IMPACT OF ELECTROMAGNETIC FIELDS ON CURRENT RATINGS
AND CABLE SYSTEMS

Harry ORTON (Convener) (Canada); Paolo MAIOLI (Secretary) (Italy), Heiner BRAKELMANN (Germany); Jarle BREMNES (Norway); Frederic LESUR (France); Josu ORELLA SAENZ (Spain); Jacco SMIT (The Netherlands).
heorton@msn.com, paolo.maioli@prysmian.com
Members of CIGRE WG B1.23



19th International Conference on Electricity Distribution	Vienna, 21>24 May 2007
		Paper ####




Session X	Paper No  ####   	Page 2 / 3

ABSTRACT
The work presented in this paper is a summary of the technical brochure being prepared by CIGRE Working Group B1.23 that focuses on single conductor, high voltage, ac, land cable systems, excluding pipe type and GIL cables.  It considers extruded dielectric insulation, laminar dielectric insulation, single-point bonding or balanced cross-bonding, so that there is minimum ground return current.  Magnetic field management techniques are discussed that are currently used for underground transmission cable systems and the shielding effectiveness of practical methods is quantified.  The cable current de-rating aspects of the various field management methods are presented. 
This paper does not cover any environmental or biological effects of EMF and does not discuss any specific levels of EMF.
Keywords
Impact of EMF, Transmission cable (de) rating, EMF mitigation impact on cable rating.
introduction
Numerous methods have been devised by electric utilities and various research organizations to manage power frequency magnetic fields levels in the vicinity of underground cable systems. Information is available in CIGRE TB 373, from Working Group C4.204 [1], concerning considerations for implementing the various methods, their impact on construction and their cost effectiveness.  However, their impact on cable rating, losses, installation and operational costs needs to be evaluated. In particular, there are differing opinions about the de-rating effects of HV transmission cables placed in ferromagnetic shielding enclosures such as pipes or casings. Past work at CIGRE and elsewhere addressed magnetic field calculation procedures (with and without ferromagnetic components); however, they do not address the current rating reduction of the magnetic field management methods or their practical applications to electric utility systems [1, 2, 3].
In most cases mitigation measures have disadvantages: either the current rating may decrease or the costs will increase. Some mitigation methods are very cost effective, for example, an optimal choice of the phase sequence for double circuits/systems. 
The first question to answer is where mitigation is required:
1. to reduce the magnetic field directly above the cable circuit, or
1. to reduce the field to a certain limit at a specified distance from the cable circuit, or
1. to minimize the width of the corridor within which a specified field limit is exceeded.

