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Investigations into the Upgrading of Existing
Transmission Lines from HVAC to HVDC
P. Naidoo, Senior Member, IEEE

Abstract-- In general, HVAC transmission lines have an
inherent design inefficiency whereby the conductor current
carrying capability remains largely unused. With increasing
system voltages and the consequential increase in conductor
bundles; this design inefficiency worsens. When the same
transmission line is converted to carry direct current, the full
conductor current carrying capability can be fully employed.
The net result is much higher power transfers, more economic
utilization of existing assets and the removal of the need for
new power line routes, rights of way and servitudes. HVDC also
introduces many key technical and economic benefits such as
lower power losses for bulk power transfers, creation of
asynchronous power systems, advanced controllability of large
power systems having both speed of response and intelligence of
control. The paper presents the results of investigations into
the power transfer constraints of and the benefits of converting
HVAC transmission lines for higher power transfers under
HVDC application.

Index Terms—Power Transmission, Power Transfer, HVAC
and HVDC Technology, S urge Impedance Loading, FACTS

I. INTRO DUC TION

C

ost effective higher current rated power electronic
technology makes possible the conversion of high
voltage alternating current circuits for high voltage direct
current employment. This strategy is promoted so as to yield
greater power transfers by using the same physical power line
and installed conductor cross sectional area [1]. The strategy
of recycling is being developed and promoted for the case of
limited availability of new power line servitudes, to overcome
transmission congestion and bottlenecks in interconnected
power networks; to recycle existing assets for greater power
transfer efficiency, to promote bi-directional power transfer
under different system operating conditions, to promote
electrically separate power islands within a greater and
growing interconnected power system thereby enhancing
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power system stability and controllability and to introduce the
new technology HVDC control computers for rapid real time
ancillary services energy management [1].

II. REVIEW OF S URGE IMPEDANC E LO ADING
In general, for an increasing distance in power transmission
coupled with higher power transfers, the use of higher system
voltages is promoted. With continued increase in customer
loading and increasing transmission distances, the AC system
natural or surge impedance load became the next constraint in
power transmission [2]. The surge impedance or natural load
(SIL) of an AC system transmission line is given by:
SIL = U² ÷ Zc…………….(1)
U = Nominal System Voltage
Zc = Characteristic or surge impedance of the
transmission line [3].
These technical factors impose limits on the operation of a
transmission line and this limits the power transfer capability.
Maruvada [3] notes that for the case of thermal conductor
rating, the power transfer limit can be up to 3 times SIL for
distances up to 80km, for the case of voltage regulation limits,
the power transfer limit is 1,3 to 3 times SIL with a distance
range of 80 to 320 km and for the case of system stability and
for distances greater than 320 km, the power transfer limit is
less than 1,3 times SIL. Hence to transfer large blocks of power
over long distances, lines with increasing higher levels of
surge impedance loading are required. As power system
planners, we have a choice on how we maximize equation (1).
To achieve a higher SIL, we can either increase the nominal
system voltage U or we decrease the characteristic impedance
Zc.
III. DEC REAS ING CHARAC TERIS TIC IMPEDANC E ZC
The classic work of Hingorani [4] on FACTS covers
extensively on how the characteristic impedance can be
lowered and controlled in real time. We shall leave Zc as a
subject that is understood in both theory and application.
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IV. INC REAS ING NO MINAL S YS TEM AC VO LTAGES
Increasing the nominal system voltage appears to be an
innocent action and higher AC voltages of 400 kV, 765 kV, 1000
kV and 1200 kV is commonly discussed. This innocent action
introduces a highly expensive result in that much of the
expensive phase conductor that is installed is never used.
The phase conductors generally form half the cost of new
transmission lines. It is known that higher bundle order is a
practical way of managing AC generated conductor corona.
However, the larger the bundle, the larger is the unused gap
between the conductor current carrying capability and the
surge impedance load (SIL).
From a survey of operational transmission lines [1], we record
in table 1 the following characteristics of commonly used quad
zebra 400 kV line and six bundle zebra 765 kV line.
Table 1: Survey Results of SIL Characteristics of Operational
Transmission Lines
Conductor
s

