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ABSTRACT: - The grounding transformer is one of most important equipment in power energy system. This paper describes the modeling of zig-zag grounding transformer wound core type with varying degrees of complexity. In this paper, the Finite Element model (FEM) of zig-zag grounding transformer with non-linear magnetic characteristic for iron core is built using ANSYS software electromagnetic package. A numerical method, based on Finite Element Analysis (FEA), is presented for computing the zero-sequence impedance of grounding transformer. The analysis method is based on the two dimensions (2D) model and this model was solved by using the magnetic vector potential formulation (A).The main purpose of this paper is performing the modeling of the three-phase zig-zag grounding "wound core" transformer in 2D FEM for any capacity of transformer (100KVA- 1000KVA) and the Finite Element techniques are used for the magnetic field analysis to evaluate the magnetic field and to determine their distribution at any region inside the core window and winding.
Two types of analyses were performed, including static and transient analysis.  The transient analysis in this work is simulated by direct coupling the 2D transformer model with external circuit (voltage sources) .The simulation results prove the analysis' correctness and validity, and the result of zero-sequence impedance of grounding transformer is verified by comparison with experimental result. Those measured in the Diyala transformer factory once the grounding transformer has been built. A good agreement of the computational results with experimental result by using this FEM model of zig-zag grounding transformer allowing us to know the transformer behavior before manufacturing them and, thus reducing the design time and cost.
Keywords: Finite Element Modeling; Grounding Transformer.


1- INTRODUCTION
Grounding or (Earthing) of power system is very important since the reliability, short circuit fault current withstand capability, over voltage and basic insulation levels, etc. depend on the characteristics of neutral grounding. Grounding transformers, also called Earthing transformers have been applied to ungrounded three-phase power systems to provide a source of ground fault current during line-to-ground faults (1). The sole duty of the grounding transformer primarily is to provide a neutral point for grounding purpose and to pass ground current during a ground fault (2).The desirable quantities of grounding transformer are low zero sequence impedance and low losses (no load losses). Zero sequence impedance plays a significant role in the effectiveness of grounding, and the accurate prediction of the zero sequence impedance of grounding transformer is very important for power system designers, from a cost point of view as well as a safety point of view. It is also one of the more difficult calculations for a transformer design engineer (3).The grounding transformer is usually of the wye delta or zig-zag connections(2), (4), but in this paper we shall concentrate on the zig-zag connection, with the neutrals connected to earth. Fig. (1) shows the zig-zag transformer connection and the Delta Wye connection. 
There are many considerable research literatures have been attach to the study of grounding transformer which discuss on transformer technology. A number of technical publications {(1)--(6)} discuss various aspects of the purpose, application, specifications of different types of grounding transformers, and protection philosophy. The Publications (1) & (6) explain the application and specifications of grounding transformer. In Publication (2) the grounding transformer is modeled in PSCAD simulator, and simulation the phase to phase faults and in Publication (5) is modeled in MATLAB simulator. It appears that no single publication discusses all aspects of the grounding transformers .For this reason, this paper makes the analysis on special zig-zag grounding transformer wound core type. 
Finite Element methods have been utilized in many Publications for some time in the design, modeling and analysis of transformers (7),(8),(9).The development of finite element methods provided a detailed field calculation and enable representation of all important features of electromagnetic devices. The same methodology is now to be used in the difficult area of the prediction of zero sequence impedance.
In this paper a 250KVA, 33/0.4KV three phase grounding transformer, zig-zag / star connection wound core type (five legs) is modeled and analyzed with ANSYS software electromagnetic package. The flux density distribution and leakage flux for each winding is computed in order to calculate Zero sequence impedance. The simulation results compared with experimental result. Those measured in the Diyala transformer factory once the grounding transformer has been built.
2-GROUNDING TRANSFORMER 
The grounding (or Earthing) transformer is a transformer primarily to provide a neutral connection point on a three-phase ungrounded power system (9).There is no difference between "earthing" and "grounding", since "earthing" is being used in Europe, whereas "grounding" is more common in the USA. Grounding transformers is one of the very important elements in the power system, and the best way to obtain the system neutral for grounding purpose in three-phase systems so the purpose of a grounding transformer is to provide a low zero sequence impedance path for zero sequence current, flow that occurs during related ground faults or unbalanced phase-to-neutral load conditions (4), (6).
2-1. Grounding Transformer Types                  
Two types of grounding transformer are in general used:                                           
1) A Zig-Zag (Zn) connected winding with or without an auxiliary winding                    
2) A Wye-Delta (Ynd) connected winding with a delta connected secondary that may or may not be used to supply auxiliary power (6), (10). Fig. (1) shows the two most common grounding transformers. The zig-zag connection is the most widely used grounding transformer because the geometry of the Zig-Zag connection is useful to limit circulation of third harmonics. Furthermore, the Zig-Zag transformers are provides grounding with a smaller in size than a two winding Wye-Delta transformer providing the same zero sequence impedance (6). The impedance of all types of grounding transformers to normal three phase currents is high so that when there is no ground fault and no unbalanced phase-to-neutral load on the system, only a small magnetizing current flows in the transformer windings (2).
2-2.Why the Grounding Transformers are Necessary
Grounding Transformers are typically used to
1. Provide an easy path to ground fault current during line-to-ground faults.
2. To ground the system.
3. Limit the magnitudes of transient over voltages when restriking ground faults occur.
4. Limit the current during line to ground faults.
5. Permit the circulation of unbalanced load current in the neutral.
6. Permit the connection of phase-to-neutral loads when desired (6),(9),(10)
2-3.KVA Rating of Grounding Transformers
The grounding transformer is of short time rating, since a grounding transformer is normally only required to carry short-circuit ground current until the circuit breakers clear the fault and de-energize the faulted circuit (2). The rating of grounding transformer is entirely different from that of a power transformer. Power transformers are designed to carry total load continuously, whilst grounding transformer carries no load, and supplies current only if one of the lines becomes grounded. Since it is almost working on no-load, dictates to have low iron losses. The KVA rating of a three phase grounding transformer is the product of normal line to neutral voltage (KV) and the neutral or ground amperes that the transformer is designed to carry current under fault conditions for a specified time. Most grounding transformers are designed to carry their ground current for a limited time only, such as 10 seconds to 1 minute. (4), (9)

