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Abstract. Power quality determines reliability of electrical equipment operation, performance of 
the assigned functions by it, service life. In the last years problem of power quality attracted 
increased attention because of power quality degradation and a great number of consumer 
complaints. Many problems of power quality control, such as determination of liabilities and 
responsibility of power suppliers and consumers for its quality, call for solution. The paper presents 
the types of damages caused by harmonics and the results of an analysis of harmonic active power at 
the node connecting an aluminum smelter block to a supply network. The analysis is performed on 
the basis of measurements. Measured current and voltage were used to calculate harmonic active 
power. It was found out that the aluminum smelter block generates the harmonic active power to the 
supply network only during part of the measurement time. For the other part harmonic active power 
flows from the supply network to the aluminum smelter block. The paper presents the proposals on 
the use of harmonic active energy for determination of the power quality distortion source and its 
contribution.  

1 Introduction  
Power quality and supply reliability are closely 
interrelated. Power quality determines reliability of 
electrical equipment operation, performance of the 
assigned functions by it, service life. At the present 
voltage and its quality are the main parameter and index 
of power quality. In [1] voltage quality and supply 
reliability were combined into term – quality of supply, 
which is confirmed by practice of power system 
operation. In Russia before the adoption of the federal 
laws “On technical regulation” [2] and “On electric 
power industry” [3] the problem of power quality was 
treated as a problem of power system condition control. 
The power quality had to correspond to the requirements 
of the state standard [4]. The only barrier to meet its 
requirements consisted in absence of proper instruments 
for measuring the power quality indices. However, 
despite the lack of measuring instruments significant 
results were achieved in the area of power quality 
control. The top achievement is the adoption of two 
regulations, which formulated the economic mechanism 
of power quality control: “The rules of consumer 
connection to the public network in terms of the effect 
on power quality” [5], “The rules of applying the rate 
discounts and surcharges for power quality” [6]. 
Adoption of the law “On technical regulation” [2] made 
it possible not to fulfill requirements of the state standard 
on power quality, since the state standards were granted 
the status of documents of optional application. In the 
law “On electric power industry” [3] the necessity of the 
quality of power supplied to consumers, which complies 

with the technical regulations and other mandatory 
requirements, is indicated in more than ten clauses. 
However, as fairly noted in [7], it is done in the form of 
“general terms”. Adoption of the law “On electric power 
industry” gave rise to emergence of many players of the 
electric power industry. Therewith, each of them solved 
the problems of satisfying own interests and the problem 
of power quality evolved into a secondary one. In the 
last few years this problem attracted increased attention 
because of power quality degradation and a great number 
of consumer complaints. Many problems of power 
quality control, such as determination of liabilities and 
responsibility of power suppliers and consumers for its 
quality, call for solution. 

In the Customs Union countries the voltage quality 
requirements are specified in the GOST 32144-2013 [8]. 
Deviations in voltage characteristics from the rated ones 
lead to different adverse consequences for power 
suppliers and consumers.  

2 Examples of the adverse impact of 
poor quality voltage  
Interruptions of the supply voltage and dips. Voltage 
interruptions and dips arise as a result of short currents, 
connection of high power loads. The voltage dips can 
lead to spontaneous disconnection of contactors and 
magnetic starters [9] and, as a result, to interruption of 
power supply to consumers causing a technological 
damage. In [10] the continuous productions and sectors 
based on digital technologies are described as the most 
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sensitive to voltage dips. In these branches the price of 
one dip is 2120–4682 EUR. On the average 13 voltage 
dips and 6 momentary voltage interruptions are observed 
annually at the node of load connection. Table 1 presents 
typical costs of voltage interruptions for different types 
of enterprises in one of the US states [11]. The cost rises 
by 2–4 times with the increasing duration of voltage 
interruption up to 1 hour. 

Table 1. Typical costs of momentary interruptions. 

