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Abstract--In this paper, an alternative approach to power loss
calculation in a transformer supplying a nonlinear load is
presented. The advantage of the proposed approach is that it
relies on readily available transformer technical data in contrast
to the data required by the methodology described in IEEE std.
C57.110-2018. Experimental verification of the proposed
approach was carried out using a 4.5kVA laboratory dry type
power transformer. The results obtained experimentally show
high compatibility with theoretical model featuring an error
margin smaller than 0.2%.
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|I. INTRODUCTION

N recent decades, industrial and household electricity

consumers incorporate power converters, rectifiers, and
power electronic devices of various types and purposes [1]-
[3]. These nonlinear loads, whose share of the electrical power
consumption is ever increasing, significantly distort load
current and make a substantial impact on power network
parameters and equipment [4]-[6]. One of the most important
components in distribution networks is the power transformer.
Power transformers are designed and manufactured to operate
at rated frequency with rated sinusoidal voltages and currents
[7] and [8], while taking into account the permissible
deviations determined by power quality standard EN 50160
[9].

Nonlinear consumers, such as power electronic devices, are
connected to the secondary side of step-down transformers. As
a result, substantially distorted current flows through the
transformer, causes additional heating, and degrades its
lifespan as mentioned in the standard [8] and [10]. Therefore,
to make the right choice of power transformers, it is important
to estimate their power loss in the presence of current
harmonics. IEEE std. C57.110-2018 [10] as well as other
studies, [8] and [11], consider derating of power transformers
by using US K-factor, or European Factor-K, to assess the
influence of current harmonics on transformer heating.

This study presents an alternative transformer loss

calculation approach to the one described in the standard [10].
The proposed approach concerns the calculation of the
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resistances related to different power loss components which
will be discussed in detail and calculated in this study. The
goal is to calculate the transformer loss components by using
easy to obtain transformer technical data while considering the
configuration of the transformer windings connection. The
latter distinguishes the approach proposed in this paper from
existing ones [12]-[17].

Il. LOAD LOSSES ANALYSIS UNDER NONSINUSOIDAL
CONDITIONS

The adverse effect of current harmonics on power
transformers is comprehensively described in [10]. The total
transformer loss can be decomposed into two main
components, no-load losses AP,; and load losses AP;; [10],
[12], and [13]

APT:APNL +APLL (1)

No load losses AP,; are considered constant and
independent of the load current. They exist as long as the
power transformer is connected to the electrical network. The
no load losses are caused mostly by the hysteresis and eddy
current core losses [5] and depend on the transformer input
voltage [12]. In most power systems, the voltage supply is
relatively stable with a THD index well below 5% [9] and the
magnitudes of the voltage higher harmonics are negligible
compared to the fundamental component. Hence, the influence
of the higher voltage harmonics on the no load losses is
negligible [9], [12], and [17]. No load losses can be obtained
directly from the open circuit test at a nominal input voltage.

Load losses vary due to the load current flowing at the
secondary transformer side. They can be calculated using the
following expression [10]

APLL :APDC +APEC +AP0SL (2)

where  APpc is the windings ohmic losses or dc losses,
APgcis the winding eddy current (EC) losses or windings
stray losses caused by skin and proximity effects [10], and
AP is the other stray losses (OSL), caused by the leakage
magnetic flux in clamps, magnetic shields, and tank walls
[10].

The sum of dc losses and winding eddy current losses
determines the total coil losses or ac losses [18]

APAC:APDC+APEC (3)

Standard [10] lumps the winding eddy current together
with OSL in the total stray losses (TSL)

APrg =APpc+APog 4)
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The influence of current harmonics on transformer load
loss components is described as follows [10] and [14]

APpc=Rpc z I (5)
v=1
APEC:APECn'Z I—2~v2 (6)
v=]
AP g =AP, OSLn'Z 1—2'V0‘8 )

where APgc is the nominal winding EC losses at
fundamental frequency, APgg is the nominal OSL at
fundamental frequency, 7,, is the nominal load current, I, is
the v-th current harmonic, and Ry is the total dc resistance
of the transformer windings.

According to [10], in dry type transformers, eddy current
losses amount to 0.35% of the total stray losses

APEC=0'35.APTSL (8)

For oil type transformers, eddy current losses are 50% of
the total stray losses [10]

APEC:O'S.APTSL (9)

The nominal value of winding dc resistances can be either
measured directly or obtained from the manufacturer
datasheet. The nominal value of winding eddy current and
other stray losses is usually unknown as it is not specified in
the transformer technical documentation. In practice, this
poses difficulties on the calculation of transformer losses
stemming from load current harmonics. Therefore, it is
desirable to modify the methodology described in the standard
[10].