3-ZIG-ZAG GROUNDING TRANSFORMER
 (
 
)A zig-zag grounding transformer is a three-phase transformer built with or without a secondary winding. These transformers have special windings, appropriate for special applications. Its applications are for the derivation of a neutral connection from an ungrounded 3-phase system and the grounding of that neutral to earth reference point. Zig-Zag transformer has six coils in which three are outer coils and three are inner coils as shown in the Fig. (2). The outer coil windings are called as Zig winding and inner coil windings are called as Zag winding. The zig winding of one phase is connected in series with the zag winding of another phase so it is called interconnected star winding. Each phase of the zig-zag transformer has two identical windings, and has the same number of windings turns but they are wound in opposite directions to give the high impedance to normal phase currents. The coils are connected as follows (6), (10): The outer coil of phase A is connected to the inner coil of phase B. The outer coil of phase B is connected to the inner coil of phase C. The outer coil of phase C is connected to the inner coil of phase A. The outer coils are connected to phases A, B, C of the existing delta system. The inner coils are connected together to form the neutral. The neutral point is then connected either directly or through a Neutral Grounding Resistor (NGR) to ground. The internal connection of this transformer is illustrated in Fig. (3) .The interconnection of windings of different phases introduces 30° (or 150°) phase shift between zig (or zag) winding. Fig. (4) shows a phasor diagram for a zigzag connection (11). The voltage relations for the zig-zag transformer are given by (2). The relations of line-to-line voltage of system (VL-L) and the corresponding line-to-neutral voltage (VL-N,).
 (
 
