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Abstract
The article deals with issues connected with power supply of buildings and structures under construction. Due to 

nonlinear nature of electric power consumption at building industry enterprises, current and feeding voltage are distort-
ed. This causes additional losses of actual power and energy, as well as inaccuracy and ambiguity in readings of power 
control devices and electric power metering. The article generalizes results of research on harmonic composition of 
electric power parameters of static converters and states recommendations on improvement of assessment and ac-
counting of actual power and electric energy in electrical networks of building organizations.

Keywords: actual power, electric power, unsinusoidality, higher-order harmonic, idle-current wattmeter, electric 
power meter.

Introduction
Due to continuous increase in the number of elec-

tric equipment for construction industry which can be 
applied for non-linear loads, the problem of studying ef-
fects of such loads on losses of power and energy in 
electric power networks, as well as on accuracy and un-
ambiguity of control and accounting of actual power and 
energy, increases constantly. Therefore, the problem of 
investigating the influence of non-linear loads on electric 
power networks, as well as development of methods and 
tools for assessment of power and energy, is becoming 
increasingly important.

Methods of study
Studying of scientific books, idealization, analysis, for-

mal characterization, research and generalization of ex-
perience, forecasting.

Results of studies
Proper and timely solving of issues of construction 

power supply, i.e. supply of enough high quality electric 
power within the given timeframes, influences the terms 

of construction and installation works, effective operation 
of construction machines and mechanisms, and, finally, 
successful fulfillment of the development schedule to a 
large extent (Kononenko, 2008). The main objectives of 
electric power supply of construction can be expressed 
as follows:

•	 reduction of all types of power losses in electric pow-
er supply and at electric facilities of construction sites;
•	 implementation of energy-efficient construction tech-
nologies and introduction of combined electrical engi-
neering processes;
•	 improvement of existing electric power facilities, en-
gineering and implementation of new, more energy effi-
cient electric power equipment, construction machinery 
and electric drive mechanisms;
•	 increasing organizational level of construction; es-
tablishing strict monitoring and accounting of power 
consumption at construction sites, including application 
of computer technologies; developing and improving 
science-based activities on metering of electricity con-
sumption during construction and installation works;
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•	 introducing automated and automatic control of pro-
cesses, building machines and mechanisms, and com-
mon use of microprocessor engineering.

Solving the majority of these tasks of quality electrical 
power supply to construction sites is closely connected 
with the need of reliable estimation of actual power and 
energy.

The peculiarity of electric power supply of construction 
sites is as follows (Kononenko, 2014; Chukayev, 1981):

1.	 A significant part of electric power networks (overhead 
and cable) is temporary and is designed, as a rule, with-
out careful calculations. Partly for that reason, the quality 
of electricity on construction sites is often unsatisfactory.
2.	 Capacity of supply mains is often relatively small (me-
dium-sized construction site requires 700–1500 kW/A 
electrical power).
3.	 The main electricity consuming units at construction 
sites are engines (asynchronous mainly); their capacity 
often equals the power of supply transformers.
4.	 A significant number of other power consumers at 
construction sites can be referred to power distorting 
units. These are personal computers, arc and resistance 
welding devices, gas-discharge lamps, etc.

Powerful static frequency converters are widely used 
for power supply of engines. The basis of the main circuits 
of static frequency converters is semiconductor devices, 
which are nonlinear elements. The work of static convert-
ers is based on wiring of groups of semiconductor rectifi-
ers (diodes, silicon controlled rectifiers, transistors, IGBT 
modules). All wiring circuits of static frequency converters 
generate consumption of unsinusoidal current from power 
networks causing distortion of sine waves of electric line 
voltage (Vershinin, 2000). In general, the curves of cur-
rent and voltage in electrical networks can be regarded as 
amplitude-modulated oscillations governed with a random 
law of changes in amplitude and the initial phase; the volt-
age can be expressed as follows

u t U t t tm( ) ( )sin( ( ))= +ω ψ ,	 (1)

where u t( )  and U tm ( )  are instantaneous and ampli-
tude values of voltage for a given time moment t; ψ ( )t  is 
the initial phase.

The general equation for current i t( ) is similar by the 
structure. If nonlinear loads operate in steady state, then 
the equation for the current i t( ), supplied from the mains 
by the converter, is expressed with the Fourier series 
(Zhezhelenko, 2000):

i t I v tvmv

n
v( ) sin( )= +

=∑ 1
ω ψ 	 (2)

where I v tvm vsin( )ω ψ+  are harmonics or harmonic 
compounds of the order v  with the amplitude Ivm and the 
initial phase ψ v ; n  is the order (number) of the last ac-
counted higher harmonic.

