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Single Wire Earth Return (SWER) System

for Rural Distribution
(This is an updated version of a paper presented by B.W. Leyland at the IEE in London in 1965)

Conventional high voltage distribution systems are carefully insulated from earth except at the few places where the star point is earthed.  This earth connection has two main purposes;  it simplifies detection and isolation of faults between a phase conductor and earth, and it stabilizes phase voltages relative to earth.  Under no condition does load current flow in the earth circuits and for this reason a single phase line tapped off a three phase feeder must employ two conductors.  In the case of a phase/phase system both conductors operate at phase voltage to earth; with a phase/neutral system one conductor is at phase voltage and the other conductor is at or near earth potential.

About 65 years ago, Lloyd Mandeno, (1) a New Zealand Consulting Engineer, developed a rural distribution system that used a single high voltage conductor and earth return.  An improved version of this system is now in use in rural areas in many parts of the world.

After discussing the relative merits of three phase and single phase supply, this paper gives a brief account of the phase/phase and phase/neutral rural distribution systems and then discusses Mandeno's Single Wire Earth Return (SWER) system in detail.  It will be shown that in back country areas where there are few scattered villages and farms, the SWER system can give a cheap and reliable supply of power to places beyond the economic limit of conventional systems.

THREE PHASE VERSUS SINGLE PHASE

European rural distribution systems tend to use three phases while US based rural systems are almost exclusively single phase and neutral.  A comparison between salient features of the two systems is given below:

1.
Motors - Three phase motors are efficient and available in all sizes.  Single phase motors are commonly available in sizes up to 2 kW but up to 10 kW can be found.  Alternatively, capacitors can be used to do a crude but effective single to three phase conversion.

2.
Reliability - Because of the greater number of conductors, insulators, fuses, etc, a three phase line is inherently less reliable than a single phase one.

3.
Cost - Single phase lines cost 20 - 60% less than a three phase line using the same size conductors.

4.
Voltage Regulation - A three phase line carrying a balanced load has better voltage regulation than a two phase line with the same conductor size and spacing.

5.
Transformers - Below about 30 kVA, three phase distribution transformers cost more and are less efficient than single phase transformers of the same capacity.

6.
LV System - A three phase 4 wire 240/415 volt line has only slightly lower losses and voltage drop than a single phase three wire 240/480 volt line.

It can be seen that, apart from voltage regulation, which will be discussed later, the case for three phase supply rests mainly on the use of three phase motors.  As few villages need large motors, it is obvious that in most cases the cheaper and more reliable single phase supply is adequate.

In fact, in the areas we are now considering, seldom will there be a choice between single phase and three phase; economics dictates that the supply will be single phase or nothing.

SWER SYSTEM

A schematic diagram of a typical SWER system is shown in Fig. 2 and it will be seen that this system has only one conductor and the single phase system is separated electrically from the three phase system by an isolation transformer.  The use of a single conductor reduces costs, simplifies erection and gives very high reliability.  The isolating transformer offsets its extra expense by isolating the earth currents from the three phase system and by giving freedom to choose the most suitable SWER line voltage.

HISTORICAL

Earth return telephone and telegraph circuits have been used since the turn of the century, but it was not until 1924 that Mandeno applied this system to high voltage distribution.  As Consultant to the Tauranga Electric Power Board he was faced with the problem of supplying power to a large sparsely settled farming district.  His solution was to run a few three phase 11 kV feeders as backbones and tap off 6.35 kV single wire lines to supply isolated farms.  Not only was this the first use of earth return, but as far is known, the first time a voltage as high as 11 kV had been used for distribution.

Although cheap and reliable, this system had one major disadvantage; unless the single phase loading was perfectly balanced the out of balance earth return current appeared as earth fault current to the relays at the sub-station and sometimes caused unwanted tripping of the feeder circuit breaker (In New Zealand earth fault relays must be set to 10%).  To overcome this Mandeno used isolating transformers when he introduced SWER to the Bay of Island is 1938.  This latter system had proved to be an outstanding success and has been adopted widely in New Zealand, Australia and South America.

THE SYSTEM IN DETAIL

Fig. 3 shows a SWER circuit typical of one of the very extensive and lightly loaded systems common in Australia.  106 miles of line supplies 20 distribution transformers spread over an area of about 300 square miles.

