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Abstract: Transformer load losses cause various adverse effects, such as derating, a decreased lifetime,
and greenhouse gas emissions. In this paper, the load losses caused by non-linear loads on distribution
transformers are analyzed. For this study, the load loss expressions provided by the IEEE Standard
C57.110 and ANSI/UL 1561-1562 were adapted to the usual case where the transformer currents
differ in each phase. The novel load loss expressions adapted from the IEEE Standard C57.110 were
applied using the software known as the “Transformer Loss Calculator” (TLC), implemented with
LabVIEW. For the application of new load loss expressions, carbon dioxide (CO,) emissions were
determined by multiplying the load losses by the emission factors of each country. The experimental
results are based on the recordings made by a FLUKE 435 Series II analyzer on the second of two
1000 kVA transformers, feeding real residential distribution networks with very differently distorted
loads. An analysis of these transformers shows that the annual energy losses and CO; emissions
obtained from the adapted load loss expressions could be more than 5% of those determined by the
original IEEE and ANSI Standard expressions. Due to these percentage loss and emission differences,
it is advisable to use the TLC software in transformer monitoring instruments.

Keywords: distribution transformers; environment; harmonics; sustainability; LabVIEW

1. Introduction

The growth of the demand for electrical energy in recent decades means that it is
necessary to use increased numbers of transformers in electrical networks [1]. These static
electrical machines are used to supply electrical power by adapting high-voltage (HV) sup-
ply voltages to the values required by customers’ Low-Voltage (LV) electrical installations.

However, transformers consume power. They suffer load losses [2] due to the circula-
tion of currents through their windings, as well as core losses due to magnetic hysteresis
and Eddy current phenomena. The latter losses are little affected by harmonics [3,4]. The
losses are seen in the heat energy, resulting in the internal temperature of transformers
being raised and leading to two important effects: The first is the deterioration of the trans-
former and a reduction in its lifetime [1,5-9]. The second effect is the impact of the load
losses of the transformer on the environment, measured as carbon dioxide (CO,) emissions
into the atmosphere [10-12]. These emissions are proportional to the energy consumed,
that is, to the losses in the case of transformers, with the proportionality coefficient being
the emission factor, provided by the grid managers of each country or region [13-15].

The presence of non-sinusoidal currents caused by non-linear loads further increases
the load losses of the transformers compared to linear loads. Currently, non-linear loads
have a large presence in power grids. Discharge lamps in street lighting and fluorescent
lighting, as well as LED lamps, motor drivers, and welding devices, among other load
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electronic devices, are examples of non-linear loads. Likewise, the integration of renewable
energies in the electrical network, as is the case with the implementation of solar energy,
even in the domestic sphere, has increased the circulation of non-sinusoidal currents both
in the lines and in the distribution transformers of LV networks. Based on the above,
it can be inferred that the losses caused by non-sinusoidal currents in transformers are
very important.

Furthermore, the losses caused by non-sinusoidal currents do not evolve in the same
way as those produced by sinusoidal currents. The latter depend on the Root Mean Square
(RMS) value of currents, while the losses caused by non-sinusoidal currents also depend
on the frequency of the harmonics of these currents [16-23]. The IEEE Standard C57.110-
2018 [24,25] establishes that, in the presence of non-sinusoidal currents, the load losses
(Prr) of the transformers are the sum of three others:

Prp = Pjp + Pecr + Post 1)

Each of these losses is due to a different physical phenomenon. The first is the well-
known Joule effect, which occurs due to the circulation of currents through the ohmic
resistances of the primary and secondary windings. The losses caused by this phenomenon
(Pjr) are known as copper losses (or ohmic losses), and their values are proportional to the
squares of the RMS values of the currents flowing through the windings. Winding Eddy
Current Losses (Prcr) occur due to the skin and proximity phenomena [3] and depend on
the squares of the RMS values of the currents and the frequencies of their harmonics. Other
Stray Losses (Ppsy) occur due to the Eddy currents induced by stray magnetic fluxes in the
tank and other metallic parts of the transformer [3]. These losses are also dependent on
the frequencies of the harmonics, but to a lesser extent than Winding Eddy Current Losses
(Pecr)- In dry-type transformers, as listed in the ANSI/UL Standard 1561-1562 [26,27],
Other Stray Losses (Pogsr) are considered to be negligible [19,26,27]. This consideration has
also been extended to oil-immersed transformers in papers [16,17,22,28] and transformer
manufacturers [29].

The expressions of the load losses were originally established by the IEEE Standard
C57.110 and ANSI/UL 1561 and 1562 based on the assumption that the above phenomena
affect the three phases of the transformer equally. All of the references we have consulted
also make this assumption, even in applications where the transformer currents do not
have the same RMS values and harmonic content in each phase, as determined by the Total
Harmonic Distortion (THDi*%) of each phase (z = A, B, C):

hzmax 2
THD#% = th7:21’”-100 @)
Dt 7
where the order of the harmonic h, = f,./ fi is the ratio of the frequency of that harmonic
(fnz) and the fundamental frequency (f; = 50 — 60 Hz), h ;4 is the order of the highest
frequency harmonic used in the analysis, and Ij,, is the RMS value of the harmonic current
of order /i, and phase z.

However, the last two phenomena (Eddy currents and Other Stray Losses) are very
dependent on the frequencies of the currents; therefore, the expressions of the load losses
included in the IEEE and ANSI standards do not provide correct values in the usual case
where the transformer currents are different in each phase.

To avoid these limitations, in this article, the expressions of load losses for three-phase
transformers were developed, which are generally applicable, even when the currents
are different in each phase of the transformer. This is the main novelty of this paper.
These equations are established in Section 2 of this article (Materials and Methods) via
the modification/adaptation of the original expressions included in the IEEE Standard
C57.110-2018 [24] and ANSI/UL Standards 1561 and 1562 [26,27].
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The Section 2 of this article also describes the operational sequence and source code of
the “Transformer Loss Calculator” (TLC) software, which enables the values of transformer
load losses to be determined according to the IEEE Standard C57.110, with the separation
of the values corresponding to the fundamental (active, reactive, and unbalance) and non-
fundamental (distortion) frequency currents, which were obtained by applying the Fourier
Series and Fortescue’s theorem [30].