The output current of the inverter (2) may consist of 
different types of harmonics, so it should be presented as 
follows (Zhezhelenko, 2000; Arrillaga, Bradley and Bodg-
er, 1985; Mayevsky, 1965; Khanzelka and Bien, 2005):

i t I I t I I I Im SH CH NH IH( ) sin( )= + + + + + +∑∑ ∑∑0 1 1ω ψ (3)

where I0  is a DC component; I tm1 1sin( )ω ψ+  is 
the current of the main component; i t I I t I I I Im SH CH NH IH( ) sin( )= + + + + + +∑∑ ∑∑0 1 1ω ψ  is the total 
of subharmonic frequencies; i t I I t I I I Im SH CH NH IH( ) sin( )= + + + + + +∑∑ ∑∑0 1 1ω ψ  is the total of high-
er characteristic harmonics; i t I I t I I I Im SH CH NH IH( ) sin( )= + + + + + +∑∑ ∑∑0 1 1ω ψ  is the total of higher 

non-characteristic harmonics; i t I I t I I I Im SH CH NH IH( ) sin( )= + + + + + +∑∑ ∑∑0 1 1ω ψ   is the total current of 
interharmonics.

In general, the major possible components of the out-
put current of the frequency converter can be represented 
in a tabular form (see Table 1):

Table 1. Components of the output current of the frequency 
converter

Components of output current of 
the converter Frequency, 1/s

Steady component ω=0

Main component ω=ωn=2πfn, where fn=50 Hz — 
network frequency

Higher characteristic harmonics ω=(2p+3)ωn, where p=0,1,2,…; 
f>fn

Higher non-characteristic har-
monics (abnormal)

ω=2gωn, where g=2n, where 
n=1,2,3,…; f>fn

Subharmonics ω=ωn/k, where k=2,3,4,…; f<fn

Abnormal (non-characteristic) 
harmonics (interharmonics) ω≠hωn, where h≠2,3,4,…; f>fn

Depending on the type of converter, the output current is 
different, which means that the expression (3) may or may 
not include certain components.

For example, harmonic frequencies are not generated 
under continuous cyclic control based on half cycles of al-
ternating current, though interharmonics and subharmon-
ics appear (Arrillaga, Bradley and Bodger, 1985).

It should be noted that the present classification of out-
put current of the static frequency converter is conven-
tional. Impulsive and fluctuating distortions appear under 
non-linear loads. They generate components of continu-
ous spectrum, its energy regarded insignificant for power 
supply issues in comparison with the power of harmonic 
components (Zhezhelenko, 2000). However, it is believed 
that this issue is not yet sufficiently investigated.

Unsinusoidality and unbalance of voltage and cur-
rent influence losses of power and energy in electrical 
networks.

Additional technical losses in the electric network are 
inconsistent if voltage unsinusoidality is less than 5%; to-
tal power losses increase significantly if unsinusoidality 
coefficient KU increases up to 10–15%. The greatest loss-
es of higher harmonics in elements of the electric power 
system occur under resonant modes (Sharov, 2006).

Methods for calculating losses in electric equipment 
developed by various authors are approximate due to var-
ious reasons. Thus, frequency characteristics of actual 
and reactive electric resistance are average, specific to 
the type of equipment (motors, transformers, capacitors, 
etc.). Nonlinearities of these characteristics are deter-
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mined with coefficients which are usually different for vari-
ous frequencies. Impact of skin effect and proximity effect 
is described with the coefficient that depends on the num-
ber of harmonics. Impact of conductor resistance temper-
ature is not considered. Attempts to evaluate the default 
level of estimation of additional losses were made. To this 
end, they performed calculations according to well-known 
methods for specific cases. It was found that calculation 
errors are positive for higher harmonic frequencies up to 
13th harmonic order inclusive, not exceeding 7% and to-
taling up to 5% for 95% of cases (Shidlovsky, 1985). This 
applies to calculations of frequencies of characteristic 
harmonics. Errors of calculation of losses in frequencies 
of interharmonics have not been sufficiently studied, as 
“standardization in the field of interharmonics is in the pro-
cess of accumulation of knowledge” (Zhezhelenko, 2012). 
According to recommendations of the International Elec-
trotechnical Commission (IEC), voltage interharmonics 
are limited to 0.2% in the frequency range up to 2 kHz.

Additional harmonics also cause additional inaccura-
cies in power accounting.

All existing electric power metering devices can be 
roughly classified in accordance with the base of ele-
ments they are made of and measurement principles 
allowing recording and can be inductive, electronic and 
microprocessor devices (Sharov, 2006). The quality of 
electric power affects the work of metering devices in 
different ways.

