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Abstract: Transformers are one of the main parts of power systems and their damages can cause
serious harms to the system. Increase in transformer loss is mostly the source of the damages, and
caused by increased harmonic contents, especially current harmonic. These losses will result in an
increase in temperature of various parts of transformer, especially its hot-spot temperature, and this
temperature increase brings about insulation life reduction. Therefore, it seems necessary to know the
harmonic orders and decrease in transformer loading capacity, and calculating hot-spot temperature
of the transformer, which can help predicting the remaining life of the transformer. In this paper,
relations associated with transformer losses and life assessment are reviewed and analyzed. The
equivalent losses and capacity of a typical 15 KVA single phase transformer is evaluated using
analysis and simulations in MATLAB/Simulink-based on a valid model of transformers under
harmonic condition. Also, hot-spot temperature and remaining lives of the transformer are estimated
based on a MATLAB written algorithm. Finally, results are compared.
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INTRODUCTION

The significance of harmonics in power systems has substantially increased due to the use of solid-state
controlled loads and other high frequency producing devices. An important consideration when evaluating the
impact of harmonics is their effect on power system components and loads. Transformers are major
components in power systems. Supplying non-linear loads by transformer leads to higher losses, early fatigue
of insulation, and reduction of the useful life of transformer. To prevent these problems rated capacity of
transformer supplying non-linear loads must be supposed smaller. Temperature rise of transformers due to non-
sinusoidal load currents was discussed in IEEE Transformer Committee in March 1980. This meeting
Recommended providing a standard guidance for estimation of the loading capacity of the transformers with
distorted currents. Finally, standard IEEE C57-110 entitled "recommended procedure for determination of the
transformer capacity under non-sinusoidal loads" was presented. The aim in publishing this standard was
providing a procedure for determination of the capacity of a transformer under non- Sinusoidal loads (IEEE
Std C57.110-1998).

Transformers life reduction is due to increase in winding hot-spot temperature, and this temperature is
affected by harmonics. In fact, the most limiting factor in transformer loading is hot-spot temperature. Exact
determination of this temperature can help better evaluation of loading capacity, losses of life, and remaining
life of transformers.

This paper reviews the non-linear loads effects on the transformers and the standard IEEE procedures for
derating of the transformers that are under distorted currents. The equivalent capacity of a typical 15 KVA
transformer is evaluated using analysis and simulations in MATLAB/Simulink. Then, life reduction for the
transformer is calculated using a MATLAB written algorithm. Finally results are compared.

2. Transformer Losses under Harmonic Loads:
Transformer losses consist of no-load or core losses and load losses. This can be expressed by (1).
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where, Py; is no-load loss, P;; is load loss, and P; is total loss.
No-load loss is due to the induced voltage in core. Load losses consist of ohmic loss, eddy current loss,
and other stray loss, or in equation form:

P,=F,+Fc+Fy 2

where, P, is loss due to load current and dc resistance of the windings, P, is winding eddy loss, and Pgg
is other stray losses in clamps, tanks, etc (IEEE Std C57.110-1998).

P, is calculated by measuring the dc resistance of the winding and multiplying it by the square of the load
current. The stray losses can be further divided into winding eddy losses and structural part stray losses.
Winding eddy losses consist of eddy current losses and circulating current losses, which are considered to be
winding eddy current losses. Other stray losses are due to losses in structures other than windings, such as
clamps, tank or enclosure walls, etc. The total stray losses are determined by subtracting dc losses from the
load losses measured during the impedance test, i.e.:

PTSL:PEC+P0SL:])LL_PDC A3)

There is no test method to distinguish the winding eddy losses from the other stray losses (Pierce, 1996).

2.1. Eddy Current Losses in Windings:

This type of loss is due to time variable electromagnetic flux that covers windings. Skin effect and
proximity effect are the most important phenomenon in creating these losses. In transformers, in comparison
to external windings, internal windings adjacent to core have more eddy current loss. The reason is the high
electromagnetic flux intensity near the core that covers these windings. The winding eddy current loss in the
power frequency Spectrum tends to be proportional to the square of the load current and the square of
frequency, which are due to both the skin effect and proximity effect, i.e. (IEEE Std C57.110-1998):

Poe e I"x f )
Below equation can be used for calculating the eddy current loss too (Pierce, 1996).
Py =B, x _[(RIIIZ—R + R2122—R):| Q)

The winding eddy current loss is then calculated by assumption 2 in 6.2 of (IEEE Std C57.110-1998) for
oil-filled transformers:

Ppe_r =0.33Fy, (6)

