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Abstract. The urgency and necessity of choosing and justifying the structures of hybrid filter-compensating devices
based on series and parallel active filters to improve the quality of electricity in the power supply systems of enter-
prises of the mineral resource complex is shown. Mathematical models of hybrid filter compensating devices based
on parallel and series active filters have been developed. Based on these mathematical models, computer simulation
models of the indicated hybrid structures have been developed. The results of simulation showed the effectiveness of
the correction of power quality indicators in terms of reducing the level of higher harmonics of current and voltage,
as well as voltage deviations. The degree of influence of filter-compensating devices on the power quality indicators,
which determine the continuity and stability of the technological process at the enterprises of the mineral resource
complex, have been revealed. It has been established that a hybrid filter-compensating device based on a parallel ac-
tive filter can reduce the level of higher harmonics of current and voltage by more than 90 and 70 %, respectively,
and based on a series active filter, it can reduce the level of higher harmonics of voltage by more than 80 %. Based on
the simulation results, the possibility of compensating for the reactive power of a hybrid structure based on parallel
active and passive filters has been revealed. The possibility of integrating hybrid filter-compensating devices into
more complex multifunctional electrical systems for the automated improvement of the quality of electricity is sub-
stantiated, as well as the expediency and prospects of their use in combined power supply systems based on the paral-
lel operation of centralized and autonomous sources of distributed generation.

Ouwbka! 3axnaoxa ne onpedenena.Key words: hybrid structures; higher harmonics; voltage dips; power quality;
non-linear load; filter-compensating devices; electromagnetic compatibility; harmonic distortion

Introduction. Modern electrotechnical complexes of industrial enterprises of the mineral re-
source complex are characterized by an intensive spread of non-linear load in the form of frequen-
cy-controlled electric drive systems of technological units. This negatively affects the level of pow-
er quality in terms of non-sinusoidal voltage and current [3]. The values of power quality indicators
determine the level of efficiency and reliability of the networks and power supply systems of enter-
prises of the mineral resource complex (MRC), as well as certain types of electrical equipment.

Formulation of problem. The problem of ensuring the quality of electricity and electromag-
netic compatibility of electrical equipment is relevant for the enterprises of the MRC. The level of
power quality has a direct impact on the service life of the main electrical equipment, the stability
of the operation of electrical installations, the amount of additional energy losses in the elements
of power supply systems, vibration in electric motors. In particular, according to research results
[5, 7] it was found that the value of additional energy losses in electrical machines, due to the
presence of higher harmonics of current and voltage, can reach 25 % of the level of total losses.
Also it has been revealed [8, 12], that in the presence of harmonic distortions in the network that
exceed the standards of GOST 32144-2013, the service life of asynchronous motors can be re-
duced by 1.5-2 times, capacitor units for reactive power compensation — by five or more times.
For submersible asynchronous electric motors of oil production plants with a voltage drop of
more than 70 % of the nominal value, the critical duration of the voltage dip under the stability
condition is 0.15 s [4, 14].

Existing technical solutions. To compensate for higher harmonics of current and voltage, a
number of technical means and solutions are used, which can be divided into three classes: passive,
active and hybrid [1].
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The passive class of devices affects the resistances of sections of the network or the ratio of re-
sistances at any point in the network. The main disadvantages of such devices are the limited spec-
trum of compensated harmonics and the impossibility of adaptive adjustment to changes in the har-
monic spectrum of the network [11].

Active devices have the property of adaptability, allow to compensate for the full spectrum of
higher harmonics from 2 to 40 orders of magnitude and the ability to integrate into systems for au-
tomated improving the quality of electricity [15]. However, a significant drawback of such means is
their high cost and the impossibility of their use in networks with capacitor units for power factor
correction due to the presence of resonance phenomena [2, 10].