Some mitigation devices are more suited for reducing the field directly above the cable circuit, while others are extremely effective in mitigating the field at a distance.  Installation in air is easier than directly buried and in some cases de-rating is negligible.  This paper deals only with systems of balanced currents; that is with limited zero sequence current 
GENERAL Princples
The thermal design of HV underground cable circuits is calculated according to related international standards and commercially available software packages. It is calculated using the thermal properties of the cable and its surroundings and is referred to maximum conductor temperature of the cables.
The current carrying capacity of a cable circuit is the maximum steady state current that can be transmitted without exceeding the limit established for the conductor temperature at any point along the circuit, according to the local environmental conditions and load factor. The calculation method for continuous load (load factor 100%) is given in IEC 60287, whereas for cyclic loads (load factor less than 100%) is given in IEC 60853. For emergency situations where a magnetic field limit is to be achieved, the transient temperature calculations are performed according to IEC 60853. 
The design of any mitigation device will be based upon either continuous, emergency or cyclic load conditions, and will be selected after defining the magnetic field limit. Most magnetic field mitigation devices are installed in urban areas, where there are variations in the laying configuration or depth, lengths of parallels with other circuits or crossings with heat sources, that locally modify the current carrying capacity of the cables. The HV system designer considers all these different conditions and finally determines the rating of the circuit as the minimum of all the local current carrying capacities of the cables. 
The losses induced by the shielding devices introduce additional heat sources into the cable trench that increase the surrounding reference soil temperature seen by power cables, and the rating has to be recalculated. The possible reduction of current carrying capacity depends mainly on the shielding method, and on a variety of minor additional factors that are applied locally to the shielded portion of the circuit which is equivalent to an elevation of ambient temperature. 
Shielding Factor (SF) is defined as the ratio between the magnetic flux density at a given point (P) in absence of mitigation means (B0) and in presence of mitigation means (BS), namely SF(P)= B0(P)/ BS(P). The SF can be calculated at any point such as directly over the cable circuit or at the nearest house depending on the location specified for the magnetic field limit. For design purposes, the SF has to be evaluated at the position P where the field is requested to be reduced, because the SF is not constant in space, especially if the point P is close to a part of the shielding device.  See Table 1 for typical values of SF.
CURRENT (DE) RATING PRINCIPLES
The design of a HV circuit is generally based on the cheapest solution, comprising in the total sum the cost of cables, installation, maintenance, capitalization of the losses and other items, according to local experience and expertise. The approach followed for the description of the mitigation impact on the circuit starts from the basic point-of-view that the normally installed solution is the cheapest solution according to the weight of the various addenda. 
When a designer plans a new circuit, he computes the magnetic field generated by the cables and compares it with the mandatory values that must be respected. If the value is lower than the specified, the project is completed, but for those situations where there is an excess, mitigation is foreseen.
The approach followed here is the Shielding Factor (SF) approach, which consists of determining the ratio between the computed value and the specified value at the sensitive location (for example at the nearest house). For each shielding factor there is in literature a variety of different mitigation methods, with technical characteristics and installation procedures. The designer has to investigate each possibility and propose a working solution.
The installation of mitigation devices in close proximity to power cables inevitably generates additional losses, and these losses usually generate increased temperatures and de-rating of the cables. The closer the proximity of the mitigation device to the cables, the greater the mitigation is, but also the greater the de-rating. Other mitigation measures, for example cable management or phase rearrangement, do not necessarily increase the losses or decrease the rating.
A standard solution is a solution that maximises the rating and minimises the costs. De-rating, or current rating reduction, is not always present, but it is the starting point to a standard solution. For example, the introduction of additional losses, the reduction of cable interaxial distance or the modification of other parameters, reduces the local current carrying capacity of the circuit.
De-rating is calculated on the hottest cable in the section where mitigation measures are applied. It could result in a de-rating of the whole link, if it is or becomes the limiting section.
The rating of the circuit should always be reassessed after the application of magnetic field reduction measures.
EMF MITIGATION METHODS
Cable Management
