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The paper studies power losses in transformers due 
to non-linear loads. The research aims to analyze the 
power loss in a single-phase dry transformer under a 
non-linear load. The research uses an SW43W Power 
supply type, FlukeView Power Quality Analyzer as 
a DC or AC power supply on the primary side of the 
transformer. The non-linear load is connected to the 
secondary side. The loading test of the dry transform-
er was carried out at non-linear loads. The load vari-
ations used 0 %; 12.5 %; 25 %; 37.5 %; 50 %; 62.5 %; 
75 %; 87.5 % and 100 %, as well as variations in the 
THD value by adjusting the ignition angle (α). The 
non-linear loads used are Half-Wave Rectifier and 
Controlled Half-Wave Rectifier with resistive loads 
with variations in THD values. The results showed 
that the transformer losses comprised Pno load and 
Pload. The operation of the transformer with constant 
input voltage and frequency with THDv<5 % result-
ed in a constant Pno load value at all load values. The 
greater the percentage of the load, the higher the load. 
The increase in THD because of non-linear load will 
increase the load on the transformer. The value of the 
derating factor is obtained by connecting the increase 
in losses (∆PLosses), which is influenced by THD and 
the increase in temperature T(°C) in dry transformers. 
When the transformer is loaded with a non-linear load, 
the derating factor<1. THD and derating factor form 
a linear relationship, when THD increases, the derat-
ing factor value decreases. Linear load on the trans-
former causes a decrease in its capacity, but if it gets a 
non-linear load with THD=39.1 %, it can withstand a 
load of 84.294 %, besides the increase in total harmon-
ic distortion will increase losses and reduce transform-
er capacity
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1. Introduction

Transformers have a critical role in electrical power sys-
tems. Therefore, an excellent performance must be guaran-
teed. Efficiency is one among several factors that can judge 
the performance of a transformer. It is directly related to 
thermal stressing on the transformer. Although electronic 
equipment has many benefits, the use of electronic loads, 
which are mostly non-linear types of loads, causes harmon-
ics. Harmonic is a phenomenon that arises due to the use of 
non-linear loads, namely loads whose current component is 
not proportional to the voltage component so that the cur-
rent wave is not the same as the voltage wave (distorted). 
The existence of these harmonics causes the current and 
voltage waves to become defective and no longer sinusoi-
dal because of the interaction between the system’s sine 
wave (fundamental wave) and other waves that have a fre-
quency multiple of integers from the fundamental frequency.

Harmonics are an important thing to pay attention to in 
transformers because transformers are generally designed to 
operate at a certain frequency rating with a linear load, where-
as the load on the transformer is a non-linear type of load [1].

In transformers, the consequence of the emergence of 
these harmonics is an increase in losses, especially in the 

coils [2]. The increase in losses is also followed by other 
problems such as increased temperature, insulation damage 
and reduced transformer life [3].

The use of non-linear loads has a significant impact on 
the transformer temperature, caused by the flow of current, 
which will increase the heat. Under linear load conditions, 
the current generated is only the fundamental component. 
But in non-linear conditions, the current consists of funda-
mental and harmonic components. As a result, the current 
will be higher and increase the temperature in the trans-
former and affect the efficiency, capacity and performance 
of the transformer [4]. Dry-type transformers are one of the 
main types of transformers besides oil-filled transformers and 
gas-insulated transformers [5].

Therefore, researchers are interested in analyzing the power 
loss on a single-phase dry transformer under a non-linear load. 
The analysis carried out includes losses and derating caused by 
dry transformers due to the influence of non-linear loads.