Two electrical counterstreams circulate during meas-
urement of actual power of nonlinear loads РNL power sup-
plied from the network Р1 (power of the main component) 
and power of additionally generated harmonics of differ-
ent frequencies (depending on the type of static frequency 
converter) ∑2

n
n

P• .
Nonlinear loads РNL are a source of additional har-

monics, that is why:

PNL
n

n
= −∑P P1 2 	 (4)

Linear loads under unsinusoidality voltage can be de-
termined as follows:

PL
n

n
= +∑P P1 2 	 (5)

The frequency response of the accuracy of an induc-
tion watthourmeter at the frequency of the harmonic n  is 
approximated by the following equation (Ponomarenko, 
2003):

γ α β= − ⋅ −( ) )exp(  n 1 , where α =1 28.  and β =1 19. . (6)

In accordance with this feature and the equation (4), 
overestimation of electricity is registered during calcula-
tion of electric power consumed by non-linear loads, and 
underestimation is identified for linear loads (5) under un-
sinusoidality voltage. Thus, the consumer pays for deteri-
oration of the electric power quality due to distorting loads 
in the electric network, if an induction watthourmeter is 
installed at a fiscal metering point. However, total balanc-

es of overestimation (underestimation) are not registered 
for the power supply system (Zhelezko, 2009; Shildovsky, 
1985; Zhezhelenko, 2012).

Electronic and microprocessor metering devices may 
identify direction of voltage of higher harmonics at the 
point of registration, in contrast to induction watthourme-
ters. As a result, the consumer pays less for the electricity 
with the source of distortion, while the consumer receiv-
ing electricity of higher harmonics pays more than if it re-
ceives electric power with sinusoidal voltage.

Based on the aforesaid, it is evidently impossible to 
produce sufficiently accurate calculation of actual power 
and energy losses that are present in electric networks. 
It is also impossible to assess actual power consumption. 
The possible way out is measurement of actual power and 
the power consumed from the mains. Comparison of the 
actual power and energy with designed values can help to 
determine “standard” losses of power and energy.

Measurement of electric power wattage is one of the 
main types of measurements in many fields of human ac-
tivities, and in the power sector in particular. Accuracy of 
wattage measurement means (WMM) determine the ac-
curacy of measurement and metering of electric power, 
wattage coefficient, performance of machines and devic-
es. Improving of WMM accuracy can create significant 
economic benefits. Until recently, the electricity needs 
were mostly satisfied with industrial frequency WMM with 
the basic error of less than 0.5%, while high-end devices 
were used as calibration devices (Bezikovich, 1980).

A few works on power measurement issues, published 
at the beginning of the second half of the 20th century, 
were devoted to such WMM. Development of modern au-
tomated systems of metering and distribution of electricity 
taking into account current features of electricity consum-
ers demanded designing of working WMM with the basic 
error of less than 0.1% on the industrial rate, significant 
improvement of accuracy of broadpassband and low pow-
er-factor WMM, as well as development of high-speed 
digital WMM. Solving of these issues is associated with 
development of new methods and means of metrological 
support.

Development of digital wattmeters is aimed at solv-
ing two problems, as a rule: engineering of high-speed 
high-precision broadpassband instruments (class of 
0.01–0.05) for research and metrological works, and de-
signing of general precision instruments (class of 0.1–0.5) 
with a narrow frequency range of 50–1000 Hz, charac-
terized with high reliability, adaptability, small size and 
cost for mass use in power systems and electronic power 
meters (Bezikovich, 1980). However, such devices do not 
cover the entire frequency range, as the measured signal 
may contain sub-harmonics (oscillations with the frequen-
cy less than 50 Hz) and harmonics with the frequency 
above 1000Hz (Schneider Electric specialists believe that 
the harmonics of up to 13th order should be corrected ob-
ligatory, meanwhile effective correction is possible under 
consideration of harmonics up to the 25th order (1250 Hz). 
It can be assumed that it would be necessary to account 
higher harmonics in the future, since the same special-
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ists of Schneider Electric believe that harmonic currents 
above the 50th order are insignificant and can be neglect-
ed; that means that lower order harmonics should still be 
taken into account (Sazhenkov, 2009).

Specific features of AC power metering are that WMM is 
affected with three physical quantities (traditional approach): 
voltage, current and wattage factor. In this case, the very 
measured value, the wattage, does not affect directly the 
measuring transmitter. Accuracy of wattage measurement in 
this case is determined with the accuracy of three measure-
ment errors of these quantities, which are characterized by 
different factors, including the properties of the load.

