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Abstract.

The development of electric transport and its charging infrastructure is
cutting-edge, including for industrial applications. Underground suspended
monorail is a mining transport that is also trending to implement battery-
powered locomotives. The promising way for their charging is using a
dynamic wireless charging system built with a long line on the transmitting
side. For such systems, the influence of compensation topology on the
operation quality is poorly studied. The article investigates four two-
element topologies. As the performance indicators, the following are
chosen: the efficiency of wireless power transfer and the transmission ratio,
which shows the ratio of the resonant circuit output voltage, indicating the
load voltage, to the resonant circuit input voltage. For each topology, the
mathematical model is compiled and the parametric equations describing
the performance indicators are obtained. An analysis of the performance
indicators of the dynamic wireless charging system with different
compensation topologies was made, taking into account the features of the
underground suspended monorail. Based on the obtained results using the
analytic hierarchy process, the best topology for the conditions under
consideration was selected.
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Introduction

One of the modern development areas of science and technology is energy saving and
anthropogenic load reduction [1] which includes research in the field of electric transport. The vehicle-
to-grid (V2G) concept takes a prominent position where. For electric transport it allows, among others,
to adjust the power consumption profile and reduce peak demand for electricity [2, 3]. The V2G concept
contains many components, such as electric vehicle motion control systems [4], battery monitoring
systems [5], charging infrastructure [6], etc. Charging infrastructure is a key link between electric
vehicles and power supply networks and can be wired and wireless [7-9]. Compared to wired ones,
wireless charging systems [10], in addition to influencing energy efficiency, also contribute to increasing
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the autonomy of electric transport. This advantage makes it urgent for hazardous industries and promises
to proceed from manned to unmanned technologies.

An industry where unmanned technologies are extremely relevant is underground mining. A lot of
research is being conducted in this area. For example, the study [11] describes the implementation of
unmanned technologies at an underground mine in China. It should be noted that diesel loaders were
used there, although in underground mining there is a trend to substitute diesel transport with battery-
powered analogs [12].

Diesel transport is also widely used in Russian mines. For example, a suspended monorail with
diesel locomotives that used on a horizontal plane and inclinations up to £30° [13]. There are also
battery-powered locomotives, for example [14, 15]. Such equipment although promising but less
common. For this reason, it would be rational to consider more advanced options for its charging,
namely a dynamic wireless charging system (DWCS) that allows on-moving recharge locomotive's
battery.

Systems with a similar operating principle have been known for mining since 1995 [16], but they
are supposed to transfer power directly to drive motors rather than batteries. The system [17] can be
considered a prototype of DWCS for the underground suspended monorail. It has a long line on the
transmitting side rather than an array of transmitting coils like in [18-21]. The system under
consideration consists of a transmitter and a receiver and includes a high-frequency inverter that supplies
a resonant circuit with a transmitting line L, a receiving coil L,, and a rectifier that transfers energy
from a resonant circuit to a charge controller that supplies the battery GB and controls its operating
parameters during charging and discharging. The transmitting line can be located on the monorail, and
the receiving coil is placed on the surface of the battery container (Fig. 1).

The resonant circuit includes compensation elements, without which the transfer of even a small
current would be with a large amount of reactive power that makes an additional load on the high-
frequency inverter and limits the amount of active power transferred [22]. Many studies are devoted to
possible compensation topologies and their properties [23—28], but the vast majority consider static
wireless charging systems.

DWCS of the considered type substantially differs from static ones. The receiving coil, taken in
this study as flat and rectangular, moves along the transmitting line with the locomotive. Due to the
design, the inductive coupling between the transmitting line and the receiving coil is weak.

Driving
motors

coil Battery
container
Compensation network

a)

High-frequency inverter Rectifier Charging controller
|

=GB

1...20.200kHz 5 ‘ Battery container
b) Transmitter Resonant cirquit Recetver

Electric power
L source l
Electric drive

Fig. 1. DWCS for the underground suspended monorail: a) concept; b) block diagram
Puc. 1. Junamuueckasn cucmema becnposoonozo 3apaoa ([{Ch3) dia noodszemnoii noogecHou
MOHOPeNbCcosol dopoau: a) Konyenyus, 6) b10K-cxema

TEXHUKA 1 TEXHOJIOI'MA I'OPHOI'O JJEJIA. 5 ISSN 2618-7434
2026. Ne3. C. 4-25



Zavyalov V., Semykina 1., Abeidulin S., Shaitor N., Lebedev G.
The compensation topologies study of the dynamic wireless DOI: 10.26730/2618-7434-2026-3-4-25
charging system for the underground suspended monorail

