
 I Introduction

An important aspect of transformer design is the minimization of eddy 
current losses to increase effi ciency [1]-[4]. The presence of losses due 
to eddy-currents is a subject of great interest because it substantially 
infl uences the performance of electric machines. Eddy currents are a 
cause of Joule effect losses and must be reduced to an economical 
limit [5]-[6].

The eddy-current problem has been the topic of many studies for 
more than 100 years and continues to be of great technical and eco-
nomical interest. As an example, in United States of America in the 
year 1990 only 92.5% of the energy generated reached the consumers 
[3], the rest, approximately 229 billion kWh, was dissipated as losses 
in the transmission and distribution systems. Although the effi ciency 
of distribution transformers has increased steadily with the introduc-
tion of improved materials and manufacturing methods [1],[2],[7],[8], 
26.6% of the average transmission and distribution losses are associ-
ated with the estimated 50 million distribution transformers installed 
in USA [3]. 

Transformer no-load losses are sensitive to the transformer operat-
ing environment and their measurement is very important. The no-load 

current of transformers is non-sinusoidal. Therefore, the voltage wave-
form, distorted due to the harmonic components of the currents, produ-
ces voltage drops across the supply series impedance. This distortion 
is reduced when transformers are supplied from a robust source with 
a small series impedance. Calculation of no-load losses must consider 
the presence of this distortion. The following formula has been sug-
gested [9]-[11]:
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where Pm is the measured no-load loss, Ph is the hysteresis loss, Pe 
is the eddy current loss, Vrms and Vave are, respectively, the root mean 
square and average values of the voltage test waveform. The ratio 
Vrms/Vave showed a variation of 0.98 to 1.03 in laboratory tests (instru-
ments of 0.1% accuracy). Tables 1 and 2 show the Vrms/Vave obtained 
for a sample of single-phase and three-phase transformers. Tests were 
conducted to study the infl uence of distorted waveforms. In [12] it is 
observed that for cold-rolled sheets Pe=Ph=0.5 is a good approxima-
tion. However, the separation of Pm into Pe and Ph is a subject in which 
different opinions have been expressed [11] and it is clear that eddy-
current losses can be an indicator of insulation defi ciencies between 
laminations [13].

The analytical expression to obtain eddy-current losses per unit vol-
ume at power frequency excitation according to [14] is:  
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where ρ (Ω-mm2/m) is the electrical resistivity of the material, t (mm) 
is the lamination thickness, Bm (T) is the peak value of sinusoidal mag-
netic fl ux density assumed as homogeneously distributed, and f (Hz) 
is the frequency. It is evident from (2) that lamination thickness reduc-
tion means a squared reduction of eddy-current losses. On the other 
hand, hysteresis loss at power frequencies is [15]:
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where μ (H/m) is the permeability of the material, b (mm) is the length 
of lamination, S is the shape factor, Φmax (Wb) is the peak sinusoidal 
magnetic fl ux, and l (mm) is the height of lamination. Details on how 
Bm and Φmax are determined can be found in [16]. As can be seen in (2) 
and (3) lamination thickness has an opposite impact on hysteresis and 
eddy-current losses, thus the total core loss as a function of thickness 
has a minimum [17]-[18]. 

In [10] a dielectric loss term is included in the no load losses. 
However, in [19] authors report the measurements of dielectric losses 
and found that they are 3% of the total no-load losses. These losses 
are even smaller when transformers have been subjected to a vacuum-
treatment drying process that removes the water from the paper insu-
lation. As dielectric losses represent a very small percentage they are 
neglected and only the iron-core losses are considered in the following 
sections. Details of calculations and measurements of dielectric losses 
can be found in [20]-[21].

All the measurements in this paper were carried out on a new trans-
former before the impulse test. It is important to note that when the 
tested transformers are old or have been subjected to the impulse test, 
the no-load loss tends to be higher [22]. The differences are due to lo-
cal breakdowns of the insulation between laminations, which would 
result in higher losses [23]. 

