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SUMMARY
Power Transformers are the costliest and vital parts of transmission network. Their design is a complex task. During recent decades, the development of design has been an extension of the use of computers and numerical tools. The magnetic shielding calculation and design of power transformers are one of important issues, especially with the growth of transformer ratings. The load losses are subdivided in to I²R losses and stray losses. The stray load losses in power transformers are mainly in copper parts (windings, leads and connecting conductors) roughly 50 %, and the other half in structural parts (tanks, yoke clamping structures), and in the core, flitch plates, core edges (outside packages of the core). Stray flux departing radially from outer windings, gives rise to eddy current losses in the tank and in the yoke clamping plates. Accurate stray loss calculations are also required to meet guaranteed losses and to determine possible hot-spots in structural components. Due to increasing energy costs, minimization of the losses is an important aspect. All these additional losses can’t be separately measured. Even, during reliable operation of the transformer, the allowable heating is caused by stray losses. However, the figures in the next pages, shows the stray loss hot- spot distributions, which cause overheating. If stray losses are concentrated in small areas without properly cooled, local overheating can arise, causing transformer operating failure. In addition to this, if the flux density becomes too high, excessive temperature rise can result problem.   
This paper focusses on the stray losses “eddy current losses, according to Faraday Law and Lenz Law” in structural parts and in the core, and discusses recent trends in design of the magnetic shunts in power transformers. There are various methods, designs and materials for reduction of these losses, which we will study in the following sections. In practice the magnetic shunts with silicon steel strips on the tank walls are more effective in controlling stray losses as compared to the nonmagnetic shields like aluminium or copper shields.   
 Effects of various manufacturing processes are also highlighted in the paper.
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Introduction
The matter of the leakage flux becomes increasingly important with growing of the power rating of transformers. Stray losses are one of the components of load losses [1]. High current and high circuit impedance in transformer are also very crucial. In case of stray loss concentration in small areas that are not properly cooled, local overheating can arise, causing transformer operation failure. In order to determine local losses and temperatures on that place, thermocouples were installed and measured the result. It is very important and necessary to study accurately the stray losses and magnetic leakage in the power transformer to reduce them to a reasonable level, and to prevent possible local overheating of the structural parts resulting from these losses. The eddy current losses due to leakage magnetic fields occur in the conductive parts, such as tank walls, yoke clamps and other structural parts, which are made of generally low carbon steel and have large thickness about 7-15mm. Those thicknesses are much larger than the magnetic field penetration depth (skin effect). This kind of steel is magnetic and has high electrical conductivity. On the other side the current passing windings and leads give rise to eddy current losses and consequently local over-heating “hot spot” in metallic parts (IEEE C57.91). By criterion of the capitalized expenses the shielding is beneficial. Because the manufacturing and installation cost of shunts packets are greatly lower than capitalized load losses cost. Loss capitalization is an important factor in transformer owning cost. Therefore, to reduction of stray losses give the advantage for the lower owning cost.  The eddy current losses generally can be written as: 
[image: ]P = k B² f² t²
Where,
K = constant depends on the size and inversely proportional to material resistivity	
B = peak value of the magnetic induction
f  = frequency of the excitation source
t  = material thicknessThe eddy current loss increases with increasing frequency and with increasing conductivity. 
In order to calculate the stray losses on all parts of the transformer, best way to use is FEM finite element method [2] [3]. FEM is a numerical technique to solve the differential and integral equations such as electromagnetic, thermal conductivity etc. 




















Fig 1 Stray field in transformer



A major portion of these stray losses occurs in tank and core clamping parts, but also in smaller amount in flitch plates of core limbs Fig.1, edge stacks and high current bushing mounting plates. All in those parts created hot spots must be eliminate.  Particularly the high current bushing mounting plates is generating very hot spots. We will study the solving of these problems in the following files.
1-Tank walls 
2-Yoke clamping structures
3-Flitch plates (tie bars), core edge stacks, and bus-bars/bushings mounting plates 
The simulation of the electro- magnetic field on these parts can be realized in different ways. The basic knowledge of the topic is given in many publications [4] [5].
1-Tank walls
Almost half of the total stray losses in structural parts and core occur in the tank walls. The material of the tank is from mild steel with nonlinear permeability. The shunts material are from CRGO steel with linear permeability. Transformer designers determine one of the cost-effective measures to minimize the losses [6]. Magnetic shunts are using to attract and re- directs the stray flux through theirs low loss route. However there are several methods for calculating of this kind of losses. One of them is the analytical method and the other is FEM computer simulation, 2-D and 3-D, which is a sophisticated tool used widely to solve generally engineering problems [7]. Due to using of 2D-3D FEM it is possible to determine stray losses for transformers with greater accuracy. This simulations based to Maxwell equations [8] [9], Figure 2.
As example, with analytical method calculated benefit of the shunts in some power transformers are:
Transformer data   	    tank loss without shunt (kW)    tank loss with shunt (kW)      advantage (kW) 
500 MVA/400 kV, 60 Hz. 3/0                   138, 48                              61, 11                                    77, 37          
400 MVA/500 kV, 50 Hz. 3/2                    36, 21                               24, 55                                    11, 66
125 MVA/230 kV, 50 Hz. 3/2                    19, 11                                8, 83                                    10, 28
[image: C:\Users\gm02\AppData\Local\Microsoft\Windows\INetCache\Content.Outlook\NRCW706K\6-1.jpg]In the Fig 2 the simulation presented the vertical types of magnetic shunts on the wall. 3-D FEM methods are more accurate compare with other calculation methods for estimation of the stray losses in tank. This allows a better optimization of the shunts and it can be studied number of shunts, thicknesses etc. for all service conditions like over voltages, overloads. 








