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Abstract — The use of electronic loads has increased
significantly throughout the last decades. Such devices
present an inherent non linearity characteristic due to the
existence of switched power supplies in the input side,
which convert the line ac voltage to the dc voltage level
necessary to feed electronic circuits. This paper will focus
on PR losses under non sinusoidal conditions, mainly in
cables and transformers. For this purpose, a
mathematical development that takes in account the
presence of harmonic components in the PR losses
calculation will be presented, so that the effects of the
harmonic distortion in the power system components and
consequently its impact on the power factor can be
analyzed. Based on this study, a factor that evaluates the
power quality performance in low voltage networks is
presented. This factor is directly associated to the
economical viability, once that it points when the losses
minimization is interesting according to the cost/benefit
ratio.
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I. INTRODUCTION

Electronic loads draw distorted currents even when fed by
sinusoidal voltages. On the other hand the current distortion
causes the voltage to be distorted as well, what can be seenin
Figurel.
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Voltage and current waveform characteristics
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One can notice in Figure | that a sinusoidal voltage
applied to alinear load yields a sinusoidal current. However,
distorted current waveform will result if a non linear element
exists. Likewise, if a sinusoidal current is injected through a
non linear impedance, the voltage across it will be distorted.
Therefore, non linear loads indicate distorted voltage and/or
distorted current waveforms, though the opposite is not true
[6].

Such non linearity between the voltage and the current
tendsto cause several undesirable effects such as:

- Thermal overstress, what reduces equipments lifetime due
to the overload in buses, feeders, cables and transformers;

- |solation overstress;

- Unusable or undesirable operation of several devices;

- Additional losses;

- Power factor reduction.

Within this context, this paper presents a study on the
effects of harmonic distortions in the power system
components, mainly in cables and transformers.

1. THE INFLUENCE OF HARMONIC DISTORTIONS IN
THE POWER SYSTEM COMPONENTS

A. Distorted currents in cables

According to Figure 11, the pi model can be used in order
to represent a conductor [4]. However, this model can be
simplified, as it can be represented by a pure resistance, so
that it becomes adequate for the purpose of this study, as
shownin Figurelll.
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FIGURE II
Pi model representation of a cable
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FIGURE III
Current flowing through a cable




Considering that the supply voltage is typically nearly
sinusoidal i.e. THDy<8%, while the rms current presents
some significant harmonic content, asin (1),
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the rms value of the current can be separated into a
fundamental part and a harmonic part,

Tos =12 +1,7 ?)

where [; is the fundamental current and 17, is the
representation of the whole current harmonic spectrum,
respectively.

According to [2], when the voltage is approximately
sinusoidal, the fundamental current /; and the fundamental
power factor “cos f;” can be respectively given by (3) and

(4.
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where TPF is the true power factor considering the presence
of harmonic components. Therefore the fundamental current
can be divided in two components i.e. active and reactive
current, according to (5).

L=1f, =1I,(cosf, + jsinf,)=1,, + /I, (5
where [;, is the fundamental active current and 1, is the

fundamental reactive current, respectively.
On the other hand, the harmonic current is given by (6)

[2].
I, = LLS (6)

The losses due to distorted currents are basically
proportional to the sgquare of the rms current. However, one
should also consider the resistance increase with the
frequency due to the proximity and skin effects of
conductors.
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Once that the resistance increase with the frequency can
be neglected, i Elylng a slight underestimation in the losses
calculation, the 1°R losses can be separated into the following
parts:
i) PR losses caused by the fundamental active current P1p),
which are inherent to the load operation and can not be
compensated;
ii) FR losses caused by the fundamental reactive current
(P14) and by the harmonic current (P;), which are undesirable
and can be adequately compensated.
Therefore, one can rewrite (7) as:

P =R +P+P, R(1 +1,, +1h2) ®)

where R; isthe resistance at the fundamental frequency.
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Considering that the harmonic PR losses are essentially
reactive, both reactive fundamental and harmonic I°R losses
can be added and defined as a single quantity called total
reactive 1°R |osses, represented by P, cive.

