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Abstract- Due to the increasing of the fossil fuels prices 

in the past years and lack of these sources, all scientists 

encouraged to looking for the alternative energy sources. 

One of these energy sources is the renewable solar 

resources. Power transfer from solar systems to grid is 

achieved using step up transformers. This type of 

transformer is energized from a converter/inverter with or 

without variable frequency. The losses of such transformer 

are higher than those used in sinusoidal voltage power 

systems. This is due to harmonics content in the 

transformer input voltage and current. In this study the 

design and production of a PV transformer have been done 

according to the IEEE C57.159 guide and the loss analyses 

of transformer have been done using ANSYS MAXWELL 

considering the procedures proposed in standards of IEC 

61378-1, IEEE C57.110 and the method proposed by 

Dowell. Finally, the thermal modeling and behavior of the 

transformer was investigated using the thermal model 

given in [25] to determine the hot spot and life time of the 

transformer using MATLAB program. 

 

Keywords: PV (Photovoltaic), High Frequency (HF), 

Finite Element Method (FEM), Eddy Loss, Transformer. 

 

1. INTRODUCTION 

Power transformer is one of the most important 

equipment in the energy transmission systems. Precise 

calculation of the operation losses of a large power 

transformer plays an important role in the design process. 

One of the difficult stages in transformer design is 

calculation of the stray losses in transformer. Eddy current 

losses increase with increase in frequency causing increase 

in winding losses of transformer. The operating 

temperature of transformer increases depending on the 

power losses. The exact calculation of the winding losses 

for different operating frequency and winding geometry is 

necessary for electrical and cost optimization.  

In this respect, precise prediction and calculation of 

high frequency eddy current loss in winding including 

winding skin and proximity effect are very important. It is 

hard to get a general analytical method for calculation of 

the high frequency eddy current in winding because of the 

transformer active part and winding complexity. In recent 

years, several approaches have been used for calculation 

of the related losses in round winding type of transformer 

as reviewed in [1]. 
One of the analytical methods which is used for 

calculation of high frequency eddy current losses for foil 

type winding of transformer is the Dowell method through 

which the total thickness and cross section of the round 

winding are converted to the equivalent foil winding [2-6]. 

Ferreira uses the single round conductor with a uniform 

field in his method which called Bessel-function method 

[7-11]. The mentioned methods can get wrong result at 

high frequency operation [12]. The most commonly 

method used for calculation of winding eddy losses for any 

winding geometry and winding configuration is Finite 

Element Method. 

This paper employs transient Finite Element Method 

for modeling and simulation of 5.1 MVA 60 Hz with 

concentric winding configuration PV Transformer by 

providing field analysis which is more accurate method of 

analysis and simulation of transformer. Then, the high 

frequency power loss of PV transformer has been 

calculated based on IEC 61378-1 standard and simulation 

results. 

 

2. DESIGN OF THE PV TRANSFORMER 

   In this study, a 3-phase, Dyn11yn11, 5.1 MVA, 

34.5/0.66-0.66 kV three concentric winding transformer 

with two 2550 kVA low voltage winding is considered to 

be designed. The transformer is fed through two separate 

inverters and Figures 1 and 2 show the winding 

configuration of the considered transformer. 

 

 
 

Figure 1. Winding configurations of the three-winding transformer 
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Figure 2. Winding configurations of the three-winding transformer 

 

The design of the conventional transformer begins with 

the design of the active part of the transformer which 

consists of the core section, magnetic flux density, high 

voltage and low voltage turn number and the current 

density of the conductor. The design of the transformer 

tank and cooling walls is achieved by calculating the 

amount of the losses which should be dissipated by heat 

transfer. The design specification of the subjected 

transformer is shown in Table 1. 
 

