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Abstract-- This paper presents an investigation on the 

separation of no-load losses into hysteresis and eddy current 
losses. The two-temperatures and the two-frequency methods 
are used to separate the losses in a transformer core. Two 
measurements are required for the calculation of the eddy and 
hysteresis losses. The methodologies are applied on a 
commercial 15 kVA shell-type, single-phase distribution 
transformer, with 0.23 mm thickness for core laminations. The 
main contribution of this paper is the presentation of a 
practical and validated example for the accurate computation 
of eddy current losses and hysteresis losses in distribution 
transformers.  
 

I.  INTRODUCTION 
N important aspect of transformer design is the 
minimization of eddy current losses in order to increase 

the efficiency [1]-[4]. The solution to the eddy-current 
problem has been of great interest because it substantially 
influences the performance of electric machines. In the case 
of transformers, eddy currents are undesirable since they 
cause losses by Joule effect and must be reduced to the 
economical limit [5]-[6]. 
 

The study of the eddy-current problem has been the topic 
of much work for longer than 100 years. The subject of eddy 
currents continues to be of great technical and economical 
interest since in the year 1990 only about 92.5% of the 
energy generated at power plants (in USA) reached the 
paying consumers [3]. The other 7.5% of the energy 
(approximately 229 billion kWh) was dissipated as losses in 
the transmission and distribution systems. The efficiency of 
distribution transformers has increased steadily with the 
introduction of improved materials and manufacturing 
methods [1], [2], [7], [8]. However, 26.6% of the average 
transmission and distribution losses are associated to 
distribution transformers. The high percentage of 
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transformer losses is a consequence of the number of 
transformers installed. It is estimated that there are 50 
million distribution transformers in use in the United 
States [3]. Since transformer no-load losses are sensitive to 
the transformer operating environment, the measurement of 
transformer no-load losses is a very important subject.  
 

The no-load current of transformers is non-sinusoidal. 
Therefore, it is possible that the voltage waveform may be 
distorted due to the harmonic components of the currents, 
which produce voltage drops across the series impedance in 
the supply. This distortion is reduced when the transformer 
is supplied from a robust source with small series 
impedance. When distortion is present, a correction to the 
calculation of no-load losses must be applied. The following 
formula has been suggested [9]-[11]: 
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where mP  is the measured no-load loss, hP  is the hysteresis 

loss, eP  is the eddy current loss, and  rmsV  and aveV  are the 
rms and average values of the voltage test waveform. The 

ratio 
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 in our laboratory tests varies from 0.98 to 1.03. 

The tests were conducted to study the influence of distorted 
waveforms with instrumentation accuracy of 0.1%. Some 
authors consider that for cold-rolled sheets 5.0== he PP  
is a good approximation [12]. However, the separation of  

mP  into eP  and hP  is a subject in which different opinions 
have been expressed [11]. The goal of this paper is to 
determine precise and accurate values for eP  and hP .  
 

The separation of no-load loss is important because the 
eddy-current loss indicates when the insulation between 
laminations has problems [13].  Moreover, the results of this 
research can be used to determine a correction factor when 
harmonic distortion is present in the load currents. 
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II.  THE IMPORTANCE OF DIELECTRIC LOSSES DURING THE 
NO-LOAD TEST 

The no-load loss ( loadnoP − ) includes the iron-core loss, 

which is composed of the eddy-current loss ( eP ), the 

hysteresis loss ( hP ), and the dielectric loss ( dP ). Since the 
no-load current is very small when compared to the load 
current, the RI 2  loss in the windings during the no-load 
test is negligible. Thus [14], [15]: 
 

dheloadno PPPP ++=−       (2) 
 

 
Table 1. No-load losses during three manufacturing stages 
of four 37.5 kVA transformers 

 

Transformer 

Manufacturing stage 

No-load losses 
with a test coil 
of 12 turns [W] 

No-load losses 
of the set core-
winding [W] 

