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Abstract. The electric vehicles development has a high potential for energy saving: an energy-saving traffic control can
reduce energy resource consumption, and integration with the power grid provides the ability of daily load pattern
adjustment. These features are also relevant for underground mining. The critical element of vehicle-to-grid integration
is the charging infrastructure, where wireless charging is promising to develop. The implementation of such systems in
underground mining is associated with energy efficiency issues and explosion safety. The article discusses the devel-
opment and research of a wireless charging system for mining electric locomotive A-5.5-600-U5. The analytic hierar-
chy process is used for justification of the circuitry and design solution by a comparison of different technical solutions
based on energy efficiency and safety criteria. A complex computer model of the wireless charging system has been
developed that gives the transients in the electrical circuit of a wireless charging system and the high-frequency field
density distribution near the transmitting and receiving coils in a 3D setting. An approach to ignition risk evaluation
based on the analysis of high-frequency field density in the charging area between the coils of the wireless charging
system is proposed. The approach using a complex computer model is applied to the developed system. The study
showed that the wireless charging system for mining electric locomotives operating in the gaseous-and-dusty mine is
technically feasible and there are designs in which it is explosion safe.

Keywords: mining electric locomotives; wireless charger; analytic hierarchy process; effectiveness; explosion safety;
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Introduction. Energy saving and reduction of anthropogenic load on the environment is a global
trend in the development of science and technology [1]. This research area includes the development
of electric transport that has significant potential for energy saving. For instance, in China, where the
fleet of electric vehicles accounts for more than 50 % of the world's total [2], replacing internal com-
bustion engines with electric vehicles can reduce fossil fuel consumption by 50-60 % [3], which is
estimated at 40.99 million tons of reference fuel savings by 2025 [4].

A prominent position in this area is occupied by the concept of integrating electric vehicles into
the power grid known as V2G (vehicle-to-grid), which allows to reduce the peak demand for elec-
tricity and adjust the power consumption profile [5, 6]. The V2G concept consists of many compo-
nents that provide energy saving, for example, electric vehicle traffic control systems [7], car battery
monitoring systems [8], complex charging infrastructure, etc. [9]. Charging infrastructure is a key link
between electric vehicles and the power grid and can be implemented using wired and wireless tech-
nologies [10].
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Compared to wired ones, in addition to affecting energy efficiency wireless chargers, in addition
to affecting energy efficiency, also contribute to increasing the autonomy of electric vehicles, since
they do not require human participation in the charging of their batteries [11]. These advantages
allow us to consider wireless charging systems for industrial electric vehicles operating in the con-
ditions of increased danger to personnel. A similar industry is underground mining, for which un-
manned technologies are actively developing. The study [12] describes the experience of introduc-
ing unmanned technologies at a Chinese underground mine, where diesel underground mining
trucks were used to transport minerals, although at this time there is a trend in underground mining
to switch from diesel transport to electric battery analogs [13]. Wireless charging is a promising
solution for these tasks.

In Russia, at the underground mining enterprises, a common type of battery electric transport is
electric locomotive haulage. Wireless charging for mining electric locomotives can reduce operating
costs and the duration of the charging procedure since this technology phases out the prescribed safety
requirements need to disconnect the battery and transfer it to the surface for charging in a specially
equipped room [14]. The joining of the charging procedure with the technological operations of loading
and unloading ensures a consistently high level of mining electric locomotive battery charge. As a re-
sult, wireless charging facilitates the automatic control systems operation for traction electric drives,
supporting the required traction force with high accuracy, which can vary significantly depending on
the track profile, the friction coefficient with the rails, and other factors [15].

An important detail of wireless chargers for the batteries of mining electric locomotives is their
operating conditions since a significant part of underground mines in Russia is hazardous because of
the explosive gaseous-and-dusty atmosphere. The studies [16, 17] assess factors affecting the in-
creased risk of overheating at the wireless charger elements. The development of such a device for
mining electric locomotives should include an assessment of explosion safety. The objective of this
study is to scientifically substantiate the technical solution for the wireless charger for mining electric
locomotives, which simultaneously provides high energy efficiency and explosion safety.