1.
Isolating Transformers - The 50 or 100 kVA isolating transformers are usually mounted on single pole structures.  Two phases of the three phase supply feed the primary winding via fuses and isolators.  In many cases a single 11kV auto recloser is also incorporated in this circuit.  Various transformation ratios are used; in New Zealand usually 11/11kV is standard, but in Australia 22/12.7 kV and 22/19.05 kV are used.  One end of the secondary winding is taken out through a high voltage bushing and the other through a low voltage one.  A thermal type maximum demand indicator and, occasionally low voltage type series capacitors are connected in circuit with the PVC insulated earth lead.  Lightning protection is provided either by surge diverter or duplex spark gaps.  A typical transformer and structure is shown in Fig. 4.

2.
Earthing - Because the current carrying earth connection is such a vital part of the system, duplicate protected conductors are run down opposite sides of the pole and connected to opposite ends of the earth electrode system.


The Bay of Islands Power Board use long earth rods made of 16 mm reinforcing steel with brazed-on copper tails.  Four or more of these rods are used to obtain the required resistance.  The rods are connected together with copper wire and clamps buried at a depth of not less than 1ft. 3in.  A similar arrangement was used in Tauranga and an recent examination of the rods in 1960 showed that 40 years of current carrying had done them no harm.


The earthing arrangement for the distribution transformer follows the same principle except that the neutral of the LV system is also connected to the HV earth.  In Australia, the HV and LV systems are earthed separately.


To prevent dangerous voltage gradients in the vicinity of the earth connection, it is important that the resistance be kept low.  The New Zealand Regulations limit the resistance of the isolating transformer earth to 2.5 ohms, and that of a distribution transformer to 5 ohms.  The Australians limit the isolating transformer only to 2.5 ohms.  Experiments with various animals showed that a bullock could detect a gradient of 4 volts per foot.  From this it was deduced that 40 volts was the maximum allowable voltage drop between the electrodes and earth.  A safety factor of 2 as applied so now the earth resistance of a distribution transformer must be such that at the full load current of the transformer, the voltage rise at the earth is not above 20 volts.  Thus a small transformer can have a higher resistance that a big one.


A current of 8 amps passing through a resistance of 2.5 ohms will generate 160 watts of heat. It has been found that under normal circumstances this amount of heat does not cause drying out of the soil and consequent increase in resistance.

3.
Line Construction - New Zealand is a very hilly country and Mandeno always advocated that engineers take full advantage of this by erecting lines incorporating long spans and the minimum number of poles.  This principle can be fully exploited with SWER because the usual problem of maintaining conductor spacing does not exist.  The lines erected in the Bay of Islands have spans of up to 1,000 yards long and about 10 poles per mile.  Conductor stringing is easy because it is not necessary to regulate two or more conductors to exactly the same sag and tension.


Standard 11kV pin insulators are used on the shorter spans and suspension insulators on long spans and angle poles.  Where salt contamination is severe, insulators rated for 33kV are used.


Australian systems often work at 12.7kV ie 22/√3kV to earth, and some at 19.5kV, (33/√3kV) and 22kV.  However, at these higher voltages radio interference and line charging current can become a problem.


A variety of conductors are used ranging from No 8 SWG galvanized steel wire to 0.05 sq. in. ACSR.  3/12 galvanized wire, which is strong, cheap and resistant to vibration is popular in Australia.  In New Zealand, aluminium wire is favoured because it does not attenuate the voice frequency signals used for water heater control.  Guys are rarely needed because of the low windage of the small conductor, but where bracing is necessary, either a heel and breast or a guy attached to a deadman screw is used.


Distribution transformers are mounted on single poles placed close to the load to minimise the voltage drop in the LV system.  Because of the low cost of transformer stations it is often possible to use individual transformers to serve each of group of consumers instead of one larger transformer and an extensive LV system.  This practice gives improved voltage regulation and decreased losses.


On systems operating at 11kV to earth it has been found that standard single phase transformers insulated for 6350 volts to earth are satisfactory, but for the higher voltages, specially wound transformers are used.

ELECTRICAL CHARACTERISTICS OF THE SWER SYSTEM

1.
Voltage Regulation - The load carrying capacity of a rural system is almost always determined by the permissible voltage drop.  Therfore the system with the best voltage regulation per mile of line per amp will have the highest capacity or, alternatively, will be capable of transmitting a certain load over the longest distance.