Type of enterprise Cost, 
USD/kW 

In
du

str
ia

l 

Paper  1.5–2.5 
Textile, metal fabrication, mining  2.0–4.0 
Rubber and plastics 3.0–4.5 
Petrochemical, food processing  3.0–5.0 
Pharmaceutical   5.0 
Automobile manufacturing 5.0–7.5 
Electronics  8.0–12.0 
Semiconductor manufacturing  20.0–60.0 

Se
rv

ic
es

 Communication  1.0–10.0 
Banks, hospitals, civil services 2.0–3.0 
Restaurants, hotels, commercial 
shops  

0.1–1.0 

 
Voltage unbalance. In 2016 at one of the substations 

of the Volga-Don enterprise of the backbone networks 
the operation of gas protection resulted in tripping the 
63000 kVA transformer. The cause of the transformer 
tripping was a turn-to-turn fault in the primary winding 
that occurred because of quick insulation ageing because 
of the long-term current unbalance. 

Harmonic voltage. The paper [12] presents the fact of 
damage of household appliances of consumers that was 
caused by tripping the 220 kV transmission line 
“Pokosnoe – Tulun” in the Irkutsk region. The power 
was supplied to consumers over the transmission lines of 
10 and 35 kV from the 35 kV buses of the substation 
“Pokosnoe”. After tripping the 220 kV transmission line 
at the substation “Pokosnoe” the values of the 11-th 
harmonic voltage factor (KU(11)) sharply increased. Their 
maximum values at phases А, В and С reached 14.5 %, 
17.2 % and14.4 %, respectively compared to the 
admissible value of 4 %. In the settlements situated at 
distances of 56, 87 and 101 kilometers from the 
substation “Pokosnoe” the maximum values of KU(11)  
proved to be 35.7 %, 46.0 % and 47.9 %, which caused 
the damage of household appliances. 

Because of the harmonic problems the DC link at the 
substation “Mogocha” operated unsteadily. As indicated 
in [13], “due to availability of harmonic voltage of a 
high amplitude at a frequency of about 8 kHz in the 35 
kV network of converters the 35 kV cable terminals 
were heated and damaged during commissioning works 
in the ring condition of power transmission between IPS 
of Siberia and IPS of East, which required additional 
elaboration of design options”. 

The harmonic currents caused the overheating of 
both phase and neutral wires of cable transmission lines. 
This problem is particularly vital in low voltage systems, 
where the single-phase loads are the harmonic sources. 
Even if the nonlinear loads turn out to be symmetric, 

considerable current can flow in the neutral wire 
primarily with the harmonics multiple of 3. Figure 1 
presents the curve of current variation in the neutral wire 
of the network for external lighting of the trading and 
entertainment center in the city of Krasnoyarsk [14]. 

 

 

Fig. 1. Daily current variation in the neutral wire. 

The harmonics cause malfunction of circuit breakers 
because of a high value of the cross ratio, transformer 
overheating because of additional eddy current losses, 
capacitor damage because of high values of harmonic 
currents, increase losses in the asynchronous motors, 
create transient overvoltages in the cosine capacitors, 
lead to malfunction of protection and automation 
systems and many other adverse effects [15–17]. The 
costs induced by harmonics amount to 5.4 % of all the 
costs due to poor power quality [10]. 

3 Damages from harmonics 

All adverse effects, i.e. damages, can be classified in the 
form presented in Fig. 2. 

 

Fig. 2. Types of damages from harmonics. 

The direct damage includes damages caused directly 
by equipment failures, malfunction of protection and 
automation systems, increase of power losses during its 
production, transmission, distribution and consumption. 
The direct damage can be divided into explicit and 
implicit damages. The explicit damage is linked to the 
effects, which can be seen and measured. The implicit 
damage is accumulated during a long time and can be 
estimated by the indirect indicators, special experiments 
and special calculations. The indirect damage comprises 
damages leading to violation of different production 
processes which cause quality degradation and decrease 
in output product quantity, drop in productivity and idle 
time of manpower. In addition, this damage includes an 
intangible damage that implies discomforts, for example, 
impossibility to switch a computer and enter an Internet 
because of poor voltage quality. 

The effects of damages require additional financial 
expenses. According to the expert estimates the 

Damage 

Direct Indirect 

Explicit Implicit 
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economic loss because of poor power quality amounts to 
billions dollars and euros annually [10, 11, 18, 19]: 

• in the US in the process industry, financial services 
and food industry − 60-80 billion USD, 

• in the European Unity only in the trade and process 
industry − 10 billion EUR, and the total loss is estimated 
at 100 billion EUR, 

• in Russia “by the minimal estimate they are about 
25 billion USD”. 