Methods. The wireless charging principle and its main components. The wireless charging
(Fig.1, a) is based on the principle of inductive coupling and magnetic resonance coupling between
a stationary transmitting coil and an onboard receiving coil installed on a mining electric locomotive
(Fig.1, b) [18, 19]. The transmitting and receiving coils in combination with compensation capacitors
are the resonant circuit compensation topology. The resonant circuit is supplied by a high-frequency
inverter. The high-frequency magnetic field induces the electric field in receiving coil, and the re-
ceiving voltage is transmitted through a DC power converter to the battery. When the wireless charg-
ing system operates in resonant mode, wireless power transfer is highly efficient. In the power range
from 5 to 100 kW, wireless chargers have a distance between the coils from 50 to 200 mm and an
efficiency above 90 % [20]. The energy efficiency of wireless chargers is mostly determined by their
circuitry, and their explosion safety mainly depends on design solutions.

On the mining electric locomotive, all the elements of the receiving circuit, excluding the receiving
coil, are placed in the battery container, and the elements of the transmitter is placed in a special cabinet.
This allows for explosion protection of the “flameproof enclosure” type for all elements of the system,
except for coils, for which such placement will act as a screen preventing wireless power transfer [21].
The coils can be insulated or encapsulated with a compound for explosion protection. However, the
charging area between them remains located in the explosive atmosphere, and therefore, the impact on
the explosion safety of the electromagnetic field is subject to analysis.

Justification of the circuitry and design solution. Analysis of specific circuitry for the wireless
charger under consideration can be performed using the analytic hierarchy process [22]. This method
supposes to make paired comparisons for each of the possible circuit solutions with respect to all
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Fig.1. Wireless charging system for mining electric locomotive A-5.5-600-U5:
a — block diagram of the wireless charger; b — possible design

1 — transmitting coil; 2 — transmitter enclosure; 3 — receiving coil; 4 — mining electric locomotive;
5 — charging area; 6 — battery container; 7 — frame
decision criteria, then determine the local priorities of the decisions that show the weight of solutions
with respect to each decision criterion, and finally determine the global priorities that indicate the
final circuitry.
The following decision criteria were considered: surface temperature K1; electromagnetic radi-
ation energy K2; transferred power K3; efficiency K4 [23]. The two-level hierarchy that describes

the main components of the wireless charging system was considered as possible circuit solutions
(Table 1).

Table 1
Hierarchy of solutions
First level Second level
Designation | Component of the wireless charging system | Designation Circuit solutions

R1 High-frequency inverter R1.1 Matrix converter
R1.2 Current-source inverter
R1.3 Voltage-source inverter

R2 DC power converter R2.1 Diode-bridge rectifier
R2.2 Active rectifier
R2.3 Synchronous rectifier

R3 Compensation topology R3.1 Series
R3.2 Parallel
R3.3 Hybrid

R4 Coil type R4.1 Circular
R4.2 Rectangular
R4.3 Polarized
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For high-frequency inverters R1, there is a high variability of circuitry [24, 25]. They are divided
into single-stage and dual-stage power converters. The first ones are matrix converters R1.1 and,
as there is no intermediate DC link, they have smaller dimensions and higher total efficiency, but
the second-order harmonic appears in the receiving circuit, and, consequently, in the battery charg-
ing current. Dual-stage converters, despite some loss in weight and overall dimensions, are much
more common, since they are used in a wide range of electrical applications, are well debugged
and, in addition, have a high potential for optimizing components and parameters, which can level
out the difference in efficiency.

In the dual-stage converters, a current-source inverter R1.2 and a voltage-source inverter R1.3
can be employed. The current-source inverters are usually used for the resonant circuits with parallel
compensation topology to mitigate current loading and overvoltages, as well as improve the harmonic
content of the transmitting current. Compared to other inverter types, they have a lower current stress
on all elements, which leads to lower losses in semiconductor switches. This effect is achieved by
using a powerful inductor with large dimensions, so such inverters are inferior voltage-source inverters
in terms of weight and overall dimensions.

The DC power converter R2 provides the battery charging current and can be a diode-bridge rec-
tifier R2.1 or an active rectifier R2.2, or a synchronous rectifier 2.3. The diode-bridge rectifier is the
most common due to its simplicity and minimal dimensions, however, in a wide load range due to its
nonlinearity, it provokes a significant decrease in the coupling coefficient [26]. Diodes in the active
rectifier are replaced by transistors, and due to the adjustable phase shift, this rectifier provides im-
pedance matching but requires a relatively complex control system [27, 28]. An alternative to the
active rectifier that also provides impedance matching is the synchronous rectifier, consisting of
a diode bridge and a boost converter [29]. The active rectifier and the synchronous rectifier cannot
operate without a closed-loop control system.

