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ABSTRACT

This paper presents a set of new power quantities that aims to assess the harmonic distortion considering
low and high order harmonics. The power quantities in the IEEE Standard 1459-2010 are revisited and
new formulations are developed after separating the low order (harmonics below 40th order) and high
order (harmonics above 40th order) from the fundamental (i.e. 60-Hz) component of the voltage and
current. Two distinct groups of new power quantities are introduced in this study namely: (1) low/high
order harmonic distortion powers and (2) low/high order harmonic interference powers. The results of
the experimental measurement performed on different light bulb types from different manufacturers
are presented in this paper to exemplify the usefulness of the developed power quantities. The results
of the measurement reveal that the new power quantities can be useful in assessing the harmonic dis-
tortion/interference resulting from low/high order harmonics and also can be useful in many detection
applications which require extracting prominent features in high frequency range above 2.4 kHz (or 40th
harmonic order).

Time-frequency analysis
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1. Introduction
1.1. Background

The definitions of power quantities when measured under non-
sinusoidal conditions have been controversial during the past
decades until the release of the IEEE Standard 1459-2010 [1]. This
standard defines five major quantities namely: (1) fundamental
(or 60-Hz) power, (2) non-fundamental (or non 60-Hz) power, (3)
current distortion power, (4) voltage distortion power and (5) har-
monic apparent power. These power quantities are the outcome of
separating the power system frequency components of the non-
sinusoidal instantaneous voltage or current from the remaining
harmonic components which lump both low and high order har-
monics. The IEC 61000-3-2 [2,3] set limits for harmonic current
emissions up to only 40th harmonic order while the IEC61000-4-7
[4] only shed light on the harmonic range above 40th order and up
to 180th harmonic order without setting any emission limits.
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1.2. Motivation

The power definitions presented in the IEEE Standard 1459-
2010 and hence the harmonic emission limits cover only situations
in which power disturbances are due to low order harmonics.
Currently there is no standard to define power quantities in any
harmonic range above 40th order, and therefore the interaction
between different power quantities at high order with low order
harmonics and with the fundamental power system frequency
(60-Hz) is not well understood [5]. It is worth noting that extend-
ing the power quantities that are previously defined in the IEEE
Standard document to separate the high order harmonics from the
low order harmonic power using the frequency domain decom-
position as introduced in the IEEE Standard document using only
two main components (i.e., one fundamental and another non-
fundamental power components) is not a trivial or straightforward
process due to the emergence of new power quantities result-
ing from the interaction between high order harmonic component
and both low order harmonic components and the fundamental
frequency components. Since this work has not been taken into
consideration in the literature therefore appropriate definitions
of these power quantities for high order harmonics need to be
developed to help understanding the interaction of these quanti-
ties with those at lower harmonic order. This is essential to facilitate
the measurement of the associated energies at the high frequency
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range for revenue purposes, and also to set limits for emissions to
prevent interference with power line communications. The pre-
sented mathematical formulations of the new power quantities
and their definitions present a comprehensive approach that paves
the road to further investigation and assessment of high order har-
monic emissions resulting from modern non-linear loads in electric
distribution system.

1.3. Previous work

In the last thirty years, all the developed definitions of power
quantities in the literature [6-14] are based on separating the fun-
damental power system frequency (60-Hz) component from the
other harmonic (non 60-Hz) components. This was in response
to the changes that occurred in the past fifty years resulting from
the widespread use of traditional power electronic converters (i.e.,
controlled/uncontrolled bridge rectifiers/inverters) that inject har-
monic currents in the low order harmonic range (i.e., up to 40th
order). Today, because most modern power electronic converters
used in solar photovoltaic/wind-based distributed generation and
in most plug-in electric vehicle battery chargers use pulse width
modulation (PWM) with operating frequency usually chosen in the
high frequency range (i.e.up to 100 kHz) [ 15], harmonic frequencies
above 40th harmonic order might exit.

Also studies [16-18] have reported high order harmonic emis-
sion from fluorescent lamps with high frequency ballast, and some
energy efficient light bulbs such as compact fluorescent light bulbs
(CFLs) and light emitting diodes (LED) light bulbs by measuring
the current in the frequency range 2-150 kHz. In order to address
this subject, this paper extends the power definitions introduced
in the IEEE Standard 1459-2010 [1] to include the high order har-
monics while introducing new power quantities after separating
the high order harmonics of the voltage and current from the low
order harmonics.

1.4. Work organization

The work presented in this paper is organized as follows: Section
2 presents the mathematical formulations of low and high order
harmonic power quantities and the newly introduced power quan-
tities. Section 3 describes the experimental set-up used in this work
and the utilized measurement methods of these power quanti-
ties. Section 4 presents the time-frequency analysis and the results
obtained from the measurement of the developed power quantities
and finally Section 5 includes the conclusions.

2. Low order and high order harmonic power quantities
2.1. Definitions

In non-sinusoidal situations, according to the IEEE Standard
1459-2010 [1], the instantaneous voltage and current can be sep-
arated into two components: (1) fundamental (or 60 Hz), and (2)
non-fundamental (or non-60 Hz). The latter can further be sepa-
rated into two components; (1) low order harmonic ranging from
2nd to 39th harmonic order and (2) high order harmonic which
include all harmonic order starting from 40th order and above.
According to this separation, the root mean squares (rms) of the
voltage and current can be mathematically formulated as:

fv2 L y2 2 /2.2 o2
V=\/Vi+Vi + Vi =+ + 1y (1)

with

39
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where the subscripts ‘HL’ and ‘HH’ denote low and high order har-
monics, V7 and I; are the rms of the voltage and current at the
fundamental (60 Hz) power system frequency while Vi, I, are the
rms of the voltage and current at the non-fundamental (non-60 Hz)
components.

The total active power P can be decomposed into three com-
ponents: fundamental active power Pq, low order harmonic active
power Py, and high order harmonic active power Pyy.

P =Py + Py + Pun (4)
39 9

P; =V;l; cos 91, Py = thlh Ccos ghv Pyy = thlh cos 9]-,
h=2 h=40

(5)

Using the rms voltage and currents defined in (1) the total appar-
ent power can be computed by taking the product of the voltage
and current at the fundamental, low order, and high order compo-
nents. Table 1 summarizes the power quantities for low and high
order harmonics.

§? = V2P = VI + VI + VG, + VIR + VAR + Vi

+Viul? + Vil + Vaulin (6)

2.2. New power quantities

The first termin (6) can be recognized as the fundamental appar-
ent power Sp as defined in [1].

2.2.1. Low order and high order harmonic current distortion
power

The second and third terms in (6) represent the segment of the
non-fundamental non-active power due to low and high order har-
monic current distortion which can be defined as low order and
high order harmonic current distortion power, Dj; and D;y respec-
tively.

Dy =Vily,, Dy =Vilyy and DIZ = DIZL + DIZH (7)

2.2.2. Low order and high order harmonic voltage distortion
power

The fourth and seventh terms in (6) are the low order and high
order non-fundamental non-active power components due to har-
monic voltage distortion Dy; and Dyy respectively.

Dyi = Virly, Dyy =Vuuly and D2 = D% + D%, (8)

2.2.3. Low order and high order harmonic apparent power

The fifth and ninth terms in (6) are the apparent power due to
low order and high order harmonics in voltage and current alone.
Specifically, the product of the voltage and current at the low order
harmonics produces the low order harmonic apparent power Sy;.
while their product at the high order harmonic produces the high
order harmonic apparent power Syy.

SuL = Vuilnr,  SuH = VHulpn (9)
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