The approach proposed in this paper facilitates the
calculation of transformer loss components using known
transformer technical data only. It is based on the calculation
of the resistances related to each of the loss components
described above.

The load losses may be obtained either from the short
circuit test or from the transformer technical data. They are
proportional to the calculated short circuit resistance Ry
which is a sum of all transformer load loss resistances, as
shown in Fig. 1.

The next section describes the application of the proposed
loss calculation approach to a step-down dry type three phase
power transformer supplying a nonlinear load. As the common
connection of conventional distribution transformer is Dly,
loss calculations in this paper are carried out for this
configuration.

I1l. CALCULATION METHOD FOR TRANSFORMER LOSS
COMPONENTS

As mentioned above, the no load losses are constant and
can be obtained directly from the open circuit test, while load
losses vary and depend on the load current value. The total

fundamental load losses under nominal conditions are equal to
the short circuit power obtained directly from the short circuit
test.

To calculate the transformer load losses, the short circuit
resistance Ry must be determined from the short circuit
power A

Pk

1<—3.—1}21

(10)

From (2), and according to the single-line equivalent
schematic shown in Fig. 1, the corresponding transformer
resistance is the sum of all resistances related to the
transformer load loss components, i.e.,

Rg =Rpc + Rgc + Rost, (11)
where the total dc resistance of the transformer windings R
consists of the primary dc resistance Rpc, and the secondary
dc resistance referred to the primary transformer side R .
Similarly, Ry is the total EC resistance of the transformer
windings consisting of the primary EC resistance R, and
the secondary EC resistance referred to the primary
transformer side R%cs. The OSL are not related to the
transformer windings and hence it is not necessary to split the
OSL resistance Ry between the primary and secondary side
of the transformer.

No Load Losses Winding Losses
F————m————————— — — — — — — —
(!

Rocp Recp Xp Rpes REcs X'’s | Rost

Fig. 1.

Equivalent single-line transformer schematic.

Through the short circuit resistance and its respective
components (11) flows the same current I. Therefore, using
(11), an equivalent equation to (2) can be obtained

APy =R = I (R + Rec + Rogy) (12)

Since it is possible to measure the dc resistances of the
primary and the secondary coils, Rpc, and Rpc,, the total
winding dc load losses can be calculated

APpc=Roc, ) I +Roc D E,
v=1 v=1

where 7, and [ are the measured current harmonics with
serial number v at the primary and secondary transformer
sides.

According to Fig. 1, the total dc resistance R~ can be
calculated by

(13)

RDC :RDCp +RDCS 'k2 (14)

where k is the transformer ratio between the primary phase
voltage Uphp and secondary phase voltage Up,» ie.,



Uphp (15)

Ui,

From (11), an expression for the TSL resistance is obtained

Rz = Ree + Ros. = Rk - Rpc (16)
According to (3) the ac resistance is determined by
Ryc=Rpc + Rec 17

Similar to the dc resistance, R, can be split into primary
and secondary resistances (RACP and R,c,) as follows

RAC:RACP +RACS 'k2 (18)

The ratio between the primary and secondary dc resistances
is equal to the ratio between the primary and secondary ac
resistances, i.e.

R R
46, _ RpG,

(19)

Ric,  Rpe,

Combining (18) and (19), RACp and R, can be evaluated.
From (17), the winding EC resistances of the primary and

secondary coils, Rec, and Rgc,, can be calculated.

Therefore, in an analogous manner to the dc and ac
winding losses calculations, the eddy current losses can be
obtained as the sum of primary and secondary winding EC
losses and hence, (6) becomes

APecRec, ) v Rec: ) Iy (20)
v=I v=I

As mentioned above, the OSL are not related to the
transformer windings and hence, it is not necessary to split
them between the primary and secondary side of the
transformer. These losses are given from (7)

n

_ N .08
APos;=Rosi, Z Ly

=1

(21)

where the OSL-resistance is obtained using (11) and (17) as
follows

Rost =Ry -Rpc-Rec = Rg - Ryc (22)

IV. LABORATORY TRANSFORMER PARAMETERS

To verify the proposed approach for loss components
calculation, a laboratory 4.5 kVA dry type power transformer
(Fig. 2) supplying a nonlinear load was used. The transformer
technical data is given in Table I. Tables Il and Il present,
respectively, the results of the no load and short circuit tests.