The compensation topology R3 of the resonant circuit differs in the placement of additional in-
ductors and capacitors relative to the transmitting and receiving coils [30, 31]. The basic compensa-
tion topologies are series R3.1 and parallel R3.2. Series topology is usually used in conjunction with
voltage sources. It has a higher power transfer coefficient and less sensitivity to misalignment be-
tween the transmitting and receiving coils [32]. Parallel topology is typically used with current
sources and requires an additional series inductor, which makes the system more complex. This to-
pology provides more impedance and is easier to control.

In addition to series and parallel, there are also hybrid topologies R3.3 that can have a parallel
compensating capacitor in the transmitting circuit and a series one in the receiving circuit or the use
of several compensating inductors and capacitors simultaneously in different connection options.
They are used to reduce the misalignment sensitivity [33], to provide switching the battery charging
mode from current charging to voltage charging [34], to reduce sensitivity to load changes [35], and
in other specific tasks.

The coil type R4 for transmitting and receiving coils is fundamentally divided into non-polarized
coils (circular R4.1 and rectangular R4.2), and polarized coils R4.3 (solenoid, flat bipolar coil,
“double D”, etc.) [36, 37]. Circular ones provide the highest coupling coefficient and efficiency for
a comparable active mass and coil area. Rectangular coils are somewhat inferior to circular, but
they are better than polarized coils with respect to leakage flux in both vertical and lateral direc-
tions. Polarized ones are more resistant to misalignment of the coils compared to circular and rec-
tangular coils.
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Since it is difficult to quantify the described hierarchy of solutions, to compose paired compari-
son matrixes (PCM) the seventeen-digit Saaty scale” was used. In addition to the above characteristics
of the particular circuit solutions, the design limitations were also taken into account. For example, if
the compared solutions differ in size, given the volume limit of the flameproof enclosure it becomes
necessary to reduce the power for the larger alternative. The PCMs for the first-level solutions R1-R4
relating to criterion K1 are composed, and the local priorities were found.

Let us consider in detail the PCM for the high-frequency inverter R1 relating to the surface tem-
perature K1. Since the second-level solution R1.1 has smaller dimensions and higher efficiency, the
heating losses are less, consequently, the surface temperature is lower than for R1.2 and R1.3. Solu-
tions R1.2 and R1.3 were taken as equivalent. Thus,

1 2 2)\|Rl1

R1.2.

1/2 1 1)|R1.3

Arguing similarly, the PCMs for R2-R4 relating to K1 were obtained:

1 1/2 1/2)\|R21 1 5 3)\|R31 1 1 3)\|R41
2 1 1 )|R2.3 1/3 1/2 1)|R3.3 1/3 1/3 1)|R4.3

All PCMs are highly aligned. The consistency indices kcikiri-Kcikira and the consistency ratios
Kcrkir1-Kcrkira for the given PCMs are:

Keriary =0<0.2; Keprare =0<0.2; Kepars = 0.14 0.2 Kepira =0<0.2,

which indicates the correctness of the assessment made.

The general solution R comprises a combination of one second-level solution from each of the
first-level solutions R1-R4. Taking that the paired comparison is the ratio of the weights for the con-
sidered solutions relating to a particular criterion, and the weight of the combinational solution is
determined by the product of the weights of its constituents, the PCM for the general solution R is
defined as the Kronecker product of the PCMs for R1, R2, R3, and R4:

CKl,R = CKl,Rl ® CKl,RZ ®CK1,R3 ®CK1,R4 :

For clarity, let us expand the Kronecker product for the last two factors, which demonstrates the
increase in the dimension of matrices:

CKl,R4(M) CKl,R4(1,2) CK1'R4(1,3>
Cers ® G =(C Care)=| G G G G
k1R3 @ Ckira = CkeRr3; ) CkiRa KLR3ip | TKIRAey  "KIRdey  "KLRAeq | |

CKl,R4(3V1) CKl,R4(3v2) CKl,R4(3V3)

and therefore Ckir is an 81x81 matrix.