2. Literature review and problem statement

Research on transformer performance related to loading 
type has been the focus of attention during the last few years. 
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The effect of changes in the loading frequency on losses, 
especially on eddy current losses in a single-phase 25 kVA 
transformer was examined. In addition, the influence of 
non-linear load on derating and Reduction in Apparent Pow-
er Rating (RAPR) was studied. Derating was determined 
by the K-Factor. Using non-linear loads can increase eddy 
current losses up to 6x compared to the use of linear loads, 
and the efficiency of the transformer under a non-linear 
load is lower than under a linear load. The results showed 
that the increase in eddy current losses due to harmonic 
loads can reduce the maximum load current on the trans-
former. [6] stated that the efficiency of the transformer un-
der a non-linear load is lower than when it is loaded with a 
linear load. Under a non-linear load, the transformer cannot 
be operated at kVA full load, therefore derating is required. 
Derating is determined by the Taheri K-Factor method. [7] 
discussed the modeling and simulation of loading capability 
and hot-spot temperature on oil transformers during har-
monic conditions. The model used is the dynamic thermal 
model and the IEEE Guide. Therefore, in the study, we will 
discuss the effect of non-linear load on power loss and der-
ating in a single-phase dry transformer. 

Standard transformers for delivering electricity pro-
vided by the state to household consumers are generally 
not designed to use non-linear loads containing harmonic 
currents (IEEE Std. 519-2014) [8]. Therefore, the load har-
monic currents hazard level of the impacting the transform-
er (K-factor) higher indicates overheating and insulation 
failure. Other losses in the coil cause insulation damage and 
an increase in temperature in the transformer, which results 
in a decrease in efficiency, performance, and capacity (it is 
necessary to reduce the maximum load or derating to pre-
vent the overheat) [9]. [10] found that harmonic pollution 
increases losses, so it is necessary to improve power quality 
by reducing non-linear loads. As a comparison, THD for 
linear loads does not experience distortion (THD=4.0 %), 
while for non-linear loads experiences substantial distor-
tion (THD=26 % for inductive loads and THD 75 % for 
capacitive loads). However, the previous studies limit their 
focus to high THD values while they do not further discuss 
THD’s increase. 

[11] discussed the effect of changes in the loading fre-
quency on losses, especially on eddy current losses in a sin-
gle-phase 25 kVA transformer. The emergence of harmonics 
due to non-linear loads affects the derating and Reduction 
in Apparent Power Rating (RAPR). [12] found that the 
type of load applied to the transformer rating affects loss 
and efficiency. The use of non-linear loads can increase eddy 
current losses up to 6x compared to the use of linear loads. 
The efficiency of the transformer under a non-linear load is 
lower than when it is linearly loaded, and the determination 
of derating is also done by the K-Factor.

[4] conducted a study on the proximity effect on trans-
formers caused by harmonic loads. The proximity effect 
affects the increase in the AC resistance of the conductor 
compared to the DC resistance. The results show that the 
increase in eddy current losses due to harmonic loads can 
reduce the maximum load current on the transformer.

[13] conducted a study on a 3-phase distribution trans-
former under balanced loading conditions. The results show 
that the efficiency of the transformer when it is non-linearly 
loaded is lower than when it is under a linear load. When the 
load is non-linear, the transformer cannot be operated at kVA 
full load, because it requires a rating.

[9] discussed the determination of transformer ratings 
due to loading with different methods. The increase in Total 
Harmonic Distortion (THD) affects the temperature in-
crease, where the value of the multiplier constant for THD 
is obtained to obtain the percentage increase in the required 
transformer rating. [7] conducted a study by changing the 
percentage load of 3-phase dry transformers with a short-cir-
cuit test to determine the temperature distribution. The coil 
temperature measurement is carried out using a thermo-
couple, but it does not indicate the specific position of the 
thermocouple placement on the coil. Numerical models were 
compiled using the FLUENT 6.3 application software. The 
results showed that the addition of the load will increase the 
temperature of the coil.

[14] discussed the modeling and simulation of loading ca-
pability and hot-spot temperature on oil transformers during 
harmonic conditions. The model used is the dynamic thermal 
model and the IEEE Guide. The simulation results show that 
the increase in harmonic currents causes an increase in the 
temperature of the hot-spot and top oil.