Table 1. Transformer specification 
 

SEM Manufacturer 

5.1 MVA, 34.5/0.66-0.66 kV, 60 Hz  Model 

85.35 Secondary rated current (A) 

2230.6 Primary rated current (A) 

Dyn11yn11 Vector group 

13 Primary turn numbers 

AL-710x1.6  Primary conductor (mm) 

1177 Secondary Turn numbers 

AL-9.7x2.6  Secondary conductor (mm) 

1.65 T Maximum flux density 

66.76 Core cross section (mm²) 

1458 Core Yoke distance (mm) 

1048 Core Leg distance (mm) 

8025 Low Voltage 1 DC 

Load Loss (W) 

14140 Low Voltage 2 DC 

20194 High Voltage DC 

4583 Stray Loss 

46942 Total 

3613 No load losses (W) 

 

3. TRANSFORMER MODEL AND SIMULATION 

The PV transformer considered in this study is a 3-

phase concentric, Dyn11yn11, 5.1 MVA, 34.5/0.66-0.66 

kV with one HV winding positioned radially between the 

two LV1 and LV2 windings. In Figures 3 and 4 the three- 

and two-dimensional models of the PV transformer with 

necessary meshes are shown. The brief technical 

specification of the transformer is demonstrated in Table 

1.  

 
 

Figure 3. 3D meshing model of the PV transformer 

 
 

Figure 4. 2D meshing model of the PV transformer 

 

According to the simulation result, the voltage and 

current transient report of the secondary (High voltage) 

and primary (Low voltage) winding are given in Figures 5-

8. 

 

 
 

Figure 5. Secondary winding current 

 

 
 

Figure 6. Primary windings current  

 

 
 

Figure 7. Secondary winding voltage 2 

 

 
 

Figure 8. Primary windings voltage 

 

Figure 9 shows no-load loss of studied transformer 

versus time. The core magnetic flux density distribution is 

show on 2D and 3D model in Figures 10 and 11. The 

magnetic flux density waveform is shown in Figure 12. 
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Figure 9. No load loss 

 

 
 

Figure 10. Magnetic flux density (3D) 

 

 
 

Figure 11. Magnetic flux density (2D) 

 

 
 

Figure 12. Magnetic flux density waveform 

 

The ohmic loss of each winding of the studied 

transformer obtained as a result of the simulation are 

shown in Figures 13-15. 

 

 
 

Figure 13. Ohmic loss of LV1 winding 

 

 
 

Figure 14. Ohmic loss of LV2  winding 

 

 
 

Figure 15. Ohmic loss of HV winding 

 

4. DETERMINATION OF TRANSFORMER LOAD 

LOSS UNDER DISTORTED CURRENTS 

     The load losses of the transformer consist of the 

winding DC losses and stray losses which subdivided to 

the eddy current loss of the conductors and connections 

and stray losses in the metal part of the transformer like 

core clamps, tank and cover. 

In such transformer that the low voltage winding 

current is about kA level the additional calculation and 

analysis of the losses that appear in the phase and bushing 

connections should also be considered. The following 

principles are used in this paper: 

The eddy current losses of the winding connections and 

metallic shields such as copper or aluminum are linear and 

in accordance with:  

( ) 2CONSTANTP I I=   

a similar relationship is also valid for shields of magnetic 

core steel, when used in unsaturated conditions: 

( ) 2CONSTANTP B B=   

for the stray losses in structural steel parts, a square law 

relationship may also be used with reasonable accuracy 

where, 
2 2CONSTANTB I=   

The load current of the PV transformer is non 

sinusoidal because of the high frequency harmonics 

generated by converter/inverter. These harmonic currents 

cause additional losses than the normal service operation 

or with sinusoidal wave current which result to increasing 
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the total losses and causes overheating of the transformer. 

For this reason, precise prediction and calculation of these 

additional losses which represent the transformer correct 

service condition should be taken into account at sizing of 

the transformer. 

The thermal dimensioning of the transformer shall be 

in accordance with the operational rated harmonic load 

current components confirmed by the costumer. A few 

years ago, suppliers may calculate the current harmonic 

component according to 5.5 of IEC/TR 60146-1-2:2011. 

However, recent developments in electronics make 

possible the application of real-time control techniques 

that significantly alter the behavior of the converter. The 

result is that a clear relationship between the converter 

power circuit configuration and its number of pulses, and 

hence the value of the current harmonics, is uncertain and 

the actual current harmonics may differ significantly from 

those computed according to 5.5 of IEC/TR 60146-1-2. 