2.2. Other Stray Losses in Transformers:

Each metallic conductor linked by the electromagnetic flux experiences an internally induced voltage that
causes eddy currents to flow in that ferromagnetic material. The eddy currents produce losses that are
dissipated in the form of heat, producing an additional temperature rise in the metallic parts over its
surroundings. The eddy current losses outside the windings are the other stray losses. The other stray losses
in the core, clamps and structural parts will increase at a rate proportional to the square of the load current
but not at a rate proportional to the square of the frequency as in eddy current winding losses. Experiments
were done to find the change of other stray losses with frequency. Results shown that the ac resistance of the
other stray losses at low frequencies (0—360Hz) is equal to (Yildrim and Fuchs, 2000):

f;l 0.8
R,y =129 1 7
o [f) @)

1

And at high frequencies (420-1200Hz) the resistance is
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0.9
Ry, = 9.29—0.59(ﬁj ®)
1
Thus this loss is proportional to square of the load current and the frequency to the power of 0.8.
P, o & cho.s ©)]

Below equation can be used for calculating the other stray loss.

P

OSL

= Fry = Ppe (10)
3. Effect of Harmonic on No-load Losses:
According to Faraday’s law the terminal voltage determines the transformer flux level, i.e.:

d¢
N—=v(t 11
& Q] an
Transferring this equation into the frequency domain shows the relation between the voltage harmonics
and the flux components:

Nj(hw).¢, =V, (12)

This equation shows that the flux magnitude is proportional to the voltage harmonic and inversely
proportional to the harmonic order 4. Furthermore, within most power systems, the harmonic distortion of the
system voltage THD is well below 5% and the magnitudes of the voltage harmonics components are small
compared to the fundamental component, rarely exceeding a level of 2-3%. Therefore, neglecting the effect
of voltage harmonic and considering the no load losses caused by the fundamental voltage component will only
give rise to an insignificant error. This is confirmed by measurements in (Girgis et al, 1990). Nevertheless,
if THD, is not negligible, losses under distorted voltages can be calculated based on ANSI-C.27-1920 standard
with (14).

2
P=P,|P+P. [Vh—mj (13)

rms

where V, .. and V_ are the RMS values of distorted and sinusoidal voltages, P,, and P are no-load losses
under distorted and sinusoidal voltages , P, and P, are hysteresis and eddy current losses, respectively (Takach,
1985).

4. Effect of Harmonic on Load Losses (IEEE Std C57.110-1998):
In most power systems, current harmonics are of more significance. These harmonic current components
cause additional losses in the windings and other structural parts.

4.1. Effect of Harmonics on Dc Losses:
If the rms value of the load current is increased due to harmonic components, then these losses will
increase with the square of the current.

h

PQ :Rdcxlj :Rdcx(flirmsj (14)

h=1
4.2. Effect of Harmonics on Eddy Current Losses:

The eddy current losses generated by the electromagnetic flux are assumed to vary with the square of the
rms current and the square of the frequency:
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P.=P 4> hz(l—h)z (15)
The harmonic loss factor for winding eddy currents is derived as:

2
h=max h=max ]
D A =
h=1 h=1 Il
F, = = (16)

h:max[2 h=max )i 2
XL

h=1 11

Therefore, under harmonic loads, eddy current losses in winding must be multiplied in harmonic losses
factor.

4.3. Effect of Harmonics on Other Stray Losses:
The other stray losses are assumed to vary with the square of the rms current and the harmonic frequency
to the power of 0.8:

h=max [
Fost = Posix Z " (_h)2 (17)
h=1 I R

The harmonic loss factor for other stray losses is expressed in a similar form as for the winding eddy
currents:

hfx |:Ih:l2 h0.8 hziix I2h0,8
I =

) 2 ) 18
HL-STR hzzmax I, 2 ]h2 (pu) (18)
1

h=1

Therefore, under harmonic loads, other stray losses must be multiplied in harmonic losses factor.

5. Evaluation of Losses and Capacity of Transformer in Harmonic Loads (IEEE Std C57.110-1998):
The equation that applies to linear load conditions is:

B, x(pu) =1+ By p(pu)+ Fyg (pu) (19)

Where, P, ; is rated load losses, 1 is dc losses, Py is rated winding eddy current loss, Py,  is rated other
stray losses at rated current.