4 x Zebra
6 x Zebra

Nominal
Voltage
kV

Line
Length
km

SIL

400
765

700
450

670
2364

MVA

Normal
Conducto
r Capacity
MVA
1796
5152

The unused conductor capability is almost 1, 1 GW for the
case of the 400kV line and 2, 5 GW for the case of the 765 kV
line.
It is clear that the 1882 original challenge experienced by
Thomas Edison at Pearl Street Substation sustains [2]. From
DC to AC but AC is also constrained. It may be time to go back
to DC.
AC has the strength of being a distributor within AC
transmission grids. This is an advantage but distribution tasks
should be adequately managed at lower transmission voltages
of 132 kV and 275 kV as this mirrors a good match between
loads to be delivered versus power transfer capability of the
line. Higher loads to be delivered would naturally fall into the
bulk category whereby other redistributors would take over
“the last mile delivery” to customers. Bulk power transfers are
suited for point to point power transmission [5].
In terms of cross over from AC to DC technology for power
transmission application, table 2 provides the recommendation
as based on investigations into the subject of SIL and higher
operating voltages [6]. The cross over is not linear but
dependent on distance of power transfer and SIL. From
experience, the cross over to DC technology should start to
occur at AC 400 kV.
Many of the national grids of the developed and developing
countries would have installed many hundreds of kilometres of

transmission lines. By definition, the bulk of these lines are
under utilized. The application of FACTS is not widespread
and the underutilization is much more than initially expected.
In this era of smart grids and smart technologies, it will be
smart if power system planners could go back and investigate
how existing lines can be re-employed for higher power
transfer application.
Table 2: Recommended Power Transmission Technology for
Application based on Nominal System Voltage and Power
Transfers
Nominal
System
Voltage
kV

Recommended
Conductor
Bundle Order

Power
Transfer
Capability

AC
Technolog
y

132
275
400
400

1x
2x
2x
4x

100 km
200 km
300 km

765/800

6x

765/800

6x

80 MVA
250 MVA
350 MVA
1500
MVA
5000
MVA
3500
MVA

DC
Technolog
y

400km
500km
3000km

V. S UMMARY O F RES ULTS FO R AC TRANSMIS S IO N LINES
PRO POS ED FO R UPGRADE TO DC
Research [6] has shown that higher order bundles of both
400kV and 765 kV AC transmission lines can be prepared for
application with DC technology. The focus of the research

study was to determine the technical feasibility of
upgrading of existing HVAC circuits for HVDC
application. It is assumed that the transmission line will
remain as is in structure, layout and mechanical design.
The changing of external line insulators to that of silicone
rubber or strengthened glass using live line technology is
an accepted modification to the original HVAC line, if
required.
Table 3 presents the results when a 400 kV HVAC transmission
line is converted to 500 kV DC with bipoles on the outer
phases of a horizontal bridge of a lattice tower transmission
line. Table 4 presents the case when a 765kV HVAC
transmission line is converted to HVDC application with
operating voltages of 500 kV DC, 600 kV DC and 800 kV DC. In
both cases, the centre phase is bonded to earth to form a
metallic earth return between converter stations. This affords
the DC scheme both mono and bipolar operations.
Table 3: Case Study 4: 400 kV Triple and Quad Zebra HVAC
Transmission Line
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Phase Conductor Diameter = 28,62mm
Midspan height of phase conductors = 8,1m
Midspan height of earth wires = 13,8m
DC operating Voltage = 500 kV
Category

Maximum
Surface
Gradient
kV/cm
R Phase
W Phase
B Phase
Earthwire 1
Earthwire 2
Audible
Noise
L50
Wet
dBA
L50 Fair dBA
Radio Noise
@ 500 kHz
L50
Wet
dBA
L50 Fair dBA
Electric
Field kV/m
Within
servitude
At Edge of
servitude

Category

Triple Zebra
HVAC
400 kV

Quad Zebra
HVAC
400 kV

Quad Zebra
HVDC
500 kV

15,29
15,93
15,29
8,55
8,55

12,54
13,43
12,54
9,28
9,28

23,99
6,01
-23.99
28,02
28,02

3 zebra

4 zebra

4 zebra DC

45,2 < 53,1

34,6 < 53,1

32,1

20,2

9,6

38,1

59,5 < 72

48,2 < 72

28,5

42,5

31,2

41,5

10,3

8,9

27,2

1,5

1,1

3,5

765 kV
HVAC

@
500
kV DC

@
600
kV DC

@
800
kV DC

16,33
17,39
16,33
11,95

15,73
4,41
-15,73
21,76

18,88
5,29
-18,88
26,12

25,17
7,06
-25,17
34,82

11,95

21,76

26,12

34,82

Audible
Noise
L50 Wet
L50 Fair

dBA

dBA

dBA

dBA

54,7
29,7

18,8
24,8

25,6
31,6

36,4
42,4

Radio
Noise @
500 kHz
L50 Wet
L50 Fair
Electric
Field
kV/m
Within
Servitude
Edge of
servitude