The financial losses can be reduced by power quality 
improvement, which is possible by detecting a 
degradation source first of all. The problem of 
determining the distorting load contribution to power 
quality degradation remains unsolved for many decades 
and is topical. 

4 Determination of the power quality 
distortion source and its contribution 
based on the harmonic active energies 
The nonlinear load receives active energy at the 
fundamental frequency (at the first harmonic). Part of 
this energy is consumed by load and part is converted 
into active energies at harmonics for orders h>1. The 
harmonic active energies of nonlinear load flow to the 
supply network, where they dissipate in equipment 
resistances, heat it and shorten service life. In the case of 
numerous nonlinear loads the harmonic active energies 
come from the supply network to the loads together with 
the active energy of the first harmonic and have adverse 
impacts. If the values of harmonic active energies 
flowing from the load to the supply network are 
determined, then it becomes possible to determine the 
nonlinear load contribution to power quality distortion. 
The paper [20] proposed that the asymmetrical consumer 
contribution to power quality distortion should be 
determined by the negative phase-sequence active 
energy.  

We use an equivalent circuit to analyze harmonic 
active energies at the node of nonlinear load connection 
to the supply network that is presented in Figure 3 [21]. 
 
           Supply network                   Nonlinear load                        IhS     i          IhL

 

  
                                                                                          Uh

 

 
  

Fig. 3. An equivalent circuit of the supply network and 
nonlinear load for the h-th harmonic. 

The notations used in the scheme are: 
i – the number of the node;  
IhS – the vector of the h-th harmonic current of the 
supply network that is the resultant vector of the h-th 
harmonic current of all nonlinear loads available in the 
supply network except for current IhL; 
IhL – the vector of the h-th harmonic current of the 
nonlinear load connected to the i-th node; 

Uh – the vector of the h-th harmonic voltage at the i-th 
node.  

The resultant vector of the h-th harmonic current Ih at 
the i-th node is determined by the vector sum of currents 

Ih=IhS+IhL.                                (1) 

The parameters of harmonic conditions depend on 
numerous factors: the wave effect appearing in 
transmission lines at the harmonic frequencies [22], the 
resonances emerging in the networks at harmonics [23], 
the values of phase angles of harmonic currents of 
nonlinear loads distributed in the network [24], the 
changes in network load and scheme, and the others, i.e. 
they are random values. Therefore, the values of current 
(Ih), voltage (Uh) and their phase angles (Uh, Ih) should 
be obtained by measurements. The harmonic active 
powers are calculated based on the measured parameters 

 
Ph=UhIhcosφh,                                (2) 

 
where h=Uh-Ih – phase displacement between the h–th 
harmonic voltage and current. The power flow direction 
is determined by the angle value h [25]. If h lies in the 
range 0 to π/2 or 3π/2 to 2π, the active power of the h-th 
harmonic flows from the network to the node connected 
load. If h lies in the range π/2 to 3π/2, then the active 
power of the h-th harmonic flows from the load to the 
network.  

In the case of power supply from the source with 
sinusoidal voltage, the power flow of the first harmonic 
(P1(+)) is directed to the nonlinear load and most of this 
power is consumed by load to perform effective work 
(Pw). Part of the active power of the first harmonic is 
converted by the nonlinear load into harmonic active 
powers that are directed from the load to the network 
(Ph(–)). Then the active power of the first harmonic from 
the network to the load can be represented as 

P1(+)=Pw+Ph(–)                               (3) 

In the network with other nonlinear loads the 
harmonic active powers can be directed from the 
network to the load (Ph(+)). The harmonic numbers of 
active powers Ph(–) and Ph(+) can be different. Thus, the 
harmonic active powers flowing through the node at any 
time interval are  

P=Pw+Ph(+)+Ph(–).                           (4) 

The parameters of harmonic conditions were 
measured during 24 hours with the time interval of one 
minute, which was taken into consideration in 
calculation of harmonic active powers. At the interval of 
one minute for one measurement the value of active 
power of any harmonic was assumed to remain 
invariable. Therefore, the active energy of any harmonic 
for the time interval of one minute is calculated as a 
product of harmonic active power by the time equal to 
one minute.  

