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Analysis of measurement of harmonic power of non-sinusoidal currents in
modern electrical networks

T.U. Kurbaniyazov®2, A.B. Bazarbayev'®P
INukus State Technical University, Nukus, Republic of Karakalpakstan, Uzbekistan

Abstract: Precise measurement of power and other AC parameters is essential across all levels of the electrical
power system, benefiting both suppliers and consumers. Traditionally, measurement devices have been
designed under the assumption that voltage sources produce sinusoidal waveforms and that loads are
linear, resulting in sinusoidal currents. However, with the growing prevalence of non-linear loads and the
increasing demand for measurement accuracy, these assumptions often no longer hold true. As a result,
there is a growing focus on understanding how non-linear loads affect measurement accuracy and on
developing new instruments capable of operating reliably under non-sinusoidal conditions in power
networks. This study contributes to that effort by developing and validating a digital sampling wattmeter
designed for accurate measurement under non-sinusoidal conditions, meeting standard laboratory
precision requirements. It also seeks to enhance understanding of the challenges involved in measuring

in such environments.
Keywords:
current

Nonsinusoidal three-phase current, sensors, metering methods, active and reactive power, harmonic

1. Introduction

The concept of measuring and calculating electrical
power using digital sampling of voltage and current has been
explored for quite some time, as noted by Clark and Stockton
in 1982 [1]. One key benefit of this method is its ease of
calibration, along with the high precision of digital
multiplication, which avoids the linearity issues sometimes
found in analog-based power meters. Additionally, digital
sampling allows for accurate power measurement even in
non-sinusoidal conditions and facilitates the analysis of
power contributions from individual harmonics.

In the past, digital sampling faced significant challenges
due to the high speed and accuracy required for analog-to-
digital conversion and real-time processing. However, over
the past few decades, advancements in sampling and ADC
(Analog-to-Digital ~ Converter)  technologies  have
significantly improved both precision and sampling rates.
Today, even highly accurate voltmeters utilize these
methods. Additionally, many of these instruments are
equipped with standard computer interfaces, greatly
simplifying data acquisition. They also incorporate the
necessary electrical isolation between the voltage input,
current input, and the computer, addressing key safety and
performance concerns. As a result, such instruments are now
highly suitable for fast and precise digitization, making them
ideal for power measurement applications.

2. Research methodology

Mathematical notations

This review of proposed definitions of power under
nonsinusoidal conditions encompasses a wide range of
studies by authors from various countries and time periods.
As a result, there is significant variation in the terminology
and mathematical notation used across these sources. While
some of the original notations are retained, this paper
primarily adopts a more standardized set of symbols to
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improve clarity and consistency. Instantaneous values and
time-dependent functions are represented using lowercase
letters, whereas RMS and mean values are denoted by
uppercase letters. Additionally, no specific distinction is
made between scalar and complex quantities.

For the general case the active (mean) electrical power
is:

PZ%fTwu*i*dt 1)

where T is the time of interest or the observation time,
or for periodic signals, the period time. In an ideal power
system, the voltages and currents are (purely) sinusoidal
with a frequency of 50 Hz or 60 Hz. However, non-ideal
characteristics of real-life power system components and
non-ideal loads will cause distortion. Currents and voltages
will be nonsinusoidal and will contain harmonics. In most
cases, the currents and the voltages will still be
(approximately) periodic with a fundamental frequency of
50 Hz or 60 Hz. If the voltage and current both are periodic
functions of time with the same period T, the voltage and
current can both be expressed as a Fourier series and the
power can be defined as [2]:

P =%, Uy x Iy *cosg, (2)

where n is an order for which both the voltage and
current harmonics exist, and ¢,, is the phase angle difference
between u,, and i,. Further, for the special case where both
the voltage and the current are sinusoidal the active power
can be expressed by the familiar equation [2]:

P=UxI*cos¢ 3)

These definitions are grounded in the physical principles
of electrical power and energy, which can be converted into
other forms such as thermal or mechanical energy, and
subsequently measured through corresponding physical
effects. As a result, Equations (1) through (3) are universally
accepted, with no disputes arising - whether in the general
case or in specific scenarios involving sinusoidal or
nonsinusoidal periodic signals [2,3].

