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Abstract: Transformers are essential machines in electrical energy distribution systems, which is why more 

efficient technologies for power transformers have been developed for decades. This has not been the case for 

mall transformers used in low voltage circuits, in literature there is little knowledge about his efficiency. This 

work seek to determine the efficiency of conventional transformers used in low voltage through a methodology 

that includes an analytical method and experimental tests. Three transformers in the Dominican Republic 

market are selected, two of 900 VA and one of 1500 VA, all step-downs of approximately 120 V/25 V. The initial 

load is a resistive load of 18.4 Ω. The results indicate that the efficiencies are in the range of 47 to 86.5%, 

considering variations in the load. The highest efficiency of the transformers was in the demand range of 12 to 

24% of the nominal demand. In general, losses in the excitation branch in the core represent at least 90% of the 

losses, while losses in the windings represent the remaining part. Based on the results, a more exhaustive 

evaluation of the efficiency of small transformers is suggested, as well as economically evaluating the 

replacement of transformers with more efficient ones.  

Keywords: small autotransformers; efficiency; energy demand; low voltage installations 

 

1. Introduction 

Since the type of current used for the transmission of electric power from generating plants to 

consumption points is based on alternating current, electrical transformers are indispensable devices 

in electric power distribution systems. Any improvement in the efficiency or efficient use of these 

devices can result in great economic savings, considering that they can last for decades in operation 

[1].  

For transmission and distribution systems, electronic power transformers have been developed 

in the last decade, which provide greater efficiency than conventional transformers [2]. Losses in 

distribution transformers directly harm distribution and transmission companies, which has 

motivated interest in reducing losses in medium and high voltage transformers [3]. The efficiency of 

distribution transformers currently in use is commonly above 96%. 

The search for greater efficiency has also been seen in other applications, such as railway 

vehicles, achieving 4.7% greater efficiency and reducing its size by 7% compared to a conventional 

transformer. [4].  

At a low voltage distribution scale, there has also been interest in determining the associated 

losses in residential condominiums and low voltage circuits. However, there are few studies on the 

efficiency of small transformers in low voltage applications (power <10 kVA). A very common case 

of the use of small conventional transformers (without power electronics) is in DC to AC inverters, 

in energy backup applications with battery storage [5] in developing countries, commonly. In this 

application, transformers represent a permanent load to consider, so knowing their efficiency would 

help to estimate the losses involved in the use of these devices, which would motivate the search for 

innovations that make their use more efficient. In addition, knowing the parameters of the 
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transformers can help to determine the efficiency analytically. El-Dabah & Agwa et al [6] conducted 

a study to determine the electrical parameters of transformers, which is important in transformer 

design and efficiency prediction. 

This paper aims to determine the electrical parameters of equivalent circuits of small 

transformers, as well as their efficiency based on these parameters. The lack of information in the 

literature on small low voltage transformers hides potential savings at residential and commercial 

levels, both for customers and for distribution companies. 

The specific objectives of the research are: 

1. To determine the parameters of conventional small transformers: magnetizing resistance, 

magnetizing reactance, equivalent series resistance and equivalent series reactance. 

2. To apply a methodology to determine and study the efficiency of conventional small 

transformers. 

The work is distributed as follows. In unit 2, the procedure to determine the parameters of 

electrical transformers is presented, as well as structural details of said devices, the equations used 

and the research methodology. In unit 3, the open circuit and short circuit test are performed, with 

which the parameters of the equivalent circuits are calculated; the efficiency of the transformers is 

determined from said parameters and also by means of an experimental method; the efficiency curve 

vs. the variation of a resistive load is estimated. In unit 4, the results are discussed, and in unit 5, the 

main conclusions are presented and recommendations are provided for an extension of the subject. 

2. Materials and Methods 

2.1. Operating principle 

The electrical transformer is a passive component that transforms alternating voltage and 

current levels from one level to another. This device works according to Faraday's law, which states 

that the voltage induced in a coil of conducting wire is proportional to the rate of change of the 

magnetic flux through it [7], [8], as shown in Equation (1). 

𝜀𝑖𝑛𝑑 = −𝑁
𝑑𝜙𝐵

𝑑𝑡
                             (1) 

A typical diagram of a transformer is shown in Figure 1. In a transformer, the variable magnetic 

flux is produced by applying a sinusoidal voltage of effective value 𝑉𝑝 to the primary winding, which 

has 𝑁𝑝 turns. By means of the transformer core, the flux passes through the secondary winding of 

𝑁𝑠  turns and a sinusoidal voltage of effective value 𝑉𝑠  is induced. Since the flux passes almost 

entirely from one winding to the other by means of the core, by applying Equation (2) to both 

windings, Equation (2) is obtained, which is known as the transformation ratio. 