Therefore, in this study, we will discuss the effect of the 
type of load on the energy balance of dry transformers with 
the type of concentric coil and on the consumption of electri-
cal energy, both for service providers and consumers of elec-
trical energy. The amount of losses and temperature in the 
coil will be related to the energy balance in the transformer. 
The amount of losses and temperature in the coil are then 
used as the basis for estimating the decrease in the derating 
capacity of the transformer due to harmonics.

3. The aim and objectives of the study

The aim of the study is to examine the power loss in a 
single-phase dry transformer under a non-linear load.

To achieve this aim, the following objectives are accom-
plished:

– to conduct a study of the use of non-linear loads on dry 
transformer losses;

– to conduct a study of the use of non-linear loads on 
derating dry transformers.

4. Material and Methods

4. 1. The main hypothesis of the study
This study will specifically provide an additional re-

view on the impact of increased losses based on the Eddy 
Current Losses value. This idea arises because there is an 
increase in active energy (winding stray losses and other 
losses) and reactive energy (leakage flux energy and stray 
magnetic energy). These factors will trigger an increase in 
dissipated energy, which is indicated by an increase in tem-
perature at the distribution transformer and mains, where 
the hazard level will increase and harm energy producers 
and consumers. The use of a non-linear load on the trans-
former will increase the current in the coil, which results in 
increased losses in the transformer compared to when the 
transformer operates with a linear load.

Single-phase dry-type transformer is used as the main 
object in this research. Single-phase transformers are used 
because they are the simplest building blocks to form three-
phase or other types of transformers. First, the basic param-
eter test is carried out to obtain the transformer equivalent 
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circuit. The transformer is then loaded with a non-linear 
load. Specifications: dry transformer is Single-Phase Dry 
Transformer; Coil Type is Concentric; Core Diameter is 
80 mm; Nominal Power/Frequency is 480 VA/50 Hz; High 
Voltage side voltage is 220 V; Low Voltage side voltage 
is 48 V; High Voltage side current is 2,182 A; Low Voltage 
side current is 10 A and Coil Material is copper.

4. 2. Experimental Set-up
The research design was developed as shown in Fig. 1.

The power supply functions to provide DC or AC power 
on the primary side of the transformer. Linear and non-linear 
loads are connected to the secondary side. The Power Quality 
Analyzer will detect voltage, current, power, cos, power factor, 
Individual Harmonic Distortion (IHD), Total Harmonic Dis-
tortion (THD), as well as voltage and current waveforms gen-
erated on the primary and secondary sides of the transformer 
from loading operations. Temperature detection will measure 
the temperature in the coil and the ambient temperature.

4. 3. Transformer Load Testing (Load Test)
The transformer test circuit under load is shown in Fig. 2. 

Load losses are losses caused by the load on the transform-
er. These losses include windings and bus bars caused by 
current flowing in the load connected to the transformer. 
Load losses are measured by applying a short circuit to the 
high-voltage terminal or the low-voltage terminal of the 
transformer and applying a certain voltage through the dif-
ferent terminals to produce current flowing in the windings 
of the transformer.

The nominal input voltage and frequency are on the pri-
mary side and the secondary side is loaded. The loading test 
of the dry transformer was carried out at non-linear loads. The 
load variations used 0 %; 12.5 %; 25 %; 37.5 %; 50 %; 62.5 %; 
75 %; 87.5 % and 100 %, as well as variations in the value of 
Total Harmonic Distortion (THD) by adjusting the ignition 
angle (α). The non-linear loads used are Half-Wave Rectifier 
and Controlled Half-Wave Rectifier with resistive loads with 
variations in Total Harmonic Distortion (THD) values. 