It should be taken that not all the second-level solutions are compatible. For example, it is inef-
ficient to combine the current-source inverter R1.2 with the series compensation topology R3.1. This
means that the hierarchy is not complete, and therefore the assessment of unrealizable combinations
and their reciprocals should be replaced by zero. Further, from the obtained PCM, the local priorities
vector was calculated

* Saaty T. Decision making. Analytic hierarchy process. Moscow: Radio and communication, 1993. 278 p.
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yn; H KLR.j

n

VKl,R = KlR(,)

where n = 81.

Similarly, the PCMs Ckzr-Ckar for general solutions R relating to each criterion K2-K4 were
sequentially obtained. Further, based on these PCMs, the local priorities vectors Vkor-Vkar Were
calculated. By combining Vki,r-VkaRr, @ general local priorities vector Vr was obtained from which
the global priorities vector was determined:

Gr =VRVk = (VKl,R !VKZ,R 'VKS,R 1VK4,R )VK )
where Vk was taken equal to [23]

Vi =(0.133; 0.147; 0.125; 0127)

The global priority is the solution where the value of Gry; is maximum. The obtained global pri-
orities vector has the maximum at the solution R = R13UR2.1UR3.1UR4.2 with Grsg = 0.102.

The electrical circuit for this solution is shown in Fig.2. Let us determine the parameters of the
circuit elements for the mining electric locomotive A-5.5-600-U5 that is equipped with a lithium-ion
battery LIAB-70 TRV-BK. This battery has a nominal voltage of 130 V and a maximum charging
current of 270 A. To ensure the system reliability, the nominal charging current was assumed to be
260 A, because short-term in-rush currents are possible. Thus, the equivalent load resistance Rioad IS
equal to 0.5 Ohm.

The parameters of the transmitting and receiving coils were determined based on a given design
(according to P.L.Kalantarov and L.A.Tsejtlin). The coils have the same design, which means coil
inductances are equal L1 = L> = L and their internal resistances are equal R1 = R2 = R too. The receiving
coil dimensions are 3000%700 mm as the coil is limited by the external surface of the battery container
at the electric locomotive. The coil-to-coil distance was assumed to be 100 mm, which sufficiently
guarantees a gap between the transmitter when the electric locomotive is moving, on the one hand,
but on the other hand, it provides a high enough coupling coefficient. Then the inductances of the
transmitting and receiving coils are determined as follows:

2
:—povvz(b+c)[l 2_bc__1 (c+\/b2+c2)—L1n(b+x/b2+c2)+2b—+c 1 0447—}
b+ b+c b+c 2 c+b

where po is the vacuum magnetic permeability; w is the number of turns; b and c are the length and
width of the coil outer boundary; r is the width of the winding pitch, which was taken equal to 15 mm.
Mutual inductance M is calculated as

P10 P ol PO L
m cHyct+b?+x? X b+yc?+h%ex? X

+2(\/c2 wb20e —(JeF i — b2 ne +x))]

where X is the coil-to-coil distance.
Internal resistances are determined as

2(b+c)-2rw

R=wp, S

b
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Fig.2. The electrical circuit of the wireless charger

where S is the cross-section of the winding wire; pm is its resistivity. The high-voltage high-frequency
wire “LELOR-E” with a nominal cross-section of 50 mm? and a maximum diameter of 15 mm was
chosen as the winding wire.

The parameters of the coils and the load at a given resonant frequency determine the capacitance
of the compensation topology capacitors. Owing to the resonant circuit symmetry, the capacitances
of the transmitting and receiving circuit capacitors are also considered equal, i.e. C1=C,=C. It is
difficult to determine an analytical expression for C, since the equation describing the resonant
frequency fr for the wireless charger shown in Fig.2 has a high dimension. Therefore, the capaci-
tance C was determined by numerical methods using a specially written computer program. The
resonant frequency was selected according to the recommendations of the SAE J2954 standard, and
fr = 90 kHz.