Hybrid filtersare formed from a combination of active and passive devices. The use of active
filters together with passive filters allows you to adjust the parameters of the latter. Also, combined
use with passive filters in hybrid systems allows you to reduce the nominal parameters of active fil-
ters [18, 26, 27]. Hybrid devices are classified according to the following criteria: the type of con-
nection between the active and passive parts, as well as the method of connection to the compen-
sated network. It should also be noted that hybrid filter-compensating devices (FCDs) improve the
quality of electricity in several ways simultaneously, i.e. have the property of multifunctionality.
Moreover, such devices are able to compensate for voltage dips and deviations [16, 22].

Mathematical models of hybrid filter compensating devices. The main topologies of hybrid
FCD are various combinations of active and passive filters. The presence of the passive part makes
it possible to reduce the mass-dimensional indicators of the active part by reducing the rated power
of the power elements, which are the most expensive in the composition of the FCD.

Based on the power quality indicators, for which continuous monitoring is needed in the
conditions of the power supply systems of the MRC, it is advisable to consider two main struc-
tures [9, 17, 25, 28]:

* hybrid based on parallel active and passive filters ensuring compensation of higher harmonic com-
ponents (HHC) in current from the side of non-linear load and voltage deviations from the supply network
(hybrid FCD N 1);

* hybrid based on series active and passive filters providing compensation for HHC and
voltage dips from the source side and higher harmonics of the current from the non-linear load
side (hybrid FCD N 2).

In the course of mathematical and computer simulation modeling of these FCDs, the following basic
assumptions and limitations were adopted:

* power elements of active filters are adopted by ideal keys (zero resistance in the open state, infinite-
ly high resistance in the closed state);

« the state of each power switch is described by the Kinv function, which takes the value 0 if the key is
closed, and value 1 if the key is open;

» during one step of integration, all non-linearities are considered as linear dependencies [23].

The structure of hybrid FCD N 1 is shown in Fig.1, a.

The mathematical model of hybrid FCD N 1 is based on the following expressions [9, 14, 25]:

Mgrid(t) = Augrid(l‘) + Upfa (t) = AMgrid(l‘) + upf(t) = Augrid(l‘) + unl](t);
Upfa (t) = upf(t) = unll(t);

igrid(t) = ipaf(t) + ipf(t) + inll(t);

upaf(t) = (1) + i (0); (1)
d‘inv
ue(t) = L l dt(t);

Uiny (t) = Kinv(t)udc(t)a

133



m:34  Journal of Mining institute. 2021. Vol. 247. P. 132-140 DOI: 10.31897/PMI.2021.1.14
Yurii A. Sychev, Roman Yu. Zimin
e

a ) b Non-linear load
Non-linear load

Ugrid

Ugrid Zgrid Zgri Ue tr $
|—®_:)_H Zpt 45 Zpt

Ls Active filter L

Unii Unii

Passive filter

Passive filter

Uinv J{} ™
|—| I—, J%} Active filter

]

Udc

H—f
Qr
a —

Fig.1. Structures of hybrid FCD N 1 (a) and N 2 (b)

where ugrig(t) — grid instantaneous voltagevalue; Augria(t) — instantaneous line voltage drop from the
source to the point of connection of the hybrid FCD N 1 and Augrid(t) = igrid(t)Zgrid; Upaf(t) — instanta-
neous voltage value on a parallel active FCD; up(t) — instantaneous voltage value at passive FCD;
unn(t) — instantaneous voltage value across a non-linear load; igrida(t) — instantaneous current value in
the network; ipaf(t) — instantaneous current value of active FCD; ipf(t) — instantaneous current value
of the passive FCD; inn(t) — instantaneous current value of non-linear load; uinv(t) — instantaneous
voltage value at the output of the active filter inverter; uf(t) — instantaneous value of the voltage
drop across the inductance of the active filter; Lt — inductance at the output of an active FCD;
iinv(t) — instantaneous current value of the active FCD inverter; Kin(t) — modulating function charac-
terizing the degree of IGBT transistors switching on and off; uq4c(t) — voltage on the plates of the
capacitor of the active FCD [10, 11].