 
𝑉𝑝 

𝑁𝑝

=
𝑉𝑠

𝑁𝑠

                                (2) 

 

Figure 1. Basic diagram of an ideal electrical transformer. Source: own elaboration. 
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The number of turns per volt of applied alternating current corresponds to the frequency of the 

sinusoidal voltage and the amplitude of the saturation magnetic flux density of the transformer core. 

[9] .  

2.2. Approximate equivalent circuit and parameters of a transformer 

A transformer can be modeled by means of approximate circuits that facilitate its analysis. Figure 

2 shows two approximate equivalent circuits of a transformer. Figure 2 (A) shows the circuit referred 

to the primary and Figure 2 (B) shows the circuit referred to the secondary. For more details on 

equivalent transformer circuits, it is recommended to consult Chapter 2 of Chapman [10]. In Figure 

2 (B), the equivalent series resistance referred to the secondary is determined by Req S =ReqP/a2 and 

the equivalent series reactance referred to the secondary by Xeq S = XeqP /a2. 

As is known in the literature, the parameters of the transformer model in Figure 2 can be 

approximated by two tests: the open circuit test and the short circuit test. 

In the open circuit test, the magnetizing resistance of the core 𝑅𝐶 and the magnetizing reactance 

𝑋𝑀 are determined. To do this, the primary winding of the transformer is connected to the nominal 

voltage and the secondary winding is left open, as shown in Figure 3. In this test, a voltmeter is 

connected to measure the applied voltage, an ammeter to measure the current in the primary and a 

wattmeter to measure the potential in the primary. 

 

Figure 2. Approximate models of transformers. (A) Referring to the primary side; (B) Referring to the 

secondary side. Source: Own elaboration. 
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Figure 3. Connection diagram for open circuit test. 

From this information the power factor of the input current is determined and hence the 

magnitude and angle of the excitation impedance. The magnitude of the excitation admittance 

referred to the primary can be determined by means of the open circuit current (𝐼𝐴)  and the open 

circuit voltage (𝑉𝐴) as shown in Equation (3). The open circuit power factor can be determined by 

means of Equation (4) and consequently the open circuit angle (𝜃𝐴) is determined by Equation (5). 

Since the current lags the voltage in a real transformer, the excitation admittance is determined by 

Equation (6). 

 

|YE| =
IA

𝑉𝐴

                                (3) 

𝑃𝐹 = cos 𝜃𝐴 =
PA

𝑉𝐴IA

                            (4) 

 

𝜃𝐴 = tan−1 (
PA

𝑉𝐶𝐴𝑏ICAb

)                           (5) 

YE =
IA

𝑉𝐴

∠ − 𝜃𝐴 =
IA

𝑉𝐴

 cos(−𝜃𝐴) +
IA

𝑉𝐴

𝑗 sen(−𝜃𝐴) = GM − 𝑗BM         (6) 

 

RC and XM are obtained by stating from Eq.uation (6), that the resistance is the reciprocal of the 

conductance and that the reactance is the reciprocal of the susceptance, obtaining equations (7) and 

(8). 

 

RC =
𝑉𝐴

IA cos 𝜃𝐴

                             (7) 

XM =
𝑉𝐴

IA sen 𝜃𝐴

                             (8) 

In the short-circuit test, the equivalent series resistance 𝑅𝑒𝑞 𝑆 and the equivalent series reactance 

𝑋𝑒𝑞 𝑆) are determined. In this test, a short circuit is made in the secondary winding and the terminals 

in the primary winding are connected to a voltage source much lower than the nominal voltage. The 

voltage in the primary is adjusted until the current flowing in the short-circuited windings is equal 

to its nominal value, taking care not to burn the transformer windings. The connection diagram for 

this test is shown in Figure 4. 
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Figure 4. Esquema de conexión para la prueba de cortocircuito. 

The magnitude of the series impedance (referred to the primary side) is determined with 

Equation (9), the PF with Equation (10) and the corresponding angle  (𝜃𝑆𝐶) with Equation (11). 

 

|ZSE| =
VSC

𝐼𝑆𝐶

                                 (9) 

 

𝑃𝐹 = cos 𝜃𝑆𝐶 =
PSC

𝑉𝑆𝐶ISC

                           (10) 

 

𝜃𝑆𝐶 = tan−1 (
PSC

𝑉𝑆𝐶ISC

)                             (11) 

 

Since the magnitude of ZSE  and the angle between the voltage and the current are known, 

ZSE can be determined by Equation (12), in turn from this equation equations (13) and (14) are 

obtained, which allow determining the sought parameters. 