The presented theoretical principles were applied to 
the analysis of harmonic active powers flowing through 
the connection node of the aluminum smelter block to 
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the 220 kV network. Figure 4 demonstrates the total time 
of harmonic active power flow for 24 hours  through the 
node from the aluminum smelter block to the supply 
network (Time Ph(–)), and from the supply network to the 
aluminum smelter block (Time Ph(+)). 

 

Fig. 4. Time of harmonic active power flow through the 
connection node of the aluminum smelter block to the supply 
network in two directions. 

Table 2 presents statistical estimates of harmonic 
active powers, i.e. detrimental powers )(dP   and )(dP   
[26] flowing through the connection node in both 
directions. The harmonic active powers are defined as 






40

2h
)(h)(d PP ,                          (5) 






40

2h
)(h)(d PP .                           (6) 

Values )(dP   and )(dP   were calculated for 1440 
measurements.  

Table 2. Statistical estimates of harmonic active powers, kW,  
and time of their flows, hours. 

Parameter Phase 
A B C 

Pdmax(–) 55.0 71.4 61.2 
Pdmin(–) 0.1 0.4 0.6 
Pdaver(–) 11.4 19.5 9.0 
th(–) 528.6 499.9 549.2 
Pdmax(+) 59.4 22.4 72.9 
Pdmin(+)  1.5 1.1 1.1 
Pdaver(+) 21.2 22.4 25.9 
th(+) 407.4 436.1 386.8 

The Table shows that the values of average harmonic 
active powers at three phases, which flow from the load 
to the supply network, are lower than the similar values 
of powers flowing from the supply network to the load.  
On the other hand, the time of harmonic active power 
flows to the supply network is longer than the time of 
harmonic active power flows to the load. 

Table 3 presents the calculated active energies in 
both directions for some characteristic harmonics and the 
total energies for 39 harmonics at three phases for 24 
hours of measurements. In the Table Wd(–), Wd(+) are 
harmonic active energies flowing to the supply network 
and load, respectively. From the Table it follows that 
during 24 hours the aluminum smelter block generates 
686.4 kWh of active energy of the 13-th harmonic to the 
supply network, but receives 1185.0 kWh of active 
energy of the 11-th harmonic from the supply network. 
Taking into account the energy of 39 harmonics, the 
aluminum smelter block generates 957.0 kWh of 
harmonic active energy to the supply network, and 
receives 1669.7 kWh.  

Table 3. Harmonic active energies, kWh. 

h Wd(–) Wd(+) 
11 44.0 1185.0 
13 686.4 157.0 
23 11.3 46.6 
25 19.4 31.8 
35 7.1 173.6 
37 67.2 10.4 

2–40 957.0 1669.7 

In addition to the active energy of positive sequence 
of the first harmonic, some up-to-date measuring 
instruments of power quality indices and smart meters 
fix the active energy of all harmonics, which makes it 
possible to calculate the total distorting active energy. 
This energy can be used to determine overpayment or 
underpayment for electricity by consumers. If instead of 
the total harmonic active energy the instruments and 
smart meters measure harmonic active energies flowing 
in different directions separately, this will allow 
determination of the value of consumer contribution to 
power quality distortion. In such a case the harmonic 
active energies could be applied to assess the nonlinear 
load contribution to power quality distortion and taken 
into consideration by electricity rate charge. If the 
harmonic active energies are fed from the network to the 
load, the enterprise could be granted a rate discount, for 
example, as in [6]. This issue should be elaborated 
thoroughly and tested at the first stage on the basis of the 
information obtained during continuous monitoring of 
harmonic condition parameters and power quality 
indices during a long period of time.  

5 Conclusion 
In Russia the power quality is not given due attention 
because of imperfection of the legislative and legal 
documents. Violations of the requirements of 
GOST 32144-2013 are of large-scale and systematic 
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character in all national power companies. Practically the 
tasks on provision of the levels of harmonic voltages and 
negative sequence of the first harmonic are not stated 
and solved. 

The poor power quality causes damages to electrical 
equipment of electricity consumers and suppliers, 
interruptions of power supply to consumers, and as a 
consequence, financial losses to them. 

The need to immediately tackle the power quality as 
the problem of the national importance became urgent, 
since the number of distorting electrical equipment of 
consumers and complaints about poor power quality 
increased. 

Under market relations in electric power industry, it 
is necessary to develop the economic mechanism of 
maintaining the power quality, which will comply with 
the requirements of GOST 32144-2013. 
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