P P Rcacttvc (9)

B. Effects of harmonic components in transformers

The presence of harmonic components in transformers
causes the copper losses (I°R losses) and the iron losses
(hysteresis and eddy current losses) to increase [1]. This
paper will only consider the load-related losses, which are
provided in (10).

})load = ])J'([rangf) + })EC (10)

WhereP,,W isthe total load-related 10sses, Py iS the total
I°R losses, and PEC is the total eddy current losses. Thus the
following expressions are given.
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where P (anyry represents the PR losses in the fundamental
frequency, Pgc; is the eddy current losses in the fundamental
frequency, n is the harmonic order, and I, is the n-th order
harmonic current.

1. BUDEANU’S MODEL

Even before the problems caused by harmonics became
evident, Constantin |. Budeanu had developed in 1927 a
mathematical model based on the frequency domain that
separates the apparent power into three components i.e.
active, reactive and distorted power [5], as the apparent
power isgiven by:

S = Vs Lunss = P2 + 0> + D? 13

where P, O and D represent the active power, reactive power
and distorted power, respectively. Thus, the apparent power
can also be divided into a fundamental and a harmonic part,
asfollows.

2 2 2 2
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S2=8%+8? (15
where §; is the fundamental apparent power and S, is the
harmonic apparent power.

The ratio between S, and S; can be described by the
following expression [3]:
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Assuming that THD; is typically much greater than THDy
i.e. THDy<8% and THD>20%, the S,/S; ratio can be
expressed as follows, where the result provides an error
lower than 1% if compared to that given by (16).
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S,
— =THD, a7
Sl

If THD,<5%, this ratio can be represented by (18), where
the result provides an error equal to about 0.15% if compared
to that given by (16).

2 +THD,” 19
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IV. THE POWER QUALITY FACTOR

Once that part of the I?R losses can be compensated, it is
desirable that such compensation is performed according to
the economical viability. The cost of lossesis proportional to
the square of the rms current, and it can be represented in
Figure IV [7].

It can be seen that when the fundamental reactive current
is equal to 40% of the active current, the cost of losses is
equal to approximately 2% of the active energy cost, while
the cost of the compensation is equal to 0.25%.

Based on the simplified S,/S; expression given in (17), a
factor that points the need of the compensation according to
the cost/benefit ratio is presented and proposed as follows:
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Substituting al the necessary parameters in (19), it
provides:
€25 7PF)” - 14
e————ux100 (20)
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This expression depends on the true power factor, that on
the other hand depends on the current harmonic distortion,
according to (4). When the power factor is unity and the
harmonic distortion isnull, the factor PQF», is maximum and
equal to 100%, as the power quality profile is considered
optimum. When the fundamental reactive and harmonic
losses are significant, this empirical expression provides
values lesser than 100%. In critical situations, this expression
may even provide negative values, and in this case the value
will not be considered negative but null, implying the worst
situation for the power quality.
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FIGURE IV
Cost of losses and compensation
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Therefore this factor provides values varying from 0% to
100%, that can be classified as follows:
(i) O%EPQF,,<20% (critical): In this case, the power quality
is deteriorated, and there is the need of imminent
investigation and possible compensation of the reactive
| osses;
(ii) 20%E POF ., £50% (acceptable): The power quality profile
is considered satisfactory, although a more detailed anaysis
is needed in order to determine whether the reactive losses
compensation is economically viable;
(iii) 50%<PQF.,,£100% (optimum): The power quality
profile is in accordance with the allowed patterns, and there
isno need of compensation.

V. CASE STUDY

An airline reservation center with 240 workstations in an
office building located in the United States, whose electrical
wiring schematic is presented in Figure V, showed signs of
harmonic overloading near the workstations. The total load
of the reservation center is about 300kW, distributed among
three three-phase 480V feeders and a single-phase 277V
feeder, and the transformer 7, load is 60kW, correspondent
to the computer workstations.

The measured results are shown in Table |. The necessary
parameters for the calculation of the power losses neglecting
the proximity and skin effects are determined then, and the
results are presented in Table 1.