The structure of hybrid FCD N 2 is shown in Fig.1, b.

The mathematical model of the hybrid FCD N 2 is based on the following expressions [8, 10, 11]:

Ugrid(t) = AUgrig(t) + Uc(t) + Upt(t) = AUgria(t) + Uc(t) + unn(t);
Ugrid(t) = Tgrid(t)Zgria + Uc(t) + unn(t);
igria(t) = Tpr(t) + inn(t);
Uc(t) = KerUer(t);

(2)
Ucr(t) = uLe(t) + Uinv(t);
d.inV .
uLe(t) = Lt ld—t(t),

Uinv(t) = Kinv(t)udc(t)7

where uc(t) — instantaneous value of the compensating high voltage on the transformer; Ky — trans-
formation ratio; ucr(t) — instantaneous voltage value on capacitor plates [21, 23].

The control system of the active part (parallel active filter) of the hybrid PKU N 1 is implemented on
the basis of phase transformations and phase synchronization of reference values.

The control system measures the phase voltages of the network (ua, U, Uc) and transforms them
into a two-phase system a3 as follows:

uptuc,

2 3)

Uo = Ug —

up = ?(Ub— Uc).
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Phase transformations make it possible to determine the angle ¢ between the imaging vector of
the distorted grid voltage and its projection onto the axis a. The nature of the change and the value
of the angle ¢ contains information about the level of distortion, the presence of higher harmonics,
the phase shift of the voltage and current of the compensated network. Initialguides:

cos® = Ua/Usm;

sing@ = Up/Usm; (4)

Usm = / ué-l-u%.

The phase synchronization unit corrects the angle ¢ to a value ¢’ corresponding to the sinus-
oidal shape of the grid voltage curve. Further, the reference currents in the coordinate system af§
are deter-mined by following expressions:
Irefo. = Iref COSQ';
S (5)
Irefp = Iref SINQ,

where iref — current reference signal. Followed by (3), the reverse phase transformation is carried out:

Irefa = lrefo,
. V3irefs — iref:
lrefh = w; (6)
- ‘/gireﬂ} — Irefo,
B E—

After that, non-linear load currents are subtracted from the reference sinusoidal currents deter-
mined by expression (6) (ina, inb, inc):

lrefe =

loa = lrefa = Ina;

Iob = lrefo = Inb; )

loc = Irefc = Inc.

Based on the currents (ioa, Iob, Ioc) received, control pulses of the power switches of the active
filter inverter are formed. The currents ioa, iob, Ioc give information about the presence of higher
harmonics of the current, which must be compensated by a parallel active filter as part of a hybrid
FCD N 1.

Simulation modeling of structures of hybrid filter compensating devices. Taking into account
expressions (1), (2) based on the structures shown in Fig.1, a and b, computer simulation models of hybrid
FCD N 1 and N 2 have been developed in the Simulink MATLAB software package, taking into account
the parameters and characteristics of the existing power supply systems of MRC enterprises.

In these virtual models, control systems for active parts of FCD N 1 and N 2 are implemented. The
simulation model using the example of FCD N 1 is shown in Fig.2.

The parameters of the oil field distribution network were taken as the initial data for simulation
modeling [20]. A 6 kV field overhead line with a length of 3 km with a three-phase short circuit
power of 250 MVA and a 6/0.4 kV borehole transformer with a power of 100 kVA were adopted as
a power supply source. The non-linear load was modeled by means of a three-phase bridge uncon-
trolled rectifier (Larionov's circuit) with an active-inductive load with a power of 80 kVA. During
the simulation, the active filter was tuned to suppress the higher harmonics of the current from
numbers 2 to 40, inclusive, since according to the requirements of GOST 32144-2013, it is this
range of higher harmonics that is taken into account when determining the voltage distortion level
[13, 24]. Most series active filters are tuned to a certain range of higher harmonics, more expensive
modifications with more complex algorithms can be tuned to suppress individual harmonics [31].
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Fig.2. Simulation model of the power supply system of MRC with hybrid FCD N 1

Figure 2 shows the block for determining the distortion factor using the example of the voltage
source “Vabc_grid”. For the rest of the parameters, similar blocks are used, built into the “Interface”
block, where the main parameters and simulation models are set.

