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Increased Benefits of Long Distance Transmission

ÁCarrying energy from cheap generation sources which are 

far away from the load centers. 

ÁLong distance transmission increases competition in new 

wholesale electricity markets

ÁLong distance electricity trade could  include across nations 

or multiple areas within a nation and allows arbitrage of price 

differences

ÁLong distance transmission allows interconnection of 

networks and thus reducing the reserve margins across all 

networks. 

ÁMore stable long distance transmission is needed to meet 

contractual obligations
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Transmitting Fuel versus Transmitting Energy

ÁLoad centers can be served by:

ïLong distance transmission with remote generation

ïTransmitting fuel to the local generation facilities

ÁBottom line is Economics to see which option is better

ÁDepends on many factors

ïType of fuel ïcoal can be transported, hydro canôt

ïCost of transporting fuel to local generators

ïAvailability of generation facilities close to load centers

ïAllowable pollution levels at the local gen. facilities 
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Long Distance Transmission ïAC versus DC

ÁAC versus DC debate goes back to beginnings of Electricity

ïDC was first (Thomas Edison) 

ïAC came later (Tesla / Westinghouse)

ÁAC became popular due to transformers and other AC 

equipment

ÁLong Distance Transmission

ïAC versus DC  - based on economics and technical requirements
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Long Distance AC Transmission

ÁAllows step up and step down of voltages

ÁIntermediate substations are possible to serve load

ÁReduces current & losses at high voltages 

ÁLimited maximum MW capability due to steady state stability 

limits (surge impedance loading limits) & transient stability 

limits

ÁSeries capacitor compensation can increase loading on the 

lines but sub synchronous resonance  issues  need to be 

addressed

ÁNeeds reactive power support  (shunt capacitors, SVCs, 

STATCOMs) to keep acceptable voltages

ÁLines operating at ratings lot lower than the thermal 

capability of the lines



7
© 2017 Electric Power Research Institute, Inc. All rights reserved.

Long Distance DC Transmission

ÁConverts AC to DC, transmits dc power over long distances, 

and inverts DC to AC

ÁControls the power flow on the DC line to a desired value

ÁMost economical for long distance transmission 

ÁCan operate the DC lines close to thermal limits

ÁDC can provide direct control between regional AC grids

ÁDC converter stations are more expensive than AC 

substations 

ÁIntermediate substations require multi-terminal DC which is 

not prevalent in use because of complexity
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HVDC Opportunities

ÁThe potential for long distance transmission for bulk power 

transfer 

ÁThe potential for asynchronous interconnection. For 

example, it allows for connecting networks of 50 Hz and 60 

Hz frequencies.

ÁHigher system controllability with at least one HVDC link 

embedded in an AC grid. 

ïIn the deregulated environment, the controllability feature is 

particularly useful where control of energy trading is needed.

ÁLower overall investment cost.
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HVDC Advantages

ÁLower losses. Typically, because HVDC comprises active 

power flow only, it causes 20% lower losses than HVAC 

lines, which comprise active and reactive power flow. 

ÁLess expensive circuit breakers, simpler bus-bar 

arrangements in switchgear, and simpler safety 

arrangements because HVDC links do not increase the short 

circuit currents, as converters ensure that the current added 

never exceeds a preset value.

ÁIncreased stability and improvements in power quality.

ÁEnhanced environmental solutions. 
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HVDC Benefits

ÁManagement of congestion

ÁIncreasing transmission capacity

ÁFrequency control following loss of generation

ÁVoltage stability control, recovery following faults

ÁCapability of providing emergency power and black start 

during grid restoration following major transmission 

contingencies
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HVDC Benefits

ÁPower oscillation damping

ÁAvoidance of cascading blackouts

ÁPrecise power transfer control between interconnected 

transmission areas during emergencies

ÁRating of HVDC systems as determined only by the real 

power demand of transmission capacity (versus HVAC 

system ratings as determined by both real and reactive 

powers)
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Relative Cost of AC versus DC

ÁFor equivalent transmission capacity, a DC line has lower 

construction costs than an AC line:

ïA double HVAC three-phase circuit with 6 conductors is needed to get 

the reliability of a two-pole DC link

ïDC requires less insulation 

ïFor the same conductor, DC losses are less, so other costs, and 

generally final losses too, can be reduced.