In the Section 3 of this article, we present the RMS values and the THDi*% of the
currents recorded using a FLUKE 435 Series II analyzer in the second of two real 1000 kVA
distribution transformers, which feed two Low-Voltage (LV) residential areas, which are
very differently distorted loads, located in the Valencian Community (Spain). These results
are applied in the Section 4 of this article to obtain the amount of daily and annual losses
of each transformer according to the new approach established in this paper and the
original method, which is included in the Standard. The separation between the losses at
fundamental and non-fundamental frequencies, provided by the TLC software, has allowed
for conclusions to be drawn in this section regarding (1) the effects of harmonics, both in
terms of the value of losses and CO, emissions (measured in kg), and (2) the threshold in
the value of THDi*%, above which the use of harmonic filtering is feasible from the point
of view of environmental improvement. In addition, the limitations of our novel approach
are analyzed in this section.

The Section 5 of this article presents our conclusions.

2. Materials and Methods

This section describes the procedure used to determine the environmental impacts
(measured in kg of CO, emitted into the atmosphere) of the circulation of non-sinusoidal
currents in the windings of three-phase distribution transformers.

This study is based on the fact that carbon dioxide emissions are proportional to the
internal energy consumption (i.e., losses) of transformers. The proportionality factor is the
emission factor (EF) of each region or country. The values of the losses caused by harmonic
currents were obtained using the TLC software, which separately determines the values
of the losses corresponding to the fundamental and non-fundamental frequency currents
according to the IEEE Standard C57.110 [24]. A novelty of the TLC software is that the
load loss expressions defined by the IEEE Standard C57.110 have been extended to the
case in which the currents have different values and harmonic contents (T HDi*%) in each
phase of the transformer windings. This is usually the case in distribution networks, so the
TLC software is more useful than the direct application of the loss expressions included in
the Standard.

The expressions of transformer load losses according to the ANSI standards are not im-
plemented in the TLC software version 1. For this reason, in this section of the manuscript,
we also establish the expressions for transformer load losses according to [26,27], adapted
to the case in which the winding currents do not have the same RMS values and harmonic
contents (THDi*%) in each phase.

2.1. Transformer Load Losses Adapted from IEEE C57.110 and ANSI/UL 1561-1562 Standards

The expressions of the load losses of three-phase transformers are developed in this
section by modifying the IEEE Standard C57.110-2018 [24] and ANSI/UL Standards 1561
and 1562 [26,27], and they are adapted to the case in which the non-sinusoidal currents flow-
ing through their windings have different RMS values and harmonic contents (T HDi*%)
in each phase.

The rated load losses (Pr._Rr) of the transformers operating at the fundamental fre-
quency (50-60 Hz) satisfy the following expression [24,25]:

Prpr =Pj-r+ Pecr—r + Post—r = PjL—r + Prs.—r 3)

The composition of this equation is as follows:
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e P r=3Rpcl 1% are the nominal cooper (Joule) losses, as a function of the ohmic
short-circuit resistance of the transformer (Rpc) and the RMS value of the secondary
rated current (Ig);

Prcp—r are the Rated Winding Eddy Current Losses;
Posp g are the Rated Other Stray Losses;
Prsp_r = Ppcr—r + Posp—r are the Rated Total Stray Losses.

The manufacturers of the transformer provide the values of each of the losses indicated
in Equation (3).

2.1.1. Load Losses Adapted from the IEEE Standard C57.110

As the novelty of this paper, the equations for transformer load losses based on the
IEEE Standard C57.110-2018 [24] were modified and adapted to the usual case in which the
secondary currents have different RMS values and THDi*% in each phase (z = A, B,C),
as follows:

Pi= 3, Pi= ), (P]ZL+PECL+P(ZDSL) 4)
z=A;B,C z=AB,C
where Pj; represents the ohmic losses, Pf; represents the Winding Eddy Current Losses,
and P(Z)s [ represents the Other Stray Losses of each phase (z = A, B, C).

Due to the Joule effect, the total ohmic losses (Pj;) in the transformer windings are

obtained, under these conditions, using the following expression:

h h 2
z,max 1 z,max I
Po= Y Pi=Roc } Y lL=zPrr X ) (f) ®)
z=A,B,C 2z=A,B,C hy=1 z=A,B,C h,=1 \ 'R

The composition of this equation is as follows:

e  Rpc is the short-circuit ohmic resistance of the transformer, calculated when direct
currents are flowing through the windings of the transformer;

e [, is the RMS value of the harmonic current of order h, = f},,/f; and phase z =
A,B,C.

Under these conditions, the Total Winding Eddy Current Losses (Prcr) can be calcu-

lated as follows: .

Pper = ), PIZ;Cng'PECLfR Y. Ficr (6)
z=A,B,C z=A,B,C

where Prc_r is the Rated Winding Eddy Current Losses, and the factor

hzmax 72 1,2
Z Ehz:1 IhZ hz

ECL™ — 2 7)
R

is the ratio of the Winding Eddy Current Losses caused by the harmonics in one of the
phases (z = A, B, C) and the nominal losses, without Eddy and Other Stray effects. I, is
the RMS value of the harmonic current of order h, = f,,/ f1 circulating through that phase,
and /1 ;uay is the order of the highest harmonic frequency considered in the calculation.
The Total Other Stray Losses (Posr) with non-sinusoidal currents of different RMS
values and THDi*% in each phase of the transformer windings can be obtained as follows:

1
Post = ), Pas = 5 Fosi-r Y. FisL 8
= ABC 2=A,B,C

where Ppgy—r is the Rated Other Stray Losses, and the factor

hz,max 72 ,1,0.8
Z Liz=1 Ihz hZ

osL= — 9)
R



Environments 2023, 10, 177

50f23

Is related to the Other Stray Losses caused by harmonics in the phases z = A, B, C to the
nominal losses without Eddy and Other Stray effects. Likewise, Ij,,, h; = f,,/ f1, and I jax
have the same meanings, as indicated above.

In the case where the manufacturer of the transformer provides the value of the
Rated Total Stray Losses (Prg;—g) but the values of Prcp_g and Pogp g are not known, the
IEEE Standard C57.12.90 ™ [31] recommends considering that Prcr g = 0.33-Prgy g for
oil-immersed transformers and Prcp g = 0.66-Prgp_r for dry-type transformers.