)The voltage across each the zig winding and the zag winding is 1/√3 times of line-to-neutral voltage                                       ,
The zig-zag transformer has been used some years ago for creating a neutral, thereby converting a three wire distribution system to a four-wire system. Zig-zag grounding transformers are more common than a grounded wye- delta transformer because they are smaller in size. (6)
3-1. Basic operation of zig-zg grounding transformer
During undisturbed system operation with balanced (symmetrical) voltages and under balanced current on the systems. The three phase voltage  equal in magnitude but 120° out of phase with each other, are applied to the three terminals of grounding transformer, the currents in the two windings in the same limb of the core flow in opposite directions because of the special Zigzag winding connections.  As the fluxes oppose but the ampere turns in the windings cannot cancel so the zig-zag transformer takes a very small current as the magnetizing current during normal condition (2), (9) .But when single line to ground fault occurs on any phase of the system, as shown in the Fig. (5), zero sequence component of the earth fault current flows in the earth and returns to the electrical power system by way of earth star point of the grounding transformer. It gets divided equally in all the three phases. Hence, as shown in the Fig. (5), the currents in the two windings in the same limb of the core flow in opposite directions. And therefore the magnetic flux set up by these two currents will oppose and neutralize each other. As there is no increase in flux due to fault current, there is no extra (dφ /dt) means no extra voltage induced across the winding and no choking effect occurs to impede the flow of fault current. So it can be concluded like that, the zigzag type grounding transformer maintains the rated supply voltage at normal current as well as when a solid single line to ground fault current flows through it. The ground fault current is only limited by a Neutral Grounding Resistor (NGR), and the small reactance of the Zigzag.
For a single line-to-ground fault, zero-sequence current flows in the ground circuit allowing the protection system to act. The voltages of other two healthy line terminals are maintained at their respective line-to-neutral voltage levels. In absence of the grounded neutral, voltages of healthy phases would increase to line-to-line voltage level, stressing the insulation of connected equipment. Thus, zigzag grounding transformer not only helps in protection but also reduces the voltage stresses under asymmetrical fault conditions. a neutral grounding resistor (NGR)
Under balanced condition, the currents in three phases are equal in magnitude, with angles 120° apart. Accordingly, the vector form fluxes in three phases are 120° apart and summed to zero at the yoke. There is no need of a return path for the flux. If there is some unbalance in the terminal voltage, the residual flux, i.e., sum of the three phase fluxes, will not be zero and it has to return through a path out of the transformer magnetic core. This means the residual flux at the top yoke has to pass through a huge air gap and the tank to the bottom yoke. The path through the air gap and the tank has low permeability and, thus, high magnetic reluctance. Therefore, the zigzag winding provides an easy path for in-phase currents but does not allow the flow of currents that are 120° out of phase with each other.
The main features of Zig-zag grounding transformers are:
1. 1-Winding has much lower impedance to zero sequence currents.
2. Can be used with three phase system without secondary winding.
3. Avoidance of undesirable stresses in the insulation.	
4. Can be used with either delta or star connected winding to feed desired load.	
5. 6-It keeps zero sequence impedance constant even when auxiliary winding under load.
6. 7-Fault current is not reflected on to the secondary side (auxiliary winding).
From the above, it is very clear that the Zig-Zag winding can be utilized either as grounding transformer or power transformer, or in combination depending upon the requirement. (9),
3-2. Representation of the Grounding Transformers configuration   
The grounding transformer under the study is a 250 kVA, three-phase, rated primary voltages 33 Kv, Zig-Zag connected, and rated secondary voltage 400V, Star connected, wound core type, oil-immersed. The secondary winding comprises 16 layers (per phase) of copper strip, while the each primary windings (Zig windings) or (Zag windings) consists of 1750 turns (per phase) of insulated copper wire. The transformer magnetic circuit is of wound core type five leg and is assembled from two small iron wound cores(outer core) and two large wound cores (inner core).A tank is often made of mild surrounds the active part. Fig. (6) illustrates the perspective view of the three-phase transformer active part modeled. The main design parameters and the dimensions of this transformer under the study were taken from the design documents from the manufacturing company (Diyala Company of Electrical Industries) (12) as shown in Table (1).

4-BASIC EQUATIONS OF ELECTROMAGNETIC FIELD 
A general formulation of electromagnetic field problems in electrical machine has already been presented by many authors (13), (14), (15). The electromagnetic fields inside the transformer are governed by the following nonlinear equation. From of Maxwell’s equations, the differential form of the basic equations governs calculation of zero sequence reactance problem is determined.
∇ × H= J          (Derived from Ampere law)        ------ (1)
∇ ∙ B= 0            (Derived from Gauss law)           ------ (2)
                                                              ------ (3)
Where H: the magnetic field strength, J: the current density. , B: the magnetic flux density.
Assume that H is only due to source currents i.e. no permanent magnets are present, and the Current density J in equation (1) is due to current sources (current densities of the transformer's primary and/or secondary). The equations that describe the material properties are: 
B=μ H     ⇒   H=υ B                     ------- (4)
J=σE                                              ------- (5)
Where: υ: the magnetic reflectivity (reciprocal of magnetic permeability μ),
σ: the electrical conductivity. 
And the relation between magnetic vector potential (A) and magnetic flux density (B) is:
B=∇×A                                      ------ (6)
Substitution of (6) into (1) using relation (4) gives the fundamental equation of the vector potential formulation for magnetic field equation describing the vector potential
∇× (υ∇×A =J                                 ------- (7)
Solving equation (7), magnetic vector potential (A) can be calculated and solving equation (6), magnetic flux density (B) can be calculated.