5. Results of Research on Non-Linear Loads  
on Transformers

5. 1. Effect of Non-Linear Load on Losses in Dry 
Transformer

The losses in the transformer consist of [15]:
– Core Losses.
Iron loss of core loss consists of:
a) Hysteresis losses, ice losses caused by the alternating flux 

in the iron core (1),

= 1,6
maxh hP K fB  (watts),  (1)

where, Ph is hysteresis loss 
(W), Kh is hysteresis con-
stant, f is frequency (Hz), Bmax 
is maximum flux density (we-
ber/m2);

b) Eddy current losses, 
namely losses caused by eddy 
currents in the iron core. The 
magnitude of the eddy cur-
rent loss (2),

= 2 2
maxe eP K f B  (watts), (2)

where, Pe is eddy current loss (W), Ke is eddy current con-
stant, so the total iron loss (core loss) (3),

= + .core h eP P P     (3)

The maximum flux density (Bmax) of the core and the 
supply frequency affected the hysteresis loss and eddy current 
loss. When a transformer is connected to a constant frequency 
supply and a constant voltage, then the values of f and Bmax 
are constant. Thus, the core loss is constant at all load values.

Load losses consist of ohmic loss, eddy current loss and 
other stray loss (4)–(6)

= + + ,LOAD DC EC OSLP P P P     (4)

= 2 ,DC DCP I R  = +2 2
1 1 2 2,DCP I R I R     (5)

= + ,TSL EC OSLP P P     (6)

PDC represents the loss caused by the load current and 
the DC resistance in the coil. PTSL states the total stray losses 
consisting of PEC and POSL. PEC is the eddy current loss in 
the coil and POSL represents electromagnetic loss in other 
parts (e. g. at clamp core, tank etc.) or other stray losses. 

For the dry transformer (IEEE Std C57-110-1998, 
1999) (7),

= 0.67 ,EC TSLP xP     (7)

where Total losses, 

= + .TOTAL CORE LOADP P P   (8)

– Copper Loss (Pcu)
The coil resistance (R) and the load cur-

rent (I) flowing in the copper wire caused the 
copper loss (9)

Temperature Detection

Power Quality 
Analyzer 

Power Supply Non-Linear Load

Dry Transformer 

Ambient
Temperature 

Power Quality 
Analyzer 

Fig.	1.	Experimental	Set-up
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  Fig.	2.	Loaded	Transformer	Test	Circuit
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= 2
CuP I R.     (9)

The amount of copper loss varies depending on changes 
in the transformer’s load, which results in changes in the load 
current. So, the amount of copper loss is also not constant 
and depends on the magnitude of the load.

The difference in non-linear load affects the dry trans-
former losses. In this test, the dry transformer load was var-
ied from 0 % to 100 %. The variation of the Total Harmonic 
Distortion (THD) value is done by setting the ignition 
angle (α). The value of=0° is applied to the Half-Wave Rec-
tifier and 0°<α<180° is applied to the Controlled Half-Wave 
Rectifier. The greater the value of the angle applied, the high-
er the THD value. The values used in this Controlled Half-
Wave Rectifier are 0° (THDi=39.1 %), 36° (THDi=50.4 %), 
72° (THDi=66.7 %), 108° (THDi=80.1 %) and 144° (THDi= 
=88.9 %).

Fig. 3 shows the total losses on dry transformers by 
the type of load. The total loss consists of Pno load and 
Pload. Harmonic effects on transformers are divided into 
two, namely: harmonics on current will increase copper 
losses and stray losses, and harmonics on voltage will 
increase core losses. When a transformer is connected to 
a constant frequency supply and a constant voltage, then 
the values of f and Bmax are constant. The test is applied 
to a fixed input voltage and frequency (220 V/50 Hz) 
with THDv=2.2 %, so that it still meets the recommended 
voltage harmonic standard based on the IEEE standard 
519-1992 (THDv<5 %). Therefore, the Pno load value (core 
loss) is constant at all load values.

Fig.	3.	Total	Losses	under	Non-linear	Load	on	Dry	transformer

The effect of loading variations causes changes in PDC 
losses. The dry transformer load is varied from 0–100 % with 
variations in the value of Total Harmonic Distortion (THD). 
Fig. 4 shows PDC losses at a non-linear load. PDC losses are 
affected by the current and DC resistance of the coil.

