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ABSTRACT 

Numerical field solutions may be used to determine the electrical equivalent circuit parameters of transformers. The 

lumped elements of the equivalent circuit correspond to the various physical phenomena in the transformer. The 

study introduces the sequence of operations necessary to evaluate the parameters of the conventional T-shaped 

transformer equivalent circuit by means of the numerically simulated open- and short-circuit tests. 
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1.     INTRODUCTION 

The study introduces the sequence of operations necessary to evaluate the parameters of the conventional T-shaped 

transformer equivalent circuit by means of the numerically simulated open- and short-circuit tests. The equivalent 

circuit for the transformer is shown in figure 1. In this circuit, R1 and R2 represent the resistance of the primary and 

secondary windings, respectively. The leakage reactances of the primary and secondary windings are represented by 

x1 and x2, respectively. The magnetizing reactance is represented by xm, and appears in the circuit’s vertical branch. 

The resistance Rc accounts for the losses in the magnetic core. In this draw, N1 and N2 denote the number of turns of 

the primary and secondary windings, respectively. 

 
Figure 1. Transformer equivalent circuit. 

 

Very often, the ideal transformer indicated in figure 1 is omitted in the analysis of large, complex power systems 

wherein the transformer is only a component part. It is usual among power systems’ analysts to refer all quantities to 

one side of the transformer, and deal with the equivalent circuit as if it did not contain an ideal transformer. If the 

turns ratio of the transformer is assumed equal to one, the analysis task is facilitated by the use of the T-shaped,  

simplified equivalent circuit shown in figure 2. Although study of power transformer performance is usually based 

on analysis of sinusoidal steady-state operation at 50 or 60 hertz, only two magnetostatic field solutions are required 

for the numerically simulated open- and short-circuit tests. Once the calculations of the various parameters indicated 

in figure 2 are based on static solutions, the iron loss due to eddy currents cannot be computed. This represents a 

minor limitation for most power systems analysis tasks, because no-load losses in a transformer are a very small part 

of the transformer power rating, usually less than 1% [1].  Based on the simplifying assumption of a lossless 

magnetic core, only the ohmic loss in the two conductive windings will be taken into account. The ohmic loss of 
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each winding is computed from the known wire resistance [2]. The test problem considered in the present study 

concerns the equivalent circuit of the idealized single-phase shell-type transformer described in [3]. 

 
Figure 2. T-shaped transformer equivalent circuit. 

 

2.    PROBLEM DESCRIPTION 

The shell-type transformer under analysis consists of two concentric coils wound around the core’s central limb. The 

core is formed by a magnetically linear material, with a constant relative permeability of 1000. The secondary circuit 

is wound over the top of the primary. Both windings have equal numbers of turns, and N1=N2=1000. A cross 

sectional view of the transformer showing the core’s geometry as well as the placement of the two windings appears 

in figure 3(a). The geometrical details of the device are indicated in figure 3(b), with the dimensions in meter. The 

central limb is 0.2 m wide, and all the remaining limbs are 0.1 m wide. The size of each rectangular window is 0.2 m 

x 0.4 m, and the volume of the windows is completely filled by the two concentric windings. Each coil is modeled 

by two non-contiguous rectangular regions, and the properties of these regions include the specification of the coil’s 

number of turns and terminal current. In addition, each pair of regions representing a stranded coil must be defined 

as series-connected [4], [5].The numerical model includes a layer of air that surrounds the transformer. The air layer 

terminates at the artificial, external boundary indicated in figure 3(a). Along the external boundary, the magnetic 

vector potential A is made equal to zero. This boundary condition is commonly referred to as a “Dirichlet 

boundary”, and is used to close the domain of analysis [6]. As indicated in figure 3(b), the depth or length of the 

model in the longitudinal or z direction is 0.6 m.The two-dimensional simulation software “finite element method 

magnetics” (FEMM) has been used to obtain the magnetostatic solutions [7]. This is a current-driven finite-element 

program that works with prescribed currents rather than voltages. 

