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 
Abstract—In the past decade, South Africa has acquired more 

renewable energy (RE) generation capacity than the rest of the 
Sub-Saharan countries. This development has led to increasing 
concerns about problems associated with electrical equipment 
connected with the RE technologies, especially in wind and solar. 
These RE technologies have intermittent generation profiles and 
are connected to non-linear loads. The fundamental electrical 
equipment including the step-up transformer, with respect to 
which, high harmonic losses, abnormal temperature rise and 
gassing problems have been extensively reported within the last 10 
years and remains a precedence for many Independent Power 
Producers (IPPs). A requirement of the step-up transformer is that 
IPPs are required to provide a technical schedule clarifying the 
harmonic and distortion content at the plant’s point of common 
coupling (PCC). A lack of this knowledge to the transformer 
manufactures thereof leads to under-designing or over-designing 
cases if the harmonic content has been underestimated or 
overestimated respectively.  

In hindsight, it may be beneficial for the Independent Power 
Producers and transformer manufactures to collaborate to assure 
the transformer design philosophy for the intended RE application 
is aligned with the technical requirements. In this paper, a method 
of de-rating the transformer when supplying non-sinusoidal loads 
is presented. In this method, the continuous power rating of the 
transformer is reduced to treat the additional losses as a result of 
harmonic penetration. Initially, a harmonic spectrum supplied by 
the IPP is used to calculate the transformer load and service losses. 
Secondly, the harmonic load spectrum is employed to compute de-
rating factors ascribed to as “K-Factor” and “Factor-K”, 
indicating the amount of de-rating necessary for the transformer 
under study when serving the considered harmonic spectrum. 
Lastly, the thermal considerations under the harmonic spectrum 
are presented. 

Index Terms—Step-up transformer, Harmonic and distortion, 
Harmonic losses, Abnormal Temperature rise, Gassing, De-rating, 
Thermal requirements. 

I. INTRODUCTION 
N the last decade, the South African renewable energy

programme (REIPPP) has attained international 
acknowledgement for its great success. The programme has 
been highly expedient to the country in terms of alleviating load 
shedding, diversifying the energy mix and modernization of 
clean energy generation.  Renewable energy (RE) generation is 
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a high priority in the agendum of most global governments. 
Based on the origin of respective RE sources, as well as social 
and economic precedence, to the greatest extent, they pursue an 
energy sphere that will be entrusted with economic 
development within the obligation to sustain the environment. 

 In 2011, the South African minister of energy provided a 
clear roadmap for the megawatt (MW) capacity that will be 
allocated to the various RE technologies by 2015 [1], [2] and 
[3].  As shown in Fig. 1, in 2012, the minister allocated a total 
of 3200 MW additional RE capacity following the initial 
success of 3725MW in 2011. By the year 2015, an additional 
increase of 6300 MW was allocated. 

With the growth in the deployment of RE generation 
technologies, a valuable lesson has been the necessity to tailor 
the design of electrical equipment with RE technology-specific 
operating conditions. For instance, when transformer 
manufacturers design transformers intended to operate in RE 
applications, it is necessary to seek to address the amount of 
harmonics that will be seen by the transformer while in service. 
The presence of non-linear loads connected to the renewable 
technologies, especially wind and solar, draw distorted currents 
despite the fact that they are supplied with a sinusoidal voltage, 
is widespread and is progressing with the growth of the RE 
market. In solar photovoltaic (PV) transformers, these distorted 

J. A. Jordaan is with the Dept. of Electrical Engineering, Tshwane 
University of Technology, South Africa. (e-mail: (JordaanJA@tut.ac.za) 

A. F. Nnachi is Dept. of Electrical Engineering, Tshwane University of 
Technology, South Africa. (e-mail: NnachiAF@tut.ac.za). 

Selection and Rating of the Step-up Transformer 
for Renewable Energy Application 

Bonginkosi A. Thango, Jacobus A. Jordaan, and Agha F. Nnachi, Member, IEEE 

I 

Fig. 1.  Allocated MW for RE technologies in South Africa 
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currents ensue additional losses, dominantly in the winding 
conductors due to the impinging and deformed electromagnetic 
fields. Additional losses signify heat dissipation in the winding 
conductors such that the permissible thermal requirements are 
exceeded, culminating in the degradation of cellulose and liquid 
insulation and a possible risk of reducing the transformer 
service life.  

Due to that, it is essential to minimize the continuous power 
load rating of the solar PV transformer, a procedure ascribed to 
as de-rating. The latter can be attained by the current harmonic 
spectrum of the non-linear loads in order to foretell and gain 
knowledge about the additional amount of transformer 
harmonic losses. Parameters known as the load's “K-factor” and 
“Factor K”, according to [4], [5] and [6], can then be employed 
to yield the quantity of de-rating necessary for the solar PV 
transformer.  