[bookmark: _GoBack]In practice there are two types of magnetic shunt elements mostly used. In fig3 illustrated wide-band types. The wide- band shunt is placed parallel on the Tank Wall. Eddy currents wide-band shunt induces more stray losses, compare to edge- wise shunt [10].
Fig 2 Simulation model of transformer, for the tank walls
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The other type of shunt is narrow ribbon shunt. The ribbons are placed perpendicular to the wall so the flux is occurrence the thickness of ribbon resulting in negligible eddy loss. This type in Fig 4 is preferred to us.
Thickness of shunt elements depends on amount of flux collected. Gap placed on tank between 2 shunts elements wall should be as minimum as mechanically possible. The shunts should cover at least 70% of area in front of windings. The elements must be without any gap. 
On the other hand, the leads with high current can cause severe problems in transformer with high loss densities in metal parts [11] [12]. Special care should be taken also on the overlapping areas of the leads of the windings [13] [14].




Fig 3 width-band shunt
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Fig 4 Narrow ribbon edge-wise shunt



The shielding made from copper and aluminium is not used in practise because they are so complicated and costly. In the tank walls are another critical areas, one is above tank shields and the other one next to high current leads, which has to be carefully studied [15] [16].
2. Yoke clamping structures
Generally the clamping structures are provided to prevent any movement of the windings due to the forces which are produced during short circuits. These parts consist of yoke clamp, yoke shield, clamping ring, flitch plates and frames, Figure 10. Yoke clamping structures (yoke beams/ frames) are made of mild steel and used for clamping of yokes and supporting the windings. The frames are in the stray magnetic field of the windings and the stray flux can produce considerable eddy current losses in them. Stray losses in power transformers occur mostly after tank walls in yoke clamping structure [17]. Loss calculations from radial flux hitting these kinds of parts are principally similar to loss calculation in conductors. There are 2-D FEM available for this kind of calculation. But using 3D model as for other eddy losses it can be the result more accurately. This simulation for calculating yoke clamp temperature has been verified by the installation of thermocouples on the core clamps and comparing the result. The Area of them very critical and need to more attention, very high loss possible [18] [19].
Stray losses (hot spots) of the yoke clamping plates are reduced by using horizontal yoke shunts, which are positioned just below the yoke plates. The yoke clamps have a large horizontal surface area and close to the windings and their leakage flux, Fig 5 ,[20] [21].The end clamps are in similar shape and used mostly in bottom side from big powers and in autotransformers Fig 6-7. However in case of magnetic shunts used here, it is observed that the flux tends to pass through the shunts [22] [23]. The shunts for that cover only one phase so that the leakage flux must return to the core [24].
Up to mid side of power transformers as yoke clamping plates can be use form densified electrical grade laminated wood. This type of material can reduce the stray losses and subsequent reduction in heating effects.

[image: C:\Users\gm02\AppData\Local\Microsoft\Windows\INetCache\Content.Outlook\NRCW706K\3.jpg]							
[image: ][image: ]


                                  

Fig 5 Simulation model of the yoke clamping plates  
Fig 6 magnetic field distribution from winding in the bottom side 
Fig 7 present the bottom clamp shielding and bottom end shielding




3. Flitch plates (tie bars), core edge stacks, and bus- bars/bushings mounting plates
3. A. Flitch Plates (tie bars) 
[image: ]Flitch plates used to hold and compress core and for lifting of them Fig 8. Their stray losses are about (incl. frame losses) 5-8% of the total stray losses in structural parts. In small power transformers, flitch plates from mild steel without any slots can use because not cause hot spots. In larger transformers occurrence field increases and more hot spots, so it is important to reduce the eddy losses in flitch plates, it must be used non- magnetic stainless steel [25]. To reduce the losses have to use proper design, and a combination of shielding. The plates from non- magnetic stainless steel without slots can help up to any limit. In case of higher losses the slotted plates must be use Fig 9. The slots can have limited length or full length in depending of the losses. Of course in manufacturing process it is not simple.  2-D and 3-D FEM analysis can give more detail information and accurate result. In Fig 10 present the flitch plate on the core limb.  
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Fig 8 flitch plate, edge stack, yoke shield 