2.1.2. Load Losses Adapted from the ANSI/UL Std. 1561 and 1562

The ANSI/UL Standards 1561 and 1562 [26,27] consider Other Stray Losses (Ppgr.) to
be negligible in dry-type transformers, meaning that they do not directly affect the heating
and lifetime of these transformers [29]. For this reason, proceeding in the same way as in
the previous section, the expressions of the total load losses (P.1) proposed by the ANSI
standards have been adapted to the habitual case in which non-sinusoidal currents have
a different RMS value and THDi*% in each phase and are calculated as the sum of the
ohmic losses (P]ZL) and the Winding Eddy Current Losses (PIZL) of each phase (z = A, B,C),
as follows:

Pu= Y Pi= Y (Pi+Pici) (10)
z=A;B,C z=AB,C
where, due to the Joule effect, the total ohmic losses (Pj;) can be obtained using Equation (4),
and the Winding Eddy Current Losses (Pgcy) can be calculated as follows:

1
Ppcp = ), Piop = g'PECL—R Y Ki (11)
2=A,B,C 2=A,B,C

where Prcp_r is the Rated Winding Eddy Current Losses, and the factor
Z= hz h2. (Ihz>2 (12)
F =, N\ )7

is defined for each phase (z = A, B, C) and coincides in value with Ff; .

2.2. Transformer Loss Calculator Software

This section describes the operational sequence and source code of the Transformer
Loss Calculator (TLC) software version 1, which was implemented with the LabVIEW
platform (2015 version). LabVIEW software is used in numerous applications, such as in
medical, chemical, and electrical disciplines, as well as others [32-39].

2.2.1. Operational Sequence of the TLC Software

The operational sequence of the TLC software version 1 depicted in Figure 1 comprises
the following steps:

Stage (1). Data input, either of the signals (voltages and currents) recorded on each
phase of the secondary transformer by means of a physical measurement system or, alter-
natively, by the manual input of voltage and current values. In the first case, the software
is used for the analysis of real transformers. In the second case, the software is used for
simulation analysis. The rated values of the transformer are also entered in this step.

Stage (2). Fourier analysis of the signals introduced in stage (1).

Stages (3) and (4). Obtaining the Complex Root Mean Square (CRMS) values of the
fundamental frequency (50 Hz) and non-fundamental frequency (up to 10,150 Hz) voltages
and currents.

Stage (5). Application of Fortescue’s Theorem to fundamental frequency voltages
and currents.

Stage (6). Obtaining the CRMS values of the components of the fundamental frequency
positive-sequence voltages and currents.
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Stage (7). Determination of the CRMS values of the unbalanced voltage and current
components.

Stage (8). Calculation of the CRMS values of the active currents, positive sequence,
and fundamental frequency.

Stage (9). Obtaining the CRMS values of the reactive currents, those being the positive-
sequence and fundamental frequency currents.

Stages (10), (11), (12), and (13). Determination of transformer load losses corresponding
to fundamental (active, reactive, and imbalance) and non-fundamental frequency currents.

Stage (14). Display on a screen the absolute and relative values (in %) of the total load losses
of the transformer and individual values corresponding to each of the current components.

Data Introduction

(1)
'

Fourier Analysis

(2)
Fundamental- Non-fundam ental
frequency (3 frequency 4
1 3
Symmetrical Harmonic Power
components (5) Losses (13)

Positive-sequence
components (g)

Unbalanced
components )

Active
components (8)

Reactive Unbalanced Power
components () Losses (12)
, Reactive Power Visualization
Losses (1) (14)

Active Power

Losses (10)

Figure 1. Operational sequence of the TLC software version 1.

2.2.2. Programing Modules of TLC Software

The TLC software was developed in a programming module (Figure 2). We used the
programming language indicated in Figure 3, which comprises the following stages:
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Data Introduction
(15)

Module of Fourer
Analysis (16)

Module of Symmetrical
components (7)

Module of RMS
currents

(18)

Module of Power
Losses
(19)

_I'|.-1o-d|._lle pf
Visualization (20)

Figure 2. Programming stages.

Figure 3. Source code of software TLC.

Stage (15): Data Input. At this stage, the samples of voltages and currents recorded
in each secondary phase of the transformer using a physical measurement system are
incorporated, or the CRMS values of these quantities are manually entered, in order to
carry out analysis via simulation. In addition, the values of the transformer rated power
(Sr), load losses (Pj;—g and Prg;_g), and no-load secondary line-to-line voltages (Vso) are
entered manually.

With the values entered at this stage, the nominal secondary current is obtained

as follows:
Sr

IR=——

V3V

Stage (16): Fourier Analysis. At this stage, the CRMS values of the transformer
line-to-neutral voltages and line currents of fundamental (V1,, I1,) and non-fundamental

(Viz, In,) frequencies are obtained for each secondary phase (z = A, B, C). These values
can be displayed on the software’s screen (Figure 4) or transferred to Excel.

(13)
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Frea. (Hz) |Voltage A (V) |Phase(") | Voltage B (V) Phase(?) |Voltage C (V) |Phase(?) |Current A (A) |Phase(®) |Current B (A) |Phase(®) |Current C (A) |Phase("}
50.000 196.553 227472 -55.504 |198.904 178.883 |763.074 43600  |504.829 -41.634 (350421 164.164
100.000  |17.857 189.770 |9.319 30152  [19.583 -75.254  |60.875 -81.521 |117.695 -67.565 [129.451 -70.722
150.000 |29.053 138.202 |13.465 -79.420  |18.067 218.976 |81.967 231.093 |63.130 235303 |77.910 231436
200.000  |11.560 7.955 213241 (11011 93313 [46.427 82620 |6B.592 112.804 |74.508 101.526
250.000  |6.805 } 5.498 67.027  [8.973 29225 [63.812 -27162 |79.622 0.188 35.745 23.020
300.000  |0.056 -73.565 [5.392 -5.864  |9.048 259.866 [31.445 261.455 |50.514 -67.144 |58.487 -80.458
350.000  |9.907 9.665 266.250 [4.407 205,624 |57.983 196347 |42.536 148.844 |35.376 219.426
400.000  |3.755 2.787 158365 [5.150 86.011 (18176 24643  |22.758 135442 |19.271 108.993
450.000  |5.687 -36.616 (3.329 100465 [2.782 210149 [2.980 107.698 |7.639 264714 |4.303 245420
500.000 |2.464 3.285 219115 [2.744 -84.020 |29.246 201823 |1.980 -16.600 [15.835 212.383
550000  |4.881 0.494 183100 [4.295 73907 (5446 64552  |26.528 110727 |16.010 151.787
600.000  |1.960 -69.047 [3.735 47189  |2.466 153.809 [18.462 36365 |1.284 14,244  |6.034 69.980
650,000  |4.487 263477 |2.000 182923 [1.4%4 249.540 [15.282 172611 |6.992 68973  |6.240 1715711
700000 |1.338 1.855 192,603 [2.724 9.693 17.418 212760 |2.296 99222 1121 143723

Figure 4. A partial view of the harmonic voltage and current screen reported by the TLC software.