 

ZSE =
VSC

𝐼𝑆𝐶

∠𝜃𝑆𝐶 =
VSC

𝐼𝑆𝐶

cos 𝜃𝑆𝐶 + 𝑗
VSC

𝐼𝑆𝐶

 sen 𝜃𝑆𝐶 = ReqP + 𝑗XeqP        (12)  

 

ReqP =
VSC

𝐼𝑆𝐶

cos 𝜃𝑆𝐶                              (13) 

XeqP =
VSC

𝐼𝑆𝐶

 sen 𝜃𝑆𝐶                             (14) 

 

2.2. Efficiency by transformer parameters 

This method seeks to evaluate the efficiency of a transformer by knowing the load, which 

requires an analytical procedure. In this work, a resistive load is considered, so the current in the 

secondary of the transformer is determined by Equation (15), where the total resistance is the sum of 

the resistance of the secondary winding (𝑅𝑆𝑇) of the transformer and the load resistance (𝑅𝐿). 

𝐼𝑠 =
𝑉𝑠

𝑅𝐿 + 𝑅𝑆𝑇

                              (15) 

The power loss in copper (𝑃𝐶𝑢) is determined from Equation (16), which depends on 𝐼𝑠 which is 

determined with Equation (15) and 𝑅𝑒𝑞 𝑆  which is an already mentioned parameter of the 

transformer. 
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𝑃𝐶𝑢 = 𝐼𝑠
2𝑅𝑒𝑞𝑆                             (16) 

𝑃𝐶𝑢  is the copper loss power determined by Equation (16) and the core power loss (𝑃𝑐𝑜𝑟𝑒) is 

determined by Equation (17). In Equation (17), 𝑉𝑃/𝑎 represents the magnitude of the primary voltage 

referred to the secondary , whose phasor expression is shown in Equation (18). This equation is 

obtained by applying the Kirchhoff voltage ratio in the approximate circuit model of a transformer, 

shown in Figure 2 (B); 𝑽𝑠 is taken as a reference for the phasor analysis. The magnitude of the phasor 

𝑉𝑃/𝑎 is obtained with Equation (19), provided that 𝑽𝑠  and 𝐼𝑠  are in phase with PF =1, which is 

fulfilled for a resistive load. 

 

𝑃𝑐𝑜𝑟𝑒 =
(𝑉𝑃/𝑎)2

RC S

                                 (17) 

𝑽𝑃

𝑎
= 𝑽𝑠 + Req/S𝐼𝑠 + 𝑗Xeq/S𝐼𝑠                         (18) 

 

𝑉𝑃

𝑎
= √(𝑉𝑠 + Req S𝐼𝑠)

2
+ (Xeq S𝐼𝑠)

2
                       (19) 

 

By definition, efficiency is the ratio between output power and input power. In the case of an 

electrical transformer, the efficiency in % can be determined by means of Equation (21). 

𝜂 =
𝑉𝑠𝐼𝑠 𝑐𝑜𝑠𝜃

𝑃𝐶𝑢 + 𝑃𝑐𝑜𝑟𝑒 + 𝑉𝑠𝐼𝑠 𝑐𝑜𝑠𝜃
× 100                    (20) 

To make η dependent on 𝐼𝑠 in each term, 𝑉𝑃/𝑎 from Equation (19) is substituted into Equation 

(17), 

𝑃𝑐𝑜𝑟𝑒 =
(𝑉𝑃/𝑎)2

RC S

=
(𝑉𝑠 + Req S𝐼𝑠)

2
+ (Xeq S𝐼𝑠)

2

RC S

 

Substituting this expression for 𝑃𝑐𝑜𝑟𝑒 as well as that for 𝑃𝐶𝑢 from Equation (17) into Equattion 

(20), we obtain Equation (21), which is the expression required to relate the efficiency to the current 

in the secondary. 

 

𝜂 =
𝑉𝑠𝐼𝑠 𝑐𝑜𝑠𝜃

𝐼𝑠
2𝑅𝑒𝑞 𝑆 +

(𝑉𝑠 + Req S𝐼𝑠)
2

+ (Xeq S𝐼𝑠)
2

RC S
+ 𝑉𝑠𝐼𝑠𝑐𝑜𝑠𝜃 

× 100          (21) 

2.3. Efficiency through measurement of input and output power 

In this case, the transformer input power is measured, as well as the output power, then 

Equation (22) is used. In this case, there is only one wattmeter, so an ammeter and a voltmeter will 

be connected to the secondary. In order to determine the active power in the secondary, a resistive 

load is connected, such that PF=1. 

 

𝛾 =
𝑃𝑜𝑢𝑡 

𝑃𝑖𝑛𝑡 

× 100                              (22) 

2.4. Caso de estudio, selección de las muestras y desarrollo experimental  

The case study is carried out in the Dominican Republic, a country in energy development where 

small transformers are used in residential applications, mainly in electrical inverters for energy 

backup during power outages. They are also used in electrical control circuits in the commercial and 

industrial sector. 

In the selection criteria for small transformers, it was considered appropriate to choose 

transformers with low quality control and also with a more professional finish. With this, the 

implications of poor manufacturing practices and the reduction in efficiency would be considered. 
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Three transformers were selected, one confessed by students from the Instituto Politécnico Loya (IPL) 

(called T1), one from a university project (T2) and another extracted from an inverter (called T3). 