When developing a simulation model, the parameters of the supply network and the connected
load were set in relative units, where the average values of the powers and resistances of the
elements were taken as the basis. In this case, the values of the load power in the hours of maximum
were taken as the basic ones. Modeling was carried out using the example of oil production plants,
where the power of submersible technological electrical installations can exceed several hundreds
of kW [6]. Also, during the simulation, the level of distortion of the load current was set in the range from
9 to 30 %, and the level of distortion of the grid voltage — from 2 to 15 %, which corresponds to the results
of experimental studies in oil production networks [7].

According to the simulation results, the degree of reduction of the coefficients was obtained,
characterizing the presence of higher harmonic components in the network before and after the
application of the FCD: ATHD, - 91, ATHDuy - 72, AKis— 96, AKus — 75, AKj7— 97, AKyu7— 68 %
(THD, THDy - total harmonic components for current and voltage, respectively; Kis, Kiz, Kus,
Ku7 — coefficients of the 5th and 7th harmonic components for current and voltage, respective-
ly).The degree of reduction using the example of THDy and THD; is determined as follows:

_ THDy, - THDy, )
ATHDy= e 100 %; (8)
_ THDp - THDp
ATHD, = B 100 %,

where THDu1, THDi1 — coefficients before using FCD; THDu2, THD), — coefficients after applica-
tion of FCD.
Reduction rates for coefficients Kis, Kus, Ki7, Kuz are defined similarly:

AKus = X557 K0s 10 0

Kys (9)
AKy7 = K- Ku1.100 o4

K

u1
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Fig.3. Simulation model of the power supply system of MRC with hybrid FCD N 2

AK)5 = %-100 %e:

15

_Kn—Kp. °
AKj7 = K 100 %, 9)
where K5, K 5 — coefficients before using FCD; K5, K s — coefficients after using FCD.

Hybrid FCD N 1 with an active part of a parallel type allows compensation of the HGS current
in the network and compensation of reactive power to ensure the power factor km close to 1 in the
conditions of MRC enterprises. Energy indicators of work without FCD N 1 (with FCD N 1):
P =0.292 (0.293) p.u., Q = 0.067 (0.001) p.u., km = 0.974 (0.999).

The simulation model of the hybrid FCD N 2 is shown in Fig.3.

The control system of the series active filter as part of the hybrid FCD N 2 is implemented on
the basis of transformations of a three-phase supply voltage system into direct, negative and zero
sequence components (Fortescue transforms) [30, 34]. The selected components of the positive se-
quence of the grid voltage are reference values for compensating for dips, deviations and voltage
distortions with a series active filter as part of the hybrid FCD N 2.

In the course of simulation, oscillograms of the voltage waveform in the power supply system
were recorded before and after the connection of FCD N 2. Also, according to the simulation
results, the degree of reduction in the level of harmonic voltage distortions was obtained:
ATHDuy — 85, AKus — 96, AKu7 — 96 %. The corresponding degrees of reduction were determined
similarly to FCD N 1 according to expressions (8) and (9).

Analysis of simulation results. Based on the simulation results, the ability of a hybrid FCD
based on a parallel active filter to compensate the higher harmonics of current and voltage simulta-
neously with the power factor correction of the network was revealed. In particular, with the use of
hybrid FCD N 1, the value of the total harmonic component has decreased by 93.16 % in terms of
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current and by 72.14 % in terms of voltage, and the power factor has also increased by 12.35 %.
This feature allows us to consider hybrid FCD N 1 as multifunctional devices and to create more
complex electrical complexes and systems for the automated electricity quality improvement on
their basis [29, 35]. At the same time, it was found that the use of hybrid FCD N 1 increases the
amount of consumed active power by 0.4 %, which is associated with active losses in the power
switches of the active part of the FCD when compensating for higher harmonics.