No-load losses of 
the completed 

transformer (tank 
included) [W] 

1 102.84 121.3 118.3 
2 107.16 121.0 114.5 
3 106.84 123.1 118.0 
4 100.36 121.3 119.5 

 
 

Table 1 shows the no-load loss measured for a sample of 
four 37.5 kVA distribution transformers during three stages 
of the manufacturing process at 60 Hz. The second column 
of Table 1 shows the no-load loss when a test coil of 12 
turns is used (see Figure 1). The third column indicates the 
no-load loss when the cores are assembled with their design 
windings but without the tank. The last column corresponds 
to the no-load loss when the transformer is completed, that 
is, when the transformer has a tank and is filled with oil.  

 
 

Figure 1. No-load test with a test coil of 12 turns 
 

 
From Table 1, two main observations can be made: 
 

1. The no-load losses of the active elements (shown in 
the third column of Table 1) are higher than the no-
load losses of the transformer put together (shown 
in the fourth column of Table 1). This is so because 
when the active-element is tested, the insulation has 

a high content of water. The harmful moisture 
causes high dielectric losses. The dielectric losses 
are determined from the expression [16], [17]: 

 
CVPd δω tan2=      (3) 

  where: 
 
 

V : Voltage (V) 
ω : Angular frequency (rad/sec) 

δtan : Delta tangent (this factor strongly 
depends on the content of water in the 
insulation) 

C : Capacitance of the configuration (F) 
 
 

2. The losses of the assembly core-winding (shown in 
the third column of Table 1) are higher than the 
losses with the test coil (shown in the second 
column of Table 1) because undesirable stresses are 
introduced to the steel during the manufacturing 
operations needed to put together the core and 
coils. The stresses due to the slitting of the steel as 
well as the stresses due to the core winding and 
forming are relieved by heat treating (or stress 
relief annealing). Normally, stresses cause a 
degradation of the magnetic properties of the core 
because the metal crystals are distorted. 

 
 
All the measurements in this paper were carried out on a 

new transformer and before the impulse test. This 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 [18]. The differences are due to local 
breakdowns of the insulation between laminations, which 
would result in higher losses [19].  

 

For the purpose of separating the iron-core losses, we 
neglect the insulation losses because they only represent a 
small percentage. This is more accurate when the 
transformers have been subjected to a vacuum-treatment 
drying process that removes the water from the paper 
insulation producing transformers with small insulation 
losses. 

 

III.  MEASUREMENT OF EDDY CURRENT LOSSES AND 
HYSTERESIS LOSSES 

Following the analysis of the previous Section, the 
components of the iron-core losses of the distribution 
transformer are only the eddy-current losses and the 
hysteresis losses. There exist four methods for separating the 
iron-core losses for transformers [9], [10], [13], [20]-[22]: 
 

1. Two-temperature method. 
2. Two-frequency method. 
3. Form factor method. 
4. Direct current hysteresis method. 
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In this paper, two methods are used for the separation of 
no-load loss: (a) the two-temperature method, and (b) the 
two-frequency method. The two-temperature method has 
been selected because after the annealing process the cores 
are available at different temperatures. Moreover, the two-
frequency method is used since the no-load loss is available 
at two frequencies in many laboratories around the world. 
 
 
A. Two-temperature method 

 
The two-temperature method is used in this work because 

we had the opportunity to measure no-load losses at two 
different temperatures. One important characteristic of all 
methods for the separation of iron-core losses is the 
necessity to produce two measurements of losses. This can 
be done at two different frequencies, at two different 
excitation levels or at two different temperatures. The two-
temperature method, as well as the other methods, separates 
the losses for a set of given conditions. The results are only 
valid for the tested conditions determined by the (peak) 
magnetic flux density, frequency and temperature. It is 
always assumed that all tests are performed with sinusoidal 
voltage excitation.  
 

With the two-temperature method it is possible to 
separate the no-load 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 in inverse proportion to the 
electrical resistivity. As the temperature increases 
the eddy-current losses decrease. 