The design values of the wireless charger electrical parameters are given in Table 2 for a different
number of turns. The efficiency design value for the wireless charging system was obtained as the
possible maximum over the entire operating frequency range. It does not consider switching and con-
ductive losses in semiconductor switches as well as dielectric losses in capacitors. The efficiency was
used only to compare the different designs for one device. The data obtained show that the highest
efficiency of the wireless charger is provided for w = 1, and such a design is the simplest. Therefore,
the transmitting and receiving coils with the number of turns of 1 were accepted for further consider-
ation. The resulting circuitry and design solution is the basis to analyze the impact on the explosion
safety of the electromagnetic field in the charging area of the wireless charger in an explosive gas-
and-dust atmosphere.

Table 2

The design values of the wireless charger electrical parameters

w,ul L,pH | MypH | R,Ohm | C, puF n io/ui, AIV

1| 166 2.7 0.003 | 0.162 | 0.994 From 0.606 to 2
2 | 437 10.5 | 0.006 | 0.058 | 0.988 | From 0.15to 1.96
3 | 787 | 232 | 0.009 | 0.031 | 0.983 | From0.07 to 1.93

Determining the conditions for the safe operation. Given the flameproof enclosures for all the
components of the wireless charger except the transmitting and receiving coils, the only potential
ignition source is the charging area between the coils. Simulation of temperature distribution shows
that under normal operation, the high-frequency alternating magnetic field is not a heat source, and the
heating of the explosive atmosphere in the charging area occurs mainly due to the laws of heat-and-
mass transfer from ohmic losses in winding wires [38, 39]. But the situation fundamentally changes if
there is a foreign metal object between the coils as in this object the eddy currents are induced. Since
the specific heat capacity of metals is generally low, the heating losses from the eddy currents can
significantly increase the surface temperature.
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To evaluate the ignition risk from the foreign metal object heating, it was assumed that in the
metal object with the limited volume, the heating power from eddy currents cannot exceed the power
of the inducing magnetic field. Given that the high-frequency alternating magnetic field at each point
of the charging area changes sinusoidally with an angular frequency ®, and the magnetic induction
distributes over the metal object volume V is uniform, the power of the magnetic field converting into
heating power is determined as follows

2
p, = el )
Kol

where u is the magnetic permeability; Bmax is the magnetic induction amplitude.
The temperature to which the foreign metal object will be heated is determined by thermal equi-
librium. Assuming that the thermal field potential is uniformly distributed over the metal object vol-

ume, and the heat is transferred due to natural convection, the temperature exceedance over the am-
bient temperature is determined as (according to S.S.Kutateladze, V.M.Borishanskiy)

T=—", )
o
where o is thermal diffusivity, depending on the shape and size of the heated metal object, as well as
the product of the Prandtl number Pr and the Grashof number Gr.

The temperature exceedance T was determined based on GOST 31610.0-2019 standard. It pre-
cepts that for equipment of group I, i.e. for equipment in explosive atmospheres of underground
mines, the maximum surface, on which coal dust is unlikely to be deposited in the form of a layer,
the temperature should be no higher than 450 °C, and the ambient temperature is taken equal to 40 °C.

Analyzing (1) and (2) together, we determine the limiting value of the magnetic induction am-

plitude as:

B_ = ‘/*(‘;:f Ale\/IES if 1<2.574 mm;
B = *’%A"\E if 2.574 <1 <88.044 mm;
B, = /% A3/x if 1>88.044 mm,

where Ay, A2, Az are coefficients depending on

air temperature; | is the length of the cube 0.021
edge.
If the magnetic induction is lower than 2.4 0.015
Bmax, the maximum possible surface temper- 18 0.009
ature of the foreign metal object heated by the '
eddy currents does not exceed 450 °C with - 1.2 0.003
a guarantee. &5 06
The dependence of Bmax on | for the con- 0 40 60 80 100
ditions under consideration is shown in Fig.3. u
Considering that the distance x was assumed ‘
to be 100 mm, the length of the cube edge of 0 50 100 150 200 250 300
the foreign metal object cannot exceed this I, mm
value_. Consequently, 'the magnetic induction Fig.3. The limiting value of the magnetic
amplitude of the wireless charger at any induction amplitude

point in the charging area should not exceed
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1.929 mT. It is possible to determine whether this condition is met for the wireless charging system
under consideration using computer simulation.

