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MEASURING NONTECHNICAL POWER LOSSES
USING MODERN DIAGNOSTIC TECHNIQUES
Abstract. Measurement problems of non-technical losses of electricity related to energy flows
and which are not controlled by metering and settlement systems are described. The paper
presents the aspects of the theory about a cuboid of power with regard to the harmonic and
distortion powers as well as about the working and reflected active powers as the basis for
measuring losses. It was proposed to use the function of: power spectrum measurement,
reflected active power measurement, harmonic and distortion power measurement, reference
meter of working active power and cuboid of energy, implemented in Polish energy meters testers
for non-technical losses measurement. The new measurement capabilities can be used to
determine loss and balance sheet differences location as well as to limit energy losses in
distribution. The theoretical considerations were supported by examples of the results of research
on real power objects.
Keywords: nontechnical losses, reflected active power, working active power, harmonic active
power, measurement, harmonic.

Introduction
Electricity losses in the national power system are represented by the index of losses and balance
sheet differences expressed by the following formula:
(1)
∆
∙ 100
∆ %=
where:
losses and balance sheet differences in the network,
∆E EI
electricity introduced into the network.
In Poland, in recent years the value of the ∆E% indicator has a slightly decreasing tendency and
remains at the level of about 1.5% in the HV network, 3.0% in the MV network and 5.7% in the
LV network [1], which means that significant reserves in the field of energy efficiency
improvement are in limiting losses, especially in low-voltage networks.
The balance sheet difference of the Distribution System Operator, as the difference between the
energy introduced into the DSO network and the energy delivered from the DSO network results
from losses:
• technical, related to energy flow through the network,
• non-technical, related with erroneous measurement results (errors of measuring and billing
systems, measurement errors, inaccuracies and readings errors) and illegal consumption of
electricity.
When considering non-technical losses related to erroneous measurement results, one should
keep in mind the maxim of the Energy Manager [2]:
• You can’t manage what do don’t measure,
• If you don’t measure it, you can’t improve it.
Non-sinusoidal currents and voltages in power grids cause various problems, including nontechnical losses of electricity [3,4]. These losses, in contrast to losses resulting from the illegal
consumption of electricity, result from the imperfection of the measuring equipment used.
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A cuboid of power and the theory of reflected power as the basis for measuring losses
In the analysis of non-technical energy losses, can be used the concepts of harmonic power H
and distortion power D that occur in the apparent power equation S in the following form [5]:
=

∙

=

where:
S1 first harmonic of apparent power,
P1
first harmonic of active power,
Q1
first harmonic of reactive power.

=

=

(2)

The harmonic power is given by the formula:
=

(3)

where:
nharmonic order,
In effective value of the nth current harmonic.
The distortion power is given by the formula:
=

(4)

A graphic representation of the defined powers is shown in the cuboid of power shown in
Figure 1.
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Fig.1. Cuboid of power

In the analysis of non-technical energy losses one can also use the concept of working active
power and working energy proposed by prof. Czarnecki in [6], in which three components of
active power were distinguished: working active power, reflected active power and detrimental
active power. The active power P is given a formula
=

=

(5)
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where Pn are harmonics of power and Ph is the sum of harmonics of power. In the case of
nonlinear receivers the Ph power has a negative value, it is the power of energy flow from the
receiver to the source and for this reason it is called as the reflected active power Pr:
=−

(6)

The active power of the first harmonic P1 is called the working active power and marked as Pw,
hence the active power of the nonlinear receiver is given by the formula:
=

−

(7)

The theory of reflected active power has been confirmed experimentally. In laboratory tests of
the real loads connected to a generator, it has been shown [7] that the percentage share of the
reflected active power expressed as:
⁄ =

× 100% =

−

× 100%

(8)

provides up to several percent of active power. Whereas in the studies of the power consumed
by the CNC machine tool, it has been shown [8] that the harmonics of power have a negative
value, which confirms the correctness of the equation (6)

Power spectrum measurement function
The power spectrum measurement function consists in measuring the first harmonic of power P1
and harmonics of power Pn with the visualization in the form of a histogram or table. Figure 2
shows an example of a histogram of active power harmonics of a real measuring laboratory
supplied from a three-phase network. Harmonics with a positive sign are introduced by the
supplier, while harmonics with a negative sign constitute the reflected active power.