Figure 5 shows the three transformers with their names. Table 1 shows the characteristics of each of 

the transformers for the case study. In Table 1, dP is the approximate diameter of the primary 

conductor and dS is the diameter of the secondary conductor; the conductor sizes [11] and their 

ampacity are indicated in correspondence with the diameter measured with a caliper (approximate 

measurement due to the inconvenience of taking the measurement). Also in Table 1: A is the cross-

sectional area of the core, S is the nominal power according to the area A, Bm is the saturation 

magnetic flux density commonly used to determine the number of turns per volt applied to the 

transformer, Vp is the voltage applied to the primary of the transformer, a is the transformation ratio 

(Vp/VS). 

 

Table 1. Data from the three selected transformers. 

Data Transformers 

 T1 T2 T3 

A (cm2) 30.0  30.0 39 

S (VA) 900 900 1500 

Bm (Gauss) 9500 9500 9500 

Vp (V) 120 120 120 

a 4.80 4.65 4.80 

dP (mm), wire #, Amapacity (A) 1.44, 15, 6.60 1.58, 14, 8.30 1.80, 13, 10.50 

dS (mm), wire #, Amapacity (A) 0.72, 21, 1.62 1.58, 14, 8.30 4.32, 6, 53.16 
 

 

 

Figure 5. The three small transformers for the case study. T1): transformer made by students in a 

technical high school; T2: transformer of a project; T3: transformer of an electrical inverter. 

Figure 6 shows the instruments used in the tests. Figure 6 (A) shows a variable autotransformer 

to adjust the voltage applied to the primary, both for the open circuit test and for the short circuit test. 

Figure 6 (B) shows a wattmeter [12] to measure the active power, this model also measures the 

current, the effective voltage and the power factor, only that it measures from 42 V, which is its 
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minimum operating voltage. Although this model of wattmeter measures the power factor, this will 

be calculated with Equation (10) in order to obtain more significant figures. Figure 6 (C) shows a 

clamp ammeter and a multimeter used as a voltmeter, the first one was used to measure the short 

circuit current in the secondary and the second one to measure the voltage applied to the primary 

during the short circuit test and to the secondary during the efficiency test. 

For the efficiency test, a toaster as shown in Figure 6 (D) will be used as a load, which constitutes 

a resistive load. The fact that it is a resistive load makes the calculation easier, since the PF is 1, and 

the effective power is simply the product of the measured voltage by the measured current. 

 

Figure 6. Instruments and apparatus used in the tests: A) Variable AC source; B) AC wattmeter; C) 

AC ammeter and voltmeter; D) electrical load. 

2.5. Obtaining the efficiency curve vs. the load coefficient 

Since the efficiency of transformers varies with the load, it is necessary to determine it for 

different loads. The variation of the efficiency of transformers with other loads is done by a prediction 

or estimation, which consists of theoretically varying the load resistance, calculating the secondary 

current with Equation (15) and then the results of these quantities are substituted in Equation (21) to 

determine the efficiency. The resistance is varied from its real value to zero, thus evaluating the 

efficiency up to a load close to the nominal power of the transformer (𝑃𝑁). The demanded power is 

calculated by Equation (23) and the percentage load coefficient (α) by Equation (24). In Equation (24), 

𝑃𝑁 is the demanded power for 𝑅𝐿 ≈ 0. 

 

𝑃𝐿 = 𝐼𝑠
2(𝑅𝐿 + 𝑅𝑆𝑇)                             (23) 

 

𝛼 =
𝑃𝐿

𝑃𝑁

× 100                               (24) 

2.6. Research Methodology 
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The methodology of this research is summarized in the flow chart in Figure 7. First, transformers 

are selected based on different applications and constructions. Then, open circuit and short circuit 

tests are performed for each transformer. With the data obtained, the parallel parameters of the 

excitation branch (RC y XM) and the series parameters (Req S y Xeq S) are calculated. Once the 

parameters are determined, the transformers are connected to a resistive load, the required 

parameters are measured and Equation (23) as well as Equation (21) are used for verification 

purposes between the estimated and actual efficiency. Then, from Equation (21) the efficiency curves 

are obtained for different values of the load resistance and the results are discussed. Finally, 

conclusions and recommendations are presented. 

 

 
 

Figure 7. Flowchart of the methodology used to develop the research 

3. Resultados   

3.1. Open circuit and short circuit test 

Table 2 shows the data measured by the two tests. Figure 8 shows, as an illustration, the images 

of the actual connections for the two tests on T1. Figure 8B) shows an rms voltage of 30.6 V applied 

to the primary, which is not sufficient for the wattmeter to operate. It is when the applied voltage 

reaches 42 V that the wattmeter can measure, as shown in Figure 8 C). Figures 9 and 10 show the 

images for the connections of the two tests, for transformers T2 and T3 respectively. 
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Table 2. Open circuit and short circuit test results. 