5-TRANSFORMER MODELLING WITH THE FINITE ELEMENT METHOD
            Finite Elements Method (FEM) is a numerical technique for finding approximate solutions of partial differential equations as well as of integral equations. (16) The basic idea of FEM is to divide the body into finite elements, often just called elements, connected by nodes and obtain an approximate solution.
The finite element model contains information about the device to be analyzed such as geometry (sub divided into finite elements), material, excitations, and constraints. The material properties, excitations and constraints can often be expressed easily but geometry is usually difficult to be described. Finite element modeling is now one of the most powerful tools available to the designer. It enables accurate computer modeling to be carried out of complex structures, whether it is required that these should represent electrical or magnetic field distributions, or both. Finite element modeling is now such an important tool to the advanced transformer designer that it is important that everyone with an interest in design should have an appreciation of the process. (FEM) is the most commonly used numerical method for reactance calculation of non-standard winding configurations and asymmetrical/ non-uniform ampere-turn distributions, which cannot be easily and accurately handled by the classical method. Many commercial 2-D and 3-D FEM software packages are now available and many manufacturers develop their own customized FEM programs for optimization and reliability of transformers. In this study, software called ANSYS is used (17).
5-1. Model detail
In order to build the transformer model, requires measuring the dimensions of the transformer accurately. The dimensions of this transformer under the study were taken from the design documents from the Diyala transformer factory. Building the transformer model started first from Key -points, secondly connecting these Key points by lines then from these lines areas will be created. This procedure is followed as in ANSYS package. (17)
5-1-1.Building the Coil Model
	Each windings at 2D was modeled as a single block area of nonmagnetic material encompassing all turns over all layers, then copy these areas on x-axis to build half of the windings model which represent the half of the actual model of the transformer winding. The element type PLANE 53 is suitable for the windings region in 2D model because these elements have the capability of coupling with the external circuit. The coil areas in 2D model are mapped meshed with quadratic elements .Fig (7) shows the 2D windings model.
5-1-2. Building the Iron Core 
	The three-phase transformer wound core consists of four units (two inner cores and two outer cores). The region core is represented by areas.AT start build the irregular areas of one outer core and one inner core then copy these areas to build half of the Iron Core model at 2D.
	The iron core was modeled as a single non-conducting isotropic material and a generic B-H curve for oriented core steel was used for the non-linear model. The non-linear characteristics of the electrical steel used for the iron-core was input to ANSYS manually The B-H curve of the non-linear iron-core was taken from the design documents of this transformer. The iron core areas in 2D model are freely meshed with quadratic elements because irregular areas. The element type used for iron-core is PLANE53 in 2D model. Fig (8) shows the 2D iron core model.
5-1-3.Building the Insulation Model	 
	There are different types of insulation are used in transformer such as paper insulation, press board insulation, wood insulation, and oil. Because these insulations have complex shapes and irregular areas, it is very difficult to represent these insulations by areas from assigning the key points and lines. Therefore, the easiest and most favorite way of representation these insulations are to use algebra operations in ANSYS package. To build up the 2D Insulation model, using the overlap operation of areas contains the coil regions and core regions. And by same way the Insulation oil can be represented throw using the overlap operation of areas contains the active part (core + coil) areas and tank box area which surround the active part. The properties of insulation materials are represented by relative permeability (µr = 1).The suitable element type of insulation regions in 2D model is PLANE 53 and The insulation areas in 2D model are freely meshed with triangle elements . Figs (9) and (10) show the building of 2D Insulation model and Figs (11) show the complete two dimension FEM model.