ïAn optimized DC link has smaller towers than an optimized AC link of 

equal capacity.



13
© 2017 Electric Power Research Institute, Inc. All rights reserved.

HVDC has lower losses than AC for the same power 

transfer (1200 MW Example)

ÁHVDC line has lower losses than AC line for same power

ÁConverter losses are extra (~ 0.6% of total power)

ÁTotal HVDC System losses are lower than AC system losses

Source: ABB (2003)
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Typical Tower Structures

Typical tower structures and 

rights-of-way for alternative 

transmission systems  of 2,000 

MW capacity.

Source: Arrillaga

(1998)
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AC versus DC (Continued)

ÁRight-of-way for an AC Line designed to carry 2,000 MW is 

more than70% wider than the right-of-way for a DC line of 

equivalent capacity.
ïThis is particularly important where land is expensive or permitting is a 

problem.

ÁHVDC cables can reduce land and environmental costs, but 

is more expensive per km than overhead line.
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AC versus DC (Continued)

ÁThe remaining costs also differ:
ïThe need to convert to and from AC implies the terminal stations for a 

DC line cost more.

ïThere are extra losses in DC/AC conversion relative to AC voltage 

transformation.

ïOperation and maintenance costs are lower for an optimized HVDC 

than for an equal capacity optimized AC system.

ÁThe cost advantage of HVDC increases with the length, but 

decreases with the capacity, of a link.

ÁFor both AC and DC, design characteristics trade-off fixed 

and variable costs, but losses are lower on the optimized DC 

link.
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ÅThe cost of a DC link depends on:

the cost of the substations

the cost of the line or cable

ÅHVDC is more economical than 

AC when the transmission distance : 

is >300 miles for Overhead lines

Is>30 miles for underground cables

DC

Substation
Break Even

Distance

Cost

DC

AC 

Substation

AC

Transmission distance

Note: Assume right-of-way costs same for AC or DC

AC versus DC: Break Even Distances
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AC versus DC: Typical Breakeven distances 

Source: Arrillaga (1998)

This graph is based on late 1990s technologies ïold numbers are 500 miles but present  

breakeven distances are estimated as 300  miles for 2000 MW power transfer



19
© 2017 Electric Power Research Institute, Inc. All rights reserved.

AC versus DC: Cost Comparison

When comparing  costs for AC and DC, the following need 

to be considered:

ÁDC Converter / AC substation costs

ÁLine costs 

ÁCorridor costs

ÁOperation & Maintenance costs

ÁCosts associated with losses (e.g. DC losses are lower 

than AC)

Bottom line ïComplete life cycle cost should be 

considered over an estimated life span (30 to 40 years) 

of the equipment.
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HVDC Transmission  System Costs

ÁHVDC Converter costs

ÁHVDC Line costs & Transmission Corridor costs
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HVDC Converter Cost Structure
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AC versus DC Transmission Costs ïConsider 

cost of losses - Reduces break even distance

AC

AC

Million 
Euros
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Source: ABB
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ÁHVDC is particularly suited to undersea transmission, where 

the losses from AC cables are large.
ïFirst commercial HVDC link (Gotland 1 Sweden, in 1954) was an 

undersea one.

ÁBack-to-back converters are used to connect two AC 

systems with different frequencies ïas in Japan ïor two 

regions where AC is not synchronized ïas in the US.

Special Applications of HVDC
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ÁHVDC links can stabilize AC system frequencies and 

voltages, and help with unplanned outages.
ïA DC link is asynchronous, and the conversion stations include 

frequency control functions. 

ïChanging DC power flow rapidly and independently of AC flows can 

help control reactive power.

ïHVDC links designed to carry a maximum load cannot be overloaded 

by outage of parallel AC lines.

Special Applications (continued)



27
© 2017 Electric Power Research Institute, Inc. All rights reserved.

Principle of AC Transmission

Schematic of AC system 
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Basic HVDC Transmission
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Components of HVDC Transmission Systems

1. Converters

2. Smoothing reactors

3. Harmonic filters

4. Reactive power supplies

5. Electrodes

6. DC lines

7. AC circuit breakers

Components of HVDC 
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Components of HVDC Transmission Systemsé.