Measured data    

Open circuit test T1 T2 T3 

IA (A) 0.252 0.100 0.569 

VA (V) 120 120  120 

PA (W) 17.1 9.03  35.8 

PF= PA/ VA IA 0.570 0.752 0.524 

Short circuit test    

ISC (A) 2.427 4.211 -- 

VSC (V) 42.1 42.0 -- 

PSC (W) 101  175 -- 

PF= PC/ VC IC 1.00 1.00 - - 

Additional data    

Short circuit current in the secondary: ISC s (A) 10.84 18.32 -- 

 

Figure 8. Connection images for the two tests on transformer T1: A) open circuit test; B) short circuit 

test when the operating voltage range of the wattmeter has not been reached; C) short circuit test with 

the wattmeter measuring. 
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Figure 9. Connection images for the two tests on transformer T2: A) open circuit test; B) short circuit 

test. 

 

 

 

Figure 10. Connection images for the two tests on transformer T3: A) open circuit test; B) short circuit 

test. 

Table 3 shows the values of the parameters calculated with equations 7, 8, 13 and 1 

Table 3. Calculated parameters, referring to the primary and secondary of each transformer. 

Calculated parameters referred to the primary T1 T2 T3 

RC (Ω) 835 1.60 x103 402 

XM (Ω) 580 1.82 x103 248 

Req P (Ω) 17.3 9.87 -- 

Xeq P (Ω) 0.00 1.26 -- 

Calculated parameters referred to the secondary    

RC S = RC /a2 (Ω) 36.2 74.0  17.4 

XM /a2 (Ω) 25.2 84.2 10.7 

Req S =Req P/a2 (Ω) 0.751 0.456 -- 

Xeq S = XeqP /a2 (Ω) 0.000 0.0583 -- 
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3.2. Determining efficiency from parameters and a resistive load 

For the following calculations, a resistive load of 18.4 Ω was used on the secondary, however 

each secondary winding has its own resistance, which increases the resistance in the circuit. In this 

situation, the total series resistance is determined for each case. 

Calculations for transformer T1 

 

𝐼𝑠 =
𝑉𝑠

𝑅𝐿 + 𝑅𝑆𝑇1

=
25.0 V

18.4 Ω + 0.8Ω
=

25.0 V

19.2Ω
= 1.30 A 

 
𝑽𝑃

𝑎
= 𝑽𝑠 + Req S𝑰𝑠 + 𝑗Xeq S𝑰𝑠 = 25.0 𝑉 + (0.751 Ω)(1.30 A) + 𝑗(0.000)(1.30 A) = 26.0 V∠0° 

 
𝑃𝐶𝑢 = 𝐼𝑠

2𝑅𝑒𝑞 𝑆 = (1.30 A)2(0.751) = 1.27 W    

 

𝑃𝑐𝑜𝑟𝑒 =
(𝑉𝑃/𝑎)2

RC S

=
(26.0 V)2

36.2 Ω
= 18.7 W   

 

𝑃𝑜𝑢𝑡 = 𝑉s ⋅  𝐼s ⋅ 𝑐𝑜𝑠𝜃 =  (25.0)(1.30)(1) = 32.5 W   

 

𝜂 =
𝑉𝑠𝐼𝑠  𝑐𝑜𝑠𝜃

𝑃𝐶𝑢 + 𝑃𝑐𝑜𝑟𝑒 + 𝑉𝑠𝐼𝑠  𝑐𝑜𝑠𝜃
× 100 =

32.5 W  

1.27 W + 18.7 W + 32.5 W  
× 100 = 61.9 % 

 

                         Calculations for transformer T2 

 

𝐼𝑠 =
𝑉𝑠

𝑅𝐿 + 𝑅𝑆𝑇1

=
25.8 V

18.4 Ω + 0.5Ω
=

25.8 V

18.9Ω
= 1.36 A 

 
𝑽𝑃

𝑎
= 𝑽𝑠 + Req S𝐼𝑠 + 𝑗Xeq S𝐼𝑠 = 25.8 𝑉 + (0.456 Ω)(1.36 A) + 𝑗(0.0583 Ω)(1.36 A) 

 
𝑽𝑃

𝑎
= 26.4 V∠0.172° 

 
𝑃𝐶𝑢 = 𝐼𝑠

2𝑅𝑒𝑞 𝑆 = (1.36 A)2(0.456) = 0.843 W 

 

𝑃𝑐𝑜𝑟𝑒 =
(𝑉𝑃/𝑎)2

RC S

=
(26.4 V)2

74.0 Ω
= 9.42 W 

 

𝑃𝑜𝑢𝑡 = 𝑉s ⋅  𝐼s ⋅ 𝑐𝑜𝑠𝜃 =  (25.8)(1.36) cos 0.172° = 35.1 W   

 

