systems is becoming more attractive than before. 

 

If the upper limit of the operating voltage is exceeded, there could follow 

equipment failure and perhaps subsequent blackout. When the DC operating 

voltage becomes below the minimum limit, one or more of the VSC-HVDC 

stations go into 'saturation' condition due to over modulation and the VSC-

HVDC terminal will no more respond properly to the  

POTENTIAL APPLICATIONS OF MTDC SYSTEMS  

Apart from tapping of power from existing two terminal systems, there are 

three specific areas of applications for MTDC systems. These are listed below:  

1. Bulk power transmission from several remote generating stations to several 

load centres. Here, each generating plant (or unit) is connected directly to a 

rectifier station thereby dispensing with the AC collector system. Similarly, a 

converter station at each load centre eliminates the need to build additional 

AC (or DC) lines for flexible energy exchange.  

An MTDC system has several advantages over the alternative of point to point 

systems. For example, consider a system of two generating stations and two 

loads as shown in Fig. 9.1. This is a radial system with two rectifiers and two 

inverters. For ensuring the same level of flexibility in energy exchange, three 

two terminal DC links will be required in addition to a link connecting the two 

receiving systems, which could be AC or DC (see Fig. 9.2). This would result in 



extra costs for the converter stations, lines and additional power losses in 

increased number of conversions. 

The elimination of AC collector system at the remote hydro generating stations 

can result in better efficiency in the operation of hydraulic turbines which are 

free to run at speeds independent of the system frequency.  

2. Asynchronous interconnection between adjacent power systems. When more 

than two systems are involved, a MTDC system for interconnection is more 

flexible and economical than employing several two terminal DC links. 

3. Reinforcing of an AC network which is heavily loaded. Consider an urban 

power system which is fed by a distant power station. It would be 

advantageous to arrange the power injection at more than one point so that 

the underlying AC network is not overloaded. This is easily achieved using a 

MTDC system with one rectifier station and several inverter stations (see Fig. 

9.3). 

 

 

 

EXPECTED POSSIBLE QUESTIONS 

1. What is MTDC system? 

2. What are the potential applications of MTDC system? 

 

 

 



BASICS OF MTDC SYSTEMS 

The applicability and flexibility of h.v.d.c. systems can be enhanced in some 

conditions if several converters are coupled to form a multi terminal h.v.d.c. 

system. The earliest application of this philosophy was the paralleling of 

bipoles I and II Scheme onto one line in the event of an outage of one of the 

bipolar transmission lines. This procedure has now been carried out in 

response to major storm damage to transmission lines. The first true Multi 

terminal h.v.d.c. systems may be divided into series and parallel types, 

illustrated in Figures 9.4 and 9.5, respectively. However, there are many 

permutations of each type, depending on system requirements. 

Series connection 

This is a natural extension of the two terminal systems which is a series 

connected system. A three-terminal MTDC system is shown in Fig. 9.4. This 

shows a monopolar arrangement; however, a homopolar arrangement with two 

conductors is also possible. The system is grounded at only one point which 

may be conveniently chosen. If the line insulation is adequate, the grounding 

point can he shifted, based on changes in the operating conditions. Grounding 

capacitors may also be used to improve insulation coordination and system 

performance during transients. 

 

In a series connected system, the current is set by one converter station and is 

common for all the stations. The remaining stations operate at constant angle 

(extinction or delay) or voltage control. In order to minimize the reactive power 

requirements and the losses in valve damper circuits, the normal operating 

values of firing angles may be adjusted using tap changer control. At all times, 

the sum of the voltages across the rectifier stations must be larger than the 

sum of the voltages across the inverter station. In case of a drop in the voltage 

at the current controlling rectifier station, the inverter with the larger current 

reference takes over the current control.   



The switching in or out of a bridge is accomplished by de blocking/block and 

bypass in a manner similar to that in a two terminal system. The clearing of a 

fault in the DC line is also similar. The power reversal at a station is also done 

as in a two terminal system, by reversing the DC voltage by converter control.  