Apparent and reactive powers, on the other hand, are not
based on a single, well defined, physical phenomenon as the
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active power is. They are conventionally defined quantities
that are useful in sinusoidal or near sinusoidal situations. For
sinusoidal voltages and currents reactive power is defined as:
Q=U=xI*sinp=+vS2—-P2 (4)
and apparent power is defined as:
S=Ul=\P?+¢Q? )
At nonsinusoidal conditions there is, more or less, a
general agreement on using [4]:
S=Ul (6)
It is usual to denote this expression of reactive power by
Qs. The power triangle is generally not satisfied by this
definition so another quantity D must be defined to
determine the relation between apparent power, reactive
power and active power:
D2=SZ—P2—Q2 (7)
However, the definition proposed by Budeanu is
generally regarded as impractical for real-world applications
[3, 4]. Moreover, as previously mentioned, reactive power is
not derived from a single physical phenomenon; rather, it is
a mathematically defined quantity. Despite this, it possesses
several valuable characteristics and meaningful physical
interpretations, particularly under sinusoidal conditions [5].

Preferred measurement and metering methods

Modern and future digital power and energy meters
equipped with frequency analysis capabilities open up new
opportunities for power measurement. Traditional metering
approaches can be revised and enhanced, overcoming the
limitations and ambiguities of older equipment—
particularly when measurement quantities are properly
defined for the actual nonsinusoidal conditions present. To
ensure meaningful and consistent results, it is important to
identify the most appropriate measurement methods and
quantities, distinguishing them from the wide range of
theoretical possibilities. This chapter explores the pros and
cons of a metering approach that distinguishes the
fundamental power components from the remaining parts of
the apparent power.

Over the past fifty years, extensive theoretical research
has been conducted on power components in nonsinusoidal
conditions. In parallel, specialized instruments for power
quality measurement have become increasingly widespread.
However, the high cost of meters capable of performing the
spectral analysis required for measuring many of the
proposed new quantities has limited their adoption in
revenue metering and permanent installations. With ongoing
advancements, sampling techniques are expected to become
standard in meters designed for stationary use. As a result, it
is now necessary to critically examine the practical
applicability of nonsinusoidal power theories.

In power theory research, the primary emphasis has been
on identifying the most theoretically accurate or optimal
concept [1]. In addition, various specialized power concepts
have been introduced to address specific situations or
applications [2]. A common approach in many proposed
definitions of power components involves decomposing the
current into orthogonal components. Among these, the
active current ia is typically defined as the component that
would produce active power if the load were purely resistive
[3].

i=ia+in=%u+in (8)

The rest term in can be considered as a generalised
reactive or, preferably, non-active current. Since iaand in are
orthogonal, the apparent power can be calculated from the

rms currents la and In and the rms voltage, and divided into
active and non-active power:
S2=U?%(I2+12)=P>+N? (9)

The non-active portion of the current can be further
decomposed into additional orthogonal components. When
these squared current components are multiplied by the
squared voltage, as shown in Equation (9), the result is a set
of multifrequency power components. These components
can be aggregated - much like the active and reactive power
components in sinusoidal conditions - to form the squared
apparent power.

From a power system engineering perspective, it is often
practical and appropriate to separate the voltage and current
- herefore, the power - into the fundamental component and
the unwanted harmonic components. This division allows
for distinguishing the fundamental power components from
the remainder. This approach has been acknowledged by
several authors, who have proposed a power definition based
on these principles [4].