Fig.	4.	PDC	Losses	under	Non-linear	Load	on	Dry	transformer

Fig. 5 shows PEddy current losses at a non-linear load and 
Fig. 6 shows Pother stray losses at a non-linear load. Stray loss-
es are an important part of heating because of the effect of 
non-sinusoidal current waves. Stray losses are eddy current 
losses caused by electromagnetic fields in the coils, clamps, 
cores and other parts of the transformer. Stray losses consist 
of winding stray losses (PEC) and stray losses in parts other 
than the coil (POSL).

Fig.	5.	PEddy	current	losses	under	Non-linear	load	on		
Dry	transformer

Fig.	6.	Pother	stray	losses	under	Non-linear	load	on		
Dry	transformer

At a non-linear load, the full load state with a current 
THD of 39.1 % got PDC losses of 32.7 W, winding eddy 
current losses of 5.71 W and other stray losses of 2.81 W. 
So that the dry transformer got an increase in losses of 
11.643 %, including an increase in losses 3.66 %, PDC in-
crease in losses winding eddy current loss is 259.34 % and 
the increase in other stray loss is 259.42 % compared to a 
linear load. When viewed from the increase in losses be-
cause of these harmonics, these harmonics have the greatest 
impact on the increase in eddy current losses. This is close-
ly related to the occurrence of skin effects and proximity 
effects, which are influenced by the magnitude of the har-
monic frequency so that it affects the AC resistance of the 
transformer coil.

5. 2. Effect of Non-Linear Load on Derating Dry Trans-
former

The current harmonics cause heating in the transformer 
parts so that it will cause increased losses and decreased 
efficiency in the transformer. With a decrease in the trans-
former’s efficiency, there will be a decrease in the rated power 
capacity of the transformer. 

The relationship between the increase in losses (∆PLosses) 
and the increase in temperature ∆T(°C) is shown in Fig. 7. 
The temperature at a linear load with PF=1 is used as a ref-
erence value (THD=0 %).
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Fig.	7.	Relationship	between	∆PLosses	and	∆T(°C)

Fig. 7 shows the relationship between the increase in loss-
es (∆PLosses) and the increase in temperature ∆T(°C). It can 
be seen that ∆PLosses has a linear relationship with ∆T(°C).

The effect of Total Harmonic Distortion (THD) on the 
Derating Factor is shown in Fig. 8. The higher the THD val-
ue, the higher the temperature, so a derating factor is needed 
to avoid transformer overheating. The THD value with a 
non-linear load affects the derating factor due to harmonics. 
The derating factor value is influenced by the increase in 
losses (∆PLosses), and this is related to the increase in tem-
perature ∆T(°C) caused by harmonics.

Fig.	8.	Relationship	between	THD	and	Derating	Factor

When the transformer is linearly loaded where there is 
no harmonic disturbance in the system, the derating fac-
tor=1 is obtained, so that there is no decrease in the trans-
former capacity and the transformer can be loaded 100 %. 
However, when the transformer is loaded with a non-linear 
load, the derating factor<1. When the transformer is loaded 
with a non-linear load with THD=39.1 %, a derating fac-
tor=0.84294 is needed. This means that at 1/THD=39.1 % 
the transformer is only allowed to be loaded with 84.294 % 
to avoid overheating due to harmonics. 

6. Discussion of the experimental results of non-linear 
loads on transformers 

In the study, a dry-type transformer by using natural 
air circulation for cooling is used. The ambient temperature 
is set at 27 °C and at constant input voltage and frequen-
cy (220 V/50 Hz) with THDv=2.2 %. In addition, the derat-
ing factor as a function of THD is used as an approximation 
method to determine the transformer loading rating at dif-
ferent THD values. 