The goal of this paper is to determine Pe and Ph precise values. 

Moreover, the results of this research can be used to determine a cor-
rection factor when harmonic distortion is present in the load currents.

II Measurement of eddy current losses and hysteresis losses

There exist four methods for separating the iron-core losses for trans-
formers [9],[10],[13],[24]-[26]: 

1. Two-temperature method.

2. Two-frequency method.

3. Form factor method.

4. Direct current hysteresis method.

In this paper, two methods are used for the separation of no-load 
loss: the two-temperature method, and the two-frequency method. The 
two-temperature method has been selected because after the annealing 
process the cores are available at different temperatures. The two-fre-
quency method is used because the no-load loss is available at two 
frequencies in many laboratories around the world.

II.A Two-temperature method
One important characteristic of all methods for the separation of iron-
core losses is the necessity to produce two measurements. The two-
temperature method separates the losses for a set of given conditions. 
The results are only valid for the tested conditions determined by the 
(peak) magnetic fl ux density, frequency and temperature. It is assumed 
that all tests are performed with sinusoidal voltage excitation. 

With the two-temperature method it is possible to separate the core 
losses of transformers if we have access to two measurements of no-
load losses at two different temperatures. The assumptions of this 
method are [10]:

1. Hysteresis losses are independent of temperature in the small range 
used here.

2. The iron-core electrical resistivity increases linearly with 
temperature.

3. Eddy-current losses vary inversely to electrical resistivity, i.e., as 
temperature increases eddy-current losses decrease.

4. The temperature coeffi cient of steel α=0.001(1/oC) is known at 
20oC.

5. The peak fl ux magnetic density remains constant.

According to the above assumptions we can write the following ex-
pressions [10]:

Table 2
Ratio of Vrms/Vave obtained in our laboratory tests for single-

phase transformers.

 evaV/smrV noitpircseD
5 kVA -13200-120/240V 1.0000 
10 kVA -13200-120/240V 1.0042 
15 kVA -13200-120/240V 1.0042 
25 kVA -13200-120/240V 1.0083 
37.5 kVA -13200-120/240V 1.0167 
50 kVA -13200-120/240V 1.0167 

Table 1
Ratio of Vrms/Vave obtained in laboratory tests for three-phase transformers.

Description Vrms/Vave Vrms/Vave Vrms/Vave 
15kVA-13200-220/127V 1.0045 1.0091 1.0000 
30 kVA -13200-220/127 1.0045 1.0000 1.0000 
45 kVA -13200-220/127 1.0000 1.0000 1.0000 
75 kVA -13200-220/127 1.0000 0.9955 1.0000 
112.5 kVA -13200-220/127 1.0000 0.9955 0.9955 
150 kVA -13200-220/127 0.9955 1.0000 0.9909 
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where: P(T1) (in W) is the no-load losses measured at a core temper-
ature T1 (OC), P(T2) (in W) is the no-load losses measured at a core 
temperature T2 (OC), α is the temperature coeffi cient of resistivity 
0.001 (1/OC) for grain-oriented silicon steel, Ph is the hysteresis loss 
(in W), Pe is the eddy current loss component at reference temperature 
T0 (OC). 

Solving (4) and (5) simultaneously gives: 
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Converting quantities to per unit yields:
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To determine the percentage of eddy-current losses, the no-load loss 
of two different 15kVA transformer cores were measured at two tem-
peratures. Table 3 shows the temperatures, the measured no load loss 
and the obtained eddy-current loss at the reference temperature of 
20OC and the per-unit loss that correspond to 61% and 62% of the total 
losses. For safety and convenience a 12-turn coil was used to limit the 
voltage to 127V and current to 5A. Table 4 shows some examples of 
calculations of the applied voltage of the 12-turns coil.

II.B Two frequency method
In addition to the two-temperature method, the two-frequency method 
is also used in this paper. No-load losses at two frequencies are avail-
able in many laboratories around the world.