Cable management means to design the cable installation with respect to a reduced magnetic field, but without modifying the cable construction itself. Relevant parameters are the positions of the cables (laying arrangement), the bonding of sheath or screens, and in the case of more than one system, the electrical lay-out and the way of operation. For example, adjust the phase sequences, phase splitting in more than one conductor as well as the operation of double circuits in a six-phase mode.
Cable management is the easiest way to reduce the EMF directly at the source, acting on the position of the conductors that generate the electromagnetic field. For example, trefoil formation is often used as an alternative to flat formation, giving a reduction of the EMF of √2 for the same interaxial distance and distance from the circuit, in far field approximation: the cost to benefit relationship is good, and the de-rating depends mainly on the sheath construction 
It is also possible to let the currents circulate into the metallic sheath, by proper electrical connections (solid bonding at both ends). Solid bonding may give a significant reduction of the magnetic field, but the de-rating in these cases is so important that this technique is rarely applied to underground cables to mitigate EMF.
Single Circuit
Contrary to the case of more than one circuit, for single circuits the phase sequence is not relevant for the magnitude of the magnetic field. Longitudinal currents in normally designed sheaths or screens will not lead to significant field reductions, but to extensive losses and de-rating. Substantial effects are only achievable by increasing sheath/screen cross sections to sizes which are similar to the conductor cross section.
Straight-forward methods to reduce the magnetic field are:
· to increase the cable laying depth,
· to minimise the cable interaxial distance, and
· to prefer triangle arrangements of the cables instead of flat formations.
For cables in soil, all these measures may have a strong influence on installation costs as well as on the losses and the current rating of the cables, i.e. on the operational costs as well.
Triangle formation as an alternative to a flat formation with the same interaxial distance allows an EMF reduction by a factor of √2, in far field approximation. The cost/benefit relationship is good. For cables with aluminium or lead sheaths installed with small interaxial distances, the triangle arrangement may reduce the cable losses, as compared with the flat arrangement. 
Depending on the required EMF reduction (the SF), optimisations of cable arrangement, laying depth and distance with respect to the total costs (trench, cables and losses) can be achieved.
Double circuit
In many cases, more than one cable system is installed in the same trench, so that two different situations must be evaluated; the cable systems are operated separately or in parallel.
In the first case, for two or more cable systems which are operated separately, the choice of the phase sequences in the systems does (normally) not influence the distribution of the conductor current, but definitely influences the sheath/screen currents as well as the EMF.
For the second case, high voltage ac single-core cables are most common for bulk power transmission, which are designed as a twin system, so that electrically in each phase two cables are working in parallel. Hereby, the partitioning of the total phase current, as well as the sheath/screen currents, will be strongly dependent on the phase sequence as well as on the geometrical arrangement of the six cables.
For such double systems, not only the interaxial distance inside the systems, but also the separation between the systems can be optimised for any given trench width. Depending on such arrangements and in combination with the chosen phase sequence of the cable cores, magnitude and phase of the conductor currents as well as of the sheath/screen currents (depending on the way of bonding) are decisively influenced, resulting in specific losses, current ratings and EMF.
Comparing flat with triangle formations of the cable systems shows that there may be different optimal phase sequences for the two cases. As with single circuits, the influence of the sheath currents on the EMF is small, unless very large screen sections are used.
Depending on the required EMF reduction (SF), optimisations of cable arrangement, laying depth and distances in combination with the phase sequences with respect to the total cost (trench, cables, losses) can be achieved.
Passive Loops 
Passive loop techniques make use of conductors which are laid parallel to the power cables but are electrically connected at both ends creating a loop; currents are induced into them resulting in a cancellation of the inducing magnetic field so that total field is reduced.
The passive loop technique is one of the most recently applied methods for EMF shielding. Passive loops are easily installed into the trench together with HV cables, with negligible impact on the laying operations of the main cables. The standard practice is to limit the increase of ambient temperature of the cables to a few degrees Celsius, with a careful choice of the section of the conductors and of their position. Low voltage cables are normally installed, due to the low value of the potential induced into the passive conductors. The loops are arranged into the trench, joint bay or manhole, either on the surface of the compacted backfill or at the same level of the HV cables. 
Currents tend to circulate mainly in the loops placed closer to the power cables contributing also to higher losses and thermal influence on the main cables due to their proximity. Balancing is required at the design stage to select the section and the position of the passive cables: the calculation is not simple and needs dedicated software, due to the presence of many variables.












