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Increased Benefits of Long Distance Transmission

ACarrying energy from cheap generation sources which are
far away from the load centers.

ALong distance transmission increases competition in new
wholesale electricity markets

A Long distance electricity trade could include across nations
or multiple areas within a nation and allows arbitrage of price
differences

ALong distance transmission allows interconnection of
networks and thus reducing the reserve margins across all
networks.

AMore stable long distance transmission is needed to meet
contractual obligations
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Transmitting Fuel versus Transmitting Energy

AlLoad centers can be served by:
I Long distance transmission with remote generation
I Transmitting fuel to the local generation facilities

ABottom line is Economics to see which option is better

ADepends on many factors
I TypeoffuelTcoal can be transported, h)
I Cost of transporting fuel to local generators
I Avallability of generation facilities close to load centers
I Allowable pollution levels at the local gen. facilities
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Long Distance Transmission I AC versus DC

AAC versus DC debate goes back to beginnings of Electricity

i DC was first (Thomas Edison)
I AC came later (Tesla / Westinghouse)

AAC became popular due to transformers and other AC
equipment

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

AAllows step up and step down of voltages
Alntermediate substations are possible to serve load
AReduces current & losses at high voltages

ALimited maximum MW capability due to steady state stability
limits (surge impedance loading limits) & transient stability
limits

ASeries capacitor compensation can increase loading on the
lines but sub synchronous resonance issues need to be
addressed

ANeeds reactive power support (shunt capacitors, SVCs,
STATCOMSs) to keep acceptable voltages

ALines operating at ratings lot lower than the thermal
capability of the lines
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Long Distance DC Transmission

AConverts AC to DC, transmits dc power over long distances,
and inverts DC to AC

AControls the power flow on the DC line to a desired value
AMost economical for long distance transmission
ACan operate the DC lines close to thermal limits
ADC can provide direct control between regional AC grids

ADC converter stations are more expensive than AC
substations

Alntermediate substations require multi-terminal DC which is
not prevalent in use because of complexity
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HVDC Opportunities

AThe potential for long distance transmission for bulk power
transfer

AThe potential for asynchronous interconnection. For
example, it allows for connecting networks of 50 Hz and 60

Hz frequencies.

AHigher system controllability with at least one HVDC link
embedded in an AC grid.

I In the deregulated environment, the controllability feature is
particularly useful where control of energy trading is needed.

ALower overall investment cost.
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HVDC Advantages

ALower losses. Typically, because HVDC comprises active
power flow only, it causes 20% lower losses than HVAC
lines, which comprise active and reactive power flow.

AL ess 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.
Alncreased stability and improvements in power quality.
AEnhanced environmental solutions.
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HVDC Benefits

AManagement of congestion

Alncreasing transmission capacity

AFrequency control following loss of generation
AVoltage stability control, recovery following faults

ACapability of providing emergency power and black start
during grid restoration following major transmission
contingencies
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HVDC Benefits

APower oscillation damping

AAvoidance of cascading blackouts

APrecise power transfer control between interconnected
transmission areas during emergencies

ARating 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

AFor equivalent transmission capacity, a DC line has lower
construction costs than an AC line:

I A double HVAC three-phase circuit with 6 conductors is needed to get
the reliability of a two-pole DC link

I DC requires less insulation

I For the same conductor, DC losses are less, so other costs, and
generally final losses too, can be reduced.

I An optimized DC link has smaller towers than an optimized AC link of
equal capacity.

12 I= ELECTRIC POWER
© 2017 Electric Power Research Institute, Inc. All rights reserved. C E' RESEARCH INSTITUTE



HVDC has lower losses than AC for the same power
transfer (1200 MW Example)

AHVDC line has lower losses than AC line for same power
AConverter losses are extra (~ 0.6% of total power)
ATotal HVDC System losses are lower than AC system losses

Losses 1
(mw)
450 — AC Z2x400 kY
100 ~
1200 mm” HVDC =400 kV
1620 mm*
S0 — g
Terminals
» Transmissio
s“)o 10‘00 distance (km

Source: ABB (2003)
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Typical Tower Structures

Typical tower structures and
rights-of-way for alternative

transmission systems of 2,000
+500 kV DC 800 kV AC .
route width: 50m 85m MW C ap aC|ty.

Source: Arrillaga
2 x 500 kV AC (1998)

100m
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AC versus DC (Continued)

ARight-of-way for an AC Line designed to carry 2,000 MW is
more than 7 0 Wider than the right-of-way for a DC line of

equivalent capacity.
I This is particularly important where land is expensive or permitting is a
problem.

AHVDC cables can reduce land and environmental costs, but
IS more expensive per km than overhead line.
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AC versus DC (Continued)

AThe remaining costs also differ:
I The need to convert to and from AC implies the terminal stations for a

DC line cost more.
I There are extra losses in DC/AC conversion relative to AC voltage

transformation.
I Operation and maintenance costs are lower for an optimized HVDC
than for an equal capacity optimized AC system.