Several authors have proposed various methods for de-rating 
the transformer rating when supplying non-linear loads [7], [8], 
[9], [10], [11] and [12].  In [13], Gouda et al presented a 
simulation model to study the effect of harmonics on a 25MVA 
oil-filled transformer using the MATLAB’s Simulink. This 
study considers the impact of harmonic filters when the 
transformer is supplying pumping loads. In comparison to the 
measured K-factor, the simulated K-factor yield an error of 
about 5.3%. In [14], Meshram and Umredkar also presented a 
MATLAB simulation model of a 50KVA single phase 
transformer to study the impact of harmonics. Under the 
supplied harmonic profile, the de-rated power rating yields a 
percentage error of about 21%. In [15], a shift in the direction 
of Finite Element Method (FEM) is witnessed; Sharifian et al 
estimated the losses of a 50kVA transformer at fundamental and 
harmonic condition. In this study, the corresponding power 
rating of the transformer is calculated based on the harmonic 
loss factor and comparing the FEM method with an analytical 
approach.  The results comparison yields an error of about 
1.8%. There are no available studies in the literature that 
explores the operating of transformers with the renewable 
energy application. More research is needed to examine the 
selection of and rating of transformers within the renewable 
energy application.   

In this paper, a method of de-rating the transformer when 
supplying non-sinusoidal loads is presented. In this method, the 
continuous power rating of the transformer is reduced to treat 
the additional losses as a result of harmonic penetration. More 
focus is drawn on a 5000kVA transformer intended to operate 
within a solar PV plant. The subsequent sections in this paper 
are structured as follows: Transformer losses, selection and 
rating of a transformer, Case study, harmonic losses, 
transformer de-rating and thermal requirements, as well as 
ending with a conclusion. 

II. TRANSFORMER LOSSES 
The load losses in solar PV transformers are generated by the 

current flow in the winding conductors. The load losses are 
comprised of the below-mentioned main loss components.  

A. Load Loss 
The copper loss or I2R loss is generated when the load current 

flows through the resistance of the winding conductors and bus-
bars. This loss increase with the square of the harmonic current 
(1) and is calculated as shown in eq. (1) [16] and [17]. The root 
mean square (RMS) fundamental current under rated conditions 
is denoted by (1). 
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B. Winding Eddy loss 
Winding eddy loss is induced by the leakage field imposing 

upon the surface of the winding conductors. When the 
transformer is supplying non-sinusoidal loads, the generated 
eddy loss is computed using eq. (2) [16] and [17]. 
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Here,   and  represent the winding Eddy loss of the 

transformer during service life and the Winding Eddy loss as 
measured current measured at fundamental frequency 
respectively. 

C. Other stray loss 
Other stray loss, a leakage field impinging upon the surface 

of the core, tank walls, and other steel structural parts exists. In 
the presence of harmonics, this loss are computed using eq. (3) 
[16] and [17]. 
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Here, OSLP  and ratedOSLP _  represent the other stray loss in 
tank walls, core clamps, flitch plates, bus- bars etc. during the 
transformer service life and the other stray loss under rated 
conditions. 

D. Temperature rise 
Temperature rise is generated by the heat produced when the 

winding conductors and steel structural parts undergo increased 
losses due to the distorted harmonic currents. The computation 
of the hotspot temperature in oil-immersed transformers, for 
self-cooled ONAN mode, the top-oil temperature (ɵTO) as 
expressed as follows in eq. 4. Here, the top oil-temperature is 
progressive with the service losses to the power of 0.8 and may 
be evaluated for the harmonic conditions, founded on the rated 
load losses (PLL_Rated) [18]. Here, the no-load and load losses 
under harmonic conditions are expressed as (PNL) and (PLL). 
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The hottest spot on the winding conductors rise over the top-

oil temperature (ɵg) and is also progressive with the load losses 
to the power 0.8 and may be expressed as follows in eq. (5). 
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The hottest winding conductor temperature rise (ɵHS) over 

the ambient temperature (ɵA) is expressed as follows in eq. (6). 
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III. SELECTION AND RATING OF A TRANSFORMER 
There are two methods commonly employed by 

manufacturers to take into consideration the additional losses 
when determining the suitable transformer intended to serve a 
harmonic spectrum. In [4], [5] and [6], the national electrical 
code presented the K-factor method to compute the factor in 
which the eddy losses have increased and designate a 
transformer that is capable to operate under a specific harmonic 
condition. This method is ascribed to as the K-factor and is 
calculated at the hth harmonic order and current (Ihrms) as shown 
in eq. (7).  
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Based on eq. (7), once the K-factor for the harmonic load is 

acquired, it is easy to clearly describe a transformer with the 
closest K-rating conforming to standardized ranges of 4, 9, 13, 
20, 30, 40, and 50 [4], [5] and [6]. In the case of a linear load 
which draws sinusoidal current, then the K-factor will be at 
unity. A high value of the K-factor signifies that the winding 
eddy losses in the transformer will be a multiple of the K value 
at the rated frequency. For transformers de-rated using the K-
factor method, manufacturers are always challenged to design 
the transformer to have minimum eddy current losses at the 
rated frequency.  