Figure 1. (a) Passive loops installed on top of the joint bay. (b) Passive loops installed in joint bay.
Metallic Plates
The H-shaped conductive shielding plate case presented in section 6.2 of [1] has been used as an example to quantify de-rating of the cable circuit, and results from coupled electro-thermal FEM analyses are presented in this section.
The starting point is cable circuit with non-conductive plates. Results at thermal steady state, which is reached after approx. 4 months, are illustrated by Figure 2 and Figure 3.
Repeated analysis after assigning electrical and thermal conductivity to the plates yields results as illustrated by Figure 4. To keep the hottest conductor at 90 °C, maximum continuous current is reduced from 1500 A to 1450 A, i.e. a de-rating of 3.3 %. The sum of cable and plate power loss is up 16 % with the H-shielding in place, while circuit impedance is down by 14 % due to reduced inductance.
As shown in Figure 5, the obtained shielding factor along ground peaks at 22 directly above the trench, and falls off to approx. 10 with increasing distance. The observed asymmetry in this plot is as expected due to the semi-rotating properties of the inducing field.

Figure 2. Computed temperature rise of conductors.

Figure 3. Magnetic flux lines (snapshot, not related to legend) and BR at thermal steady state for the unshielded reference case.

Figure 4. Flux lines and BR at thermal steady state with conductive shielding plates.
Note that the SF shown in Figure 5 has been scaled to eliminate field reduction due to reduced cable current, in order to isolate the shielding effect of the plates. (The somewhat jagged parts of the curve imply that a finer mesh should be applied for improved accuracy within these regions.)

Figure 5. Shielding Factor (SF) obtained by H-shielding.
Ferromagnetic Raceways 
Raceways are light, easy to install and are designed in such a way that the cables automatically assume the trefoil configuration. The particular shape allows the raceways to follow the small curves of the trench and lateral and vertical variations of direction; for large curves, special shaped elements are used.
The ferromagnetic raceway comprises different elements: the base, the cover and the closing clips, curved elements. It is constructed with high permeability ferromagnetic steel, galvanised to avoid corrosion problems.
The raceway has a base width of 220 mm, a height of 210 mm: the cover is 350 mm wide (Fig. 6). The dimensions of the raceway are adapted to the diameter of the cables, so that any high voltage connection can be shielded. Each section of the raceway has a conical shape so that it can be partially overlapped to the next one, to form a continuous shield, in such a way that any welding is avoided [4, 5].

Figure 6. Photograph of the shielding raceway containing three cables.
Steel Pipes
It is a well-known mitigation technique to encapsulate the three cables of a three-phase system within a closed ferromagnetic structure like a steel pipe. Commercially available steel pipes normally have a high relative permeability in a range of 500 up to 1300. They offer a magnetic conductive parallel path to the magnetic flux, thus decreasing the magnetic field outside the steel pipe. Shielding factors of more than 100 can be achieved. 
It is essential for the shielding to be effective that the three-phase system of currents must be inside the steel pipe, not necessarily symmetrical, but which in any case must add to zero: any residual zero-sequence current is not shielded and may induce large losses. 
Phase Splitting
The concept of phase-splitting represents a conceptually different and alternative approach to reducing the magnetic field. The basic principle is described in Figure 2.1.9 of [1], while an alternative approach is illustrated by Figure 7 below:
· At the common axis, the trefoil geometry combined with balanced three-phase currents will produce a rotating magnetomotive force (mmf), having constant magnitude and angular speed, similar to the stator field produced in AC rotating machines when combining windings geometrically offset by 120° with phase currents offset by 120° phase angles.
· Duplicating the power cores of the trefoil, and reducing the conductor size to 50 %, and then rotate one of these duplicated trefoils 180° (geometrically), results in two oppositely directed (and rotating) mmf space-vectors. This will result in perfect field cancellation at the common axis, but more importantly a magnetic far-field decreasing with distance cubed. 
The fundamental principle of the split-phase approach differs from that of the other methods in this paper, as the origins of field cancellation are the source voltages rather than induced voltages. Furthermore, this approach does not introduce additional power loss and de-rating when the same amount of conductor material is used – in fact, an up-rating may apply due to improved thermal conditions. 
Downsides of the split-phase configuration include doubled length of cable (with half-size conductor), double number of accessories, a potential need for Y-joints (if only a sub-section of the cable circuit is to be shielded), and a more complex cable configuration within the trench. A somewhat deeper trench is probably required to maintain burial depth for the uppermost cables. Increased installation/construction costs must be compared to costs of installing e.g. conductive plates. The lifetime of split-phase mitigation will be the same as for the cables themselves, as this concept is not prone to corrosion or theft.
As there may be practical challenges related to establishing the hexagonal geometrical configuration shown in Figure 7, the shielding effect obtained by two flat layers has also been investigated. The latter can be considered as a deformed hexagon (shift the two cables labeled “L1” in Figure 7 towards the centre), and it is commonly known as the “low-reactance” configuration (overhead lines). Consequently, this exercise also provides an indication of the sensitivity of split-phase cancellation to geometrical imperfections.
The field mitigation effect of the split-phase approach is illustrated by Figure 8 and Figure 9, for hexagonal and double flat configurations, respectively. Directly above the trench results are more or less identical, and both configurations demonstrate that the field’s dependence of distance cubed ensures a very rapid decrease with distance.
        