AThe cost advantage of HVDC increases with the length, but
decreases with the capacity, of a link.

AFor 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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AC versus DC: Break Even Distances

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

A The cost of a DC link depends on

. |
the cost of the substations |
DC
the cost of the line or cabl | I
e\‘:ubstall\%n I Break Even
Substation I Distance

Transmission distance

AHVDC is more economical than

AC when the transmission distance :
IS >300 miles for Overhead lines

S>30 miles for underground cables



AC versus DC: Typical Breakeven distances

This graph is based on late 1990s technologies T old numbers are 500 miles but present
breakeven distances are estimated as 300 miles for 2000 MW power transfer
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Source: Arrillaga (1998) breakeven distance, miles
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AC versus DC: Cost Comparison
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When comparing costs for AC and DC, the following need
to be considered:

ADC Converter / AC substation costs
ALine costs

ACorridor costs

AOperation & Maintenance costs

ACosts associated with losses (e.g. DC losses are lower
than AC)

Bottom line1T Complete life cycle cost should be
considered over an estimated life span (30 to 40 years)
of the equipment.

EEEEEEEEEEEEE
© 2017 Electric Power Research Institute, Inc. All rights reserved. C E' EEEEEEEEEEEEEEEEE



20

A Broader look: Example AC Transmission Costs in

Transmission Cost - $MW-Mile
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HVDC Transmission System Costs

AHVDC Converter costs
AHVDC Line costs & Transmission Corridor costs
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HVDC Converter Cost Structure

Cost Structure

g% 20%
10%
10% 7o, 10%
malwes m Comverter transformers . gAC Filters
] Control m Cther equipment = Civl works, buildings
W Engineering O Erection, commissicning @ Freight, insurance
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AC versus DC Transmission Costs T Consider
cost of losses - Reduces break even distance
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Million
Euros

900
800
700
600
500
400
300
200
100

A Cost
—] Total AC cost
Total DC cost
— T osses
Losses™

— Pl DC line cost
— line cost

DC termunal cost

terminal cost

I I I I I I I
200 400 600 800 1000 1200 1400
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Fost Comparison of 3000 MW Transmission Systems

OC Alternatives AC Alternatives Hybrid AC/DC Alternative
+ 300 V2 x £ 300 kV £600 kV £ 800 kV 300 kv 00KV TEIKV 300KV 500KV Total

Alternative Bipole 2Bipoles Bipole Bipole 2 Single Ckt Double Ckt 2 Single Ckt  Bipole Single Ckt AC+DC
Capital Cost
Rated Power (MW) 3000 4000 000 3000 3000 3000 2000 3000 1300 4500
Station costs including reactive compenstaton 3420 FOE0 B85 N0 342 254l 5630 3420 2| . T
Transmession line cost (M3imoe) #1680 S160 5180 5185 22.00 $3.20 $2.80 1,60 52.00
Crstance m miles 750 1,500 750 7Al 1,500 7a0 1,500 750 780 1.500
Transmession Line Cost (M3 51,200 52400 §1.350 31463 $3,000  §2400 34200 31,200  $1,500 %2700
Total Cost (M§) 61620  §3.080 $1.815 $1973 §3542  §2042 S4B §1620 61802 §34m
Annual Payment, 30 years @10% §172 T O¥03 0 3209 376 #3412 3912 $172 11 3363
Cost per KW-Yr L 20160 %0418 364.75 312624 10403 SU0TT 0 RET28 $12740 380.66
Cost per MWh @ 85% Uthzation Factor 5760 $1087 5882 30 1682 §3W 52283 2180 F1T.11 $1083
Losses @ full boad 183 134 148 103 208 208 138 106 48 1M
Losses at full load in % f.44% 335%  4B3% 343% 6.80% B.83% 462% FAE%  470% 012%
Capitalized cost of losses @ S1500 KWV (M3 5246 S I 1 . ) $285 5265 2177 3136 $61  H168
Parameters;
Imberest rale % 0%
Capralzad cost of Iosses S §1,500
Hits:
AL curment assumes 34% pf Source: ABB

Full Inad converier station loeses = 0.75% per slation
Tiotal substation lo65e6 (Lransormers, reactors) assumed = 0.5% of raled power




Special Applications of HVDC

AHVDC is particularly suited to undersea transmission, where

the losses from AC cables are large.
I First commercial HVYDC link (Gotland 1 Sweden, in 1954) was an
undersea one.

ABack-to-back converters are used to connect two AC
systems with different frequencies T as in Japan 1 or two
regions where AC is not synchronized i as in the US.
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Special Applications (continued)

AHVDC links can stabilize AC system frequencies and

voltages, and help with unplanned outages.

I A DC link is asynchronous, and the conversion stations include
frequency control functions.