In order to separate the no-load losses of transformers by the two-
frequency method, certain assumptions are made:

1.  Hysteresis loss varies directly with frequency, while the eddy-
current loss varies with the square of the frequency for constant 
maximum induction density.

2. Excitation voltage is sinusoidal.

3. Temperature of the transformer is constant.

The loss component can be separated by simultaneously solving the 
following equations:
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Where P(f1) (in W) is the no-load losses measured at frequency f1 
(Hz), P(f2) (in W) is the no-load losses measured at frequency f2 (Hz), 
Pe(f0) (in W) are hysteresis losses at reference frequency f0 (in Hz), 
Ph(f0) (in W) are eddy-current losses at reference frequency f0 (Hz). 

Table 4
Applied voltage (V) for a sample of seven single-phase transformers using the 12-turn test coil.

mm(A )mm(G)mm(F )mm(E )mm(D noitpircseD 2) B(T) Applied 
voltage (V) 

5 kVA -13200YT/7620-240/120 152.4 25 75 140 7620 1.58 38.5 
5 kVA -13200-240/121 152.4 25 75 140 7620 1.58 38.5 
5 kVA -33000YT/19050-240/120 152.4 28 80 170 8534.4 1.53 41.8 
10 kVA -13200YT/7620-240/120 152.4 34 70 165 10363.2 1.58 52.4 
10 kVA -13200-240/120 152.4 34 70 165 10363.2 1.58 52.4 
10 kVA -22860YT/13200-240/120 152.4 38 85 170 11582.4 1.52 56.3 
10 kVA -33000YT/19050-240/120 190.5 44.2 102 182 16840.2 1.53 82.4 
D=Core lamination width; E=Core thickness; F=Width of the core window; G=Height of the core window;
A=Area of the core; B=Maximum magnetic flux density 

Table 3
Eddy current losses contribution as a percent of the core losses 

of a 13200V-240/120 V-15 kVA transformer
(at 60 Hz, To=25oC)

T1 P  ( T1    ) T2 P ( T2    ) Pe ( T0   ) Pe (pu)(T0    )

101.5 54 52.5 55.5 34.01 0.61

101 54 53 55.5 34.72 0.62
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Measurements
Vrms/Vave=0.98,Ph=0.5,Pe=0.5
Vrms/Vave=0.98,Ph=0.4,Pe=0.6
Vrms/Vave=0.99,Ph=0.4,Pe=0.6
Vrms/Vave=1.02,Ph=0.5,Pe=0.5
Vrms/Vave=1.02,Ph=0.4,Pe=0.6
Vrms/Vave=1.01,Ph=0.5,Pe=0.5

There is a typographical mistake in the solution of equations (10) and 
(11) presented in [10]. The correct solution is given by
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Core loss tests on M3 oriented steels were performed at a fl ux 
density of 1.5T at 50Hz and 60Hz and resulted 0.658W/kg and 0.87W/

kg respectively. The obtained separation of losses using (12) and (13) 
is ( ) 45.92%h puP =  and ( ) 54.07%e puP =  at 60Hz. There is a relative 
error of 10% between the two experimental methods. This accuracy is 
considered quite good taking into consideration the complex geometry 
of the transformer. 

 III Results and discussion

Table 5 (tendencies shown in Figs. 1 to 3) describes a set of cases 
that are representative of real-life scenarios for Vrms/Vave, Ph and Pe 
applicable to the analyzed transformers and shows the calculated no-
load losses using equation (1). Six combinations of Vrms/Vave and Ph 
have been chosen to cover all practical scenarios of the six transformer 

Table 5
Calculated no-load losses using equation (1) for six distribution transformers

Size 
(kVA) 

Measurement 
of no load 
losses (W) 