Fig.2. Histogram of harmonics of the active power of the measuring laboratory
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The power harmonics histogram is a good tool for fast evaluation of the balance sheet difference
in the power connection with separation into phase lines and individual harmonics. From the
example Figure 2 it can be seen that in the L1 phase the reflected active power contained in the
5th harmonic is greater than the active power of the 3rd harmonic introduced by the DSO. Since
the active energy meters measure power according to the formula (5), the counter readings are
undervalued in the L1 phase. The reverse situation occurs in the L2 phase.
Modern testers of metering and billing systems have implemented the function of measuring the
active and reactive power spectrum just for the purpose of studying the directions of energy flow.
This functionality was already implemented in the Calport 100 tester, whose capabilities in this
respect were presented in 2001 at the conference "Diagnostics in power grids at industrial plants"
[9]. The histogram presented in Figure 2 has been measured by the latest Polish TE30 tester
[10] .

Reflected active power measurement function
The function of measuring the reflected active power consists in measuring the active power P
and the first harmonic of active power P1, then from the formula (5) calculate the sum of
harmonics of power Ph which according to the formula (7) is the reflected active power. Figure 3
shows an example of a table with active power and the first harmonics of active power a
measurement laboratory supplied from a three-phase network, where P1, P2, P3 and PSum refer
respectively to the active powers of L1, L2, L3 phases and their sum, while P1H1, P2H1, P3H1
and PSumH1 mean first harmonics of active powers of L1, L2, L3 phases and their sum.
For the line marked in Figure 3 from 16:47:30, the percentage share of the reflected active power,
calculated from the formula (8), is +1.23% for the L1 phase, +0.21% for the L2 phase, +0.06%
for the L3 phase and +0.21% for the sum of L123 phases. The reflected power measurement
table is a good tool for the current evaluation of the share of reflected active power in individual
phases.

Fig.3. Table of active powers and first harmonic of active powers

Harmonic and distortion power measurement function
The function of measuring the distortion power D consists in measuring the apparent power S
and the first harmonic of active power P1 according to the following formula:
=

−

(9)
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which results from the transformation of the formula (2). For this purpose, additional information
about current values of apparent power is required, as shown in the table in Figure 4.

Fig.4. Table of apparent powers
The function of measuring the harmonic power H consists in measuring the apparent power S
and the first harmonic of active power P1 and also the first harmonic of reactive power Q1
according to the following formula:
=

−

−

(10)

which results from the transformation of the formula (2). For this purpose, additional information
about current values of first harmonic of reactive power is required, as shown in the table in
Figure 5.

Fig.5. Table of reactive powers and first harmonic of reactive powers
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Reference meter of working active power function
The reactive energy meters already measure reactive power and reactive energy from the
components of currents and voltages of the fundamental frequency according to the standard
EN 62053-24 [11]. In contrast, active energy meters, so far, measure the active power and active
energy of all harmonics according to the standard EN 50470-3 [12]. This standard specifies the
following conditions for testing an additional error due in the presence of harmonics in voltage
and current:
- content of the 5th harmonic in voltage equal to 10% and in the current equal to 40%,
- fundamental frequency power factor equal to plus 1, which corresponds to the angle 0°,
- fundamental and 5th harmonic voltages are in phase,
- harmonic power factor equal to plus 1, which corresponds to the angle 0°.
A graphic illustration of these requirements is presented in Figure 6 in the form of print of the
voltage and current oscilloscope screens and the histogram of the active power spectrum
recorded with the TE30 tester cooperating with the C300B calibrator [13] as a signal source.

