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Mempamu. [{na koppexkyuu nospeuiHocmu om pasdpoca napamempos anano20-yugposvix Gasnuvix Kanauioe usmepume-
netl nebananca mpexgasHvlx HanpaAXceHull npeonazaemcs 00HOBPEMEHHO 00UH pa3 3a Nepuoo KoNeOAHUIl HANPAXCEeHU
ocHoerou uacmomul éxoonvle (A, B, C) u svixoonvie (a, 6, ¢) 3axcumvl pasHvix Kanaioe nepexiouams "no xoavyy" c
asnvim wazom 120° u uzmepsmo eexmopui 6v1x00H020 Hanpsvcenus. TIpu 5mom 6eKmMopHas NOZPEUWHOCTL Om pas-
Gpoca napamempos Gaszubix Kananos uzmepumens moosice epauwjaemcs ¢ gasuvim wazom 120°, a eexmopwl nanpscenus
obopamuou nocreoosamenviocmu (HOII) ocnosHou uacmomul snekmpocemu He gpawjaromes. Ilosmomy credyroujue
CHIOJICEHUS. COOMBEMCMBEHHBIX KOO0 MCHOGEHHBIX 3HAYEHULl NOJYYEHHbIX MpPex 6eKMOPO8 PA3HbIX MAKMO8 0aem Y-
poennoe HOII ocrogroul uacmomsl Oe3 nozpewHocmu om pazopoca napamempos ¢asueix kanaros. bubmn. 12, puc. 3.
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The universal criteria, which allows for the effective and calculated values of the network power factor optimally choice
the busbar configuration, also the parameters of reactive power compensation devices for reducing of power and volt-
age losses in three-phase systems of shop electric power supply was developed. The modified technique of preliminary
estimation of the voltage losses in busbar trunk lines on the power factor of the network taking into account the higher
harmonics content of the busbar current is developed. This will provide a qualified approach to the formation of
requirements for the construction of current conductors and converters, which are sources of generation of the current
harmonics. References 10, figures 2, table.
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Introduction. The production of metallurgical energy-intensive products, the provision of
technological operations applying hoisting and transport mechanisms, including crane electric
drives in the shops of enterprises is very powerful. Therefore, for modernization own power sys-
tems of enterprises of the Ukrainian metallurgical industry requires the application of modern solu-
tions in the field of energy resource saving. The wide use of power semiconductor converters in all
industries allowed increased the energy efficiency of industrial mechanisms, to reduce energy con-
sumption, and to improve the quality of manufactured products. The introduction of frequency-
controlled electrical drive systems, rectifiers and other semiconductor converters leads to the gen-
eration of higher harmonic components in DC and AC current conductors, and also negatively af-
fects the network power factor, which are standardized by the relevant standards of electromagnetic
compatibility [1]. The presence of higher harmonics in the current conductors also provides addi-
tional voltage power losses. Therefore, to suppress them to the allowable standards, knowledge of
the network configuration and detailed calculation of the power system is required.

Analysis of last researches. Now, there is a significant amount of work devoted to the in-
fluence of current higher harmonics on the losses in the main elements of the network: electrotech-
nical converters [2], semiconductor converters [3], synchronous and asynchronous electric drive
systems [4] and etc. The known engineering techniques for selecting and calculating current con-
ductor parameters for shop networks (shape, geometry, relative locations) [5] not allow to taking
into account the influence of current higher harmonics on the voltage losses in the shop networks,
power losses, changing of balance of active and reactive capacities, network parameters, non-phase
symmetry. For determining the reserve of a possible increase efficiency coefficient by compensat-
ing pulsations of active and reactive powers, also a constant component of reactive power in electric
supply systems in the works [6, 7] by authors were researched. The researches allowing to evaluate
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the influence of the asymmetry of the geometry con-
structions and type of materials, on the electromagnetic
parameters of the electric network is provided. Most of
the works is devoted to the research of electromagnetic,
energy and thermal processes [8, 9], identification of
electrical parameters, electrical stability parameters of
busbars, and for graphite furnaces [10], crucible melting
furnaces, vacuum plasma electric furnaces by numerical
simulation methods. All these researches allowed in-
creasing energy efficiency of technological processes
and electromagnetic compatibility between the main
elements of three-phase power supply systems. How-
ever, problems, which related to the assessment of the
effect of higher harmonic current components and
asymmetry in three-phase power supply systems on
power and voltage losses in shop current conductors, de-

pending on their design parameters are not sufficiently
researched. Therefore, the actual problem is to improve the techniques of choice the busbars of AC
current, which allow estimating the voltage and power losses in the shop networks, depending on the
higher harmonics content of electromagnetic parameters. Also it will provide a qualified approach to
the formation of requirements for the construction of current conductors and converters, which are
sources of generation of the current harmonics.