Stage (17): Symmetrical Components. Fortescue’s theorem is applied at this stage
to the fundamental frequency voltages and currents obtained in the previous stage to
determine the CRMS values of the fundamental frequency positive-sequence secondary
line-to-neutral voltages (V) and line currents () as follows:

N _ _ _ 1. _ _
Vi=3 (VAl +aVp +ﬂ2VC1) =Vis, I+ = 5(1A1 +alp +ﬂ21c1) =Ly so, —, (14)

with a = 1/120° as well as the CRMS values of the unbalanced line-to-neutral voltages
(V Ay, VBu, Vcy) and currents (144, Iy, Icy) of each phase of the transformer secondary,

Vaw=Via— ViV, =Vig—a*V Ve, =Vic—aVs (15)

Taw=Tia— I3 Ipy = ip — a°T4 Tey = Tic —al 4 (16)

Stage (18): RMS Currents. At this stage, the following RMS values of the transformer
secondary currents and its components are calculated as follows:

e  Secondary current (I):

(17)

e Fundamental frequency current (I;) and its components active (I,), reactive (I), and

unbalanced (I,):
Ilzy/IfA—i—IlzB—FIlzC: 3-(I12+ I2) + I2 .

Iy =Iycosqy I =Ipsingy I, = /15, + 13, + 12,

e  Non-fundamental frequency current (I):

(19)

Stage (19): Power Losses. The total load losses, as well as those caused by each of the
secondary current components, are obtained at this stage. They are obtained in accordance
with the expressions adapted from the IEEE Standard C57.110-2018, as seen in Section 2.1,
as follows:
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e  Total load losses:

h 2
z,max I
< ) [(P]LR + Pecr_r M2+ POSLfR‘hg'S) : (hz) ] ) (20)
z=A,B,C

P =
hy=1 Ir

SN

The terms corresponding to the fundamental frequency harmonics (k, = 1) in Equation (20)
represent the transformer fundamental frequency load losses, which have three components:

2 2 2
Pry = 1| (Pjr—r + Pecr—r + Posi—r)- (%) } = (Pjr—r + PecL—r + Posi—r)- (IIT‘;) + (Pj.—r + Pecr—r + PosL—r)- (%)

2 (21)
+1 (PjL_r + Pecr—r + PosL—gr)- (%) = Prrg+ Prrr + Prru
e  Losses due to active currents (Pr1,),
L2
Pria = (Pj—r + Pecr—r + Posi—gr)- (IR) (22)
e  Losses due to reactive currents (Pry,),
L2
Priy = (Pjp—r + PecL—r + Posi—r)- I (23)
e  Losses due to unbalanced currents (Prr,,),
1 L\?
Prry = 3 (PjL—Rr + Pecr—r + PosL—r)" T (24)

The load losses due to harmonics (P ) are the fourth summand of (20):

1 hnlﬂx I 2
Prrp = 3 Y ( ) [(P]L—R + Ppcr—r-hZ + POSLfR'hg'S) : (IIZ) ] ) (25)

z=A,B,C \ h=2

The relative values of the load losses are also determined at this stage, in %, caused
by active currents (g,%), reactive currents (¢,%), unbalanced currents (g,,%), and harmonic
currents (e %), such as

p p p p
€% = —=L2.100 £,% = —L£.100 £,% = —=£.100 ey % = —==2.100 (26)
Prr Pry Prr Prp
Step (20): Visualization. The RMS values of the currents, as well as the absolute
and relative values of the load losses that these currents produce in the transformers, are
displayed on a screen of the TLC software for visualization.

2.2.3. Load Losses Adapted from Standard ANSI/UL Standard 1561/1562

The TLC software operates with the load loss expression adapted from the IEEE
Standard C57.110-2018. However, we also planned to incorporate the ANSI/UL Stan-
dards 1561 and 1562. In this section, based on what is indicated in Section 2.1.2, the
equations that provide the load losses of dry-type and oil-immersed three-phase transform-
ers are established when feeding non-linear loads of different values and non-linearity in
each phase.

The load losses caused by the circulation of the currents of different RMS values and
harmonic contents through the windings of three-phase transformers can be expressed,
according to (10), as follows:

h 2
,max I

P = Y ) (P]L—R + hg'PECL—R) (IhRZ) (27)
A,B,

Z,
z=A,B,C hy=1

Q| =
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The losses originated at the fundamental frequency (h, = 1) are
1 L\?
Prii== (Pri— Prcr - — 28
LL1 3(]L R + Pecr R)(IR> (28)

where ; is the RMS value of the secondary currents of the fundamental frequency, deter-
mined by Equation (18), and Iy is the transformer nominal secondary current, defined by
Equation (13). These losses can be decomposed into active, reactive, and unbalanced losses,
in a similar way to what was achieved in Equation (21).

The load losses caused by harmonic currents are expressed, according to the ANSI/UL
Standards 1561 and 1562, as follows:

I 2
1 zZ,max I
Prin =3 Y ) (P]L—R + hg'PECL7R> (Ihz> (29)
2=AB,C h=2 R

Although the ANSI/UL Standards 1561 and 1562 refer to dry-type transformers, where
Other Stray Losses (Ppsr) have practically no effect on winding losses, in our opinion, the
last three equations could also be applied to the calculation of load losses in oil-immersed
transformers. In Section 4, we will outline that the values obtained with Equations (27)—(29)
are close to those obtained with the IEEE Standard C57.110-2018 equations.