Converters

Á They perform AC/DC and DC/AC conversion

Á They consist of valve bridges and transformers

Á Valve bridge consists of high voltage valves connected in a 6-pulse or 

12-pulse arrangement

Á The transformers are ungrounded such that the DC system will be able 

to establish its own reference to ground

Smoothing reactors

Á They are high reactors with inductance as high as 1 H in series with 

each pole

Á They serve the following:

ï They decrease harmonics in voltages and currents in DC lines

ï They prevent commutation failures in inverters

ï Prevent current from being discontinuous for light loads

Harmonic filters

Á Converters generate harmonics in voltages and currents. These 

harmonics may cause overheating of capacitors and nearby generators 

and interference with telecommunication systems

Á Harmonic filters are used to mitigate these harmonics



31
© 2017 Electric Power Research Institute, Inc. All rights reserved.

Reactive power supplies

Á Under steady state condition, the reactive power consumed by the 

converter is about 50% of the active power transferred

Á Under transient conditions it could be much higher

Á Reactive power is, therefore, provided near the converters

Á For a strong AC power system, this reactive power is provided by a 

shunt capacitor

Electrodes

Á Electrodes are conductors that provide connection to the earth for 

neutral. They have large surface to minimize current densities and 

surface voltage gradients

DC lines

Á They may be overhead lines or cables

Á DC lines are very similar to AC lines

AC circuit breakers

Á They used to clear faults in the transformer and for taking the DC link 

out of service

Á They are not used for clearing DC faults

Á DC faults are cleared by converter control more rapidly

Components of HVDC Transmission Systemsé.
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HVDC Scheme Types

AC AC
DC 1 Station

Å Back-to-Back

͚ frequency changing

͚ asynchronous connection

AC

DC
Station 2

AC

Station 1
Å Point-to-Point Overhead 

Line

͚ bulk transmission

͚ overland

AC

DC Station 2

AC

Station 1

Submarine Cables

Å Point-to-Point Submarine 
Cable

͚ bulk transmission

͚ underwater or 
underground
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Decrease voltage at station B or increase voltage at station A. power flows from AĄ B Normal 

direction

Decrease voltage at station B or increase voltage at station A. power flows from AĄ B Normal 

direction
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Power reversal is obtained by reversal of polarity of direct voltages at both ends.
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ÅMonopolar links 

ÅBipolar links

ÅHomopolar links

ÅSymmetrical 
Monopolar links

ÅMultiterminal links

ÅDC Grids

HVDC links 
can be broadly 
classified into:

HVDC System Configurations
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Monopolar Links

ÁIt usesoneconductor.

ÁThereturnpathis providedby groundor water.

ÁUseof thissystemis mainlydueto costconsiderations.

ÁA metallic return may be usedwhere earth resistivity is too

high.

ÁThisconfigurationtypeis thefirst steptowardsabipolarlink.
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Bipolar Links

ÁEach terminal has two converters of equal rated voltage,

connected in series on the DC side.

ÁThe junctions between the converters is grounded.

ÁIf one pole is isolated due to fault, the other pole can operate

with ground and carry half the rated load (or more using

overload capabilities of its converter line).
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Homopolar Links

ÁIt has two or more conductors all having the same polarity,

usually negative.

ÁSince the corona effect in DC transmission lines is less for

negative polarity, homopolar link is usually operated with

negative polarity.

ÁThe return path for such a system is through ground.
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Symmetrical Monopolar Link

ÁAn alternative is to use two high-voltage conductors, 

operating at ± half of the DC voltage, with only a single 

converter at each end. In this arrangement, known as 

the symmetrical monopole, the converters are earthed only 

via a high impedance and there is no earth current. The 

symmetrical monopole arrangement is uncommon with line-

commutated converters (the NorNed interconnection being a 

rare example) but is very common with Voltage Sourced 

Converters when cables are used.

https://en.wikipedia.org/wiki/NorNed
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HVDC Converter Technology: LCC Versus VSC  

Line Commutated Converter

(or Current Source Converter )

Å Thyristor based

ÅSwitches on-off one time per cycle 

Voltage Source Converter

Å IGBT Based

(Insulated Gate Bipolar Transistor)

ÅSwitches on-off many times per cycle