4. The temperature coefficient of steel α=0.001(1/oC) is 
known at 20o C. 

5. The peak flux magnetic density remains constant. 
 

According to the above assumptions we can write the 
following expressions [10]: 
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Where:  
)( 1TP  : No-load losses measured at temperature T1 

)( 2TP  : No-load losses measured at temperature T2 

α  : Temperature coefficient of resistivity  
 (1/O C)= 0.001 for grain oriented silicon steel 

1T  : Core temperature when )( 1TP  is measured (o C) 

oT : Reference temperature at which 1P  and 2P  are  
to be determined (oC) 

hP : Hysteresis loss (W) 

)( oe TP : Eddy current loss component at reference  
temperature oT  (oC) 

 
Solving (4) and (5) simultaneously gives:  
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Converting to quantities per unit yields: 
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To determine the percentage of eddy-current losses, two 

samples (two groups of 15 kVA transformer cores) at 
different temperatures were measured. Table 2 shows that 
the eddy-current losses correspond to 61% and 62% of the 
total losses. For safety and convenience, the voltages and 
currents to be measured were reduced to about 127 V and 5  
A using the coil of 12 turns. Calculations of the applied 
voltage of the coil of 12 turns are given by the Faraday law, 
 

4.44applied p pV f B A N= ⋅ ⋅ ⋅ ⋅     (10) 
 
Where 
 

appliedV  Applied voltage to the coil of 12 turns (V) 

pB  Peak flux density of transformer operation (T) 

pA  Physical cross-sectional area of core (m2) 

N Number of turns of the coil 
f  Frequency (Hz) 

 
 
Table 2. 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) )( oe TP  )()( opue TP  

101.5 54 52.5 55.5 34.01 0.61 
101 54 53 55.5 34.72 0.62 
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B. Two Frequency Method 
In addition to the two-temperature method, the two-

frequency method is also used in this paper. The two-
frequency method is used because the no-load losses are 
available at two frequencies 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: 
  

1( )P f   No-load losses measured at frequency 1f (W) 

2( )P f   No-load losses measured at frequency 2f (W) 

1 0( )P f   Hysteresis losses referenced to  
frequency 0f (W) 

2 0( )P f  Eddy-current losses referenced to  
frequency 0f (W) 

1f  Frequency at which no-load loss 1( )P f is  
measured (Hz) 

2f  Frequency at which no-load loss 2( )P f is  
measured (Hz) 

0f  Frequency at which loss separation  
is desired (Hz) 

 
Solving, 
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There is a typographical mistake in the solution of 

equations (11) and (12) presented in [10], but the correct 
solution is given by (13) and (14) in this paper. 

Core loss tests on M3 oriented steels are made at 
inductions of 1.5T at 50 Hz and 60 Hz are 0.658 W/kg and 
0.87 W/kg respectively. Substituting these values in (13) and 
(14) we obtain ( ) 45.92 %h puP =  and ( ) 54.07 %e puP =  
at 60 Hz.  Comparing the experimental methods, there is a 

relative error of 10% between them. This accuracy is 
considered quite good taking into consideration the complex 
geometry of the transformer.   

IV.  CONCLUSIONS 
In this paper two methods were used to estimate the eddy-

current losses as a percent of the iron-core losses: (1) the 
two-temperature method, which requires measurements at 
two temperatures; and (2) the two-frequency method, which 
requires measurements at two different frequencies. 
Experimental results show that the eddy-current loss is 
61.5% of the no-load loss for a 15 kVA transformer cores at 
60 Hz.  This is larger than the common rule of thumb 
according to which the eddy-current loss is the 50% of the 
no-load loss. The experimental work reported here was 
carried out under well-controlled conditions. The results 
have practical importance for transformer design engineers 
since eddy current losses for load currents containing 
harmonic distortion are larger than expected from previous 
research. 
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