3. Results

The expressions of the load losses of the feeding loads of three-phase transformers of
different values and non-linearity in each phase, developed in Sections 2.2.2 and 2.2.3, are
applied in this section to determine the daily and annual load losses and CO, emissions of
two oil-immersed Dyn11 distribution transformers when they supply the Low-Voltage (LV)
installations of two very differently distorted residential areas. They were obtained from
the manufacturer, ORMAZABAL, and their nominal characteristics are outlined in Table 1.

Table 1. Rated values of the ORMAZABAL transformers 1 and 2.

POWER P]L-R PECL-R POSL-R Line-to-Line Vacuum
(kVA) W) W) W) Voltage (V)
1000 10,500 420 818 420

e  The first zone, supplied by transformer 1, is eminently residential, made up of
dwellings, and has values of THDi*%, which are not too high in each phase
(z=A,B,C);

e The second zone, supplied by transformer 2, is also residential but has shops, with
cold stores, LED, and discharge lighting, as well as small industrial companies, with
high values of THDi*% in each phase.

The RMS values and harmonic contents of the secondary line currents of both trans-
formers were recorded using a FLUKE 435 Series Il network analyzer between the months
of October and November 2022.

3.1. Losses and Daily CO, Emissions in Transformer 1

Table 2 shows the RMS values of the fundamental frequency line currents, as well
as the THDi*% values of these currents registered by the FLUKE analyzer in each phase
(z = A, B,C), of the secondary transformer 1 at one-hour intervals throughout the day of
13 November 2022 (a public holiday).
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Table 2. Fundamental (50 Hz) RMS and THDi*% values of the secondary line currents of trans-
former 1 measured each hour starting from 0:02 on 13 November 2022 (public holiday).

Fundamental Currents (A) THD%

Time Frame Time Phase A Phase B Phase C Phase A Phase B Phase C
1 0:02 380.036 280.334 349.042 10.58 14.53 12.29
2 1:02 260.92 229.703 230.069 13.68 16.18 16.64
3 2:02 191.006 190.796 177.276 16.32 18.19 18.77
4 3:02 167.664 144.969 137.565 17.01 21.93 23.17
5 4:02 130.938 111.515 123.03 21.14 27.47 25.04
6 5:02 150.915 130.791 121.391 16.67 21.54 23.43
7 6:02 133.478 112.819 122.518 18.72 25.78 23.47
8 7:02 142.586 102.358 129.976 17.06 26.33 21.24
9 8:02 140.924 172.741 125.513 17.94 18.14 23.96
10 9:02 217.398 189.012 217.198 14.59 1543 13.99
11 10:02 343.127 223.374 282.705 9.47 14.83 11.70
12 11:02 349.679 276.687 320.302 9.70 12.69 11.78
13 12:02 354.129 335.705 269.704 9.55 11.14 13.14
14 13:02 364.809 312.967 258.381 11.02 13.95 14.90
15 14:02 374.324 337.248 272.889 11.00 11.71 14.24
16 15:02 272.626 276.445 245.403 15.66 14.48 18.24
17 16:02 322.359 256.481 189.705 13.86 17.37 24.20
18 17:02 287.144 261.985 241.365 15.07 19.05 19.02
19 18:02 339.659 315.582 346.154 14.17 16.39 14.98
20 19:02 383.66 329.891 369.324 13.08 15.36 14.11
21 20:02 422.833 502.692 447.894 12.73 10.76 11.90
22 21:02 580.505 541.733 464.959 9.56 10.73 12.07
23 22:02 564.522 487.523 429.691 9.52 11.45 13.36
24 23:02 380.785 371.051 320.873 12.37 13.17 15.75

Figure 5a,b show the waveforms and the harmonic diagram of the currents at 14:24 h.
These currents are slightly distorted.

A-Phase FAV4
B-Phase
C-Phase

1001502002‘30300350400450500

X 0,0‘05 0,0‘10 0.0‘15 0,0‘20 Frequency (Hz)
et >
(a) (b)

Figure 5. Transformer 1 currents at 20:02 (13 November 2022): (a) waveforms; (b) harmonic diagram.
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Figure 6a,b show the values of transformer 1’s load losses, which were obtained every
hour on 13 November 2022 for the first 25 harmonic currents, adapting the IEEE Standard
C57.110 (IEEE-1, IEEE-H) and the ANSI/UL Standards 1561-1562 (ANSI-1, ANSI-H). The
differences between the values of the losses, according to both standards (IEEE and ANSI),
shown in Figure 6a,b, are the Other Stray Losses (Ppsy).
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Figure 6. Transformer 1 load losses on 14 November 2022, according to IEEE C57.110 and ANSI/UL
1561-1562 standards: (a) fundamental frequency; (b) non-fundamental frequency (harmonics).

Table 3 summarizes the RMS values of the fundamental frequency currents and the
THDi*% values of the line currents recorded using the FLUKE analyzer in each phase
(z = A,B,C) of secondary transformer 1 at one-hour intervals throughout the day of
14 November 2022 (working day).

Table 3. Fundamental (50 Hz) RMS and THDi*% values of the secondary line currents of trans-
former 1 measured each hour starting from 0:02 on 14 November 2022 (working day).

Fundamental Currents (A) THD %
Time Frame Time
Phase A Phase B Phase C Phase A Phase B Phase C
1 0:02 256.527 223.284 244.489 15.86 18.59 16.49
2 1:02 163.891 181.419 162.51 19.41 20.05 22.58
3 2:02 140.102 124.302 126.969 21.48 27.44 27.15
4 3:02 140.065 112912 107.147 10.19 28.01 30.12
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Table 3. Cont.

Fundamental Currents (A) THD%

Time Frame Time Phase A Phase B Phase C Phase A Phase B Phase C
5 4:02 150.183 132.856 117.545 18.23 22.73 26.44
6 5:02 147.487 97.322 121.537 17.77 29.97 24.79
7 6:02 143.68 117.637 134.975 18.38 24.90 22,51
8 7:02 198.247 147.379 212.268 12.96 19.87 13.86
9 8:02 297.828 279.307 250.466 10.04 10.82 13.06
10 9:02 318.37 290.044 292.534 8.09 10.37 11.28
11 10:02 256.716 265.426 229.31 10.34 13.32 14.81
12 11:02 321.838 256.139 300.275 9.33 13.47 10.86
13 12:02 259.129 243.364 332.616 12.24 14.12 10.28
14 13:02 298.438 239.186 288.279 11.35 15.29 12.24
15 14:02 375.407 262.883 334.748 11.44 15.18 12.06
16 15:02 245.77 318.558 338.143 16.15 13.08 12.65
17 16:02 298.109 321.629 343.467 12.56 12.78 12.62
18 17:02 256.703 263.249 318.419 14.38 14.56 13.10
19 18:02 356.648 391.825 400.244 11.09 10.71 10.29
20 19:02 501.284 388.833 503.274 8.42 11.42 8.38
21 20:02 551.973 433.372 531.722 8.15 10.12 8.24
22 21:02 615.821 555.172 584.791 7.48 8.35 8.24
23 22:02 662.701 560.962 521.991 7.05 8.13 9.59
24 23:02 451.841 431.891 383.634 11.03 11.96 12.84

The waveforms and harmonic diagram of the currents at 16:02 h are represented in
Figure 7a,b, respectively. Here, it can be seen that the currents supplied by transformer 1 to
these installations on working days are also slightly distorted.