The impedance of an overhead line is determined by the size, composition, and spacing of the conductors.  The reactance of a SWER line depends on the depth of the return current in the ground and this, in turn is determined by the soil resistivity.  The resistance of the ground is about 0.1 ohm/mile which compares very favourably with the 1.7 ohm/mile of a 0.025in2 aluminium conductor.


Table 1 compares current, impedance and voltage regulation for the different systems when transmitting a load of 100kVA at 0.8 power factor over a distance of 20 miles.  From this it can be seen that a three phase line is only slightly better than a SWER line using series capacitors and an uncompensated SWER line is nearly as good as phase/phase.  When this comparison is done for lines constructed of galvanized steel wire, the advantages of SWER become even more apparent because the impedance of the isolating transformer does not weigh so heavily against it.

2.
Series Capacitors - A capacitor connected in series with a power line cancels a proportion of the line inductive reactance and so reduces the line impedance and improves voltage regulation.  Although an ideal way of regulating voltage, series capacitors are rarely used on distribution systems because they must be insulated from earth and need protection against through faults.  (A fault just beyond a series capacitor puts a large fraction of the phase voltage across it).


On a SWER system however, series capacitors are a practical proposition because cheap, low voltage capacitors can be connected in the earth circuit of the isolating transformer.  Protection against through faults is still required and is easily obtained by shunting the condenser with a spark gap or non-linear resistor.


In Australia and New Zealand the Authorities have limited the current in a SWER line to 8 amps and because this, rather than voltage drop, usually determines line loading, few series capacitors have been used.

3.
Shunt Capacitance - Shunt capacitance (capacitance between lines or between line and earth) gives rise to a zero power factor leading charging current which, on its own, will give a voltage rise along the line.  If this charging current is large compared with the load current the voltage rise at the far end of the line may be unacceptable.  In Australia where 200 miles of line may be connected to a single isolating transformer, some trouble of this kind has been reported.  This effect is not peculiar to the SWER system; a three phase line with its much higher shunt capacitance has an even larger charging current.

4.
Telephone Interference - The path of the return current is deep in the ground, so the extensive magnetic and electric fields surrounding a SWER line induces 50 c/s voltages in a parallel open wire telephone in the following ways:

a.
Electromagnetic Induction from Earth Fault Current - When an earth fault occurs on any power line the short circuit current induces longitudinal voltages in the telephone lines.  For safety reasons no more than 400-600 volts can be tolerated.

b.
Electromagnetic Induction from Load Currents - With common values of earth resistivity an SWER line carrying 8 amps and at a distance of 250 ft. from a parallel telephone line for 20 miles induces about 60 volts in the telephone line.  It is this consideration that forms the basis for the 8 amp current limit in SWER circuits.

c.
Electrostatic Induction - The electric field to earth surrounding a SWER line also induces voltages in telephone lines, but they are seldom of any consequence.


Under earth fault conditions a SWER system often causes less interference than other systems because the earth current is restricted to the SWER circuit and does not return to the supply sub-station transformer neutral.  This is illustrated in Fig. 5, which shows that the earth fault on the three phase line affects the full length (L1and L2) of the telephone line while that on the SWER line only affects the length L2.  Thus for the same value of fault current the SWER line induces the least voltage.


It must be emphasized that the present limitation of the capacity of SWER circuits is set by the communication authorities who have tended to adopt a "dog in the manger" attitude.  If they could be persuaded to limit the voltage induced by the full load current rather than the current itself, many circuits would be able to carry a much greater load.

5.
Choice of Voltage - The use of the isolating transformer gives a free choice of operating voltage for the SWER system and the following factors favour the use of higher voltages:

a.
Where regulations limit the current in a circuit, the kVA capacity of the circuit can be increased.

b.
For the same kVA loading the induced voltages in a parallel telephone line is reduced.

c.
The transmission distance for a given conductor can be increased.

d.
The greater charging current may benefit the system power factor.


Because it is desirable to use equipment standardized for the three phase system, the choice of voltages is limited to (a) 11 or 22 kV which permits the use of standard single phase transformers (with the insulation over stressed) and 22 or 33 kV insulators, or (b) 12.7 or 19.05 kV which requires special transformers but standard insulators.

6.
Protection - When a fault occurs on a section of a power system the protective equipment must quickly isolate that section only in order to minimize danger to life and disturbance to the rest of the system.