The main electric load of battery-powered locomotives is the drive motors, and power consumption
from the DWCS varies significantly and depends on the battery charge level, the loading of the monorail
transport, acceleration when starting and stopping, etc. Hence, the voltage at the rectifier output should
be constant. Taking these factors into account, the system under consideration will have the following
features:

1. Since the length of the transmitting line depends on the technological scheme of monorail
transport and can change as mining operations progress, the inductance of the transmitting line L, can
correspondently change;

2. When maintaining the constant rectifier output voltage, load changes of the battery-powered
locomotive can be described as changes in the equivalent load of the battery and the electric drive Rioua;

3. The mutual inductance M between the transmitting line and the receiving coil is mainly defined
by the interaction between the receiving coil and the section of the transmitting line located in the
vicinity of the receiving coil and has a relatively small value compared to the self-inductances of the
transmitting line L, and the receiving coil L,. During the locomotive movement, a slight change in the
coils' relative position is possible, contributing to a slight change in M. However, if the transmitting line
is poorly fastened to the monorail, sagging is possible. When the receiving coil is near such sagging the
mutual inductance M increases significantly.

Therefore, for DWCS, it is necessary to analyze the performance indicators depending upon the
compensation topology under changes in Rjaq, L1, and M analogically to [25, 26].

Theory

As a research tool, frequency domain analysis employing transfer functions is used. This method
is chosen because a transfer function being an input-output relation can be considered as a transient
parameter. For example, if a voltage is an input and a current is an output, such a transfer function
represents a transient conductance.

This tool requires that the object is linear, and therefore the following basic assumptions were made
for DWCS:

— the equivalent load of the battery and the electric drive Ry.aq is active load,

— the high-frequency inverter and the high-voltage bridge rectifier are ideal, which means
there are no nonlinear distortions of currents and voltages, as well as no switching and
conductive losses in the semiconductor switches;

— the dielectric losses in resonant circuit capacitors is not considered;

— At high frequencies, the skin effect has a negligible impact on the coil’s inductance and
does not result in additional ohmic losses associated with current displacement.

The following were chosen as the main performance indicators of DWCS:
1) the efficiency # of wireless power transfer;
2) the transmission ratio 4y, showing the ratio of the resonant circuit output voltage, indicating the
load voltage, to the resonant circuit input voltage.
The efficiency # might be expressed as:
Pioad
n=- (1

mn

where Piyaq is the power delivered to the load; P;, is the power consumed from the input.
The transmission ratio 4y might be expressed as:
luzl
A, == 2
U |u1|7 ( )
where u; is the resonant circuit input voltage; u is the resonant circuit output voltage.

There is a great variety of compensation topologies. This analysis considered four variants of the
two-element compensation topologies with one capacitor installed in the transmitting (receiving) side
additionally with the transmitting (receiving) coil:

— Series-Series (SS) topology;
— Series-Parallel (SP) topology;
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— Parallel-Series (PS) topology;
— Parallel- Parallel (PP) topology.

DWCS with any topology can be supplied from either a voltage or a current source. In practice,
when compensation topology has the series-connected capacitor on the transmitting side, the voltage
source is more often used, and the current source is used in the case of the parallel-connected capacitor.

Idealized equivalent circuits of DWCS with the considered topologies is shown at Fig. 2, where u;,
is the source voltage that for SS and SP topologies is equal to ui; uci is the capacitor voltage at the
primary side that for PS and PP topologies is equal to u1; uc is the capacitor voltage at the secondary
side that for SP and PP topologies is equal to u»; i;, is the source current; i is the load current; i; is the
transmitting circuit current; i, is the receiving circuit current that for SS and PS topologies is equal to
iad; ic1 18 the capacitor current at the primary side; ic> is the capacitor current at the secondary side; R,
R», Ci, (; are primary side and secondary side resistance and capacitance consequently.