As the effect of harmonic on losses of transformer evaluated in pervious sections, a general equation for
calculating of losses when transformer supplying a harmonic load can be defined as fallow:

B, (pu)= Iz(p”) X [1 +Fy X B, q(pu)+ Fyy s X Fogy g (pu)] (20)

The permissible transformers current is expressed as:
P
1+ [FHL xP, , (p”)] + [FHL—STR xPyg x (p“)]

@1

Using above-mentioned equation, the permissible current of the transformer can be derived. The process
of reducing the capacity of transformer under harmonic load is called “Derating”.
6. Trasformer Loss of Life (Lol) Calculation under Harmonic Load Conditions:

Transformer life depends on its insulation life, and insulation life depends on thermal, mechanical and
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chemical effect, but thermal effect is more important. Therefore, transformer life is mainly depends on hottest
spot temperature of transformer and can be calculated with following equations (Dhingra Arvind, 2008). In this
method, hottest spot temperature of transformer is calculated first and then aging factor and LOL is calculated
(Radmehr, et al., 2000).

0.8
P, +P
0. =0 AN 22
TO TO-R (I)LLR +PNL ] ( )
P 0.8
0, =0, x| —L (23)
¢ ¢ P r
0, =0,,+06,+0, 24)
15000 15000
F, =exp - (25)
383 6, +273
YLOL = F,, xtx100 (26)

Normal — Insulation — Life

Real life= normal insulation life / F, (27)

Parameters in above-mentioned equations are:
0:0: Oil temperature rise with respect to ambient temperature.
010.r: Nominal Oil temperature rise with respect to ambient temperature.
6g: Conductor hot-spot temperature rise with respect to oil temperature.
0g : Nominal Conductor hot-spot temperature rise with respect to oil temperature.
6,: Ambient temperature.
0,: Winding hot-spot temperature.
F,.: Aging coefficient.
%LOL: Loss of life percent.
t: Time interval (assumed 24 hours)
Real life of distribution transformer with average winding temperature of 65° and reference temperature
of 110° assume is assumed about 30 years (IEEE Std. C57.12.91-1995).

7. Calculation of Losses and Remaining Life of Transformer under Harmonic Loads:
In this section, calculation and simulation of remaining life, losses and capacity of transformer under
harmonic loads will be performed. Then results are compared with each other.

7.1. Analytical Method:
The generic parameters of a 15KVA single-phase transformer that designed in Irantransfo manufactory are
summarized in table 1.

Table 1: Transformer Parameters

V.(v) 20000 L(A) 0.75

V,(v) 231 L(A) 65.2

R, (ohm) 435.12 Ryu( ) 0.0412

Py, (W) 120.12 Pe(W) 55082

Orox 60 O, s
0, 35

The total stray loss, Pyg, can be calculated as follows:

Py =P, — P, =550.82—399.89 =150.93

The winding eddy current loss and other stray loss are:
P,. =0.33(150.93) = 49.8
P, =150.93-49.80=101.13
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If transformer supplying a load with specification in table 2 losses calculated as fallow:

Table 2: Harmonic Load Specification
Harmonic order 1 5 7 11 13 17 19
magnitude 1 0.223 0.108 0.042 0.027 0.013 0.008

The harmonic loss factor for eddy current winding and other stray losses are:
Fp - 2.961
Fupsmre 1.182

Table 3 shows losses under harmonic load. Total losses increase about 24% under harmonic load. This
increase in total losses results from significant increase in eddy current losses in winding. In addition, from
(21), the rms value of the maximum permissible non-sinusoidal load current with the given harmonic
composition is:

I...(pu)= % =0.908 pu

I...=0908x652=59.24
Equivalent KVA=15%0.908= 13.6 KVA

Table 3: Losses under Harmonic Load

Corrected losses Harmonic losses factor ~ Losses under rms Rated losses (w) Type of losses
under harmonic load(w) harmonic load current(w)

120.12 - 120.12 120.12 P

426.68 - 426.68 399.89 Ppe

157.32 2.961 53.13 49.8 Pic

127.53 1.182 107.90 101.13 Post

831.65 - 707.83 670.94 P

L

The relative aging factor and real life of this transformer based on a MATLAB/Simulink-written algorithm are
as follows:
F = 1.27, thus %LOL= 0.012
Real Life= 23.62

The load with specifications as mentioned in table 2 causes aging acceleration factor to be 1.27, and the
real life of transformer will be reduced about 22%.