In any case the current harmonic components to be 

used for the design of the transformer shall be clearly 

defined and indicate in the technical sheets of the purchase 

order. The following rules are given for the recalculation 

of the measured loss under test to the loss value valid under 

the specified converter loading [19, 20].  

Total loss with distorted current is calculate by: 

( ) ( ) ( )2
1 1 1N LN W C WE WE CE CE SEP I R R F P F P P=  + +  +  +  (1) 

The enhancement factor for connections is equal to 
2

0.8

11

n
h

CE

I
h F

I

 
 = 

 
  (2) 

As given in [19, 20], the enhancement factor for the 

stray loss in structural parts is taken as equal to that of bus 

bar systems. 

1/CE SE SE CEF P P F= =  (3) 

A more accurate estimate of the eddy loss enhancement 

factor for windings, FWE, can be made if the winding eddy 

loss components from axial and radial stray flux, PWEax1 

and PWErad1 respectively, are known. These will be 

calculated at fundamental frequency using a finite element 

method of field analysis.  

Since the distribution of the harmonic stray flux is the 

same as that of the flux at fundamental frequency in 

conventional windings consisting of individual strands, the 

following relationships may be derived. Relation between 

strand dimensions and penetration depths is: 
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Hence, the expression for the winding enhancement 

factor FWE may be expressed as: 

( )
( )
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where, 

( )
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2
cosh cos
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−
= 

+
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For foil windings the winding enhancement factor may 

be taken as: 
2
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 (8) 

Eddy losses could be derived for layers of winding 

from Equation (9) [21], 

( ) ( ) ( )

( ) ( )

( )
( ) ( )

( ) ( )

2
2

2

sinh 2 sin 2
2

cosh 2 cos 2

sinh sin2
1

3 cosh cos

ALW N
P I

h p

p



 

  + 
= + 

 −  

  − 
+ −  

 +  

 (9) 

where, I is the rms value of the current, N represent the turn 

number, the total layers is p, the average length of winding 

is ALW,   is the ratio of conductor thickness to distance 

between adjacent conductor which assumed 0.9 in this 

paper and Δ  is the penetration ratio. 

The axial and radial losses used to evaluate winding 

eddy current losses are calculated by,  
 

2 2 2

24

y

a

B W t
P


=                                                           (10) 

2 2 2

24

x
r

B W l
P


=  (11) 

where, aP  and rP  is the axial and radial losses of the 

winding respectively [22]. In this equation By and Bx  are 

the peak magnetic flux which are obtained from the FEM 

analysis. Figures 16-18 show the leakage axial and radial 

flux density in the area and flux density in the windings, 

respectively. 

 

 
 

Figure 16. Axial flux density  
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Figure 17. Radial flux density 

 

 
 

Figure 18. Flux density in the windings  

 

5. SIMULATION RESULTS 

The detailed harmonic content of the primary current 

generated by the PWM converters is shown in Table 2. The 

load loss analysis has been done based on the design 

specification, FEM analyses data and factory test results. 
 

Table 2. High frequency harmonic content 
 

Value (%) Frequency (Hz) 

100%  60 

0.273 120 

0.170 300 

0.170 420 

0.175 780 

0.311 4520 

0.412 4520 

0.398 4760 

3.208 4880 

3.144 5120 

0.379 5240 

0.396 5480 

0.289 5600 

0.313 9580 

0.838 9940 

0.789 10060 

0.321 10420 

0.321 14760 

0.558 14880 

0.252 15120 

0.208 15240 

4.85 THD 

 

The total eddy and dc losses on each layer of the low 

voltage winding obtained from axial and radial flux 

distributions are given in Table 3. There are 13 layers in 

each winding and the loss analysis was performed for 

different frequencies including fundamental and harmonic 

content. 
 