In another approach described in [6], a parameter described 
as the “factor K” is employed to assess what is the amount a 
regular transformer should be de-rated in order that the sum of 
the harmonic load losses does not exceed the rated design 
losses. This factor is computed as shown in eq. (8). The 
exponent “e” denotes the ratio of eddy current loss to I2R loss 
at rated frequency and the exponential “q” represent the nature 
of the winding design. 

   




 































max

2

2

1
1

hh

h ratedI
hrmsIqh

hI
hrmsI

e
e

K
          (8) 

 
In practice, the value of “q” is generally approximated as 1.7 

and 0.5 for transformers with round or rectangular cross-section 
conductor design and foil type winding design respectively. 

IV. CASE STUDY 
An oil-immersed solar PV transformer rated 5000kVA, was 

designed for a specific harmonic spectrum. The computed rated 
losses are presented in TABLE I. 

A harmonic spectrum supplied by an Independent Power 
Producer (IPP) to the manufacturer is shown in Fig. 2. The 
transformer will be designed such that this harmonic spectrum 
is incorporated in the design philosophy. 

The supplied harmonic spectrum suggest that the solar PV 
transformer will undergo odd harmonics from the 3rd to the 19th 
order. This indicate the cooperative effort required between the 
transformer manufacturers and the IPP’s. In the next section 
results of the transformer losses under the specified harmonic 
spectrum will be presented. Consequently, the required de-
rating will be applied using the K-factor and Factor-K 
procedures. 

 

TABLE I 
RATED TRANSFORMER LOSSES 

Type of Loss Losses (kW) 

No-load 5.055 
I2R 40.29 
Winding Eddy 1.154 
Other Stray 1.137 
No-load 5.055 
Total losses 47.636 

 
 

 
Fig. 2.   Harmonic spectrum for a solar PV plant. 
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V. HARMONIC LOSSES 
In this section, the harmonic spectrum presented in the 

previous section is utilized in the computation of the anticipated 
transformer losses during its service life. The load losses and 
corrected losses under the supplied harmonic spectrum are 
tabulated in TABLE II. 

The transformer under study experienced an overall increase 
of 19% in the corrected losses. This foretells a considerably 
high amount of loss components contained by the harmonic 
spectrum. In practice, the transformer will experience the 
corrected losses when operating at full load. It is also evident 
that these losses will have an impact on the values of the de-
rating factor and the transformer design. Moreover, the load 
losses also give the impression that transformers operating 
nearby will also be influenced despite the fact that the 
transformer under study will be the most impacted. The latter 
will also likely influence the grid supply. In the case of the 
transformer connected directly to this harmonic source, the 
observed losses will influence the cooling system. In studies 
conducted by Martin et al [16], Gray [17], Eeckhoudt et al [18] 
and Nyandeni et al [19] and [20] the resultant hotspot 
temperature rises due to the corrected losses lead to bubble 
formation and stray gassing, which significantly reduce the 
estimated transformer service life. 

VI. TRANSFORMER DE-RATING 
The design of the K-factor for the supplied harmonic 

spectrum on a per unit basis is shown in TABLE III. The 
corrected losses in the last section indicated a high loss content, 
which results from the high K-factor value. Initially, under the 
harmonic spectrum, the RMS value of the total harmonic 
current is computed, 1.111 in this case.  Afterward the squares 
of the harmonic loss factors of each harmonic current is 
computed, leading to the estimation of a suitable value of K. In 
the harmonic spectrum presented in Fig. 2, a K-rating of 9 
would be appropriate for this transformer. 

 
 
 
 
 
 
 

In the case of designing the Factor-K as presented in TABLE 
IV the ratio of the winding eddy losses to the I2R losses is 
provided by the manufacturer to attain the value of e. Under 
other circumstances, this value will generally lie between the 
ranges of 0.05 to 0.1. The parameter “q” is dependent on the 
transformer design and should lie between the ranges 1.5 to 1.7. 
With the load current of 131.22, the maximum permissible per-
unit, non-sinusoidal load current is 118.108. 