Calculated no-load losses using equation (1) 

ave
rms

V
V  

Ph ave
rms

V
V

Ph ave
rms

V
V

Ph ave
rms

V
V

Ph ave
rms

V
V   

Ph ave
rms

V
V

Ph 
0.98 0.5 1.02 0.5 0.98 0.4 1.02 0.4 0.99 0.4 1.01 0.5 

5 30 30.6060 29.4060 30.7301 29.2900 30.3015 29.7015 
10 47 47.9494 46.0694 48.1439 45.8877 47.4723 46.5323 
15 62 63.2524 60.7724 63.5090 60.5327 62.6231 61.3831 
25 86 87.7372 84.2972 88.0931 83.9647 86.8643 85.1443 
37.5 114 116.3028 111.7428 116.7746 111.3020 115.1457 112.8657 
50 138 140.7876 135.2676 141.3587 134.7340 139.3869 136.6269 

Figure 1: No-load losses versus transformer ratings from 5 kVA to 50 kVA.
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Measurements
Vrms/Vave=0.98,Ph=0.5,Pe=0.5
Vrms/Vave=0.98,Ph=0.4,Pe=0.6
Vrms/Vave=0.99,Ph=0.4,Pe=0.6
Vrms/Vave=1.02,Ph=0.5,Pe=0.5
Vrms/Vave=1.02,Ph=0.4,Pe=0.6
Vrms/Vave=1.01,Ph=0.5,Pe=0.5

ratings that are considered. When Vrms/Vave>1.0, no-load losses dimin-
ish while if Vrms/Vave<1.0, no-load losses increase applying equation 
(1). In Table 5 there is a percentage of variation between -2.3% and 
+2.3%.

Losses can be evaluated by calculating their cost CL ($) throughout 
the transformer life (25 years): 

 
CL A NLL B LL= ⋅ + ⋅

 
(14)

where A ($/W) is the no-load loss cost rate, NLL (W) is the transformer 
no-load loss, B ($/W) is the load loss cost rate, and LL (W) is the trans-
former load loss. An in-depth description on how the loss cost rates A 
and B are determined is given in [27]. A=$8.18/W and B=$4.03/W are 
current values used by Mexican utilities [28]. All the quantities in $ are 
expressed in USA Dollars. If these values are used to calculate CL of 
transformers in Table 5 it can be found that difference for 50kVA can 
be as high as $27.5 or as low as $2.5 for 5kVA. If a transformer manu-
facturer sells 30,000 transformers per year the total difference can os-
cillate from $74,000 to $824,000 per year in the Total Owning Cost 
(TOC)  — purchasing price plus cost of transformer losses throughout 
transformer life [29]. Electric utilities usually purchase transformers 
based on the TOC, i.e., they select the offer that minimizes TOC. 

IV Conclusions

In this paper two methods were used to obtain the eddy-current and 
hysteresis losses as a percent of the core losses: 1) the two-temperature 
method, which requires measurements at two temperatures; and 2) 
the two-frequency method, which requires measurements at two dif-
ferent frequencies. Experimental results show that the eddy-current 
loss is 61.5% of the no-load loss for a 15 kVA transformer at 60 Hz. 
This is larger than the common rule of thumb according to which the 
eddy-current loss is 50% of the no-load loss. The experimental work 
reported here was carried out under well-controlled conditions. The re-
sults have practical importance for transformer design engineers since 
load currents containing harmonic distortion are larger than expected 
from previous research. The proposed analysis includes the variation 
of parameters (real-life scenarios to cover the entire range of interest 
for Mexican utilities) such as: Vrms/Vave, Ph and Pe. Results show that 
when Vrms/Vave>1.0 all transformers included in the comparison have 
lower TOC. If Ph is reduced from 0.5 to 0.4 the percentage of variation 
of no-load losses increased from 1.98% to 2.38%.
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Figure 2: No-load losses versus transformer ratings at higher transformer ratings (close up).
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Figure 3: No-load losses versus transformer ratings at lower transformer ratings (close up).
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