Complex computer model. Computer simulation of the wireless charger under consideration can
determine the magnetic induction of the magnetic field at the charging area in a 3D formulation,
taking into account the physical properties of the transmitting and receiving coils' materials and the
environment. Using a finite element model in combination with a dynamic model of the wireless
charger electrical circuit describes the transients in the system, including changes in the electromag-
netic radiation energy. Such a complex computer model was implemented employing the MatLab
Simulink and Altair Flux.

The MatLab Simulink model of the wireless charger has the following assumptions: the rectifier
in the dual-stage voltage-source inverter is ideal, and the DC link voltage is constant; semiconductor
switches of the inverter and the rectifier are idealized and do not describe their switching losses and
conductive losses; the compensation topology capacitors are idealized and do not describe their die-
lectric losses. The model is made using the SimPowerSystems library which ensures a high level of
its adequacy since the elements of this library have been widely tested (Fig.4).

The Altair Flux model of the transmitting and receiving coils and the charging area is based on
a 3D drawing consisting of two elements shaped as curved cylinders with a cross-section of 50 mm?
which are rectangular in plan with dimensions of 3000x700 mm, placed at the distance of 100 mm
between the cylinders axes with no misalignment. In the simulation, a dynamic mesh was used with
automatic selection of finite elements size, providing an error of no more than 1-10°° T at each cal-
culation step.

f Frequency, Hz 1—‘ Inverter Rectifier
y —Plputycycle 2 »—ﬂc%n
i ——8a L
Ve + e
L —IIJ:; ;:lﬂ
o[ s
D > ° L
| .
Duty cycle »F "l ano _@
LD
> x S| LTI
+ v ’—b NOT
X
®_.m+ iy | SN e D)
P
Frequency, Hz
Fig.4. The MatLab Simulink model of the wireless charger
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Results and discussion. Prototype test. To demonstrate the feasibility of the wireless charger
with the described design and to confirm the adequacy of the computer model used, the electric loco-
motive prototype was made on a scale of 1:10, equipped with the wireless charging system having
the following parameters: Ly = L> = 100 uH; M = 10 pH; R: = R2 = 0.01 Ohm; Cy = Cz = 33 nF;
Rioad = 6 Ohm (Fig.5). The high-frequency inverter is built on IRFP9ON20DPBF transistors with the
nominal voltage of 200 V and the nominal current of 94 A, and the DC power converter is based on
Schottky diodes of VS-80CPQ150-N3 with the nominal current of 40 A and the nominal voltage of
150 V. The Delta Elektronika SM330-AR-22 DC power supply with a power of 3300 W was used as a
power source. A Fluke TiS20 thermal imager and a DS1074Z-S oscilloscope were used as measuring
equipment for the prototype test.

The prototype test was carried out at a power supply voltage of 24 V, an operating frequency of
91 kHz, and a duty cycle of 0.28. During the tests, voltages uc1, Ucz, and ULz, Uc2 were measured on
the coils and the capacitors of the transmitting and receiving circuits respectively. The same parame-
ters for the same conditions were simulated using MatLab Simulink. The obtained results are shown
in Fig.6.

The thermogram demonstrates the operation of the wireless charging system, and it is an indirect
tool showing the magnetic field distribution between the coils (Fig.6, a). The heating source at the
charging area is the heating losses in the coils' wire caused by flowing currents as the central region
of the coils has a significantly lower temperature.

The oscillograms show the measured voltages, where the division values are 100 V on the volt-
age scale and 2 ps on the time scale (Fig.6, b, d, f). The corresponding voltages obtained by simulation
are shown in Fig.6, c, e, g. Comparison of the simulation and experiment results indicates that, except
for micro transients, when semiconductor switches activate, there is a quantitative and qualitative
correspondence of the considered voltages in both the amplitude and the phase. The maximum dis-
crepancy between the simulation and experiment results is 3.28 % which indicates a high adequacy
of the computer model (see Fig.4). This result justifies using the above-described complex computer
model to analyze the explosion safety of the wireless charging system for the mining electric loco-
motive A-5.5-600-U5.

Simulation results. The complex computer model gives the high-frequency field density dis-
tribution in the charging area of the wireless charging system for mining electric locomotive
A-5.5-600-U5. The simulation was carried out in two stages. In the first stage, the transients were
simulated, including the current of the transmitting and receiving coils that were subsequently used
in the second stage as the input data for the magnetic field simulation.