Figure 7. Magnetomotive force (mmf) produced by trefoil (left) and split-phase (right) configurations.

Figure 8. SF for hexagonal split-phase configuration.

Figure 9. SF for “low-reactance” split-phase configuration.
Compared to the preceding H-plate shielding case it is seen that split-phase achieves a comparable SF directly above the cables. The major difference is that this is the location of the minimum SF for the split-phase, while it is the location of maximum SF for the plates. Where the SF levels out at a limit value for conductive plate shielding, it continues to increase with distance cubed with split-phase.
Split-phase is the only of the mitigation technique investigated that may result in negative derating, or in other words an up-rating, when the same amount of conductor material is used.
A more detailed comparison of mitigation methods will be included in the upcoming technical brochure by CIGRE WG B1.23. 

ASSESSMENT AND METHODS TO LIMIT DE-RATING
Measurement of de-rating is very difficult because of the very long time transient of buried cable circuits (thermal inertia). On the other hand, the measurement of the electromagnetic fields is very precise which means that mitigation techniques can be verified, but their impact on cable system ratings is difficult to verify in a field situation.  Table 1 summarises the anticipated de-rating of each mitigation technique.
CONCLUSIONS
The presence of a mitigation device will modify the ambient surroundings of an underground transmission cable with increased losses and a different capability to dissipate the heat. For example, in the case of metallic plates in close proximity to cables, heat extraction can be very effective and hence the cable can tolerate greater losses.
The mitigation techniques reported lead to the application of good technical solutions. In fact, each technique has a range of application based on the Shielding Factor that can be reached and it is important to fully exploit it, to limit the cost and the complexity of the apparatuses.  Re-rating techniques, such as air convection around the cables and a wise choice of the shielding method can be of great importance.
The global conclusion is that EMF can be effectively shielded with minimum or negligible influence on the rating of the cable system.  The designer has the knowledge available to make the correct mitigation choice for any shielded HV electric system.
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Table 1.  Mitigation Method Summary Table.


	Mitigation method
	De-rating
[%]
	Shielding Factor (SF) [times]
	Increasing initial cost
	Increasing operational cost

	Solid bonding (conventional screen)
	5 - 50
	1 - 2
	$
	$$$

	Solid bonding (enlarged screen)
	10 - 30
	20 - 40
	$$
	$$

	Solid bonding (enlarged screen and magnetic foil)
	10 - 30
	100 - 1000
	$$$
	$

	Trefoil from touching flat (same depth)
	0 - 5
	1 - 1.5
	0
	0

	Triangular from flat
	0 - 5
	1 - 2
	$
	0

	Split Phase
	-5 - 0
	20 - 200
	$$
	0

	Passive loops
	0 - 2
	2 - 8
	$
	$

	Metallic plates
	1 - 4
	3 - 8
	$$
	$$

	Ferromagnetic raceway
	2 - 10
	5 - 40
	$$
	$$

	Steel pipe
	4 - 20
	10 - 100
	$$$
	$$$
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