From (10), the calculated equivalent resistance Ry is 2.296
Q. The total dc resistance component, expressed by (14), is
1.925 Q.

The TSL resistance Ryg, obtained from (16), is 0.371 Q.
According to (8), the total EC resistance, Ry, related to the
EC winding losses and referred to the primary transformer

side is 0.130 Q, while the OSL resistance R, referred to
primary transformer side calculated using (22) is 0.241Q.
Finally, the winding ac resistance R, is 2.055 Q.

Using (18) and (19), the ac resistances of the primary and
secondary coils are obtained by solving the following system
of equations

Ryc=Ryc,+Ryc, 2" =2.055

Ric, 0.541
Ry, 0.346
The  obtained  results are Ry, =0.577Q  and
Ryc, =0.369 Q.

By employing (17), the winding EC resistances of the
primary and secondary coils are Rgc, =0.036 Q and

Rec, = 0.023 Q.

Fig. 2. 4.5 kVA dry type transformer

TABLEI
TECHNICAL DATA OF LABORATORY TRANSFORMER

Power S 4.5 kVA
Connection - Dly
Primary phase voltage Upn, 230V
Secondary phase voltage Upn, 115V
Frequency f 50 Hz
Transformer ratio k 2
Primary DC-resistance Rpc, 0.541 Q
Secondary DC-resistance Rpc, 0.346 Q

TABLE Il

OPEN CIRCUIT EXPERIMENT RESULTS

Nominal primary voltage U,=U, 230V
No load current Iy 0.43A
No load power Py 80w

TABLE I

SHORT CIRCUIT EXPERIMENT RESULTS

Nominal primary phase current| [1,=1, 6.52A
Short circuit phase voltage Ux 26.8V
Short circuit power Py 292.8W




V. EXPERIMENTAL VERIFICATION OF THE CALCULATED
RESULTS

A typical schematic of a power system supplying a
nonlinear load is illustrated in Fig. 3. It illustrates an electrical
energy transfer to a nonlinear load through a transformer.
Points "p” and "s” represents, respectively, the meter locations
at the primary and secondary transformer sides. The
fundamental active power P; and the higher harmonics
related active power components P, flows in opposite
directions [19]. The active power components (P, and P;),
measured at points "p” and "s", respectively, are determined

by
Pp:Pm _ZPPV (23)
v=1
P.=P -Z P
K s7 Sy
£ (24)

where P, and P, are the fundamental active power values at
points "p” and "s”, and P, and P, are the values of the
harmonic active power components at points "p” and "s".

| Thyristor

Transformer | Power Controller

Dly

Power System

Nonlinear Load
Fig. 3. A typical power supply schematic.
The total transformer loss is

AP; =P, -P, (25)
which can be decomposed into
APr=(P,-P)+ ) (PP, )=APr-AP  (26)

v=1
where Pr, and AP7, are the transformer loss components
due to the fundamental and the v-th current harmonic
respectively.

The common connection of a conventional distribution
transformer is D/y. In a three phase transformer with delta
windings connection the triplen harmonics do not propagate to
the network and thus it is impossible to measure them at point
"p" as depicted in the schematic shown in Fig. 3. This was
considered in the proposed approach for transformer loss
calculation.

A schematic of the experimental set-up depicting the
transformer under test (TUT) is shown in Fig. 4. To alleviate
the influence of adjacent electrical systems, the transformer
used in the experiment was connected to the electrical network
through an auxiliary transformer. The 230V/199V TUT was
connected in a D/y connection as in distribution system power

transformers, while the auxiliary transformer (AUX)
400V/230V was connected as a Y/d transformer to simplify
the measurement process.

The voltage and current were measured using a power
analyzer "SATEC 720" [20]. The secondary side of the TUT
was connected to a three-phase resistive load. Due to the
current limitation of measurement equipment and to mitigate
any additional distortion, the TUT was not fully loaded. As
depicted in Fig. 3, a nonlinear load, was realized using a
combination of Thyristor Power Controller (TPC) “Solocon”
[21] and a resistive load connected to the secondary side of the
transformer under test.

3
Y/d
400V /230V AUX
3

EM720
230V

3
D/y
230V /199V T
3

EM720
120V
T3
@& oo

—] Supply

3

Fig. 4. Experimental set-up.