𝜂 =
𝑉𝑠𝐼𝑠  𝑐𝑜𝑠𝜃

𝑃𝐶𝑢 + 𝑃𝑐𝑜𝑟𝑒 + 𝑉𝑠𝐼𝑠  𝑐𝑜𝑠𝜃
× 100 =

35.1 W   

0.843 W + 9.42 W  + 35.1 W  
× 100 = 77.4 % 

 

 

Calculations for transformer T3 

 

In the case of T3, there was a problem with the short-circuit test; T3 exceeded the power of the 

Variac and the current became very large, 10 A in the primary and 50 A in the secondary. However, 

this does not prevent estimating the parameters in the excitation branch. In addition, it has been seen 

that the power losses in the copper have been less than 10% of the power losses in the core in the 

other transformers. In this case, it is assumed that 𝑃𝐶𝑢 ≈ 0, soReq S and Xeq S are not considered. 

 

𝐼𝑠 =
𝑉𝑠

𝑅𝐿 + 𝑅𝑆𝑇1

=
25.0 V

18.4 Ω + 0.2Ω
=

25.0 V

18.6 Ω
= 1.34 A 
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𝑉𝑃

𝑎
≈ 𝑉𝑠 = 25.0 𝑉 

𝑃𝑐𝑜𝑟𝑒 =
(𝑉𝑃/𝑎)2

RC S

=
(25.0 V)2

17.4 Ω
= 35.9 W 

 

𝑃𝑜𝑢𝑡 = 𝑉s ⋅  𝐼s ⋅ 𝑐𝑜𝑠𝜃 =  (25.0)(1.34)(1) = 33.5 W 

 

𝜂 =
𝑉𝑠𝐼𝑠 𝑐𝑜𝑠𝜃

𝑃𝑐𝑜𝑟𝑒 + 𝑉𝑠𝐼𝑠 𝑐𝑜𝑠𝜃
× 100 =

33.5 W  

35.9 W   + 33.5 W  
× 100 = 48.3 % 

 

 

Figure 6. Approximate circuit model referring to the secondary for transformer T1. Source: own 

elaboration. 

3.3. Determining efficiency from input and output power 

 

In this case, the circuit is built, the diagram of which is shown in Figure 11. The input power is 

measured with a wattmeter, and the voltage and current are measured with a voltmeter and ammeter 

on the secondary to calculate the output power. Table 4 shows the input and output powers for each 

transformer, as well as the results of the efficiencies for each transformer. Figure 12 shows the images 

of the connections for each transformer. 

 

Figure 11. Approximate circuit model referring to the secondary for T1. Source: own elaboration. 

 

Table 4. Load test results to determine efficiency. 

Required parameters    T1 T2 T3 

PP (W) 52.0 45.4  72.5 

IS (A) 1.29 1.36 1.32 

VS (V) 25.0 25.8 25.0 

PS (W)= VS x IS 32.2 35.1 33.0 

γ (%) = PS / PP x100 61.9 77.3 45.5 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 November 2024 doi:10.20944/preprints202411.1416.v1

https://doi.org/10.20944/preprints202411.1416.v1


 14 

 

 

Figure 12. Connections to determine efficiency under load. A) connection for T1; B) connection for T2;  

connection for T3. 

 

Estimation of efficiency curves with increasing load 

Since transformer efficiency is low with small demands, it is necessary to study the efficiency 

behavior for various demands. To do this, the load is increased by theoretically reducing the load 

resistance in Equation (17) until a current is produced that demands the nominal power. 

 

Table 5 shows 20 RL values for the case of T1, from its real value to a value of 0, since the nominal 

power of 900 VA was not reached, power calculated according to the area of the core. It should be 

noted that the caliber of the secondary winding of this transformer is much smaller than it would be 

if the power for which the core gives were demanded, consequently the electrical resistance of the 

secondary winding (0.8 Ω) prevents the maximum power that the core of T1 can provide from being 

reached. 
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Table 5. Efficiency vs. T1 demand coefficient. 

RL (Ω) IS (A) PL PL/PN η (%) 

18.4 1.30 32.6 3.6% 62.0 

17.4 1.37 34.3 3.8% 63.0 

16.4 1.45 36.3 4.0% 64.1 

15.4 1.54 38.6 4.3% 65.1 

14.4 1.64 41.1 4.6% 66.1 

13.4 1.76 44.0 4.9% 67.2 

12.4 1.89 47.3 5.3% 68.3 

11.4 2.05 51.2 5.7% 69.4 

10.4 2.23 55.8 6.2% 70.5 

9.4 2.45 61.3 6.8% 71.5 

8.4 2.72 67.9 7.5% 72.5 

7.4 3.05 76.2 8.5% 73.4 

6.4 3.47 86.8 9.6% 74.2 

5.4 4.03 100.8 11.2% 74.8 

4.4 4.81 120.2 13.4% 75.0 

3.4 5.95 148.8 16.5% 74.6 

2.4 7.81 195.3 21.7% 73.0 

1.4 11.4 284.1 31.6% 68.9 

0.4 20.8 520.8 57.9% 58.4 

0 31.3 781.3 86.8% 49.5 

 