I Changing DC power flow rapidly and independently of AC flows can
help control reactive power.

I HVDC links designed to carry a maximum load cannot be overloaded
by outage of parallel AC lines.

26
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[ Schematic of AC system J
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Basic HVDC Transmission

DC link

Sending Rectifier

N
Cf‘ransformer R
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L Idc
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1.
2.
3.
4.
5.
6.
1.

Converters

Smoothing reactors
Harmonic filters
Reactive power supplies
Electrodes

DC lines

AC circuit breakers
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ssion Systemsé.

Converters

A They perform AC/DC and DC/AC conversion

A They consist of valve bridges and transformers
DC smoothing

A Valve bridge consists of high voltage valves connected in a 6-pulse or ~Converter " reactor
12-pulse arrangement AC bus T
] . CB
A The transformers are ungrounded such that the DC system will be able | e A E
to establish its own reference to ground =
J /\ Bridge
—O0-C0 g
Smoothing reactors + |
j Transformer i
A They are high reactors with inductance as high as 1 H in series with v Electrodes
each pole TN 4
) . /Ndlene
A They serve the following: — - filter
| They decrease harmonics in voltages and currents in DC lines k| )
, : : . AC
| They prevent commutation failures in inverters } filter
| Prevent current from being discontinuous for light loads - L=
I i [eactive
Harmonic filters Bovier source B Girl

A Converters generate harmonics in voltages and currents. These
harmonics may cause overheating of capacitors and nearby generators
and interference with telecommunication systems

A Harmonic filters are used to mitigate these harmonics
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i on Systemsé

Reactive power supplies

A Under steady state condition, the reactive power consumed by the
converter is about 50% of the active power transferred

A Under transient conditions it could be much higher
< : : : DC smoothi
A Reactive power is, therefore, provided near the converters . pConveieLl f%%?)r i
. ) ) ) ] (' bus i
A For a strong AC power system, this reactive power is provided by a CB | E

shunt capacitor —0-0 ?\\ 7

0G0 Bridge

Electrodes e ,
. . . Transformer | I
A Electrodes are conductors that provide connection to the earth for ! Electrodes

neutral. They have large surface to minimize current densities and N L

' JNslepe

surface voltage gradients el ‘ il

H T [
DC lines ' } s s o
A They may be overhead lines or cables B |' Iﬁ“er
A DC lines are very similar to AC lines 5 tiv:

cac
jjower source CB: Circuit breaker

AC circuit breakers

A They used to clear faults in the transformer and for taking the DC link
out of service

A They are not used for clearing DC faults
A DC faults are cleared by converter control more rapidly
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HVDC Scheme Types

A Back-to-Back

frequency changing

asynchronous connection

A Point-to-Point Overhead
Line

bulk transmission

overland

-

AC—

A Point-to-Point Submarine —

Cable

bulk transmission

underwater or
underground
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How does HVDC work™?

Current (&)
3 4
2oEnagd
~
o
[ —rr———

Converter Converter
Voltage (V) 1.0 &2 Voltage ()

102 102

100 —

N
T

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




How does HVDC work"?

current (&)

Canverter Canverter
viltage (v) 1.0 &2 yoltage (v

102 — 1DEtI

100 100 —

y
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How does HVDC work?

Current (&)

3 4

b T
1 -
0 -

Converter Converter
Voltage (V) 1.0 &2 Yoltage (V)

102 102

100 100

N/
98 _:L

&

-102

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

can be broadly

classified into:

/

AMonopolar links
ABipolar links
AHomopolar links

A Symmetrical
Monopolar links

AMultiterminal links
ADC Grids
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Alt usesoneconductor.

AThereturnpathis providedby groundor water.
AUseof this systemis mainly dueto costconsiderations

AA metallic return may be usedwhere earth resistivity is too
high.
AThis configurationtypeis thefirst steptowardsa bipolarlink.

AC
AC
SYSTEM o] ( ) ) \1? 7_7!'3 _®_| ey

METALIC RETURN
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AEach terminal has two converters of equal rated voltage,
connected in series on the DC side.

AThe junctions between the converters is grounded.

Alf 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).

AC
AC
oD A ¥ QD
i i
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Alt has two or more conductors all having the same polarity,
usually negative.

ASince the corona effect in DC transmission lines is less for
negative polarity, homopolar link is usually operated with
negative polarity.

AThe return path for such a svstem is throuah around.

AC
S¥STEM
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Symmetrical Monopolar Link

AAN alternative is to use two high-voltage conductors,

40

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.
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https://en.wikipedia.org/wiki/NorNed

HVDC Converter Technology: LCC Versus VSC

Line Commutated Converter
(or Current Source Converter )
AThyristor based

ASwitches on-off one time per cycle
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Voltage Source Converter
A I GBT Based
(Insulated Gate Bipolar Transistor)

ASwitches on-off many times per cycle
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