 
Figure 3. (a) Cross sectional view of the transformer’s model; (b) Geometrical dimensions, in meter. 
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3.     NO-LOAD OPERATION 

3.1. Problem set up 

In the open-circuit test, the secondary is open-circuited, so that the terminal current is I2=0.  The primary winding 

carries a terminal current I1=2.0 A. In this particular analysis, this small primary current represents 1.0 per cent of 

the rated current.It is worth noting that, in the simulation software FEMM, the number of turns assigned to a given 

region that represents the end-side of a given coil can be either a positive or a negative number. The sign on the 

number of turns indicates the direction of current flow associated with a positive-valued circuit current [7]. For the 

primary coil, for example, the number of turns assigned to the coil’s right end-side is +1000, and this produces a 

current flow of +2,000 A, into the plane of analysis. Similarly, the number of turns assigned to the coil’s left end-

side is -1000, and this produces a current flow of -2,000 A, out of the plane of analysis. Specification of primary 

currents and number of turns is summarized in table 1. In this particular open-circuit test, a magnetomotive force of 

2,000 ampere-turns is applied to the magnetic core. Directions of current flow into- and out of the plane of analysis 

are illustrated in figure 4. 

Table 1. Specification of currents for the open-circuit test. 

 

Primary coil 

Terminal 

current (A) 

Number of turns Total current (kA) 

Left end-

side 

Right end-

side 

Left end-

side 

Right end-

side 

2.0 -1000 +1000 -2.0 +2.0 

 

 
Figure 4. Current flow directions for the open-circuit test. 

 

3.2. Results 

3.2.1. Flux density distribution 

The flux density distribution for the transformer’s open-circuit operating condition is shown in figure 5. With the aid 

of this plot, it is possible to observe that the magnetic flux is confined to the magnetic core. The storage of magnetic 

field energy in the magnetic core represents 99.8% of the system’s stored energy, and only a tiny percentage of 0.2% 

of the total energy is stored in the two windows and surrounding air layer. Further inspection of numerical values 

shows that, flux densities B in the transformer’s central and side limbs are, in the mean, 1.77 tesla. These high levels 
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of flux densities should be expected because, at no-load operation, the demagnetizing effect of the secondary current 

is absent, so most transformers operate at sufficiently high saturation levels. 

 

 
Figure 5. Flux lines for the no-load operating condition. 

 

3.2.2. Inductance calculations 

The self- and mutual inductances of the two windings will be calculated using the flux linkage approach [8]. The 

self-inductance L1 of the primary winding is given by 

,
1

11
1

ti
L




      [1] 

where 11 is the flux linkage with the primary, and it1 is the terminal current of the primary winding. For a primary 

flux linkage of 211.936 webers and a terminal current of 2.0 A, the calculation yields 

H. 968.105
0.2

936.211
1 L       [2]

 
The mutual inductance M is calculated as 
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      [3]

 where 21 is the flux linkage with the secondary winding. For a secondary flux linkage of 211.686 webers and a 

primary terminal current of 2.0 A, the calculation gives 

H. 843.105
0.2

686.211
M       [4]

 
Once both windings have equal number of turns, the leakage inductance of the primary is defined as 

.11 MLl 
      [5]

 Substituting the numerical values, the calculation gives l1=0.125 H. Numerical values of flux linkages, self-

inductance L1, mutual inductance M and leakage inductance l1 are summarized in table 2. 
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Table 2. Parameters related to the open-circuit condition. 

 

Flux linkage 11 211.936 Wb 

Flux linkage 21 211.686 Wb 

Self-inductance L1 105.968 H 

Mutual inductance M 105.843 H 

Leakage inductance l1 0.125 H 

 

4.     SHORT-CIRCUIT CONDITION 

4.1. Problem set up 

In the short-circuit test, the secondary terminals are short-circuited, and the primary is supplied by a fraction of its 

rated voltage sufficient to produce rated primary current at rated frequency [9]. In the conventional laboratory, a 

sinusoidal current source is connected to the primary terminals. In the simulated work however, it is possible to use 

the “bucking test” and a simple magnetostatic analysis to simulate the short-circuit condition. For the bucking test, it 

is only necessary to prescribe magnetomotive forces of same magnitude and opposing directions in the primary and 

secondary windings.For this particular test transformer, with both windings possessing equal number of turns, the 

primary and secondary terminal rated currents are equal to 200 A. Specification of currents and number of turns for 

the primary and secondary circuits is summarized in table 3. Directions of current flow into- and out of the plane of 

analysis are illustrated in figure 6.  