dBA

dBA

dBA

dBA

61,8
44,8
765
kV
HVAC

11,5
24,5
@ 500 kV
DC

18,4
31,4
@ 600 kV
DC

29,1
42,1
@ 800 kV
DC

9,8

13,3

16,0

21,3

2.0

3.0

3,6

4,7

Magnetic
Field mG

555.9

831.3

831.3

831.3

Max
Surface
Gradient
kV/cm
R Phase
W Phase
B Phase
Earthwire
1
Earthwire
2

The higher conductor bundle order further attenuates the
conductor surface gradient profile and also that of the electric
field. Under DC, we record that the environmental electrical
and corona effects are reduced when compared to AC. For
lower DC field levels, a DC operating voltage of 300 kV or 350
kV would be more than adequate for the given power transfers.
There is no need to go to the high level of 500 kV.

With a higher order conductor bundle arrangement and higher
height above ground, we record very acceptable levels when
the 765 kV line is upgraded to DC. Once again, for the case of
conversion to DC, we need to find acceptable limits for the
conductor maximum surface gradient (kV/cm) and for the
electric fields (kV/m); both within and at the edge of the
servitude. An interesting finding is that at the edge of the
servitude, in all cases for upgrade to DC, the final attenuated
electric field is less than the AC limit of 5kV/m. An example
electric field profile for the case of 800 kV DC on a 765 kV AC
line is presented in Figure 1.

Table 4: Case Study 5: 765 kV six bundle zebra HVAC
Transmission Line

Figure 1: BPA Calculated Electrical Field Plot for 800 kV DC

Magnetic
Field mG

411,7

669,3

Phase Conductor Diameter = 28,62 mm
Midspan height of phase conductors = 15m
Midspan height of earth wires = 27,6m
DC operating Voltage = 500, 600 and 800 kV
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VII. CO NC LUS ION
The initial foundations for the super-grid and or smart grid has
commenced with the addition of the power electronic
converters at sending and receiving ends.
HVDC technology has the advantage and can be designed for
a specific voltage drop between sending and receiving ends.
Distance is not a limiting factor and for all practical purposes,
the power transfer limit can be designed to be up to 3 times the
SIL. HVDC further has the advantage of not introducing
greater power transmission inefficiency such as that noted
when operating voltage is increased.

The study results concur in general with the literature review
[7]. The static electric field of DC is less onerous than the time
varying electric field of AC. With DC no induced effects are
conveyed to humans and animals within the power line
servitude.

VI. S UMMARY O F THE REC OMMENDATIONS FO R THE
UPGRADING OF HVAC TRANS MIS S ION LINES FOR HVDC
APPLIC ATIO NS
For HVAC transmission lines where the thermal capacity is
close to the SIL, do nothing. In cases where the thermal
capacities is higher than the SIL but of smaller phase
conductor bundle order; add FACTS technologies for higher
power transfers. In cases where the thermal capacities are
much higher than the SIL and the phase conductor bundle
order is large, then employ HVDC upgrade. Select the DC
operating voltage such that all the electrical and corona electric
fields are within generally accepted levels as experienced
locally and internationally.
The performance of insulators under DC conditions is known
to be more onerous than under AC conditions due to the
electrostatic precipitation of atmospheric dirt and pollutants.
The absence of current and voltage zeros in a DC transmission
system further complicates the flashover process as there is no
opportunity for self recovery once leakage current growth is
initiated. The use of silicone composite insulators promotes
the surface beading of water [hydrophobicity] that arises from
environmental wetting thereby continuously attenuating the
growth and development of leakage currents. The use of
silicone composite insulators is recommended as part of the
proposal to upgrade the HVAC line for HVDC application. The
change of insulators can be done with live working technology
without disturbing power flows. The performances of silicone
composites have delivered sterling results, zero fault, for many
decades on the HV national grid of South Africa.

The efficiency of HVAC 765 kV transmissions and higher
voltage AC transmission schemes remains questionable as the
unused conductor current rated capacity is the greatest.
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