The power control in a two terminal system is accomplished by adjusting the 

current while trying to maintain a constant voltage in the system. This is done 

to minimize the losses. However, in a MTDC series system, central control 

would be required to adjust the current in response to changing loading 

conditions. The local control of power would imply adjusting voltage at the 

converter station using angle and tap controls. Using only one bridge or a 12 

pulse unit for the voltage control and operating the remaining bridges at 

minimum (or maximum) delay angle can reduce the reactive power 

requirements. 

Parallel connection 

The parallel MTDC systems can be further sub divided into the following 

categories: 

 (a) Radial  (b) Mesh 

The currents in all the converter stations except one are adjusted according to 

the power requirement. One of the terminals operates as a voltage setting 

terminal at constant angle or voltage. An example of 3 terminal radial system is 

shown in Fig. 9.5. This shows a monopolar system but bipolar arrangement 

would be normally used.   

A radial system is one in which the disconnection of one segment of 

transmission would result in interruption of power from one or more converter 

stations. In a mesh system, the removal of one link would not result in a 

disruption, provided the remaining links are capable of carrying the required 

power (with increased losses). Evidently, a mesh system can be more reliable 

than a radial system. An example of a 4 terminal mesh system is shown in Fig. 

9.6.  

The power reversal in a parallel MTDC system would involve mechanical 

switching as the voltage cannot be reversed. Also, loss of a bridge in one 

converter station would require either the disconnection of a bridge in all the 

stations or disconnection of the affected station. 



  

The basic problem of control of parallel inverters is that an h.v.d.c. inverter 

operating in the most efficient mode, of constant extinction angle, has an 

effective slope resistance which is negative, so that two such inverters in 

parallel are obviously unstable. Many ways round this problem have been 

proposed, such as operating one inverter at constant extinction angle (to 

control direct voltage), and the other in a constant-current mode; this means 

that the second inverter requires higher plant rating. However, the system is in 

a rather delicate state for even minor transients. 

COMPARISON OF SERIES AND PARALLEL MTDC SYSTEMS 

The advantages and disadvantages of series and parallel MTDC systems are 

given below: 

1. High speed reversal of power is possible in series systems without 

mechanical switching. This is not possible in parallel systems.  

2. The valve voltage rating in a series system is related to the power rating, 

while the current rating in a parallel connected system is related to power. 

This would imply that for small power ratings of the tap, series connection 

may be cheaper even though valves have to be insulated for full voltage to 

ground. The parallel connection has the advantage of staged development in 

the converter stations by adding parallel converters as the power 

requirements increase.  

3. There are increased losses in the line and valves in series systems, in 

comparison to parallel systems. The system operation in series systems can 

be optimized by operating the largest inverter at rated voltage.  



4. Insulation coordination is a problem in series systems as the voltage along 

the line varies. 

5. The permanent fault in a line section would lead to complete shutdown in a 

series connected system, while it would lead to only the shutdown of a 

converter station connected to the line section in a radial MTDC system. With 

provisions for fast identification and clearing of faults in mesh connected 

system, there is no disruption of power transfer.  

6. The reduction in AC voltages and commutation failures in an inverter can 

lead to overloading of converters as current is transferred from other 

terminals in a parallel system. The problem is severe if the rating of the 

inverter is relatively small. Increased values of smoothing reactor and voltage 

dependent current limits can reduce the severity. However, the valve ratings 

would increase, resulting in increased unit costs. A recent study shows that 

the cost of a 500 MW DC equipment (at 1500 kV) would be 74% of the cost of 

a 1000 MW DC equipment. It is concluded that a practical limit to unequal 

inverter ratings may be 75% : 25%.  

7. The control and protection philosophy in a series MTDC system is a natural 

extension of that in a two terminal system. However, extension to parallel 

systems is not straightforward. Increased communication requirements and 

problems in recovery from commutation failures are associated with parallel 

systems. HVDC breakers of appropriate rating may be required for clearing 

faults in the DC line or converter stations. 

From the relative merits and demerits of series and parallel MTDC systems 

described above, it may be concluded that series connection is appropriate for 

taps of rating less than 20% of the major inverter terminal. Parallel connection 

is more versatile and is expected to be widely used as in AC systems. 

 
EXPECTED POSSIBLE QUESTIONS 

1. What are the types of MTDC system? Describe them briefly. 

2. Compare between the Series type and Parallel type MTDC system. 

 

 

 

 