For T2, Table 6 shows that if the rated power was reached with RL = 0.24 Ω, in this case the 

resistance of the secondary winding is 0.5 Ω. For neither of these two transformers, the secondary 

winding is calibrated for the rated power. The appropriate gauge for both transformers in the 

secondary is AWG #6, and the maximum current demanded in the secondary is 900 VA/25V= 36 A. 

Table 7 shows the efficiency of T3. This case is different from that of transformers T1 and T2, 

because the variable voltage source did not have enough power for the demand of T3 in the short-

circuit test. In addition, the wattmeter used in the tests works at a minimum rms voltage of 42 V, but 

already at 15 A the current in the secondary reached the maximum demand. Due to these limitations, 

the equivalent series resistance referred to the secondary cannot be determined. As an alternative, it 

was decided to give values of 0, 0.1, 0.2 and 0.3 Ω to ReqS, and thus be able to interpret the efficiency 

behavior, despite the limitations. From Equation (17) it was determined that the value of the 

equivalent series reactance referred to the secondary does not influence significantly as ReqS does, 

so its value at 0 Ω is ignored. 
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Table 6. Efficiency vs T1 demand coefficient. 

RL (Ω) Is (A) PL PL/PN η (%) 

18.4 1.37 35.2 3.9% 77.6 

17.4 1.44 37.2 4.1% 78.3 

16.4 1.53 39.4 4.4% 79.0 

15.4 1.62 41.9 4.7% 79.8 

14.4 1.73 44.7 5.0% 80.5 

13.4 1.86 47.9 5.3% 81.2 

12.4 2.00 51.6 5.7% 82.0 

11.4 2.17 55.9 6.2% 82.7 

10.4 2.37 61.1 6.8% 83.3 

9.4 2.61 67.2 7.5% 84.0 

8.4 2.90 74.8 8.3% 84.6 

7.4 3.27 84.3 9.4% 85.0 

6.4 3.74 96.5 10.7% 85.4 

5.4 4.37 112.8 12.5% 85.6 

4.4 5.27 135.8 15.1% 85.4 

3.4 6.62 170.7 19.0% 84.6 

2.4 8.90 229.5 25.5% 82.7 

1.4 13.6 350.3 38.9% 78.2 

0.4 28.7 739.6 82.2% 65.2 

0.24 34.9 899.5 99.9% 60.9 

Table 7. Efficiency vs. demand coefficient of T3. Since ReqS could not be determined, several curves 

are made for the values 0, 0.1, 0.2 and 0.3 of ReqS. 

PL 

(W) PL/PN 

η (%), ReqS = 0 

Ω 

η (%), ReqS = 0.1 

Ω 

η (%), ReqS = 0.2 

Ω 

η (%), ReqS = 0.3 

Ω 

33.4 2.2% 48.2 47.8 47.4 47.0 

35.3 2.4% 49.6 49.2 48.7 48.3 

37.4 2.5% 51.0 50.6 50.1 49.7 

39.8 2.7% 52.6 52.1 51.6 51.1 

42.5 2.8% 54.2 53.7 53.1 52.6 

45.6 3.0% 55.9 55.4 54.8 54.2 

49.2 3.3% 57.8 57.2 56.5 55.9 

53.4 3.6% 59.8 59.1 58.4 57.7 

58.4 3.9% 61.9 61.1 60.4 59.6 

64.4 4.3% 64.2 63.3 62.4 61.6 

71.8 4.8% 66.7 65.7 64.7 63.7 

81.2 5.4% 69.3 68.2 67.0 65.9 

93.3 6.2% 72.2 70.8 69.5 68.3 

109.6 7.3% 75.3 73.7 72.1 70.6 

133.0 8.9% 78.7 76.7 74.8 73.0 

168.9 11.3% 82.5 79.9 77.5 75.2 
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231.5 15.4% 86.6 83.1 79.8 76.8 

367.6 24.5% 91.1 85.6 80.7 76.2 

892.9 59.5% 96.1 83.7 74.0 66.2 

2083.

3 

100.2

% 97.7 78.3 65.2 55.8 

4. Discussion 

Table 8 shows the efficiencies of the two methods for the resistive load of 18.4 Ω. The relative 

percentage error with reference to the efficiencies with the experimental method is shown in the 

penultimate column. In the case of T1 the error is 0% for the use of three significant figures and 0.129% 

for T2. In these cases the difference is insignificant. In the case of T3, the largest error was presented, 

a small but notable error compared to the other transformers; this was due to the limitation of not 

being able to determine the equivalent series impedance and having neglected it. For the short circuit 

test, a variable alternating voltage source had to be used, whose power is not exceeded by transformer 

T3. 