The aim of this work is to improve the technique for estimating the voltage losses in three-
phase busbar systems of shop power supply, depending on the higher harmonics content of the elec-
tromagnetic parameters of the network.

Expounding the main material. The parameters of the reactance (X) and resistances (R) of
the current conductor significantly depends on its geometry (the ratio of height and width dimen-
sions, proximity effect, displacement effect, current density and frequency, the presence of protec-
tive shieldings, the current conductor materials). Mostly, the increases of the power and voltage
losses in busbar systems allowed by the growth of reactance related resistance. Therefore, when de-
signing and choosing of the geometry constructions and busbars placement, designers are trying to
minimize reactance, so that the calculated value of the voltage losses corresponds to the value of the
voltage loss for A =1. For this comfortably to use the nondimensional parameters represented as a
function which depends from power factor of the network.

The voltage losses in the current busbars is determined by the known expression [5]:

AU = [ﬁ[-(R-cos¢+Xsin(p)/U]-100%, (1)
where R, X is the resistance and reactance of current busbar, Om; / is the effective value of busbar
current, A; U is the linear value of voltage, V; ¢ is the angle phase shift between current and volt-
age, el. deg.

For further analysis, the expression (1) transformed as:

AU=[R-\/§~1-(cosw+tg¢T ~sin(p)/U]-100%,
where 1gpr = X/R is the design parameter of the current busbar.

2)

If the busbar parameters are expressed in relative units, and assume that R*=1, that accord-

ing to (2) the character of the voltage losses AU will be determined by the behavior of the function:
flp.igor)=cosp+igpr -sing. (3)
In fig. 1 shown dependence of the function f{¢, tgpz) on the power factor of the network for
different values of the design parameter /ggr for active-inductive (Q/P) and active-capacitive (Q/S)
loads. At the active inductive loads, in the Q/P zone, for the eigenvalues of tgpr, the function (3)
will be possess the value fop=1 at two points: at A = 1, and the defined value 4 according to the value
of tgpr. For example, for busbar with zgpr = 0,35 (curve 1, fig. 1) the function (3) will be possess
the value fop= 1, at A=0,7 and for tgpr = 0,58 - A = 0,5 (curve 2, fig. 1.). With decreasing busbar
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design parameter 7gpr, the curve function (3) is shifted to the right side, and the value of power
factor A at the point of intersection of the curve will tend to A = 1. At the active-capacitive loads, in
the Q/S zone, the curve of the function (3) is symmetrical relative to the function curve (3) with the
active-inductive loads. (curves 1°-4°, fig.1). Since in three-phase systems of shop electric power
supply used only active-inductive loads, the curves of function (3) need considering for estimation
of compensation possibility of voltage dropping in busbar by reactive power compensation devices.
For example, for busbar design parameter tgpr = 0,35, for a compensation angle ¢, = -5 °, the
voltage drop compensation value fps = 0,034; for g, = -10 ° - fps = 0,076; for p. = -15 ° - fos =
0,106. Thus, the dependences according to (3) are universal criteria, which allows choice the busbar
design parameters for the effective and calculated values of the network power factor optimally,
also the parameters of reactive power compensation devices for reducing of power and voltage
losses in three-phase systems of shop electric power supply was developed.

To estimate the voltage losses taking into account the presence of current higher harmonics,
transform equation (1) to the following form [5]:

2
AU = z(‘/g'liz‘(%. 'COSWXwi-Sincp]/UJ -100%:; 4)
1

i=1

where I; is the effective current value i-th harmonics; R, X, is the resistance and reactance of the
busbar for the i-th harmonics.

Resistance and reactance values for the i-th harmonics determined from the following ex-
pression [5]:

[ .
R =k -R; R, =p-—; Xmi:l‘le+O’564'Rw,’ (5)

i q i
where k,; — coefficient, which takes into account the changes resistance at the current frequency of
the i -th harmonics; R,, — resistance for DC; / — active length of busbar, m; p — resistivity of the ma-
terial of the busbar, Ohm-mm?*/m; g — cross-section of busbar, mm®.
The coefficient which takes into account the change in the resistance from the current fre-
quency of the i-th harmonics for steel busbars can be
determined as [5]:

1+0,84-B,%, VB <1,

k, =10,758+/1,34-B7 0,183, VB> 1,p <3,
0,758+1,159-P,, VB > 3;
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Fig.2a frequency of i-th harmonics, Hz; u is the magnetic per-

meability, H/m.