A-Phase a4
B-Phase

1 ] | i | i | i | i
50 100 150 200 250 300 350 400 450 500
0 g i
0,010 0,015 0,020 Frequency (Hz)

Time (sec.) \I o . |~
(a) (b)

Figure 7. Transformer 1 line currents at 16:02 (14 November 2022): (a) waveforms; (b) harmonic diagram.

The values of the load losses in transformer 1, calculated throughout the day of
14 November 2022 for the fundamental frequency currents and the first 24 harmonics of
non-fundamental frequency (harmonic currents), adapting the IEEE Standard C57.110
(IEEE-1, IEEE-H) and ANSI/UL Standard 1561-1562 (ANSI-1, ANSI-H), are shown in
Figure 8a,b.



Environments 2023, 10, 177

14 of 23

2500
2000

1500

1000
) I I III |
DI.IIIIIII I II I

123456 7 8 91011121314151617 18192021 222324

Time frame
m IEEE-1 mANS-1

(a)

Load Losses (W)

40
35
30
25
20

15

10
] I

1234567 8 91011121314151617V18192021222324

Time frame
m |[EEEH ANSI-H

(b)

Figure 8. Transformer 1 load losses on 13 November 2022, according to IEEE C57.110 and ANSI/UL
1561-1562 standards: (a) fundamental frequency; (b) non-fundamental frequency (harmonics).

Load Losses (W)

3.2. Losses and Daily CO, Emissions from Transformer 2

The RMS values of the fundamental frequency currents recorded on 9 October 2022
(a public holiday) in each phase (z = A, B, C) of secondary transformer 2, as well as the
THDi*% values, are summarized in Table 4.

Table 4. Fundamental (50 Hz) RMS and THDi*% values of the secondary line currents of trans-
former 2 measured each hour starting from 0:00 on 9 October 2022 (public holiday).

Fundamental Currents (A) THD%
Time Frame Time
Phase A Phase B Phase C Phase A Phase B Phase C
1 0:00 260.048 250.148 549.749 70.60 71.57 39.82
2 1:00 278.239 260.066 544.526 72.09 66.64 42.72
3 2:00 276.985 240.753 425.387 68.93 57.36 54.22
4 3:00 248.599 239.669 410.847 59.21 71.01 36.97
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Table 4. Cont.

Fundamental Currents (A) THD%

Time Frame Time Phase A Phase B Phase C Phase A Phase B Phase C
5 4:00 313.33 221.065 578.245 65.63 61.44 42.28
6 5:00 232.953 253.647 407.075 65.07 68.20 43.31
7 6:00 231.01 215.224 478.693 69.26 62.47 42.09
8 7:00 204.259 200.562 395.236 64.59 78.71 40.49
9 8:00 272.849 287.224 468.403 57.98 66.79 36.46
10 9:00 o’clock 281.268 265.11 512.295 68.65 63.69 43.65
11 10:00 312.636 373.305 544.483 66.48 52.55 41.23
12 11:00 411.159 406.561 617.135 49.73 51.79 33.94
13 12:00 374.348 380.28 614.553 52.49 56.92 33.98
14 13:00 372.745 407.866 712.213 54.10 51.11 28.04
15 14:00 p.m. 392.063 389.628 658.772 54.69 51.42 32.28
16 15:00 322.007 288.37 573.041 55.60 65.17 33.49
17 16:00 348.959 319.456 485.147 54.48 60.30 41.46
18 17:00 299.725 257.722 533.28 62.02 66.24 36.32
19 18:00 316.776 337.183 582.824 54.70 59.73 32.47
20 19:00 311.264 316.519 603.691 62.14 60.17 34.21
21 20:00 438.887 428 648.861 48.36 50.66 32.04
22 21:00 413.944 425.264 694.68 48.00 51.49 27.60
23 22:00 344.851 375.56 565.459 57.90 53.75 37.82
24 23:00 307.032 307.242 586.034 62.77 62.19 34.44

Figure 9a,b show, respectively, the waveform and the harmonic diagram of the A-
phase secondary current of transformer 2 at 2:00 on 9 October 2022. It can be observed from

these figures that these currents are strongly distorted.
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Figure 9. A-phase line current of transformer 2 at 16:02 (14 November 2022): (a) waveforms; (b) har-
monic diagram.

Figure 10a,b show the values of losses in transformer 2 throughout 9 October 2022
(a public holiday) for the fundamental frequency currents and the first 24 harmonics of
non-fundamental frequency, adapting the IEEE Standard C57.110 and ANSI/UL Standard
1651-1562.
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Figure 10. Transformer 2 load losses on 9 October 2022 according to IEEE C57.110 and ANSI/UL
1561-1562 standards: (a) fundamental frequency; (b) non-fundamental frequency (harmonics).

Table 5 summarizes the RMS values of the fundamental frequency and the THDi*%
values of the currents registered in each phase of secondary transformer 2 throughout

10 October 2022 (working day).

Table 5. Fundamental (50 Hz) RMS and THDi*% values of the secondary line currents of trans-

former 2 measured each hour from 0:00, 10 October 2022 (weekday).

Fundamental Currents (A) CURRENT THD%
Time Frame Time
Phase A Phase B Phase C Phase A Phase B Phase C
1 0:00 247.502 282.254 452.289 71.54 64.40 46.26
2 1:00 222.941 217.087 431.941 71.85 73.80 46.04
3 2:00 200.871 203.342 378.634 75.80 74.95 50.37
4 3:00 232.058 229.298 431.867 73.81 71.66 47.75
5 4:00 226.531 213.053 443.779 72.86 74.50 47.65
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Table 5. Cont.

