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ABSTRACT 

Static finite element solutions are used to determine the electrical equivalent circuit parameters of a single-phase 

transformer with different number of winding turns in the primary and secondary circuits. The lumped elements of 

the electric 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-circuit and bucking tests. The academic problem concerns a step-

down transformer with turns-ratio 2:1. The discussion clarifies the concepts of self-, mutual- and total inductances of 

a giving winding, and how to compute them separately. The discussion also places emphasis on the relationship 

between the voltage drop on a given transformer winding and the source voltage under open-circuit and bucking test 

operations. 
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1. INTRODUCTION 

Traditional methods for analysis and design of transformers use extremely simple analytic models, supplemented by 

experimental evidences. These methods consist of electric or magnetic equivalent circuits postulated on the basis of 

experience and intuition. Traditional methods make use of numerical formulae derived from well-known physical 

laws like Ohm’s law for magnetics and Faraday’s law. It is the case, for example, of determining the main physical 

dimensions of the transformer magnetic core and window based on previously defined values of flux density, current 

density, window space factor, voltage drop per turn and type of core. These methods have the advantage of being 

relatively easy and fast to apply. The principal disadvantage of traditional design methods relies on the difficulties to 

accommodate new situations, as well as their limitations on the modeling of frequency-dependent and nonlinear 

effects. 

 

Modern approaches to transformers analysis and design use artificial intelligence (AI) techniques in combination with 

finite element analysis (FEA) [1]. In the design of power transformers, magnetostatic finite element solutions are used 

to determine the conventional transformer electric equivalent circuit parameters. These parameters are important as 

evaluation criteria, and appear as key points in customer specifications [2].  

 

The most common equivalent electric circuit representation for single-phase transformers is illustrated in figure 1. The 

equivalent circuit comprises two parts: (i) an ideal transformer with the correct turns ratio, and (ii) two circuits that 

contain the parameters which set the real device apart from a lossless and leakage free ideal transformer.  

 
In the circuit presented in figure 1, Rp and Rs represent the resistance of the primary and secondary windings, 

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

The magnetizing reactance is represented by Xm, and appears in the circuit’s vertical branch. In this diagram, Np and 

Ns denote the number of turns of the primary and secondary windings, respectively. 

 

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. The 

analysis task is made employing 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 three magnetostatic field solutions are required for the numerically simulated open-circuit and 
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bucking tests. Once the calculations of the various parameters indicated in figure 2 are based on static solutions, the 

iron loss due to eddy currents and hysteresis 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% [3]. 

 
Figure 1. Equivalent electrical circuit including an ideal transformer. 

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 each winding is computed from the known wire resistance. The circuit 

properties of the simulation software “Finite Element Method Magnetics” (FEMM) exhibits the resistance for each 

winding, calculated as the ratio voltage/current. The test problem considered in the present study concerns the 

equivalent electric circuit of a computer-based and idealized single-phase shell-type transformer similar to that 

described in [4]. 

 

The sequence of operations necessary to evaluate the parameters of the conventional T-shaped transformer equivalent 

circuit by means of the numerically simulated open-circuit and bucking tests has initially been introduced in [5]. In 

the present study, the problem is made more difficult because it deals with single-phase transformers with different 

number of turns in the primary and secondary windings, i.e. NpNs. With different number of turns in the two windings, 

it is necessary to refer all quantities to the source-side winding, for example, and to speak of the equivalent circuit as 

if the turns ratio of the transformer were exactly unity [6], [7]. 

 

Figure 2. Simplified T-shaped equivalent electric 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, and the windings have different number of turns. The number of turns of the 

primary winding is Np=2000, and the number of turns of the secondary winding is Ns=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 
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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 assumed to be 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 [8]. Peak values of rated currents are Ip=100 A and Is=200 A, respectively. 

 

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 [9]. As indicated in figure 3(b), the depth or length of the model in the longitudinal or z direction is 0.6 m. 

This model involves no unusual or extraordinary computing procedures, so a free two-dimensional magnetic field 

analysis package (FEMM, release 4.2) has been used to solve the field problems [10]. 

 

 

Figure 3. (a) Cross sectional view of the transformer’s model; (b) Geometrical dimensions, in meter. 

 

3. TRANSFORMER RATINGS 

Specification of rated voltages and currents in terms of peak values together with the number of turns for the primary 

and secondary circuits is summarized in table 1. 

 
Table 1. Rated values of the two windings; annotated voltages and currents represent peak values. 

Primary winding Secondary winding 

Number of turns, Np=2000 Number of turns, Ns=1000 

Voltage, Vp= 159.61 kV Voltage, Vs= 79.80 kV 

Current, Ip= 100 A  Current, Is=200 A 

 

4. OPEN-CIRCUIT AND BUCKING TESTS  

4.1. Self-inductance and open circuit test 

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

carries the steady-state magnetizing current. This is a distorted and periodic current, and its peak value usually 

represents a small percentage in the range of 1 to 5 per cent of the winding full-load current [5]. In the present 

magnetostatic analysis, the effect of the magnetizing current is simulated by specifying a direct current Ip=1.0 A that 

represents 1.0 per cent of the primary current peak value. 
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The simulated open-circuit test is used to determine the total primary reactance xp + Xm. Specification of primary 

currents and number of turns for the open-circuit test is summarized in table 2. In this particular open-circuit test, a 

magnetomotive force of 2,000 ampere-turns is applied to the transformer magnetic core.  