In order to establish a comparison with the results
obtained in Table I, the power losses considering the
proximity and skin effects are also calculated, where the
resistance increase with the frequency is shown in Figure VI
and the values for cables 2, 3 and 4 are presented in Table
I, Table IV and Table V, respectively. No results are
presented for the current in cable 1 because its harmonic
content was not measured and is considered unknown.

The obtained values are summarized in Table V1. It can be
seen that the error islow, except for the cable 3. It means that
when the harmonic current rms value in amperes is
significant, the error tends to be greater, and the skin and
proximity effects must be considered in the calculation.
Although the measured current in the cable 4 is low, the
losses are significant, due to the high resistance value. This
can be explained once that this parameter is inversely
proportional to the conductor size and when multiplied by
the square of the rms current, causes higher losses.

The load-related losses in transformer 7, are evaluated
and the results are shown in Table VII. The I°R losses in the
fundamental frequency are assumed to be equal to 2.5% of
the transformer load, and the eddy current losses in the
fundamental frequency are assumed as 5% of the I°’R losses
in the fundamental frequency.

One can see in Table VII that the PR losses in non
sinusoidal conditions are about twice those in the
fundamental frequency, while the eddy current losses are
about fifteen times those in the fundamental frequency.
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Airline reservation center schematic
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FIGURE VI
Resistance increase as a function of the frequency
TABLE I
Measured results
Conductor . Rated Measured Measured
S;?::;i ¢ Size R?(s)llflt:::)ce Current Voltage T;l‘;f))'/ Current T(‘Z)l))' TPF
(mm’?) (A) V) A)
Cable 1 0.001186 688 479 2.8 380 16 0.90
Cable 2 50 0.034633 150 475 4.0 86 30 0.89
Cable 3 185 0.004935 280 206 55 237 99 0.69
Cable4 25 69.04266 21 116 7.8 6.2 100 0.64
TABLE II
Power losses neglecting the proximity and skin effects
Cable I cos f1 I, 1, I, Py, Py Py Preaciive P;
Segment (A) (A) (A) (A) W) W) W) W) W)
Cable1 375.23 0.91 342 154.37 60.04 138.73 28.27 4.28 32.55 171.28
Cable 2 82.37 0.93 76.54 30.45 24.71 202.90 32.10 21.15 53.25 256.15
Cable 3 168.42 0.97 163.53 40.31 166.74 131.98 8.02 137.21 145.23 277.21
Cable 4 4.38 0.91 3.97 1.86 4.38 1087.08 239.92 1327.00 1566.92 2654.00
TABLE II1
Power losses in cable 2 considering the proximity and skin effects
n L/ I, (A) Ru/R; R, (ohms) P (W)
1 1.0000 82.373 1.000 0.034633 235.00
3 0.0140 1.153 1.068 0.036988 0.05
5 0.2500 20.593 1136 0.393438 16.68
7 0.1500 12.356 1.182 0.040936 6.25
9 0.0100 0.824 1.273 0.044088 0.03
11 0.0600 4.942 1.364 0.047240 1.15
13 0.0400 3.295 1.455 0.050391 0.55
15 0.0030 0.247 1.545 0.053508 0.003
17 0.0200 1.647 1.636 0.056660 0.15
19 0.0150 1.236 1727 0.059812 0.09
21 0.0010 0.082 1.818 0.062963 0.0004
23 0.0120 0.988 1.909 0.066115 0.06
25 0.0110 0.906 2.000 0.069267 0.05
P; (W) 260.09
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TABLE IV
Power losses in cable 3 considering the proximity and skin effects