 

Table 3. Low voltage winding load losses calculation results with FEM 
 

 60 (Hz) 4.8 (kHz) 5.12 (kHz) 

Layer LV1 LV2 LV1 LV2 LV1 LV2 

1 148 330 1.5 20 1 27 

2 149 327 2 16 1.5 23 

3 151 324 2.2 15 2 17 

4 156 323 2.5 13 3.1 14 

5 158 319 2.7 11 3.5 11 

6 159 321 3.6 10 4 8.5 

7 161 322 5.4 8 5 7.6 

8 167 320 6.2 7.1 6.9 6 

9 169 318 7.1 6 8 5 

10 170 317 7.5 5.3 9.9 4.1 

11 172 315 9 4.5 10.9 3 

12 174 316 10 3.6 12 2.5 

13 176 313 13 3 14 2 

Total Losses (W) 2111 4165 73 122 82 131 

 

Table 4 shows the results of load losses calculated by 

the axial and radial leakage flux on each layer of HV 

winding which consists of 66 strands of rectangular wire 

in each layer and 55 strands in last layer at rated frequency 

and HF respectively. The following conclusion can be 

made from the calculated results and Figure 18; 

1. At LV1, losses at last layers is higher than the losses of the 

first layers 

2. At LV2, losses at first layers is higher than the losses of the 

last layers 

3. At HV, Losses in the middle of the winding is lower than 

the losses of the first and last layers. 

 
Table 4. High voltage winding load losses calculation results with FEM 

 

 60 (Hz) 4.8 (kHz) 5.12 (kHz) 

Layer HV HV HV 

1 324 47 40 

2 325 40 37 

3 333 28 30 

4 326 27 29 

5 340 25 24 

6 349 21 22 

7 354 18 19 

8 358 19 18 

9 368 19 18 

10 372 17 18 

11 376 19 21 

12 386 22 24 

13 390 24 26 

14 394 29 32 

15 407 45 43 

16 412 51 46 

17 418 56 55 

18 344 31 29 

Total Losses (W) 6588 536 530 
 

As shown in Table 5, the calculated total load loss of 

the PV transformer is 52.4 kW which increases about 5.5 

kW under the distorted current condition because of the 

high frequency current harmonics. 
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Table 5. HF losses calculation results with IEC method 
 

LV1 LV2 HV  

2233.26 2233.26 85.44 ILN (A) 

0.42 0.83 2640 RW (mΩ) 

0.12 0.11 150 RC (mΩ) 

82.5 164.5 534.6 Pwinding eddy (W) 

12.64 12.80 4.8 FWE 

82.48 164.54 534.51 PWE1 (W) 

43.66 84.98 180.9 PWEAX1 (W) 

35.71 146.51 361.81 PWERAD1 (W) 

1.09 FCE 

3801.47 PCE1 + PSE1 (W) 

52445 PTotal Load Loss (W) 

 

Table 6 illustrate the calculated high frequency losses 

according to the IEC standard, IEEE standard, Modified 

Dowell method and FEM.  
 

Table 6. HF losses calculation results  
 

IEEE  Dowell FEM IEC  

64569 54204 52685 52445 PTotal Load Loss (W) 
 

It is seen from Table 6 that the losses corresponding to 

methods indicated in Table are different and the losses of 

IEEE Standard is greater than the others. Considering the 

cooling problem of transformer, the tank dimension and 

cooling area of transformer with higher losses should be 

large enough to satisfy cooling conditions. 

 

6. THERMAL MODEL  

One of the most dangerous problems of the transformer 

is the high temperature of the transformer in the field. The 

operating temperature higher than the design value causes 

a degradation of the insulation and fault of the transformer. 

In this paper the thermal model of the transformer under 

distorted current has been done using MATLAB program.   

For the modeling of top oil and hot spot temperature of the 

transformer the thermal model of the SUSA was used [25]. 

The difference of this method with those of IEC and IEEE 

methods is that in this model the change of the oil viscosity 

with the temperature is taken into account. The calculated 

load losses for HF harmonics with the ambient temperature 

varying from 25 to 49 degree during one sunny day is 

shown in Figure 20.  

The top oil and hot spot temperature can be obtained 

from Equations (12) and (13), respectively. 