On most systems fuses protect individual transformers and are backed up at the supply sub-station by a circuit breaker with over current and earth fault protection.  Some systems also employ high speed auto reclosers which automatically reclose two or three times before locking out.  Since most faults are of a transient nature the number of prolonged outages is greatly reduced.  Because only one high speed auto recloser is required on a SWER system the expense of this form of protection is minimal.  In areas where lightning faults are prevalent the use of auto reclosers and spark gaps at each transformer has reduced the number of prolonged outages by 80%.  The auto recloser may trip and reclose successfully twenty or thirty times during a severe storm.


If the three phase supply is at 11 kV, a standard auto recloser may be connected in the primary circuit of the isolating transformer, but in most cases it is connected in the SWER circuit.  On the more extensive SWER systems sectionalising switches (which isolate a further section of line each time the auto recloser operates) are used to limit the area isolated by a permanent fault.

ECONOMICS

1.
Capital Cost - Per consumer, three phase rural distribution costs about ten times more than urban distribution.  Hence there is a very strong inducement to reduce costs by installing the most economical system.


Table 2 gives a rough idea of the relative costs of the systems, discussed by showing the cost of the distribution system illustrated in Fig. 3.


The comparison makes no allowance for the capitalized cost of losses, but it will be found that this factor weighs heaviest against the phase/neutral and phase/phase systems.

2.
Maintenance Cost - The cost of maintaining a system can be divided into the cost of regular maintenance and the cost of repairing faults.


On most systems regular maintenance consists of replacing old transformer, fuses, poles and insulators.  A SWER system having fewer poles etc., per mile costs less to maintain.


The cost of repairing faults is primarily dependent on the inherent reliability of the line.  On conventional systems a large proportion of the permanent faults are between phases, eg conductors clashing, or birds, animals or sticks causing a short circuit.


SWER systems are of course, not prone to such faults and it is found that on a basis of faults/mile/year they are about three times more reliable.


This high reliability is a big factor in favour of the system as anyone who has had to milk a herd of cows, by hand, in the dark will agree!

LOAD GROWTH

The SWER system has often been criticized on the grounds that it cannot easily cope with an increasing load.  At present, the limit on line current does definitely limit the capacity of a circuit so a load increase can be met only be introducing additional circuits or raising the voltage.

If a heavy three phase load, such as a sawmill or quarry must be supplied, then the three phase line must be built and it will be paid for by the revenue generated.  To argue that all rural lines should be three phase or capable of being changed to three phase just in case large motors must be supplied does not make sense.

ADVANTAGES AND DISADVANTAGES OF THE SWER SYSTEM

It has been shown that the SWER system has many advantages when compared to other single phase rural distribution systems.  They may be summarized as follows:

1.
As a result of using a single conductor:

a.
lower capital cost;

b.
higher reliability;

c.
easier erection;

d.
protection against transient faults by the use of auto reclosers is cheap and effective;

e.
maintenance costs are reduced.

2.
Following from the use of an isolating transformer:

a.
free choice of the most suitable voltage;

b.
series capacitors can be used to improve voltage regulation;

c.
induced voltage under earth fault conditions in a telephone line parallelling both SWER and three phase lines is reduced.

d.
lower voltage meters can be used to measure the current in the high voltage circuits.

e.
11kV or 22kV systems standard single phase distribution transformers can be used.

The disadvantages, which are seldom of any consequence in practice, are as follows:

1.
Telephone interference considerations may require that the current in the line be limited.

2.
The earth electrodes resistance must be low.

CONCLUSIONS

During a rather critical discussion of the SWER system following the presentation of Mandeno's original paper, Mr C M Gray, the Chief Engineer of one of the largest Power Boards in New Zealand spoke as follows:

"I do not propose to argue the advantage or disadvantage of the SWER system, but on a visit to the Bay of Islands, I was absolutely amazed at the class of country and the low density of population that this system was supplying.  I am certain that if some such system had not been employed many settlers would not have had the advantage of electrical supply for many years to come.  On that score alone, credit is due to Mr Mandeno for developing and introducing such a system."

This, in the author's opinion, sums up the argument for SWER; there may be more elegant systems, but there are none cheaper.  Perhaps 'Mandenos' Clotheslines' are not the most attractive way of transmitting power, but they are economical and effective.
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