The suggested definition starts by dividing the rms
voltage and the rms current into fundamental and harmonic
parts [5,6]:

U? = U + U} = UZ + N> U2 (10)
P =1 +I§=1§+Eps1 If 11)

The voltage and current are then multiplied to form the
apparent power, and the power components (for balanced
circuits) are suggested as:

S§2=S2+4SE =P+ Q%+ P3+NZ+ (U ly)* +

(UnL)? (12)
where
St = P? +Qf = (UyIy cos 91)? + (Uil sinp,)* (13)
Py = 2n>1 Un Iy, cos ¢y (14)
NI% =SI%I_P1\2/=Zn>1U1%Zn>111%_P13 (15)

U1Iy)* = U12 Yns1 13, (Unly)? = 112 Yn>1UZ (16)

Nn is a harmonic rest term and (16) describes the cross-
products between fundamental and harmonic parts. The
difference between the apparent power division described
above and other suggested power definitions may seem
subtle but is quite substantial. The most obvious difference,
is that the (total) active power no longer is one of the power
components. P1 is one of the components, and P is one, and
the active power is P=P1+P, but P, = P2 + P% and can not
be put into (12). However, as a supplement to the apparent
power split above the nonactive power is given as:

N =+sz2-p2 (17)

A common and widely used method for dividing the
responsibility and costs of power quality issues, including
reactive power, is to assign responsibility for voltage to the
power distributor and responsibility for current to the
consumer [7-9]. This approach functions effectively as long
as the voltage and current characteristics do not interact
significantly, allowing for a clear separation between cause
and effect.

The magnitude of the fundamental quadrature current is
primarily determined by the load characteristics, which can
be measured as reactive power in the classical sense. As a
result, the responsibility for this quadrature fundamental
current can be easily assigned to the power consumers.
However, a situation may arise where billing for quadrature
fundamental current based on classical reactive power
metering is unfair. For instance, if two nearby customers
have opposing loads - one inductive and the other capacitive
- both might be charged for reactive power that ultimately
cancels out and causes no issue for the distributor. This
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situation is rare, particularly given the scarcity of large
capacitive loads, and can usually be handled as an exception.

Harmonic current is primarily considered a distribution
issue rather than a transmission problem. Most of the
challenges associated with harmonics are of a local nature,
as the interaction between different loads can lead to current
cancellation, which in turn reduces the overall harmonic
current level from groups of loads. This localized effect
makes harmonic mitigation more manageable within the
distribution network, rather than requiring large-scale
changes at the transmission level. Figure 1 and Figure 2
demonstrates the metering problems due to the interactions
between loads, especially between load currents. From
Figure 3 it is evident that the relative sizes of the impedance
of the lines and/or the impedance of transformers, Z1, Zi2
and Zis, will very much determine the current level in the
metering point of a load. Distribution transformers often
play a significant role in determining the impedance seen by
harmonic current sources and can act as a barrier to harmonic
currents to some extent. As a result, consumers who share a
distribution transformer are more likely to experience
greater harmonic current interaction, leading to higher
harmonic current amplitudes at their metering points,
compared to consumers who are not sharing the same
transformer. This current cancellation and interaction are
especially noticeable for harmonics of order greater than 10,
where the phase angles naturally spread more widely,
leading to more pronounced effects [10].

| S |
Zy(n)
(system impedance)
u(1) I
(system power generation) (n>1)

Metering interface
a) simple load-source model for the case of one large non-

linear Ioad
3
L
Zyi(n) Z0,(0) Li(n)
G)U(l) I 74
Inz Znz2(n) (:1; 1) il
(n>1)

Metering interface of load 1

b) Load-source model, load 1 is studied, all other loads are

lumped together into one extra load, and the system

impedance divided into three parts. Normal case:
ZL3(n)>ZL2(n)>ZL1(n)
Figure 1. Load-source models describing the metering
of a non-linear load

In Figure 2a, a nearby load generates current with an
opposite sign, resulting in a high harmonic current level at
the metering point. However, since this harmonic current is
driven by both loads and does not pass through any
significant impedance, the measured harmonic voltage and
active harmonic power remain negligible. Additionally, the
harmonic current flowing through the system impedance is
also minimal, meaning that despite the high harmonic
current at the metering point, it will not pose any issues for
either the distributor or other loads.