( )

21

1

1

l,pu n
pu oil.rated

θ
oil ambn oil

pu oil,rated n
oil,rated

R P K
μ Δθ

R

n
θ θd

μ τ
dt Δθ

+  
  =

+

+
−

=   +

  (12) 

( )

( )

2
, ,

1

,

,

{ } n
wdn pu hs pu hs rated

n

hs oiln hs
pu wdn rated n

hs rated

K P Δθ

θ θd

dt Δθ

 


 

+

   =

−
=   +

 (13) 

where, n is the top oil and hot spot constant which is equal 

to 0.25 for the ONAN transformer and R is the ratio of 

rated load losses to the no load losses.  

 
 

Figure 19. Block diagram of the thermal model 

 

 
 

Figure 20. Thermal modeling result  

 

    Table 7 illustrates the analysis results of the thermal 

modeling of the transformer under distorted currents. The 

design of the tank and cooling wall of the transformer has 

been done considering the increase amount of the load 

losses in the field operation. 
 

Table 7. Analysis results of the thermal modeling 
 

 Design Value (°C) Analysis Result (°C) 

Max. Ambient 45 49 

Max. Top Oil 105 97 

Max. Top Oil Rise 55 48 

Max. Hot Spot 120 113 

 

The relative ageing rate for thermally upgraded paper 

and loss of life calculation of the transformer are defined 

according to Equations (14) and (15), respectively [26]. 
15000 15000

( )
110 273 273hsV e


−

+ +
=  (14) 

t
L Vdt=   (15) 

Figure 21 shows the loss of life calculation of the 

transformer under HF harmonics. In simulation the 

ambient temperature is assumed to be higher than the 

design value at some hours for showing the effect of the 

higher hot spot values on the life of the transformer. It is 

seen from the figure that the life time of the transformer 

decreases about 96.5% of the normal life time of the 

transformer and this is due to effect of higher ambient 

temperature which is greater than the design value. 
 

 
 

Figure 21. Calculated loss of life of the transformer 

 



International Journal on “Technical and Physical Problems of Engineering” (IJTPE), Iss. 46, Vol. 13, No. 1, Mar. 2021 

 44 

6. CONCLUSIONS 

In this paper, a 3-phase, Dyn11yn11, 5.1 MVA, 

34.5/0.66-0.66 kV PV transformer which energized from a 

converter/inverter with non-sinusoidal voltage was 

investigated to determine and calculate of HF losses. Finite 

element method is used to show 3D and 2D models of the 

subjected transformer regarding to presents field behavior 

of the transformer. It has been known that, the converter 

transformer load current is non-sinusoidal and has a 

number of harmonic currents with noticeable size causing 

increase in load losses and temperature of the transformer. 

In design process the (i.e., number of layers, thickness of 

conductors, etc.) the presence of the HF harmonics should 

be considered to maintain the internal losses and 

temperature rise of the transformer in safe levels. In this 

sense, design of the transformer and calculation of the 

power losses by means of FEM, as described in EN/IEC 

61378-1 may be recommended. Sizing of the transformer 

using direct application of harmonic loss factor will lead 

to oversized design where calculated losses are normally 

much higher than the real field losses. 
 

NOMENCLATURES 
 

1. Symbols / Parameters 

LNI : IL at rated converter load 

LI : Current r.m.s. value of low voltage winding 

WR : Resistance value of conductors 

CR : Resistance value of connections 

1WEP : Winding eddy loss with current I1 

1CEP : Connection eddy loss with current I1 

1SEP : Structural parts stray loss with current I1 

WEF : Eddy loss enhancement factor for windings  

FCE: Eddy loss enhancement factor for connections  

FSE: Stray loss enhancement factor for structural parts 

W1: The pulse of fundamental frequency 

h: The harmonic order 

0: The permeability of vacuum 

r: The relative permeability  

: Conductivity 

w: Angular frequency 

t: Thickness of the winding 

l: Height of the winding 

l,puP : Rated load losses of the transformer 

oil.ratedΔθ : Rated top oil temperature rise 

pu: Oil viscosity 

oil,ratedτ : Rated oil time constant 

oilθ : Rated top oil temperature  

ambθ : Ambient temperature 

,wdn rated : Rated winding time constant 

hsθ : Rated hot spot temperature 

,hs ratedΔθ : Rated hot spot temperature rise  

,wdn puP : Rated winding losses 

K: Load factor 
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