Measurement of feed-through power is usually per-
formed by determining on-load voltage and current feed-
ing through. In accordance with the accepted terminology 
(GOST 16263-70), measurements of wattage can be attrib-
uted to direct measurements, when the result of conversion 
is proportional to the product of initial values, none of which 
is defined at any conversion stages (wattmeter method), 
or to indirect measurements, when original values are de-
fined and their product is calculated (method of ammeter 
and voltmeter). In this sense, conventional electricity me-
ters and wattmeters are devices with direct measurement 
of power and energy. Currently there are metering devic-
es, which comply with today’s requirements for such de-
vices. Most CIS manufacturers use an element base and 
technologies of the leading companies in the world. Thus, 
the EPQS device metering actual, reactive and full energy 
is a multifunctional measuring instrument complying with 
the requirements of the international standard IEC 60687 
(Zhezhelenko 2012). The considered EPQS measuring 
device is similar to SL7000 Smart applying the principle 
of conversion of measured values and having the same 
characteristics, but the former is available in the CIS. The 
high engineering level of Western European metering de-
vices is based on unique technologies. Thus, the company 
Siemens Metering Ltd (Switzerland) produces electricity 
meters based on such measuring elements, as Hall trans-
ducers. Hall transducers make direct measurements of ac-
tual power of individual phases (in the above stated sense) 
and generate pulses pro rata the power with high precision 
(Zhezhelenko, 2012). It should be taken into account that 
these new transducers of metering devices are still affect-
ed not by power itself, but its components. Considering 
specific models of metering devices, it can be stated, that 
measuring accuracy increase significantly when changing 
measurements from DC current into AC current.

An alternative to traditional methods of low-frequency 
power measurement is thermal methods, implying con-
version of the measured power (energy) directly into an 
output signal or comparison of the measured power with 
a stated DC wattage. The calorimetric method is widely 
used to measure high frequency and ultra-high frequency 
power (Spektor, 1987; Remez, 1956).

In principle, the colorimetric method can be applied for 
power metering of the whole spectrum of frequencies of 
electromagnetic oscillations (Bilko, 1976).

At present, deviations of the curve of the measured volt-
age or current from an ideal sine wave lead to incorrect re-

sults of current metering in modern power networks by volt-
age or current meters with average readings. In this regard, 
they developed instruments that measure the so-called 
actual rms values of AC voltage and current of any form, 
which are determined with heating of an ohmic resistor fed 
from the measuring voltage (Dyakonov, 2011). Modern mul-
timeters which measure true RMS of AC voltage and cur-
rent (not necessarily sinusoidal) are marked as True RMS, 
as a rule. In fact, these devices involve thermal methods.

Therefore, power measurement of unsinusoidality pro-
cesses with a wide harmonic composition requires the 
use of thermal methods.

Thermal power measurement methods are suitable 
for all frequencies, but actually applied only for very high 
frequencies.

Besides thermal methods, there are other methods 
that have not been traditionally used for engineering of 
commercial power (energy) measurement devices, de-
scribed in detail in the scientific literature (Bezikovich, 
1980). There were unique measuring devices even in 
the Soviet Union; their characteristics are not inferior, 
and sometimes even superior to that of modern instru-
ments developed abroad (Dyakonov, 2011). Such ex-
perience of engineering these devices could be used 
to develop instruments of power control and energy 
measurement, which would comply with modern re-
quirements. It is required to design such devices, that 
would allow reliable monitoring and metering of power 
and energy, as well as to develop calibration devices of 
high accuracy.

Although modern measuring devices present at the 
Russian market are called electronic, microprocessor and 
intelligent, they are not intended for reliable control and 
metering (according to the information available, mainly 
advertising), but are aimed at meeting increasing require-
ments of power supply companies. The following charac-
teristics of “smart” metering devices are focused in the 
available works (Osika, 2011):

•	 protection against unauthorized actions;
•	 automatic readings;
•	 imposition of penalties on defaulters;
•	 secure data storage, etc.

Results of study
•	 Results of harmonic analysis of static frequency con-
verters of various types are summarized.
•	 Recommendations on improvement of power and en-
ergy estimation at construction sites are given.

Conclusions
1.	 Currently available devices for control and metering 
of actual power and electricity do not provide reliable in-
formation on quantitative values of these parameters due 
to characteristics of modern electric power consumers.
2.	 It is necessary to use power and energy metering 
devices with reliable readings in order to assess accu-
racy of power and energy values. The most appropriate 
devices for measuring are those ones applying thermal 
methods.
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3.	 Since there are no calorimetric instruments for metering 
power and energy in electricity networks at present time, it 
is necessary to develop and introduce such devices.
4.	 At present day, existing devices can measure actu-
al power and energy allowing for harmonic voltage or 

spectral analysis in the electric network and the load 
current.
5.	 Sensitive measuring instruments designed for measur-
ing audio-frequency range can be used as a reference for 
calibration of existing power control and metering devices.
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