Fundamental Currents (A) CURRENT THD%

Time Frame Time Phase A Phase B Phase C Phase A Phase B Phase C
6 5:00 251.78 239.705 420.374 70.59 69.57 48.09
7 6:00 214.722 213.536 435.969 74.29 73.82 46.62
8 7:00 275.391 312.453 588.434 64.18 62.66 34.93
9 8:00 396.45 428.569 675.11 54.19 50.33 30.43
10 9:00 392.997 450.682 721.696 52.24 47.53 28.03
11 10:00 493.038 554.132 774.502 44.07 40.79 2451
12 11:00 465.675 452.764 696.076 47.32 47.69 27.23
13 12:00 498.188 533.941 752.85 44.33 41.62 25.52
14 13:00 486.077 535.109 756.094 44.62 41.56 25.80
15 14:00 375.441 450.244 688.358 54.51 46.91 29.25
16 15:00 348.78 371.5 576.752 55.70 5421 35.27
17 16:00 358.338 358.739 602.023 54.32 56.39 33.08
18 17:00 409.214 403.265 634.637 49.88 51.31 30.98
19 18:00 495.427 515.191 761.428 4424 41.80 25.53
20 19:00 462.99 497.983 769.576 4491 43.95 24.24
21 20:00 624.84 611.888 878.478 35.76 36.61 20.31
22 21:00 679.033 609.481 909.602 32.61 34.79 19.54
23 22:00 425.532 467.868 695.509 47.55 46.33 26.75
24 23:00 317.204 388.835 603.883 57.80 51.69 33.61

The waveform and harmonic diagram of the current of phase A of transformer 2,
recorded at 11:00 on 10 October 2022, are represented in Figure 11a,b. It can be seen in these
figures that the currents continue to be highly distorted on weekdays.

I rTT'I"l---
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Figure 11. A-phase line current of transformer 2 at 11:00 (10 October 2022): (a) waveform;

(b) harmonic diagram.

The values of the load losses calculated in transformer 2 throughout 10 October 2022
(working day) for the fundamental frequency currents and the first 24 harmonics of non-
fundamental frequency are represented in Figure 12a,b, adapting the IEEE Standard C57.110
and ANSI/UL Standard 1561-1562.
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Figure 12. Transformer 2 load losses on 10 October 2022, according to IEEE C57.110 and ANSI/UL
1561-1562 Standards: (a) fundamental frequency; (b) non-fundamental frequency (harmonics).

4. Discussion

In the previous section, the values of the load losses of two distribution transformers
supplying residential facilities in a town near the city of Valencia (Spain) were presented.
The losses were obtained on working days and holidays by entering the measurements
recorded using the FLUKE 435 Series II analyzer in the TLC software, whose algorithms
use expressions for load losses according to the IEEE Standard C57.110, but this was
adapted to the usual case where the currents have different RMS values and THDi*% in
each phase. Likewise, in this paper, the load losses were also calculated according to the
ANSI/UL Standards 1561 and 1562, adapting the expressions of this standard, as indicated
in Section 2.2.3.

Although both installations are residential, there are important differences in terms
of the linearity of the loads in each of them. Practically all of the installations powered by
transformer 1 are residential, the loads are evenly distributed among the three phases, and
the supplied currents have a very low harmonic content, with a THDi*% value of around
10% during central hours on weekdays and holidays (Tables 2 and 3). The installations
powered by transformer 2 are mainly residential, but there is also a significant number
of shops and small industries whose loads introduce high harmonic contents, meaning
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there are currents with a THDi*% greater than 70% at many times on weekdays and public
holidays (Tables 4 and 5). The loads connected to transformer 2 are not evenly distributed,
with phase C being the most heavily loaded and with the lowest harmonic content. It
can also be seen that currents with a higher THDi*% occur the smaller the supplies of
transformer 2 are, which is a symptom of the presence of important non-linear loads that
are permanently connected in phases A and B to that transformer.

Table 6 summarizes the values of the energy losses obtained in transformer 1 on 13
November (public holiday) and 14 (working days), and in transformer 2 on 9 October
(public holiday) and 10 (working day) of 2022, using the adapted and original load loss
expressions for the standards. The values for the original load loss expressions were
obtained using the average RMS values of the currents in the three phases. It can be seen
in Table 6 that there is not a proportional relationship between the distortion rate of the
currents (THDi*%) and the losses they produce in the transformers. Thus, the losses in
transformer 1, due to the harmonics, are barely 4.3% of the total, even though the average
distortion rate of the currents in that transformer (THDi*%) is around 20%. In contrast,
the losses due to harmonics in transformer 2, with average distortion rates of 40-50%, are
comparable to the losses caused by fundamental frequency currents (Table 6).

Table 6. Daily energy losses, in kWh, caused by fundamental and harmonic currents in transformers
1 and 2, according to the adapted and original (within parentheses) expressions for the IEEE C57.110
and ANSI/UL 1561-1562 standards.

IEEE Std C57.110 ANSI/UL 1561-1562 Other Stray
Transformer ) .

Fundamental Harmonics Total Fundamental Harmonics Total Losses

No. 1 13.468 14.084 12.530 13.102 0.982
(Nov 13) (13.327) 0.615 (0.609) (13.936) (12.405) 0.572 (0.567) (12.972) (0.964)
No. 1 15.776 16.226 14.676 15.092 1.133
(Nov 14) (15.643) 0.45 (0.445) (16.089) (14.553) 0.416 (0-411) (14.965) (1.124)
No. 2 25.467 26.711 52.179 23.693 24.597 48.290 3.889
(Oct9) (23.513) (24.925) (48.438) (21.875) (22.762) (44.637) (3.801)
No. 2 37.306 27.935 65.241 34.706 26.002 60.708 4.533
(Oct 10) (35.330) (26.358) (61.689) (32.868) (24.928) (57.797) (3.892)

The differences between the daily energy losses obtained according to the adapted
IEEE C57.110 and ANSI/UL 1561-1562 standards constitute the Other Stray Losses. From
the values indicated in Table 6, it can be seen that the Other Stray Losses in transformer 1
occur mainly at the fundamental frequency.