Based on the simulation results, it was found that hybrid FCD N 2 with a series active part is
capable of creating a voltage addition to normalize the grid voltage level in case of its deviation due
to load connection in long power transmission lines conditions. When simulating, the effective volt-
age value at the moment of connecting the load is 0.84 p.u. (the nominal value is taken as the basis),
which is unacceptable according to the requirements of GOST 32144-2013. When hybrid FCD N 2
is connected, a voltage addition (AU) is created, the effective value is 1 p.u.:

o 100 % = 16 %. (10)

= om*ljload_loo%:

nom 1

Hybrid FCD N 2 on the basis of a series active filter, simultaneously with the compensation of
voltage dips, is able to suppress higher voltage harmonics, which also confirms the multifunction-
ality of the device. In this case, the level of voltage harmonics is reduced by 85 %.

Also, the presence of an active part, despite its high cost, in the form of a parallel or series ac-
tive filter as part of hybrid structures, significantly increases the efficiency of current and voltage
higher harmonics suppression. In particular, the presence of a parallel active filter in the structure of
hybrid FCD N 1 significantly increases the efficiency of compensation for higher current harmonics
(THD, without an active part decrease from 29.09 to 14.25 %, and with an active one — to 2 %). The
presence of a series active filter in the structure of hybrid FCD N 2 significantly increases the effi-
ciency of compensation for higher voltage harmonics (THDy without an active part decrease from
14.38 to 8.48 %, and with an active one —to 2.14 %).

Discussion. The considered structures of hybrid FCD can be used within the framework of a single
electrical complex for automated improvement of the electricity quality in networks and power supply sys-
tems of various structures. [19]. Hybrid FCD based on serial and parallel active filters are capable of sup-
pressing higher harmonics of current and voltage, correcting the power factor, compensating for voltage
deviations in the conditions of MRC, where the active power of individual technological units varies from
several tens to several hundreds of kW, the voltage distortion level is from 1 to 20 %, the level of current
distortion is from 4 to 60 %.

On the basis of such structures, more advanced universal expansion joints can be created [32, 33] as a
part of flexible AC transmission systems for the conditions of MRC enterprises. The considered hybrid
structures have a variable structure, which makes it possible to use them in combined power supply sys-
tems based on the parallel operation of centralized and autonomous sources, when in case of emergency
modes, the power supply mode changes, as well as when part of an irresponsible non-linear load is dis-
connected. The subject of further research is the analysis of the influence of indicators of power supply
and power consumption modes on the efficiency level of hybrid FCD.

Conclusion. The main types of hybrid FCD based on parallel and series active filters have
been identified, the use of which makes it possible to increase the level of power quality in the con-
ditions of power supply systems of MRC enterprises in terms of key indicators, including the value
of higher harmonics of voltage and current, as well as voltage deviations. A hybrid FCD based on a
parallel active filter is able to compensate the reactive power of the load node, bringing the power
factor closer to 1.

The simulation results showed sufficient, in accordance with the requirements of GOST 32144-
2013, the efficiency of improving theelectricity quality by the developed hybrid FCD, in particular,
the hybrid FCD based on a series active filter reduces the level of deviation of the grid voltage by
15 % and seven times — the degree of its distortion. A hybrid FCD based on a parallel active filter
can bring the power factor of the network closer to 1, reduce the level of current distortion by ten

SU 1-0.84
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times, and voltage distortion by four times. Combined use of active and passive filters more than
doubles the efficiency of correcting the level of higher harmonics of current and voltage.

The simulation results proved the multifunctionality of the analyzed hybrid FCD and the possi-
bility of their use in the framework of more complicated electrical complexes and systems for au-
tomated power quality improvement, in particular, in flexible alternating current transmission sys-
tems (FACTS).
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