7.2. Simulation method (Seyed Mohammad Bagher Sadati, 2008):

Transformers model consist of ordinary parameters such as the leakage inductances and dc resistances,
magnetizing inductances and core resistance that can be obtained from no-load test, short circuit test and dc
test. In this model, stray losses that consist of eddy current losses in windings and other stray losses do not
considered. When transformer supplies harmonic loads the losses that are proportional with frequency is more
considerable. Fig. 1 shows the proposed transformer model with the proximity effect loss represented as a
potential difference defined as the second derivative of the load current and the other stray losses represented
as a resistor in series with the leakage inductance and dc resistance.

i h=h=i,
* A c 4 - ‘; SN, l.-l.l' 5 —
Ry . flﬁ Ly Ra _E R Ly oo d R,
' Karor J 1 Kez—r +
ot 1
R v

: i ] ;

Fig. 1: Proposed equivalent transformer model referred to primary side

The parameters required to simulate the transformer are summarized in table 4.
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Table 4: Transformer parameter for simulation

L,(H) 2478
L,(mH) 0.327
R,,(ohm) 9.201
X, (H) 0.224

The time-varying winding eddy current per unit is used to approximate the induced winding eddy current
voltage on the winding for the HV and LV side are as follows:

I,., xR 2 2
Ve, = R,ILV EC;R,] v d 122 _ 6.261><10_8d—122
’ RV XD
I, xR 2 2
VECHV: R.HV EC;R,lxd_il:3'136X104d_;1
' Ly X @ dt dt

In addition, the winding eddy-current HV voltage referred to the LV side:

2
d’i,
dr’

The other stray loss resistance, Rqg,, can be derived from the other stray losses and rated current are as
follows:

Veewr =4.174x107

_ Posur _ 353692

Ry .y = 5 = =8.371mQ
R,.LV
P
Ryg 1y = IOSL*”zV 3 2 (;i 3’8 =94.317Q
R.HV .

Moreover, the other stray loss resistance HV voltage referred to the LV side:

R =4.12mQ

OSL—HV

MATLAB/Simulink is used to simulate the obtained transformer model. Fig. 2 shows the proposed model
of transformer in MATLAB/Simulink. Current sources with different frequencies are put in parallel to model
the harmonic load, as in Table 2.

—=
. N oS ﬁj
v i UL
e T

Fig. 2: Proposed model in Simulink

Load power losses are determined through simulations and summarized in table 5. Total losses increase
about 23% under harmonic load.
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Table 5: Losses under Harmonic Load by Simulation

P;; Losses under rms harmonic load current(w) Rated losses (w) Type of losses
122.24 122.24 Py

428.12 398.45 Pye

141.19 42.12 Pec

129.54 103.12 Post.

821.09 665.93 P

=

From (21), rms value of the maximum permissible non-sinusoidal load current with the given harmonic
composition is:

() = 202 = 0918 pu

I =0918x652=59.854

max

Equivalent KVA=15%0.918= 13.77 KVA

The relative aging factor and real life of this transformer based on a MATLAB/Simulink-written algorithm
are as follows:

F,= 1.22, thus %LOL= 0.011
Real Life= 24.6

With such a load, aging acceleration factor will be 1.27 and the real life of transformer will be reduced
about 18%.

The comparison between two steps (table 6) shows that the predicted values using analytical and
simulation methods are similar but simulation shows smaller losses than the analytical method. The reason is
that in the analytical method it is assumed that the eddy current losses are proportional with the square of the
harmonic orders that is a conservative assumption. In (Makarov and Emanuel, 2000), a corrected winding eddy
current loss factor is presented which confirms this.

Tabel 6: comparison between analytical and Simulation Method

Based on simulation method Based on analytical method CONCLUSION

665.93 670.94 Loss under liner load(watt)

821.09 831.65 Loss under harmonic load(watt)
23.29% 23.95% percent of increase losses

13.77 13.6 Capacity under harmonic load(KVA)
8.2% 9.4% percent of decrease capacity

1.22 1.27 Fan

0.011 0.012 Losses of Life

24.6 23.62 Real Life of Transformer
Conclusion:

In this paper, impacts of harmonic components on transformers have been reviewed and analyzed. Effects
of non-linear loads on transformer losses based on the conventional method (IEEE standard C57-110) have
been studied for derating purpose. The harmonic losses factor for eddy current winding and other stray losses
has been computed in order to evaluate the equivalent KVA of the transformer for supplying non-linear loads.
Transformer hot spot is extremely sensitive to dimensions and distribution of winding eddy current. Increased
transformer loss, caused by non-linear load current, leads to an increase in transformer temperature, fatigue and
premature failure of insulator and transformer life reduction. Therefore, under non-linear load currents, to
prevent the described problems, the capacity of transformer must be supposed smaller. In this paper, a proposed
Matlab/simulink-written algorithm is used as a very precise method for calculating the loss of the transformer
under harmonic load currents. In addition, the effect of non-linear loads on transformer loss of life has been
studied. For studied transformer, real life is about 30 years in rated condition, but in presence of harmonic,
the life of transformer will be reduced about 22%. If harmonic content of current increases, real life of
transformer will dramatically be reduced. Therefore, for power systems that use transformers, it is better to
carry out monitoring on voltage and current, in order to reach to useful capacity and real life of transformers.
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