6-ZERO SEQUENCE REACTANCE CALCULATION 
	The method of symmetrical components is commonly used in power system analysis. For a static apparatus like a transformer, positive-sequence and negative-sequence impedances (reactance’s) are equal. 
	Under symmetrical loading conditions, only positive-sequence reactance needs to be considered. In case of asymmetrical loading/disturbances or single-phase faults, the system response is largely decided by the zero-sequence reactance of the network .it is easy to understand and calculate positive sequence reactance but the zero-sequence reactance of a transformer may differ considerably from its positive-sequence reactance, it is depending upon the type of magnetic circuit and winding connections (11).The zero phase sequence impedance is unlike the normal (positive sequence) impedance, which is derived from the transformer's leakage field because the zero phase sequence impedance is caused by the field created by the currents flowing in the same direction and rotation in all three phases(1)  .The magnetic field produced by a zero-sequence set of currents is radically different from those produced by negative or positive sequence currents, and therefore zero sequence impedance is generally very different from positive and negative impedances, and it depends on the form of core construction and disposition of the windings (19).The zero sequence impedance is used in short circuit calculations.
	The calculation of zero sequence impedance by classical methods is much more difficult, the problem with this calculation stems from the complex nature of the magnetic field set-up during a fault condition (3). For a 3-limb core It can be seen that due to the currents flowing in the same direction and in phase, the flux is in the same direction for each limb as shown in Figs. (12), (13). This means that for a 3-limb core the only way of making a circuit is to return via free-space or through the tank wall, which for grounding transformers is often made of mild steel. The tank wall may saturate only very locally making inductive calculations and by classical methods almost impossible. The flux also flows through, or along the surface of, components such as clamps and other metallic structures. But For the wound core with five limb core shows in Fg. (14), the problem of local tank wall saturation does not occur since the flux flows in the two outer limbs as shown in Fig. (15).
	Rough estimations of zero sequence impedance can be determined based on the positive sequence and core form of the transformer. The five-limb core type (wound core type) and shell type will have a zero sequence of ~100% the positive sequence because the flux stays in the core follows in the same path as it does for positive sequence currents. For a core type, the zero sequence will be ~80-90% typically, because the flux must travel outside the core. 
In the classical method the leakage flux can be calculated by using the concept of equivalent magnetic circuits and this method was based upon on magnetic field calculations for simplified configurations and simplifying assumptions of the leakage field being unidirectional and without curvature. 
The general formula of estimation leakage reactance for simple case of a two winding transformer shown in Fig. (16) is 
    ----- (8)
Where:  
               N =Number of turns of primary or secondary winding
               Heq= Equivalent height of winding 
               D1 =Mean diameter of primary winding
               D2 =Mean diameter of secondary winding
               T1, T2=Thickness of primary and secondary winding
              Dg=Mean diameter of of gap spacing between primary and secondary winding
              Tg =Thickness of gap spacing between primary and secondary winding
The zero sequence reactance (XO) of zig-zag transformer with turn ratio equal 1 can be calculated by using the conventional equation of classical method as below (11):
  ---- (9) 
Where  
DZig = D1,       DZag = D2,      Tg = ,   Dg =
The zero sequence impedance of grounding transformer can be calculated from the following formula:
                           --------- (10)
Where       Zo = zero sequence impedance / phase
                 VL-L=L ine-to-line voltage in KV
                 If = neutral current in amps
An alternative method of calculating the leakage reactance is based on energy techniques.   This method is accurate and provides a simple calculation (14), (20), (21)
         		                                     --------- (11)
                                                                    ---------- (12)
Where Wm is electromagnetic energy in the magnetic field produced by a current I flowing in a closed path. In our case this means calculating the electromagnetic energy in the windings, then dividing the electromagnetic energy by three and use the phase current to calculate the reactance per phase (?). When numerical methods like Finite Element Method are used, solution of the field is generally obtained in terms of magnetic vector potential (A), because the electromagnetic energy stored can be calculated from the product of current density (J) and magnetic vector potential (A). In 2D magnetic field, the magnetic energy that stored in window space can be calculated by using the following formula.        
        -------- (13)
              -------- (14)
Where:  A is magnetic vector potential,   J is current density vector 
In order to measure the zero-sequence impedance, a voltage is applied between the shorted line terminals of a zig-zag connected winding and neutral as shown in fig. (17). With reference to the test arrangement of fig. (17), the zero-sequence impedance of a zig-zag connected winding with the grounded neutral is calculated as Three-phase transformers
               --------- (15)