TPC

Different load current distortions were obtained by setting
thyristor firing angle a at 0°, 45° and 135°. For each angle, the
current and voltage harmonics, as well as the phase between
them, were measured on both the primary and secondary sides.
Firing angle 0° does not distort the load current (sinusoidal
waveform), and hence, only sample waveforms for firing
angles o = 45° (% sine waveform of the load current) and o =
135° (% sine waveform of the load current) are depicted in,
respectively, Fig. 5 and Fig. 6.

For the validation of the proposed approach, voltages
Upvand Us,, currents Ipvand I;,, and the phases gopvand 9,

between them at both transformer sides were measured. The
amplitude of the measured voltage and current harmonics for
order 15 and above were negligible and hence were not
considered in the loss calculation. For each experiment, the
power loss was calculated directly from the measured power
components using (26) and compared to the calculated results
obtained by the proposed approach.

Since the primary windings of the TUT are delta
connected, the current triplen harmonics could not be
measured. Nonetheless, the current triplen harmonics flow
through the primary winding and heat them. To account for
this, the measured values of the current triplen harmonics at
the secondary side of the transformer are referred to the



primary side.
Therefore, (13) and (20) for the dc losses and winding EC
losses, respectively, are modified as follows

13

1
APDC:RDCP' z 1;\)"1‘—2 Z [5‘) + (27)
v=1, v#3,9 k v=3,9,15
15
+RDCX‘fov
v=1
13 ]
APpc=Rpc, - I, v2+p L-v? |+
v=1, v#£3,9 v=3,9,15 (28)

2 2
+RECS‘ Z ISV "V

v=1

As mentioned above, the OSL are not related to the
transformer windings and hence can be assigned to either side
of the transformer. Since the current triplen harmonics can be
measured at the secondary side, the OSL were calculated
using (21), while the OSL resistance referred to the secondary
transformer side and calculated by (22) is 0.06Q.

Calculation of the power components using the proposed
approach is demonstrated in detail for firing angle 45°. For the
sake of simplicity, only final results are given for firing angles
0° and 135°. Measured data for firing angle 45° are given in
Tables IV and V for, respectively, the primary and secondary
sides. Based on these data, fundamental and high order
harmonic power components are calculated for both the
primary and secondary transformer sides. These calculations,
as well as the total transformer loss AP, are shown in Table
VI. The loss components calculated using the proposed
approach are given in Table VII. Comparison of the values for
the total transformer loss AP, from Tables VI and VII show
high compatibility with less than 0.01% difference.

Table VIII summarizes the calculated results of the
transformer loss components for firing angles 0°, 45°, and
135°. Examination of the results shows a close match between
the measured and calculated total power loss with a negligible
mismatch well below 0.2%.
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Fig. 5. Voltage and current waveforms for firing angle 0=45°; Primary side:
(a) phase R, (b) phase S, and (c) phase T; Secondary side: (d) phase R, (e)
phase S, and (f) phase T.
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Fig. 6. Voltage and current waveforms for firing angle a=135°; Primary side:
(a) phase R, (b) phase S, and (c) phase T; Secondary side: (d) phase R, (e)
phase S, and (f) phase T.

TABLE IV
PRIMARY HARMONICS MEASUREMENTS FOR a=45°
U, [V] I, 1Al 2, [°] P, [W]

R S T R S T R S T R S T
v=1 2246 | 2221 | 223.2 | 2.58 2.45 2.53 16.6 16.1 14.7 555.17 | 522.24 | 546.38
v=3 0.590 | 0.450 | 0.575 - - - - - - - - -
v=5 1297 | 1.272 | 1.139 | 0.262 | 0.287 | 0.287 5.52 3.81 5.8 0.338 | 0.364 | 0.325
v=7 2.707 | 2.538 | 2.685 | 0.177 | 0.177 | 0.175 | -9.92 -9.40 -9.18 0.472 | 0.442 | 0.464
v=9 0.000 | 0.000 | 0.000 - - - - - - - - -
v=11| 1325 | 1.649 | 1.457 | 0.077 | 0.084 | 0.077 9.08 9.21 8.65 0.100 | 0.136 | 0.110
v=13 | 0.427 | 0.550 | 0.458 | 0.077 | 0.079 | 0.069 | -8.15 | -11.69 | -13.15 | 0.033 | 0.042 | 0.031
v=15 | 0.000 | 0.000 | 0.234 - - - - - - 0 0 0