10 9 8 7

Fig.5. The electric locomotive prototype equipped with the wireless charging system

1 — transmitter; 2 — electric locomotive prototype; 3 — high-frequency inverter; 4 — transmitting circuit capacitor;
5 — receiving circuit capacitor; 6 — load; 7 — DC power converter; 8 — transmitting coil; 9 — receiving coil; 10 — charging area
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When working with the model in MatLab Simulink, the operating frequency and duty cycle were
set at the input of the system. It should be noted that when the wireless charger parameters were
calculated the resonant frequency was set at 90 kHz. Hence, the receiving current i> has the maximum
at this frequency, where in case the resonant circuit input voltage uz is constant, the current transfer
coefficient io/uy = 2 A/V. The efficiency of wireless power transfer at this frequency is 0.988, while
the theoretical maximum is 0.994. Therefore, it is advisable to set the operating frequency differing
from the resonant one to find a balance between striving for maximum efficiency and providing the
required charging current.

In the case under consideration, the charging current is 260 A, so the current amplitude of i2 is
368 A. The theoretical minimum of the current transfer coefficient i>/uy = 0.606 A/V, hence the
voltage amplitude of u; should be no lower than 607 V. As the effective phase to neutral voltage of
three-phase mains is 660 V, the DC link voltage is 891 V, and the required charging current can be
provided at any operating frequency. Based on this, the operating frequency was set at 97.1 kHz
where the efficiency has the maximum. The duty cycle that provides the resonant circuit input voltage
of 607 V is 0.68.

The currents i1 and i obtained from the MatLab Simulink model for the described conditions are
shown in Fig.7, a. The amplitudes of these currents, as well as the phase shift between them, were
used as the input data for the Altair Flux model that determines the magnetic induction distribution
vectors in the charging area during the period of current change. The simulation results of the mag-
netic field distribution in the charging area are shown in Fig.7, b, c. They show that the induction of
the high-frequency magnetic field outside the winding wire vicinity of the transmitting and receiving
coils is negligible and is equal to zero in the center of the 3000%700 rectangle. This indicates fairly high
electromagnetic compatibility and safety for people according to the criteria of SanPiN 1.2.3685-21
sanitary norms.

Analyzing the magnetic field in the winding wire vicinity, it was found that the maximum mag-
netic induction amplitude outside the winding wire is 3.548 mT, whereas as early as the distance of
18 mm, the magnetic induction amplitude does not exceed 1.929 mT. Since it was initially supposed
to use encapsulation as the coils' protection, with an insulation layer of 20 mm thick, the ignition risk
could be neglected for any metal object between the transmitting and receiving coils. As an additional
measure, the charging current reduction can be used. It proportionally slows down the charging pro-
cess of the mining electric locomotive battery but increases the system reliability against explosion.

Conclusion. The study showed that the wireless charging system for mining electric locomotives
operating in the gaseous-and-dusty mine is technically feasible and there are such designs and oper-
ation modes in which it is explosion safe. The obtained circuitry and design solutions provide the
basis for developing the detailed engineering drawings and a set of technological documentation nec-
essary for the manufacture of a prototype wireless charging system and its subsequent submission to
the certification authority for proof-of-compliance tests according to the requirements of the Customs
Union technical regulation TR CU 012/2011.

The implementation of the considered wireless charging system for mining electric locomotives
and other similar mine transports can increase mining efficiency by reducing operating costs that are
caused by the need to turn off the batteries and charge them outside the hazardous area. In the case
of the implementation of integrating the wireless chargers with the power grid on large mine transport
systems, the wireless chargers can be used to adjust the load, ensuring an increase in the energy effi-
ciency of the entire enterprise.

Further study of the wireless charging system under consideration includes modernization of its
dynamic model so that switching losses and conduction losses in semiconductor switches as well as
dielectric losses in the compensation topology capacitors are taken into account. It allows us to evaluate
not just the efficiency of wireless power transfer but the efficiency of the entire wireless charger.
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It is advisable to analyze the high-frequency field density distribution near the transmitting and re-
ceiving coils in the conditions of their misalignment, such as coil-to-coil distance deviations, as well
as horizontal and angular misalignment. Additionally, as a development of the system, it is possible
to optimize its parameters, as well as to introduce a closed control system.
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