Fig 10 slotted flitch plates and core edge stack
 Fig 9 Flitch plates types [1]   



For the efficiency of the loss reduction to find the right length and number of the slots can be use accurately 3-D field calculation. In many cases the magnitude of flux density is the highest at top and bottom winding edges, this results higher losses and hot spots in the same regions of the flitch plates. In order to avoid such cases, the 	slots locations are provided at top and bottom of the flitch plates.
There is another complicated but more effective type of flitch plates, laminated type. According simulation of the laminated types the loss is much lower as compared to stainless steel plate. Hence particularly for higher rating power transformers, generator transformers laminated types are much useful. But the manufacturing process is not easy. This type can help also in the problem of the stray loss in core edge stack.                                       
3. B. Core Edge Stack
There is another stray loss in core edge stack, which occur due to flux influence on core laminations. The outside packets of lamination on core limbs are subjected to these condition. Particularly in large transformers is to consider these situation. Stray flux come perpendicular in legs and induces big eddy Fig 8 Core edge stack

[image: C:\Users\gm02\AppData\Local\Microsoft\Windows\INetCache\Content.Outlook\NRCW706K\xxx.png]currents, big losses in core parts with large wides. Core edge stack losses can be 8-12 % of the total stray losses, it depends of the core leg with. The flitch plate type (magnetic or non-magnetic) has also an effect on the core edge loss.  To evaluate exact of that is a challenge to designer. 3-D FEM can help for a precise result for the solution. The first core step is usually split in to two or three parts (divided outer core packet) to reduce the core edge loss in large power transformers [26]. In the Fig 11 red lines shows the stray flux lines. 
Fig 11 Core edge stack

										
3. C. Bus-Bars / Bushing Mounting Plates
The eddy current losses and consequently local over heating (hot-spot) in cover plates of distribution transformers must be also evaluated [27]. Due to increasing of the rating of transformers the currents of windings increase also, particularly in high current (low voltage) side. High current leads can cause high stray losses and temperature rise Fig 12. When currents in the leads are higher approx. 2500 Amps bus-bars are used. Leads arrangement has also an important influence on the tank losses. Particularly the currents in low voltage side of large generator step-up transformers and tertiary windings of auto transformers can be extremely high. These transformers have mostly low-voltage winding delta-connection, and the leakage magnetic flux around high-current delta connections could cause very high additional losses [28]. If these leakages are not controlled properly it can cause excessive hot spots in the tank around the low voltage side, tertiary bushings and leads. In the design by the layout of the connection of these kind of typical transformers could be controlled the extra stray losses. There are different methods for calculating the losses in bushing mounting plates of transformers, as example analytical formulation, loss estimation from the steady-state temperature rise, loss estimation from the initial temperature rise, 3-D FEM analysis. The last one allows anti magnetic and copper shielding to be optimized, as a more accurate compare to other methods. Especially it is the case on the overlapping areas of the leads. To minimize the field effect in three- phase connection, the leads of all the three- phases can be grouped together. The leads overlapping and their distance to the tank influence very high the loss density, which cause transformer heating.  Sometimes even though the magnetic shunts used for reducing losses, but generates hotspots due to its inappropriate arrangement. The FEM model can have on large powers a good solution for that [29].  Generally used bushing mounting plates are either mild steel, or mild steel plates with non-magnetic stainless steel inserts or stainless steel plates, Fig 13. Flange areas must be studied carefully, because they may be poorly cooled and could lead to seal failure [30] [31].  Fig 12 shows the surface loss densities on the plate, the highest losses are near the center hole.
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Fig 13 Bushing mounting plates with nonmagnetic inserts in different design

Fig 12 surface loss densities on the bushing holes



Conclusions
For reliable transformers the stray losses must be controlled. To reduction of the stray losses give advantage for the lower owning cost of the transformers. One part of the load losses are the stray losses ‘eddy current loses according to Faraday Law and Lenz Low’, which are generated by stray flux fields both internal and external to the windings. We studied in this paper the stray losses which are in external to the windings. A major portion of stray losses occurs in tank, core clamping parts, smaller amount in flitch plates of core limbs, edge stacks and high current bushing mounting plates. Evaluation and shielding in structural parts of power transformers have been presented. The simulation with 2D and 3D FEM give a result with greater accuracy. The reduction of eddy current losses and the elimination of hot spots all in structural parts are an important consideration in power transformer designs. The designers use various cost- effective measures to minimize this kind of losses. Inside of the tank walls and clamps must have from magnetic core pack shielding. From CRGO magnetic ribbons, the edge-wise shunts are better solution. Flitch plates, end bars must be segmented steel or stainless. High current bus- bars must shield magnetic structures, copper/ aluminium or stainless.
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