n L/I; I.(A) R./R; R. (ohms) P, (W)
1 1.0000 168.424 1.000 0.004935 140.00
3 0.7700 129.687 1.400 0.006909 116.21
5 0.4600 77.475 1.700 0.008390 50.36
7 0.2700 45475 2.000 0.009871 2041
9 0.2000 33.685 2.200 0.010858 12.32
11 0.1820 30.653 2.400 0.011845 1113
13 0.1510 25432 2.700 0.013325 8.62
15 0.1140 19.200 2.800 0.013819 5.09
17 0.0850 14.316 3.000 0.014806 3.03
19 0.0600 10.105 3.100 0.015300 1.56
21 0.0420 7.074 3.300 0.016287 0.81
23 0.0510 8.590 3.400 0.016780 1.24
25 0.0320 5.390 3.500 0.017274 0.50
P; (W) 371.30
TABLE V
Power losses in cable 4 considering the proximity and skin effects
n IL/I I, (A) R./R; R, (ohms) Pin (W)
1 1.0000 4.334 1.000 69.0427 1327
3 0.8135 3.566 1.000 69.0427 878.19
5 0.5162 2.263 1.000 69.0427 353.60
7 0.2198 0.964 1.000 69.0427 64.11
9 0.0566 0.248 1.000 69.0427 4.25
11 0.0949 0.416 1.000 69.0427 11.95
13 0.0741 0.325 1.000 69.0427 7.29
15 0.0241 0.106 1.000 69.0427 0.77
17 0.0350 0.153 1.000 69.0427 1.63
P; (W) 26438.78
TABLE VI
Power losses in the airline reservation center facility
Cable PIp PIq Py Preactive Pj Error
Segment (0] W) W) (040) (Q40) (%)
Cable 2 202.90 3210 25.09 57.19 260.09 151
Cable 3 131.98 8.02 231.30 2393 371.30 2534
Cable 4 1087.08 239.92 1321.78 1561.70 2648.78 0.19
TABLE VII
Load-related losses in transformer 7,
Pjiransf) Prci Pjranst) Prc Proa
Transformer W) W) W) W) W)
T 1500 75 2970.15 1139.87 4110.02

V1. DIAGNOSTIC PROVIDED BY THE POWER
QUALITY FACTOR

The power quality factor can be applied to the studied
case, and the diagnostic is provided in Table VII. For this
calculation, the values obtained in Table Il are employed,
where the influence of the proximity and skin effects is not

considered.
TABLE VIII
Application of the power quality factor
Cable Py Py Py PQFy (;’l‘l’;:ft;
0,

Segment W) W) W) (%) Status
Cable 1 138.73 28.27 4.28 76.54 Optimum
Cable 2 202.90 32.10 21.15 73.76 Optimum
Cable3  131.98 8.02 137.21 0 Critical
Cable 4 1087 239.92 1327 0 Critical
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If the power quality factor provides negative values e.g.
for cables 3 and 4, its value is considered null. According to
Table VI, the power quality factor points cables 3 and 4 as
critical cases where the compensation must be performed,
once that both conductors present high harmonic content and
low power factor, asit isshownin Figure VII.
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FIGURE VII

Profile provided by the power quality factor



TABLE IX
Overall cost of losses

Cable Preactive Annual Cost
Segment W) Of Losses
(US$)
Cable1 32.55 14.25
Cable 2 53.25 2332
Cable 3 145.23 63.61
Cable 4 1566.92 686.31
Total 1797.95 787.49

To estimate the cost of the energy, the workstations are
assumed to operate 12 hours per day and 365 days per year
with electric energy at US$ 0.10 per kilowatt-hour, as the
results are given in Table | X. One can notice that the losses
must be compensated in cables 3 and 4, once that they are
responsible for about 95% of the overall lossesin the cables.

VII. MINIMIZATION OF I°R LOSSES

In order to minimize FR losses, the following practical
alternatives are recommended and should be considered
according to the cost/benefit ratio:

i) Increase the conductors size or run a parallel conductor in
cases where the losses are significant e.g. in cables 3 and 4;

ii) Increase the true power factor where its value is less than
0.7 eg. in cables 3 and 4, by placing capacitor banks
observing the resonance phenomenon risk, or even installing
capacitors in series with inductors to avoid it. This alternative
should also consider the cost/benefit ratio according to the
study presented above;

iii) Consider the current harmonic content in the plant design
and in cases where new |oads are being added to the plant.
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VIIl. CONCLUSION

A study on the effects of the harmonic components in
cables and transformers was carried out. A method for the
caculation of IR power losses in cables regarding low
voltage networks was also presented. It was shown that such
losses are significant and must be compensated according to
the economical viability. A factor that evaluates the power
quality performance is proposed, and it works as a good
reference to recommend the need of the reactive IR losses
compensation.
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