7-RESULTS AND DISCUSSION 
The validity of the grounding transformer model was firstly checked during an open circuit test by finite element transient analysis, and due to the 2-D FEM grounding transformer model represented half of the actual geometry transformer, so the open circuit test is done by supplying a three phase voltage with a peak value of 8167 V, 50Hz on each zig and zag coils in primary side by coupling the 2-D FEM transformer model with external electric circuit (independent source). The possibility of coupling the magnetic field and the electric circuit equations is currently available in ANSYS software for the 2- dimensional analysis of the electromagnetic field. Table (2) shows the results of the open circuit test. From the comparison between the results of this analysis and the practical test results and the design values, the magnitudes of the obtained voltages agree with that of the practical test and the design values. Fig (18) shows the waveforms of input and output voltages. After confirming the validity of the model, the zero sequence impedance of transformer is calculated through simulations. The simulation is done by solving the model by static analysis. Under phase- to- ground fault condition, grounding transformer creates a path for the fault current and also divides the ground fault current to three in-phase, equal components.                             
To investigate this case, the zig-zag grounding transformer model is supplied by three in-phase, equal currents. The zero sequence reactance is calculated using energy techniques, then dividing the electromagnetic energy by three and use the phase current to calculated the per- phase reactance. The results for this transformer have been summarized in the table (3). The result shows the zero sequence impedance calculation’s is better accuracy comparing with test value.
To discuss the distribution of magnetic flux in grounding transformer, Fig.(19) and Fig (20) show the distribution of zero sequence magnetic flux in  wound iron core in the form of (graphs& vector plot). It appears that the unwound parts of the iron core (outside parts of the outer core which are not surrounded by windings) offers available return path for the zero phase sequence magnetic flux. While the zero sequence magnetic flux, in the internal parts of the iron core, (which are surrounded by winding) flow in the same direction, this behavior of distribution of magnetic flux agrees with that theoretical conception.
The computation results show that along center line of X direction (length of core), the zero sequence magnetic flux in the internal parts of the iron core, (which are surrounded by winding)) are equal (1.6 tesla) while return path for the zero phase sequence magnetic flux in the unwound parts of the iron core (outside parts of the outer core which are not surrounded by windings) are equal 3.09 tesla because the maximum value of return path flux are equal approximate (3Øo / 2). The contour plot in Fig. (21) show the distribution of zero sequence magnetic flux in outside parts of the outer core(red colure region).  The Fig. (22) illustrated the distribution of magnetic flux along the center line of the thickness of parts of the wound core(outside  parts and internal parts). Fig. (23) Illustrated the distribution of magnetic flux along the center line of X direction (length of core) at yoke region and Fig. (24) Show the distribution of zero sequence magnetic flux along the center line of Y direction in yoke region.
We note from the distribution flux shown in figures above, it can be see that the wound core with five leg offer return path of zero sequence flux throw outer part of core that mean provided a low reluctance path to zero sequence flux, so that the zero sequence flux not return throw tank's wall or throw the frame of core so eddy currents will not develop in it and hot spots may not occur or arise. The problem of local tank wall saturation does not occur.
But under the balanced condition, the current in three phases are equal in magnitude, with angles 120 apart. Accordingly, the vector form fluxes in three phases are 120 and summed to zero at outer part of the iron core. There is no need of a return path for the flux. Fig (25) illustrates the distribution of magnetic flux in core at balanced condition

8-CONCLUSION
In the present paper, Finite Element techniques are used to perform the modeling of the three-phase wound-core type, Zig-Zag grounding transformer in 2D using FEM for any capacity of transformer (100KVA- 1000KVA). A simple procedure for the calculation of the zero phase sequence impedance of three phase core type Zig-Zag grounding transformer is presented in this paper. The 2D Finite Element analysis gives the ability to evaluate the magnetic field and determine their distribution at any region inside the core window.
The main conclusions of this work are:
1. The contribution of this work is describing simple technique for modeling three phase wound core type Zig-Zag grounding transformer in 2D FEM model.
2. 2-The result obtained for calculating the zero-sequence impedance by applying the proposed FEM model gives more accurate results, which are close to the actual measured value due to the better representation of the real transformer geometry.
3. The results show that the zero-sequence impedance obtained by the proposed   model present a difference of 4% with respect to measured values and the difference between the finite element results and the empirical formulae is nearly 14%  so the proposed, Zig-Zag grounding transformer model can provide accurate results (as compared with traditional design formulae)   and improves transformer design.
4. The method shown here allowing transformer manufacturer to know the transformer behaviour before manufacturing them and, thus reducing the design time and cost.
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Table (1): Design parameters of the zag-zg grounding transformer.




	


	Rating
	Capacity:                    250 KVA                          
Voltage  :                    33000  ±5%  / 400 V                   
Frequency :                 50 Hz                             
Phase  :                       3-Phase

	Primary winding
	Connection Type :      Zig-Zag                             
 Materials :                 Cu.Wire     Ø      2.0 mm                        
No. of Turns :             Zig  winding      1750 
                                    Zag  winding      1750    
 

	Core
	Type  :                      "Wound Core"
Materials                     M4
Cross Section Area:   168 ×2    mm2

	Dimensions  (mm)

	                                     Width ×Length× Hight
Primary  Zig winding:    320   ×  476   × 300
Primary  Zag winding:    232   ×  364   × 300
Secondary winding  :     145   ×  255   × 328
Outer core:                      289   ×  504   × 240
Inner core:                       394   ×  504   × 240
Active part (core+coil)    320   ×  476   × 1381

















Table (2): Results of the open circuit test.

	
	Terminal voltage (peak value)        volt

	
	Test value
	Design value
	FEM. Solution

	Primary side (Input voltage)
	28291.6
	28291.6
	28291.6

	Secondary side (output voltage)
	327
	326.6
	327



Table (3): Comparison of Zero sequence impedance FEM result with actual test results. 