 

 
Table 2. Specification of currents for the open-circuit test. 

 

Primary coil 

Terminal 

current (A) 

Number of turns Total current (A) 

Left end-

side 

Right end-

side 

Left end-

side 

Right end-

side 

1.0 -2000 +2000 -2000 +2000 

 

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 [10]. For the primary coil, for example, 

the number of turns assigned to the coil’s right end-side is +2000, 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 -2000, and this produces a 

current flow of -2,000 A, out of the plane of analysis.  

 

4.2. Mutual inductance and stored energies 

The mutual inductance in a two-winding system may be determined by a difference measurement involving two tests, 

one with the two winding currents oriented to have their fluxes adding, the other with the fluxes bucking each other 

[5]. If Wa denotes the magnetically stored energy of the first test and Wb the energy stored in the second one, the 

system’s mutual inductance M referred to the primary circuit is 

,
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M

spp
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       (1)

 
where Ip is the primary current and Isp is the secondary current referred to the primary circuit. The two currents Is and 

Isp are numerically equal. 

 

Specification of the direct currents and winding connections related to the experiment wherein the two winding 

currents are oriented to have their fluxes adding is summarized in table 3. Information related to the experiment 

wherein the two winding currents are oriented to have their fluxes bucking each other is summarized in table 4. 

 
Table 3. Specification of currents and winding connections for the experiment with adding fluxes. 

Primary coil Secondary coil 

Terminal 

current (A) 

Specified number of turns Terminal 

current (A) 

Specified number of turns 

 Left-end side Right-end side  Left-end side Right-end side 

100 -2000 +2000 200 +1000 -1000 

 
Table 4. Specification of currents and winding connections for the experiment with the fluxes bucking each other. 

Primary coil Secondary coil 

Terminal 

current (A) 

Specified number of turns Terminal 

current (A) 

Specified number of turns 

 Left-end side Right-end side  Left-end side Right-end side 

100 -2000 +2000 200 -1000 +1000 

 

5. INDUCTANCE CALCULATIONS 

5.1. Self-inductance calculations 

The magnetostatic solutions that represent the open-circuit test are used to determine the self-inductances of the two 

windings using the energy approach [11]. When the terminal current of the 2000-turn primary winding is Ip=1.0 A, 

the total magnetic energy stored in the modeled domain is W=211.936 J. The self-inductance Lp of the primary winding 

is calculated by 
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When the terminal current of the 1000-turn secondary winding is Is=2.0 A, and the primary winding is open-circuited, 

the total magnetic energy stored in the modeled domain is also W=211.936 J. The self-inductance Ls of the secondary 

winding is given by 
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Computed self-inductances Lp and Ls are correctly related by the turns-ratio squared, i.e.,  
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It is important to note that none of the two computed self inductances, Lp nor Ls, correspond to any circuit parameter 

of the transformer equivalent circuit. This happens because the inductance value computed from the open-circuit test 

represents the sum of two inductances, to know, the value of the winding leakage inductance plus the mutual 

inductance value. In order to identify the leakage inductance value, it necessary to calculate the mutual inductance 

separately and then subtract its value from the self- or total winding inductance.   

 

5.2. Mutual inductance calculations 

The calculation of mutual inductances is based on two experiments wherein both windings carry currents. In this 

particular analysis, the terminal direct currents of the primary and secondary windings are equal to the peak values of 

the rated currents, to know, Ip=100 A and Is=200 A, respectively. In the core-type transformer that appears in  figure 

4, p denotes the flux generated by current flowing in the primary winding and s denotes the flux generated by current 

flowing in the secondary winding. In the simulated experiment illustrated in figure 4(a), the two winding currents are 

oriented to have their fluxes adding. 

In this simulated experiment of the shell-type transformer described in section 2, the magnetic stored energy is 

Wa=8.47244x106 J when the two fluxes are adding. When the two winding currents are oriented to have their flux 

bucking each other, the magnetic stored energy is Wb=5007.24 J. The mutual inductance Mp, referred to the 2000-turn 

primary circuit is 

H.  .
).)(.(

..
M p 371638423
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      (5) 

 

The mutual inductance Ms, referred to the 1000-turn secondary circuit is 

mH.  .
).)(.(

..
M s 842909105
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       (6) 

 

The ratio of computed mutual inductances is Mp/Ms=4, equal to the rated turns-ratio squared. 
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Figure 4. Orientation of winding currents; (a) fluxes adding; (b) fluxes bucking each other. 