TABLE V
SECONDARY HARMONICS MEASUREMENTS FOR a=45°

U, V] L [A] o, [°] Py [W]
R S T R S T R S T R S T
v=1 109.4 | 108.8 | 108.4 | 4.72 4.65 4.66 11.1 10.8 10.8 | 506.29 | 496.42 | 496.24
=3 1.053 | 0.656 | 0.523 | 0.883 | 0.855 | 0.869 | -46.06 | -56.18 | -41.50 | 0.645 | 0.312 | 0.341
v=5 0.760 | 0.631 | 0.835 | 0.645 | 0.626 | 0.615 | -15.98 | -15.0 | -16.57 | 0.473 | 0.382 | 0.493
v=7 1.616 | 1.493 | 1.691 | 0.370 | 0.370 | 0.350 | -11.65 | -11.69 | -11.85 | 0.586 | 0.541 | 0.581
v=9 0.287 | 0.248 | 0.279 | 0.200 | 0.202 | 0.182 | 26.07 | 25.86 | 27.44 | 0.052 | 0.045 | 0.045
v=11| 0938 | 1.044 | 1.063 | 0.175 | 0.164 | 0.149 | -9.68 -9.84 -9.28 0.162 | 0.169 | 0.156
v=13 | 0528 | 0.533 | 0.501 | 0.163 | 0.156 | 0.136 | -9.49 | -10.40 | -10.56 | 0.085 | 0.082 | 0.067
v=15| 0.287 | 0.261 | 0.252 | 0.135 | 0.134 | 0.114 | -7.58 -8.29 -6.78 0.039 | 0.035 | 0.029
TABLE VI
MEASURED TRANSFORMER ACTIVE POWER FOR a=45°
PPI[VV] Ps1 [W] :1/=3 PpV[W] 2;1/:3 PSV[VV] APT[V\/]
1623.79 1500.78 2.86 5.31 125.47
TABLE VII
CALCULATED RESULTS OF TRANSFORMER LOSS COMPONENTS FOR a=45°
APy [W] AP pdW] APgAW] AP s [W] AP7[W]
80 34.94 5.75 4,78 125.48
TABLE VIII
CALCULATED RESULTS OF TRANSFORMER LOSS COMPONENTS (a=0°, 45°, AND 135°)
calculations measurements
a®] | APy [W] | AP W] AP W] AP g5 [W] AP[W] AP[W] e[%]
0 80 39.38 2.66 4.77 126.81 126.59 0.17
45 80 34.94 5.75 4.78 125.48 125.47 0.01
135 80 4.34 3.98 1.08 89.4 89.52 0.14

VI. CONCLUSIONS

Power network harmonics is a well-known phenomenon.
The increase in nonlinear loads, such as, power converters,
power electronic devices, solid-state controlled loads, etc.,
results in increased current harmonics content. This, in turn,
distorts phase currents and increases transformer power loss.
Increased transformer losses accelerate its aging, degrade its
lifespan, and limits its operation at full load.

IEEE std.C57.110-2018 [10] presents a method of
calculating transformer losses under current harmonics when
the nominal losses of all transformer components are known.
In this paper an alternative approach for calculation of
transformer losses under current harmonics was presented.
The approach facilitates the calculation of transformer loss
components using only known transformer technical data and
the values of the transformer coils dc resistances which can be
derived from datasheets or measured experimentally. The
approach is based on the calculation of the resistances related
to each of the loss components described in the paper. Given
the dc resistances of the primary and secondary windings,
power loss components of the transformer are easily
calculated. Another distinct advantage of the suggested
approach is its ability to calculate active power losses of a D/y

connection distribution transformer. IEEE std. C57.110-2018
does not take into consideration the heating effect of induced
current triplen harmonics in the delta winding. Although
triplen current harmonics cannot be measured at the primary
side of the distribution transformer, they flow through the
primary winding and heat them. The proposed approach takes
this into consideration.

A full laboratory setup was constructed for the testing of a
4.5 kKVA three phase dry type transformer. The setup was used
to validate the proposed approach for assessing transformer
losses in the presence of high order current harmonics at the
secondary side of the transformer.

Validation of the proposed method was realized through
extensive experiments for three different nonlinear loads.
Voltage and current harmonics as well as the phase between
them were measured. Following, the total transformer losses
were calculated as the difference between transformer primary
and secondary active power. A comparison between the
measured and calculated values shows high compatibility with
an error well below 0.2% for all three nonlinear load setups.
These results will serve as the basis for a future research work
exploring the losses of a three phase oil filled distribution
transformer. The approach described in this paper can also be
considered for enhancement of loss components estimation in



field distribution transformers.

In the present study, the effect of the voltage harmonics on
core losses (no load losses) was neglected. It is worth
exploring the influence of voltage harmonics on the core
losses and their components.
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