 

Table 3. Specification of currents for the short-circuit test. 

 

Primary coil Secondary coil 

Terminal 

current 

(A) 

Number of turns Total current 

(kA) 

Terminal 

current 

(A) 

Number of turns Total current 

(kA) 

Left 

end-

side 

Right 

end-side 

Left 

end-

side 

Right 

end-

side 

Left 

end-

side 

Right end-

side 

Left 

end-

side 

Right 

end-

side 

200.0 -1000 +1000 -200.0 +200.0 200.0 +1000 -1000 +200.0 -200.0 

 

 
Figure 6. Directions of current flow for the short-circuit condition. 
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4.2. Results 

4.2.1. Flux density distribution 

The plot of the flux density distribution for the transformer’s short-circuit operating condition is shown in figure 7. 

Examination of the flux distribution reveals four identical regions wherein the magnetic flux crosses the end-side of 

each winding upwards and returns through the adjacent magnetized portions of the core. Line segments 1-1’, 2-2’ 

and 3-3’ have been added to the plot to ease the identification of these four regions. The fluxes circulate alternately 

in clockwise and anticlockwise directions. Numerical values of flux densities, in millitesla, at selected locations are 

indicated in the plot of figure 8. Inspected flux densities in the transformer’s core and coil regions are all very close 

to 313.0 millitesla. Such levels of flux densities represent approximately 18% of the flux density in the magnetic 

core at no-load operation. These low levels of flux densities ought to be expected due to the demagnetizing effect of 

the secondary magnetomotive force at short-circuit condition. The storage of magnetic field energy in the regions 

occupied by the two windings represents 99.9% of the system’s total energy, and only a tiny percentage of 0.1% of 

the system’s energy is stored in the magnetic core. 

 

 

 

 
Figure 7. Flux lines for the short-circuit condition. 
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Figure 8. Flux densities at selected points; values in millitesla. 

 

4.2.2. Inductance calculations 

In the short circuit test, the windings are supplied with equal and opposite currents. The leakage inductances can be 

calculated using the energy approach [8]. If Isc denotes the magnitude of the terminal currents and Wsc the magnetic 

stored energy for the short-circuit condition, the sum of the two leakage inductances is given by 

.
)(

2
221

sc

sc

I

W
ll 

      [6]

 For set of terminal currents Isc=200.0 A and the resulting magnetically stored energy of 5,007.24 joules, the sum of 

the two leakage inductances is 

 

 
H. 250.0

0.200

24.50072
221  ll       [7]

 

Each of the two inductances is assumed to be equal to half of the total, so that 

H. 125.021  ll       [8]

 It is worth noting that the two methods of leakage inductance calculation have produced exactly the same value. 

 

5.    TRANSFORMER EQUIVALENT CIRCUIT 

The transformer equivalent circuit including numerical values of winding resistances and reactances for an operating 

frequency of 60 hertz is presented in figure 9. All winding resistances are given by the simulation software as a 

“circuit property” [7]. Computed inductance values coincide very closely with previously published values [3]. 

 

 
Figure 9. Numerical values of the transformer parameters; operating frequency of 60 Hz. 
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6.     CONCLUSIONS 

The paper explains how to use static numerical field solutions to obtain the equivalent circuit of a shell-type single-

phase power transformer. The study introduces the sequence of numerical operations necessary to simulate the 

transformer’s open- and short-circuit tests using finite-element simulation software. During the pre-processing stage, 

the most important feature is the correct specification of current flow directions in the regions that represent the 

windings end-sides. At the post-processing stage, the most important task is the calculation of self- and mutual 

inductances from the numerical field solutions. Presented numerical results include a detailed analysis of flux 

density distribution for the two operating conditions. These flux plots bring considerable insight into the subject, and 

help designers and engineers to better understand the storage of magnetic field energy in power transformers. 

Computed values of the transformer parameters coincide very closely with previously published values.  
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