According to the expressions (4)...(6), in fig. 2
shows the voltage drop on 1m of the busbar length for
the first current harmonic, as well as the dependence of
the resulting voltage drops for a nonsinusoidal current
for the angled steel of busbar (profile 60 x 60 x 6, cross-
section = 684 mm®) from the network power factor, at
current load of more than 5000 hours with a current

01 02 03 o1 o5 06 o7 density of 0,3 A/mm” (fig. 2 @), and current load up to
(s an 2% e sz rn: 3000 hours, with a current density of 1,2 Afmm® (fig. 2 5)
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short-circuit ratio Ry, [1]. To analyze the results of the research and to estimate the degree of
influence of higher harmonics on the voltage drop in busbars, we will use the relative value of the
voltage drop changes with non-sinusoidal current for the corresponding value:

AU *,o5 = AU o /AU] ;
where AU, is the resulting voltage drop at non-sinusoidal current at the corresponding coefficient
Ryc.; AU 1s the voltage drop from the first harmonic of the current in the busbar.

In table shows the relative values of the voltage drop changes for the corresponding
coefficients R, without and reactive power compensation. To compensate the reactive power, the
change was taken into account, when the angle of phase correction varied in the range 0 < ¢, < -20°.
The analysis shows, that at maximum allowable current load on busbars, full compensation voltage
drop, and particular overcompensation voltage drop on the availability of the higher harmonics, at
lower values Ry is performed. For large values Rj., the current load on the busbars must be
reduced. Thus, the availability of higher harmonics of current exert influence on the voltage drop
changes in busbars, the relative value of which, can reach to 1,73...2,51 times, depending on the
current load and the short-circuit ratio R,... Partial or complete compensation of the voltage drop for
steel busbars, depending on the value of the current load and the short-circuit ratio Ry, is
performed, when the angle of phase correction in the range 0 < ¢, < -20 ° is changed. However,
providing correction angles ¢. > -10°, especially for large values of the short-circuit ratio Ry,
requires the use of reactive power compensation devices with a larger rated capacity, which is not
always possible and reasonable for three-phase shop power systems. Therefore, in order to
compensate the voltage drop on availability of the higher current harmonics, it is necessary to take
into account not only the features of the busbar design parameters, but also a whole complex of
features: related to the choice of the short-circuit ratio; current load conditions; operation modes of
converters and limit of the related capacity of reactive power compensation devices. Due to the
diversity of the converter technology and the generation by them of higher harmonics with values of
amplitudes and frequency spectrum, which differ from the limited values of the standard documents
[1]. This problem will be researched in the following aspects: development more accurate technique
of determination of the voltage and power losses taking into account the constructive parameters of
busbar and their optimization, the proximity effect, the displacement effect, the frequency spectrum
and their phase angle shift between current and voltage, electromagnetic asymmetry, the presence
of protective shells, etc.

Relative values of voltage drop changes AU*,.,, p.u,
Pe current load at J min=0,3A/mm2 current load at Jmax=1,2A/mm2
Riyce =33 | =66 | =120 | =250 [ >350 | =33 | =66 | =120 | =250 | >350

without reactive power compensation
- | 1,028 ] 1,061 | 1,167 ] 1,515 1,733 | 1,139 | 1,234 | 1,382 | 1,766 | 2,515
with reactive power compensation
p.=5° 1092 {0948 | 1,044 | 1,355 1,549 | 1,013 | 1,22 | 1,235 | 1,578 | 2,255
¢.=-10° 10,811 | 0,837 | 0,92 | 1,201 | 1,371 | 0,887 | 0,964 | 1,082 | 1,387 | 1,99
¢.=-15° 10,708 | 0,723 | 0,805 | 1,05 | 1,196 | 0,766 | 0,834 | 0,935 | 1,205 | 1,744
¢.=-20° | 0,603 | 0,621 | 0,684 | 0,893 | 1,02 | 0,64 | 0,701 | 0,794 | 1,015 | 1,489

Conclusions. The universal criteria, which allows for the effective and calculated values of
the network power factor optimally choice the busbar configuration, also the parameters of reactive
power compensation devices for reducing of power and voltage losses in three-phase systems of
shop electric power supply was developed. With the help of the improved technique, an estimation
of the voltage drop in the steel busbars on the availability of higher current harmonics was
executed. Depending on the short-circuit ratio and the current load, the relative value of the voltage
drop can increase by 1,73...2,51 times was defined. At the maximum allowable current load on the
busbars, full compensation, and particular overcompensation of the voltage drops on the availability
of higher harmonics is performed at lower values of the short-circuit ratio. In this case, reactive
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power compensation devices with a smaller related power can be used. For large values of the
short-circuit ratio, the current load on the busbars must be reduced.
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