 

Table 8. Percentage error between the analytical method and the experimental method. 

Transformer γ (%) ƞ (%) Er = (ƞ- γ)x100/ γ 

T1 61.9 61.9 0 % 

T2 77.3 77.4 0.129 % 

T3 45.5 48.3 6.15 % 

In general, at least 90% of the losses are associated with the excitation branch, i.e. the power loss 

in the core. In the case of transformer T1, in relation to the total loss, the loss in the core was 93.6%, 

and for T2 it was 91.8%. This means that, from the open circuit test, the efficiency of the transformer 

can be estimated by means of the transformer parameters, with an error of approximately 10%. 

Tables 5, 6 and 7 show the efficiency forecast for the transformers. From Table 5, the efficiency 

curve for T1 is constructed, as shown in Figure 8. Transformer T1 is forecast to have a maximum 

efficiency of 75% for a demand of 13.4% and 62% for a demand of approximately 50%. From a demand 

of 13.4%, the efficiency decreases as it approaches the nominal demand. 

 

Figure 8. Transformer efficiency curve vs demand coefficient for T1. 
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Figure 9 shows the efficiency curve for T2. In this case, a maximum efficiency of 85.6% occurs 

around a demand of 12.5%, while the minimum is estimated at a demand coefficient of 100%. 

 

Figure 9. Transformer efficiency curve vs demand coefficient for T2. 

 

The windings of transformer T3 are of a larger gauge than those of transformers T1 and T3, so 

their series resistance referred to the secondary must be lower. Figure 10 shows several curves for 

different values of ReqS for the case of transformer T3, from a value of 0 to a value of 0.3 Ω. A high 

sensitivity is observed from a demand of 10% of the nominal demand. The ReqS = 0 Ω case shows an 

efficiency tending to 98% as the maximum demand is reached, which is not common for transformers 

T1 and T2, furthermore ReqS = 0 Ω is an ideal case, but it serves as a reference. For the ReqS = 0.1 Ω 

case, the maximum efficiency is 86.5% for a demand of 24.5%; for ReqS = 0.2 Ω, the maximum 

efficiency is 80.7% for a demand of 24.5%; for ReqS = 0.3 Ω, the maximum efficiency is 76.8% for a 

demand of 15.4%.  

 

Figure 10. Transformer efficiency curve vs demand coefficient for T3. 
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During the investigation, several limitations were presented. These limitations are related to the 

lack of necessary instruments and equipment. Below is a summary of the main limitations during the 

investigation. 

 

• The wattmeter used does not have an independent power source, so it only measures power if the 

load to be measured operates in the range of 42 to 260 V. This limited the scope of the short-circuit 

test 

 

• The variable alternating current source did not have sufficient capacity to feed the 1500 VA 

transformer, which prevented determining two of its parameters, the equivalent series resistance 

referred to the secondary and the equivalent series reactance referred to the secondary 

• The efficiency of a transformer depends to a certain extent on the power factor, but in this work only 

a resistive load was used. 

 

• The sample of transformers in terms of materials and construction, mainly represents the small 

autotransformers in the Dominican Republic market. 

 

5. Conclusions and recommendations 

 

In this work, a detailed methodology was presented to evaluate and predict the efficiency of 

small transformers, which are used in low voltage applications, such as inverters, battery chargers, 

projects, etc. In this case, transformers were used to reduce the power from 120 to 25 Vrms. The 

methodology included determining the parameters of the trans           formers, to subsequently 

analytically determine the efficiency for a resistive load. These results were then compared with the 

actual efficiencies of each transformer for the same load. After validating the results obtained, the 

analytical method was used to predict the efficiency of the transformers for different resistive loads. 

The main results of the research are presented below. 

 

• In the evaluation of the transformers, two of 900 VA and one of 1500 VA, efficiencies were determined 

in the range of 47 to 86.5%. These efficiency values are well below those of power transformers in 

distribution circuits, which can reach up to 98% efficiency. 

 

• The highest efficiency of the transformers was in the demand range of 12 to 24% of the nominal 

demand. While the lowest efficiency was for the lowest demand. 

 

• In general, the losses in the excitation branch or resistance in the core represent at least 90% of the 

losses, while the losses in the windings represent the remaining part. 

 

Based on the results and the need for more efficient use of electrical energy in low voltage circuits 

in the face of growing demand worldwide, the following actions are suggested: 

 

• Evaluate in a more exhaustive way the efficiency of low voltage transformers, for example, 

transformers that are in operation in different residential, commercial and industrial facilities. 

 

• Evaluate the energy cost involved in the use of inefficient electrical transformers and economically 

evaluate the replacement with more efficient ones. 
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