	




	Design value
	FEM  result

	Test result
	Error %



	Zero sequence impedance 
      (Ohm)
	148
	143.6
	144
	0.27
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Fig. (1): Grounding transformer connections.
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Fig. (3):
 
zig-zag
 transformer connections
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Fig. (2):
 
zig-zag
 transformer arrangement
.
)   
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Fig. (4):
 
Vector diagram of a 
zig-zag
 
transformer
 connection.
) (
Fig. (5): 
Earth fault current when single line to ground fault occurs on any phase of the system.
)
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Fig. (6): Active part configuration of the zig-zag grounding transformer.
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Fig. (7):
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Fig. (8):
 2D iron core model
.
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Fig. (9):
 2D Insulation model
.
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Fig. (11):
 
2D completely Model of with mesh pattern
.
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Fig. (13):
 three-legged core-type transformer magnetic paths
) (
Fig. (12):
 Three-legged core-type transformer.
)
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Fig. (14):
 Five-legged wound core-type transformer.
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Fig. (15):
 of five-legged core-type transformer magnetic paths.
 
paths
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Fig
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15)
 
of five-legged core-type transformer magnetic paths
 
paths
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Fig. (16):
 Part sections of two winding and 
zig
- 
zag
 transformer
.
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Fig. (17):
 
Connection for Measurement of zero sequence impedance.
)
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a) Input voltage waveform
.
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b) Output voltage waveform
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Fig. (18):
 waveforms of input and output voltages
.
)	
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Fig. (19): Zero sequence flux lines distribution in iron core.
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Fig. (20): Zero sequence flux density vectors distribution in iron core.
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Fig. (22):
 
Illustrated
 
the distribution of magnetic flux along the center line 
of 
the thickness of
 
wound c
o
re parts 
(
outside
 
parts
 and
 
internal parts
).
)







 (
Fig. (23):
 
Illustrated
 the distribution of magnetic flux along the center line of X direction (length of 
core
)
 at yoke region.
)
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Fig. (24):
 Illustrated the distribution of magnetic flux at width of yoke region (Y axis) region
.
)
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نمذجة محول تأريض ذات التوصيل النجمة المتداخل لحساب الممانعة الصفرية باستخدام طريقة العنصر المحدود

قاسم رشيد حميد
مدرس / قسم الهندسة الكهربائية / الجامعة المستنصرية


الخلاصة
          تعتبر محول التأريض واحدة من أهم العناصر في نظام القدرة الكهربائية. في هذا البحث يقدم وصف لنموذجة محول تأريض ذو القلب الحديدي الملفوف ذات توصيل النجمة المتداخل (zigzag ) وبدقة عالية للشكل الهندسي المعقد. ان أنموذج (موديل) محول التأريص ذات التوصيل النجمة المتداخل تم بنائه باستخدام برمجية (ANSYS ).
ان طريقة التحليل العددي المعتمدة على تقنية العنصر المحدود استخدمت لحساب الممانعة الصفرية لمحول التأريض.
ان التحليل تم أجرائه على أنموذج ثنائي الأبعاد لمحول التأريض وحل باستعمال صياغة الجهد المغناطيسي المتجه. ان الغرض الاساسي من هذا البحث هو بناء أنموذج لمحول التأريض ذو القلب الحديدي الملفوف ذات التوصيل النجمة المتداخل بطريقة العنصر المحدود ثنائي الابعاد بسعة (100KVA الى 1000 KVA) وان تقنية العنصر المحدود استخدمت في تحليل المجال المغناطيسي لتحديد توزيع الفيض المغناطيسي في القلب الحديدي والملفات. نوعان من التحليل تم استخدامها تتضمن التحليل الساكن والتحليل العابر, وان التحليل العابر في هذا العمل تم أجراء محاكاة للمحول من خلال تعشيق الكهربائي بين أنموذج المحول والدائرة الكهربائية الخارجية (مصدر جهد كهربائي). ان نتائج المحاكاة برهنت ان التحليل ذو صلاحية صائبة وان قيم الممانعة الصفرية لمحول التأريض تم تحقق منها بمقارنتها مع القيم العملية المقاسة في مصنع محولات ديالى المصنع لتلك  المحول .وكانت قيم الممانعة الصفرية متفق بشكل جيد ودقيق مع القيم العملية. لذا ان استخدام أنموذج محول التأريض هذا يساعدنا على معرفة سلوك محول التأريض قبل تصنيعه وهذا يوفر وقت وجهد.
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 thickness of  core parts  (m)
FLUX 
DENSITY 
(B) 