5.3. Leakage inductance calculations 

If Lp denotes the total or self-inductance of the primary winding, and Mp denotes the transformer’s mutual inductance 

referred to the primary side, the leakage inductance lp of the primary winding is given by the subtraction, 

mH.  ...MLl ppp 362500372423872423        (7) 

 

In a similar fashion, the leakage inductance ls of the secondary winding is given by  

mH.  ...MLl sss 091125843105968105        (8) 

 

The ratio of computed leakage inductances is lp/ls=4, equal to the rated turns-ratio squared. 

 

6. CIRCUIT PROPERTIES 

Circuit properties of the two windings based on the open-circuit operation are furnished by the simulation software 

FEMM. These properties are summarized in table 5. 
 

Table 5.Circuit properties; simulated; open-circuit operating condition. 
 

Rated voltage applied to the primary circuit, Ip=1 

A and Is=0 

Rated voltage applied to the secondary circuit, Is=2 

A and Ip=0 

Turns ratio: Np=2000 turns 

Total current =Ip=1 A 

Voltage Drop =2.07972 V 

Flux Linkage =423.872 Wb 

Flux/Current =423.872 H 

Voltage/Current =2.07972  

Apparent power =2.07972 VA 

Turns ratio: Ns=1000 turns 

Total current =Is=2 A 

Voltage Drop =1.03986 V 

Flux Linkage =211.936 Wb 

Flux/Current =105.968 H 

Voltage/Current =0.519931  

Apparent power =2.07972 VA 

 

Circuit properties of the two windings related to the bucking test are summarized in table 6. Under this operating 

condition, the magnetomotive force applied to the magnetic core due to the two windings are equal in magnitude and 

in opposite directions. 

 
Table 6.Circuit properties; simulated short-circuit operating condition. 

 

Primary circuit Secondary circuit 

Turns ratio: Np=2000 turns 

Total current =100 A 

Voltage Drop =207.972 V 

Turns ratio: Ns=1000 turns 

Total current =200 A 

Voltage Drop =103.986 V 



IJRRAS 22 (3) ● March 2015 Nogueira et al. ●  Equivalent Electric Circuit Parameters 

 

 

 

116 

 

Flux Linkage =50.0561 Wb 

Flux/Current =0.500561 H 

Voltage/Current =2.07972  

Apparent power =20797.2 VA 

Flux Linkage =25.0444 Wb 

Flux/Current =0.125222 H 

Voltage/Current =0.519931  

Apparent power =20797.2 VA 

 

The ratio of computed dc resistances is R1/R2=4, equal to the rated turns-ratio squared. This usually occurs in shell-

type transformers, wherein the two windings are concentric with the secondary winding wound on the top of the 

primary. 

7. TRANSFORMER EQUIVALENT CIRCUIT 

The transformer equivalent circuit including numerical values of dc winding resistances together with inductive 

reactances for an operating frequency of 60 hertz is presented in figure 5. 

 

 
Figure 5. Transformer equivalent circuit with ideal transformer. Electric circuit parameters are indicated explicitly. 

 

The equivalent circuit shown in figure 5 can be further simplified. The ideal transformer can be omitted, and the 

secondary parameters can be referred to the high-voltage side. The resulting T-shaped transformer equivalent circuit 

is presented in figure 6. 

 

 
Figure 6. T-shaped transformer equivalent circuit with all quantities referred to the high-voltage side. 

 

8. VALIDATION OF THE EQUIVALENT CIRCUIT FOR AC OPERATION 

The relationship between the electric quantities and the parameters of the conventional equivalent circuit related to 

the transformer’s equivalent circuit are discussed in the following. 
 

8.1. Calculation of the rated primary voltage from the open-circuit test 

For a 60 hertz operation, and a peak value source current of 1 A circulating on the 2000-turn primary winding, the 

source voltage Vs is computed as 

 

pmpppps IjXIjxIRV        (10) 

where 𝑗 = √−1. Substituting the numerical values, one gets 

   484607159632188079722 .,.j.Vs        (11) 

   57609159079722 .,j.Vs        (12) 
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The peak rated voltage is numerically equal to the magnitude of the computed source voltage, 

kV. .Vs 61159       (13) 

 

8.2. Calculation of the source low voltage from the bucking test 

In the bucking test, the primary is supplied by a fraction of its rated voltage, sufficient to produce rated primary current 

at rated frequency. If it is assumed that, under this operating condition, no current flows through the vertical branch 

of the circuit presented in figure 5, equation (10) can be approximated by 

pppps IjxIRV        (14)
 

In the bucking test, the primary current is Ip=100 A. Substituting the numerical values, one gets 

     100632188100079722 .j.Vs        (15) 

   218863972207 .j.Vs        (16) 

The magnitude of the source voltage is 

kV. .Vs 8618       (17) 

This voltage represents 11.8% of the transformer rated voltage. 
 

9. CONCLUSIONS 

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

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

transformer’s open-circuit and bucking 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. The discussion clarifies the meaning of self-, mutual- and total 

inductance of a given winding. The paper explains how to build the T-shaped equivalent circuit for a step-down 

transformer with turns ratio 2:1. Finally, the paper validates the T-shaped equivalent circuit for AC operations. 
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