On the other hand, if the load currents were of the same
sign, the currents would likely add together, passing through

the system impedance and generating higher active
harmonic power in both the studied load and the nearby load.
In this case, the harmonic voltage and active harmonic power
would be significantly higher—approximately twice as
much as if the metered load were the only nonlinear load in
the area. Therefore, the active harmonic power generated by
a nonlinear load is strongly influenced by both the system
impedance and the presence of neighboring nonlinear loads

11].
[ l]Dower measurement techniques for non-sinusoidal
situations
Zél(n) lnlerm:yﬂg‘l(:ad currents :
1
|
@) : '
o Iy ( >%‘ P el Zy ()
Nz (0 ’L‘ Zy, () E

Meteririg interface of load 1
a) Load-source model, loads electrically close, ZL3(n),
ZL2(n)<< ZL1(n), resulting in high harmonic current and
(in this case) low harmonic voltage and low harmonic
active power.

Z15(n) =0y
LI =
Zu (n) J-[
Z,(n)
u(1) Iy, (1) Z ()
Iyz (n>1) Zy (n)
N
Lr.

Dominating current path Metering interface

b) Load-source model, at transformer-compensator
resonance conditions.

Figure 2. General load-system circuit diagrams for
nonsinusoidal conditions showing the problems of the
harmonic metering of a load for responsibility sharing

purposes

Resonance risks, as shown in Figure 2b, further
complicate the situation. The use of capacitors to
compensate for fundamental reactive power typically
reduces most harmonic voltage levels in the system by
providing a low-impedance path for harmonic currents.
However, in the event of resonance, the harmonic current
and/or harmonic voltage levels can actually increase,
particularly in localized areas. A power consumer with a
significant motor load and compensating shunt capacitors
might find themselves part of a resonance circuit driven by
harmonic currents from another consumer. In this case, the
consumer will experience high harmonic current and voltage
levels, even if their load is not significantly nonlinear [12].

Typically, active harmonic power meters will indicate
positive harmonic power in such scenarios. Much of the
harmonic losses in the system will occur in the transformer
closest to the load. Therefore, the amount of harmonic power
measured will depend on where the metering is placed
relative to the transformer. Another metering challenge
arises with the third harmonic and other harmonics that
exhibit a zero-sequence character, as they are usually trapped
by the distribution transformer. As a result, the measured
harmonic current will vary depending on whether the
measurement is taken on the primary or secondary side of
the transformer.
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3. Conclusion

The conclusion is that while harmonic current meters can
provide an indication of whether a load generates harmonics,
they are unreliable for a full analysis. Active harmonic
power metering, on the other hand, can help determine
whether the harmonic current from a load is primarily caused
by that load or if it is influenced by external factors.
However, neither of these methods provides a complete
picture of the behavior within the load or the broader power
system.

The responsibility for harmonics can be approached in
two ways. The first approach is to establish that the
consumer's responsibility for current is always stricter than
the distributor's responsibility for voltage. In this case,
resonance or significant interaction would be considered the
consumer's responsibility, and harmonic current could
always be billed for or subject to limits (this could also be
reversed, where a harmonic voltage above a set limit
becomes the distributor's responsibility and cannot be billed
to the consumer, requiring resolution by the distributor).
While this is the simplest solution, it can sometimes be
unfair, as illustrated earlier.

The second approach involves using a measurement
method that distinguishes between imported and exported
harmonic current problems. Ideally, this would involve a
comprehensive load and system characterization. While
accurate measurement of active harmonic power can
differentiate between imported and exported harmonic
currents, it cannot alone provide a complete characterization
of the situation.
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