Fig.6. The voltage and current oscillogram and active power spectrum according to the
requirements of the standard [12]
The conditions for testing an additional error due in the presence of harmonics, described in the
standard [12], are unrepresentative of the conditions occurring in power grids with non-linear
loads. At the peak of load current consumption, the voltage shape should be flattened and not
raised up, as in the Figure 6. According to the theory of the working active power [6], the harmonic
power of nonlinear receivers has a negative value, so the 5th harmonic power bar presented in
Figure 6 should be down, not up from the zero line. Therefore, for further testing, the requirements
of the standard [12] have been adjusted to the following:
- content of the 5th harmonic in voltage equal to 10% and in the current equal to 40%,
- fundamental frequency power factor equal to plus 1, which corresponds to the angle 0°,
- fundamental and 5th harmonic voltages are in reverse phase,
- harmonic power factor equal to minus1, which corresponds to the angle 180°.
The graphic illustration of the real requirements is shown in Figure 7 with the voltage shape
flattened at the top and the 5th harmonic power bar with a negative value.

Fig.7. The voltage and current oscillogram and active power spectrum in accordance with the
power theory [6]
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In the conditions of presence of harmonics presented in Figure 7, an error test of a revenue
energy meter was made using a reference meter in the following two modes:
- measuring the active power of all harmonics marked as P,
- measuring the first harmonic of power - working active power marked as PH1.
If the reference meter measures the active power of all harmonics, the revenue meter error is
- 0.227% and it is within the accuracy class (Figure 8). If the reference meter measures the
working active power, the revenue meter error is -4,217%. This negative error value means that
the working active power flowing through the revenue meter is about 4% higher than the active
power of the nonlinear receiver. The difference between the two results of the error measurement
is not included in the settlement systems, it is a loss for the supplier and a bonus for the nonlinear recipient.

Fig.8. Measurement results of meter error at measuring of power P (left) and PH1 (right)

Cuboid of energy measurement function
Figure 9 presents a table with the results of measurement of the following energy components:
active, reactive and apparent energy of L1, L2, L3 phases and their sum as well as first harmonics
of active and reactive energy of L1, L2, L3 phases and their sum. It is the equivalent of an energy
meter with twenty registers, whose indications can be refreshed every setting time - in an
example table every 10 s. From the measurement results contained in the table you can calculate
the reflected active energy, distortion energy and harmonic energy, changing in the previously
described formulas (5), (9) and (10) powers for appropriate energies. The energy measurement
function specified in the table Figure 9 enables the evaluation of non-technical losses in a given
connection within a given time, eg a day with division into individual phases and determination of
their occurrence time.
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Fig.9. The table of energy measurement results
From the measurement results of energy components listed in the table, one can, in analogy to
the cuboid of power presented in Figure 1, present a graphical representation of the measured
energy in the form of energy cuboids for each phase and their sum.

Conclusion
To be able to improve energy efficiency by limiting non-technical losses, tools for measuring the
energy flow are needed. Non-sinusoidal currents and voltages in power grids cause energy flows
in different directions, while the flow of part of the energy is not controlled due to imperfections
of the measuring equipment.
Energy flows and losses can be analyzed using the power cuboid theory or the theory of reflected
active power. The theory of reflected active power, developed by prof. Czarnecki, is particularly
interesting for the measurement of losses, because the reflected active power is a pure loss. It
was only proven two years ago, in the work [7] carried out in the USA, that the fundamental
theses of this theory on the flow of harmonic energy in the opposite direction to the first harmonic
energy flow were experimentally confirmed in the laboratory stand.
In Poland, we have a particularly favorable situation with regard to the capacity to measure losses
related to energy flows that have not been controlled until now. The national meter tester type
TE30 [1] and the three-phase system with a reference meter and an integrated three-phase
source type TS33 [14] have dedicated functions for the measurement of losses. Power
measurement functions such as power spectrum, reflected active power, distortion power or
harmonic power enable current evaluation of energy flows that are variable over time. The
function of reference meter of working active power enables the measurement of the percentage
error in calculating energy due to uncontrolled energy flows through the installed metering and
billing system. The cuboid of energy function enables the measurement of all energy components
to accurately calculate losses.
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