In Table 7 are summarized the lost energies in transformers 1 and 2 during 2022,
considering that in that year there were 248 working days and 117 public holidays (with
Saturdays and Sundays included as public holidays). The values of CO; emissions, in kg,
produced by these transformers in 2022 (Table 8), were obtained by multiplying the energy
losses indicated in Table 7 by the emission factor, which is 0.154 kg CO, /kWh consumed
in the Valencian Community [13].

As seen in Tables 7 and 8, using adapted expressions for the load losses developed
in this paper, it is verified that the elimination of harmonic currents, by using suitable
harmonic filters, could reduce the losses by 183.68 kWh and reduce the CO, emissions by
28.29 kg (3.2% of the total) in transformer 1 in 2022, of which only 13.56 kWh and 2.09 kg of
CO, emissions correspond to the Other Stray Losses (0.24% of the total). In transformer
2, with high current distortion rates, the reduction in losses and CO, emissions could be
significant, at 10,053.18 kWh and 1548.19 kg (45.11% of the total), respectively, although
only 726.91 kWh and 111.95 kg would be due to Other Stray Losses (3.26% of the total).

From Tables 7 and 8, it can also be noted that, in the case of transformer 2, the total
energy losses and CO, emissions obtained annually from the adapted load loss expressions
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is 5.92% greater than that obtained according to the original expressions for the Standard
IEEE C57.110 (5.55% for the ANSI/UL Standards 1561-1562).

Table 7. Total energy losses, in kWh, caused in the year 2022 by the fundamental and harmonic cur-
rents in transformers 1 and 2 according to the adapted and original (within parentheses) expressions
for the IEEE C57.110 and ANSI/UL 1561-1562 standards.

IEEE Std C57.110 ANSI/UL Std. 1561-1562 Other Stray
Transformer N .
Fundamental Harmonics Total Fundamental Harmonics Total Losses
No. 1 5488.34 183.68 5672 5105.87 170.12 5276 396.03
' (5438.87) (181.73) (5620.60) (5060.61) (168.42) (5529.03) (391.56)
No. 2 12,231.57 10,053.18 22,284.76 11,379.173 9326.27 20,705.44 1579.3
’ (11,513.16) (9453.17) (20,966.33) (10,710.83) (8845.41) (19,556.24) (1410.10)
Table 8. Total CO, emissions, in kg, caused in the year 2022 by the fundamental and harmonic load
losses in transformers 1 and 2 according to the adapted and original (within parentheses) expressions
for the IEEE C57.110 and ANSI/UL 1561-1562 standards.
IEEE Std C57.110 ANSI/UL Std. 1561-1562 Other Stray
Transformer - :
Fundamental = Harmonics Total Fundamental = Harmonics Total Losses
No. 1 845.2 28.29 873.49 786.3 26.2 812.5 61.0
) (837.58) (28.00) (865.58) (779.33) (25.94) (805.27) (60.3)
No. 2 1883.66 1548.19 3431.85 1752.39 1436.24 3188.64 243.21
' (1773.02) (1455.79) (3228.81) (1649.47) (1362.19) (3011.66) (217.15)

However, our approach, like that used by the standards, has limitations. There are
small differences between the loss values obtained with our approach and the actual
transformer losses derived from the measurement procedure. To obtain the real value
of the losses in the transformers, it is necessary to use two wattmeters: one arranged in
the primary and the other in the secondary. The actual load losses would be obtained by
subtracting the no-load losses from the difference between the active powers measured by
the wattmeters in the primary and secondary transformers. This measurement procedure
is accurate but more laborious and expensive to implement, especially when installing the
wattmeter on the high-voltage side.

Like that used by the standards, our approach is based on measuring only one of
the transformer windings. With this, we are making an approximation, since the effects
of the circulation of vacuum currents through the primary coils have been neglected. As
the vacuum currents are mainly of a fundamental frequency and their effective values
do not usually change during the operation of the transformers, the maximum error that
can be made in the measurement of the losses with the use of the TLC software can be
estimated based on the square of the quotient between the RMS value of the no-load current
and the RMS value of the nominal current of the transformer (at the nominal frequency)
multiplied by 100. The manufacturers provide the value of this quotient. The load loss
maximum errors determined in the 1000 kVA distribution transformers analyzed in the
practical part of this article, when using our approach, would be less than 0.011%; therefore,
the limitations regarding the use of the new expressions of the losses established in the
article can be dismissed.

5. Conclusions

Transformers are important vectors in energy waste and CO; emissions in electrical
networks. These effects are aggravated when these machines feed non-linear loads. For
this reason, new expressions have been established in this article to calculate the load
losses of three-phase transformers obtained by the modification/adaptation of the original
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expressions included in the EEE Standard C57.110-2018 and ANSI/UL Standards 1561 and
1562. The limitations of these new expressions, derived from the fact that the calculation
of the losses is carried out based on only one winding current of the transformer and not
on both at the same time, as that would be more exact, can be neglected due to the minor
errors introduced in the value of the losses (less than 0.011% in 1000 kVA transformers).

The novel expressions of the load losses obtained by adapting the original IEEE
Standard C57.110 have been implemented using the TLC calculation version 1 software.
Comparisons between the annual values of energy losses obtained with this software and
those resulting from the direct application of the IEEE standard have determined differences
of up to 5.92% in favor of the former. This shows that it is advisable to incorporate the TLC
software in monitoring instruments to operate three-phase transformers.

The study of load losses and CO, emissions carried out on real transformers supplying
residential areas with Low-Voltage distribution networks has revealed the following:

e  The values of losses and CO, emissions obtained according to the IEEE C57.110
standard are always higher than those calculated using the ANSI/UL Standards 1651
and 1562 because the latter standards do not include the effects of Other Stray Losses.
However, the differences between the results of those standards are not too large; they
are less than 7%, even with a high THDi*%.

e  The current distortion rates (THDi*%), between 10 and 20%, cause only very slight
load losses and CO, emissions, which are less than 5% of the total.

e  The current distortion rates (THDi*%) of 40-60% produce high losses and CO; emis-
sions, which can be higher than 40% of the total.

Thus, THDi*% can be used as a helpful parameter to inform the necessity of us-
ing harmonic filters to improve sustainability, reducing losses and CO, emissions from
transformers.

Finally, in the future, we intend to improve the TLC software and provide information
about other parameters that affect the aging and derating of transformers.
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