Fig. 3 shows Load losses (Pload) consist of a) ohmic loss-
es (PDC) and b) Eddy current losses in the coils caused by 
leakage of alternating flux in the coils and stray losses or 
Eddy currents in clamps, cores and other parts caused by 

leakage flux. The load test results show that the higher the 
percentage of load on the transformer, the higher the losses. 
The value of load varies depending on changes in the trans-
former’s load, which results in changes in the load current. 
The greater the percentage of the load, the higher the Pload. 
The Total Losses value is higher when the load THD value 
is increased.

The dry transformer coil conductor uses copper material 
because it has a low material resistivity (ρ20=1.723×10-8). 
The resistivity of the material will affect the coil resis

tance 
ρ =  

20 .DC

xL
R

A
 The resistivity of the material is affected 

by temperature. The resistivity of the material generally exists 
at a temperature of 20 °C, so the DC resistance of the conductor 

will be affected by temperature ( )ρ  = + α θ −   
20

DC 201 20 .
xL

R
A

 

Fig. 4 shows the increase in the percentage of the load has an 
impact on increasing the load current (I). Thus, an increase 
in temperature will increase the DC resistance and an in-
crease in current due to an increase in load has an increasing 
impact (PDC). The value of PDC losses is lower when the 
percentage of loading is lower and vice versa. The value of 
PDC losses increases with increasing THD value.

There are two effects that cause winding eddy current 
losses (PEC), namely the skin effect and the proximity effect. 
Winding eddy current losses are directly proportional to 
the square of the current and the square of the frequency 
( )∞ ×2 2 .ECP I f  Coil conductors are generally designed with a 
low skin effect factor (ys) so that the skin effect can be ruled out. 
Therefore, the impact of low-order harmonics on the skin effect 
on the transformer can be neglected. The proximity effect is 
caused by the flow of current in a conductor or a magnetic field 
that induces eddy currents in other adjacent conductors. The 
eddy current will dissipate power and contribute to the elec-
trical loss of the coil, which increases the loss caused by ohmic 
losses (PDC). Fig. 5, 6 show PEddy current losses and POther stray losses 
values are higher when the loading percentage is higher and vice 
versa. The value of PEddy current losses and POther stray losses increases 
with increasing THD value.

Fig. 8 shows the higher the THD value, the higher the 
temperature, so a derating factor is needed to avoid trans-
former overheating. When the transformer is linearly loaded 
where there is no harmonic disturbance in the system, the 
derating factor=1 is obtained, so that there is no decrease in 
the transformer’s capacity and the transformer can be load-
ed 100 %. However, when the transformer is loaded with a 
non-linear load, the derating factor<1. Based on Fig. 8, it can 
be seen that there is a linear relationship between THD and 
the derating factor. It can be seen that when THD increases, 
the derating factor value decreases.

Derating transformer is an effort to reduce transformer 
loading capacity caused by harmonic load so that the trans-
former does not overheat. The derating factor value can 
be obtained by connecting the increase in losses (∆PLosses), 
which is affected by THD and the increase in temperature 
T(°C) in dry transformers. If a transformer is used to supply 
loads containing harmonics, the transformer should not be 
operated under full load and the load should be reduced.

7. Conclusions

1. At full linear load, losses are 31.5 W, winding eddy 
current losses are 1.59 W and other stray losses are 0.78 W 
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with a current THD value of 1.95 %. At a non-linear load, the 
full load state with a current THD of 39.1 % obtained losses of 
32.7 W, winding eddy current losses of 5.71 W and other stray 
losses of 2.81 W. So that the dry transformer obtained an in-
crease in losses of 11.643 %, including: increase in losses 3.66 %, 
increase in losses winding eddy current loss is 259.34 % and the 
increase in other stray loss is 259.42 % compared to a linear load.

2. The transformer with a linear load does not experi-
ence a decrease in its capacity. But when the transformer 
experiences a non-linear load with THD=39.1 %, the ability 
of the transformer to withstand the load is 84.294 % from 
no load, and increasing the total harmonic distortion of the 
transformer current will increase the losses and reduce the 
rated capacity.
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