BSUM	4.6344198424399997E-2	6.0934496354299997E-2	7.1257035140399994E-2	8.2777710863799994E-2	9.6017287059899994E-2	0.10800446519	0.11986942912699999	0.13141496656500001	0.142976970939	0.154558501259	0.16593421075799999	0.177291589458	0.188351224628	0.19928933387700001	0.21038949440499999	0.22113073518199999	0.230485637982	0.23945279016900001	0.248222432075	0.25683821064200002	0.26976748137500001	0.28082548930700002	0.30217451066899997	0.31996499859299998	0.33460736564400001	0.35571705854000002	0.365629641851	0.37644540029599999	0.38789478387199999	0.39954057249399999	0.41110018470999998	0.422677923279	0.43436228779500002	0.44593784776599998	0.45752171911299999	0.46908740110800001	0.48066615448799999	0.49223424143700001	0.50380892188199999	0.51538379017699998	0.52693368968800003	0.53859490376100005	0.55015294237400003	0.56174065005700002	0.57328098637799996	0.58479241478199995	0.59648891953700001	0.60771539988800005	0.61853978941900001	0.62977561920000003	0.63997233226899997	0.65445724129399996	0.67367627456599999	0.71479554994600003	0.72746790250799998	0.73445235211399995	0.74335320883800005	0.75283533452399998	0.76470222810099997	0.77549582067300005	0.78902089543200005	0.80229297432199997	0.81516244396899995	0.82818571454900003	0.84147168772000003	0.85414598909499995	0.86649812063200005	0.87859684938799998	0.89042075407999999	0.90208764476699999	0.91374017679700004	0.92531697307100003	0.93709135579900005	0.94906711818599998	0.96124806925899997	0.97360825193900002	0.98597048847900004	1.01537868067	1.0309796958399999	1.04357188558	1.0606678860000001	1.10017451067	1.11793812723	1.1318793461700001	1.1471194628700001	1.1644862758100001	1.1773501369599999	1.1889025958099999	1.2003498582800001	1.21182185336	1.22329403947	1.23474558292	1.24606759218	1.2573966060699999	1.2686364209900001	1.2796913890899999	1.2904303850500001	1.3009128564200001	1.3110699616999999	1.3210465528599999	1.33257887409	2.0493999999999999	2.1116999999999999	2.1943999999999999	2.2949999999999999	2.3782999999999999	2.4346999999999999	2.4733999999999998	2.4939	2.4982000000000002	2.4864999999999999	2.46	2.4190999999999998	2.3658999999999999	2.3008000000000002	2.2202999999999999	2.1404000000000001	2.0918999999999999	2.0646	2.0394000000000001	2.0160999999999998	2.0044	1.9791000000000001	0.78200999999999998	0.96401000000000003	1.1123000000000001	1.5919000000000001	1.407	0.97462000000000004	1.5184	1.194	1.1801999999999999	1.1205000000000001	1.0468999999999999	0.94620000000000004	0.83906999999999998	0.70050999999999997	0.55389999999999995	0.51046000000000002	0.57625999999999999	0.73541999999999996	0.85370000000000001	0.97102999999999995	1.06	1.1351	1.1839999999999999	1.2425999999999999	1.264	1.2739	1.2698	1.2128000000000001	1.1349	0.97384000000000004	0.77322000000000002	0.89522000000000002	1.0394000000000001	1.1940999999999999	1.3322000000000001	1.4770000000000001	1.3687	1.3035000000000001	1.2807999999999999	1.224	1.1494	1.0804	0.97057000000000004	0.85677000000000003	0.74751999999999996	0.61507000000000001	0.56284999999999996	0.62888999999999995	0.78234000000000004	0.88978000000000002	1.0076000000000001	1.0936999999999999	1.1586000000000001	1.23	1.2962	1.3313999999999999	1.3647	1.1114999999999999	0.96299000000000001	1.9784999999999999	2.4967999999999999	2.0226000000000002	2.0764999999999998	2.1815000000000002	2.2725	2.3448000000000002	1.9998	2.4496000000000002	2.4805999999999999	2.4964	2.4967999999999999	2.4815999999999998	2.4508000000000001	2.4041999999999999	2.3424	2.2641	2.1770999999999998	2.1074000000000002	2.0568	ALONG CENTER LINE OF IRON CORE YOKE  (m)
FLUX DENSITY  (B)  

B  at yoke of outer core	0.504	0.49225164108199998	0.48050240376699999	0.46882701239300001	0.457181313127	0.44555660661500002	0.434	2.4784999999999999	2.4809999999999999	2.4874999999999998	2.4982000000000002	2.5133999999999999	2.5337999999999998	2.5602999999999998	B  at yoke of inner core	0.504	0.49225164108199998	0.48050240376699999	0.46882701239300001	0.457181313127	0.44555660661500002	0.434	7.6332999999999998E-2	0.16744999999999999	0.32394000000000001	0.51046000000000002	0.76602000000000003	1.0861000000000001	1.4141999999999999	Width of Yoke along Y  Axises   m
Flux Density (B)  Tesla
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