Based on the findings above, in practice, the transformer 
would need to be de-rated to 86.05% of nominal power rating 
when supplying the studied harmonic spectrum. In the next 
section, the thermal requirement for this transformer under the 
harmonic study is inspected. 

TABLE II 
COMPUTED LOSSES UNDER THE SUPPLIED HARMONIC SPECTRUM 

Type of 
loss 

Rated 
Losses 
(kW) 

Load 
Losses 
(kW) 

Harmonic 
multiplier 

Corrected 
Losses 
(kW) 

No-load 5.055 5.055 - 5.055 

I2R 40.29 49.732 - 49.732 

Winding 
Eddy 

1.154 1.424 8.1 11.531 

Other Stray 1.137 1.403 1.58 2.215 

Total 
losses 

47.636 57.614 - 68.533 

 

TABLE III 
COMPUTED LOSSES UNDER THE SUPPLIED HARMONIC SPECTRUM 

Harmonic 
Order 

Ih/I1 (Ih/I1)2 hq (Ih/I1)2hq 

1 0.97 0.941 1 1 

3 0.37 0.137 6.473 0.886 
5 0.35 0.123 15.426 1.889 

7 0.1 0.01 27.332 0.273 

9 0.028 0.00078 41.899 0.033 

11 0.11 0.012 58.934 0.713 

13 0.071 0.005 78.289 0.395 

15 0.026 0.0007 99.852 0.068 

17 0.057 0.0032 123.527 0.401 

19 0.047 0.002 149.239 0.329 

Total 1.2935 a 4.988  

Total (RMS) 1.1373 a( Ih/I1)2 3.857  

  e/(e+1) 0.091  

  K 1.162  

 
 

TABLE IV 
CALCULATION OF THE FACTOR-K 

Harmonic 
Order 

Ih/I1 (Ih/I1)2 Ih/Ir (Ih/Ir)2 (Ih/I1)2h2 

1 0.97 0.941 0.9 0.810 0.8101 

3 0.37 0.137 0.333 0.111 0.9982 
5 0.35 0.123 0.315 0.099 2.481 

7 0.1 0.01 0.09 0.008 0.397 

9 0.028 0.0008 0.025 0.0006 0.0514 

11 0.11 0.012 0.099 0.0098 1.1861 

13 0.071 0.005 0.064 0.0041 0.6902 

15 0.026 0.0007 0.023 0.00055 0.1232 

17 0.057 0.0032 0.051 0.0026 0.7607 

19 0.047 0.002 0.042 0.0018 0.646 

 Total 1.2935    

Total (RMS) 1.1373  K-Factor 8.144 

  e/(e+1) 0.091   

  K 1.162   
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VII. TEMPERATURE RISE 
The thermal capacity of a transformer is governed by 

parameters such as the loading profile, ambient temperature, 
cooling system and winding design.  This capacity is 
determined by considering the maximum permissible thermal 
stresses of the insulating materials and calculations including 
the worse-case scenario of the loading profile and the ambient 
temperature. In TABLE V, the thermal capacity of the studied 
transformer under the considered harmonic spectrum is 
presented.  An ambient temperature of 25°C is considered, and 
the winding mean-oil temperature of 53°C is calculated. The 
resultant hotspot temperature under these thermal parameters 
and the corrected losses is 101.45 °C. 

 
The most critical aftermath of high hotspot temperature value 

is accelerated ageing of the cellulose and liquid insulation. The 
ageing process is a chemical action, where the hotspot 
temperature function as a catalyst. 

VIII. CONCLUSION 
This work underscores the significance of the collaboration 

between the IPP’s and transformer manufactures to assure that 
the amount of harmonics and distortion present in RE 
generation plant is incorporated in the design philosophy. The 
calculation results presented in this work further show that 
harmonics and distortion cause excessive losses and hotspot 
temperature rise; indicating the individual transformer 
connected to the harmonic source is sensitive to the harmonic 
spectrum. Especially a significant increase on the winding eddy 
losses was observed. Further, the results indicate that for regular 
transformers intended to serve non-sinusoidal loads, they must 
be de-rated in a way that is suitable to their design. Future work 
will include conducting harmonic studies of a solar PV plant’s 
components using simulation software like DigSILENT to 
obtain the actual harmonic spectrum at the point of common 
coupling. 

In any case, prior to the deployment and operation of RE 
energy technologies, a closer collaboration and alignment is 
imperative between the IPP’s and manufacturers to guide the 
design philosophy of electrical equipment such that they are 
capable of withstanding the intended operating conditions.  
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TABLE V 
OPERATIING TEMPERATURE REQUIREMENTS 

Type of 
temperature (°C) 

Rated 
temperature 

Service 
temperature (°C) 

Ambient 25 25 
Top-oil 51.8 69.3 
Gradient 11.3 7.154 
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