To analyze the performance indicators of DWCS under changes in the equivalent load resistance
Rioua, the inductance of the transmitting loop Li, and the mutual inductance M using transfer functions,
the following operations for each topology were carried out:

Rl Cl Cl RZ .
o AT EERERE=AN |
U, M u,, . ] Visad
u <f> u, L, g § L, u, |:|ij u, (1) »
i i
a) o—— — o b)
R, ¢ R
o I —||—|:|—°— o
l M ‘/u Il-/(](rd
1oy . c2
1, (@ u| =/ C, L, % g L, u, |:|R]m i, (@ u, R,.,
i i,
c) ° — — o1 4 o

Fig. 2. Ildealized equivalent circuits of DWCS with different topologies: a) SS; b) SP; ¢) PS; d) PP
Puc. 2. Hoeanuzuposannvie sxeusanenmmuvie cxemwl [JCE3 ¢ paznuunvimu mononosusmu. a)
nociedosamenvHo-nociredosamenvras (SS); b) nocredosamenvro-napannenrvnas (SP); c)
napanienvio-nociedosamenvuas (PS),; d) napamnenvuo-napannenvuas (PP)

— based on the equivalent circuit, a mathematical model of DWCS has been compiled initially in
the form of differential equations and after that using the Laplace transform in operator form;

— The transfer functions have been obtained allowing us to calculate # and Ay after moving to the
frequency domain.

As a result, the parametric equations were obtained (Table 1) that relate # and Ay with the
parameters Rioqa, L1, and M of the wireless charging system. The full description of their deriving is
placed in the Appendix.

In Table 1 the following notations are used: the values in the operator form are denoted in capital,
s is the operator variable, W, denotes the transfer functions that relate the output value x to the source
current or voltage. The transfer functions W, in the frequency domain are decomposed as follows:

Wy (jw) = Re(Wy(w)) +j Im(Wy (@) = Ay(w)el **, (3)

where w is the angular frequency.

Results and discussion

Parametric analysis

The equations in Table I were used to parametrically analyze DWCS in the frequency domain, both
at nominal parameters and under changes in L1, M, and Rjoaa.
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As an example, the underground suspended monorail in Fig. 1 was considered. Based on the
assessment dimensions of the battery container, on which the rectangular receiving coil is placed, and
the length of the transmitting line of 200 m, the inductances L, L, and M were determined.

The receiving coil and the transmitting line are meant to be made of the high-voltage high-
frequency winding wire LELOR-E with a nominal cross-section of 50 mm? and a maximum diameter
of 15 mm. Based on the specific resistance of LELOR-E the resistances Ri, R, were determined. The
equivalent load resistance was chosen based on the parameters of a lithium-ion battery with a nominal
voltage of 130 V and a nominal charging current of 260 A. The capacitances of the compensation
capacitors were selected from the ratio:

1 1 4
NN @

where o, is the resonant frequency at which the system should operate taken to be 27-50-10° rad/s (50
kHz). Thus, the nominal parameters of the considered DWCS are given in Table 2.

Table 2. The nominal parameters of DWCS for the underground suspended monorail
Tabnuua 2. Homunaneusie napametps! JJCB3 ans noa3eMHO# IOABECHOM MOHOPEIBCOBOM JJOPOTH

L1,|.LH Lz,}.LH M,].LH Rl,Q Rz,Q Rload,Q @y, 105'1‘3.(1/5 Cl,nF Cz,IlF
440 58 1.75 0.5 0.004 | 0.5 3.14 23.05 | 174.8

The efficiency # and the transmission ratio Ay in the frequency domain under normal conditions
are shown in Fig. 3. All curves on the plot have a clearly expressed resonance at the frequency w,. It
should be noted that the curves 7(w) have overlap for the pair of SS and PS topologies and the pair of
SP and PP topologies. The curves Auy(w) are of the same order of magnitude for the pair of SS and SP
topologies and the pair of PS and PP topologies. Because # and Ay in are negligibly small out of w,,
further parametric analysis was carried out only at the resonant frequency.

SS SP PP PS SS SP PP PS
0-55 — (11) *0 1 — (11} —
02 9.1010 0.9 50-10°
0.45 g — 03
04 9.0910 . 37.10°
0.35 9.0810% 5 25.10"

5 03 4/ = 06

2 V- 9.0710 S iryy 13-10*

£025 pl < 0.

C J
0.2 20610 153156781 o4 0
0.15 03
0.1 0.2
0.05 0.1
1152253354455556657758 11522533544555506657758
o, 10°-rad/s ®, 10°rad/s

Fig. 3. The performance indicators of DWCS at the normal conditions
Puc. 3. llokazamenu s¢gppexmusnocmu [{CH3 6 HopmanvHbIX YCr06UAX

Analyzing the impact of changes in the equivalent resistance of the battery and the electric drive,
only Ry« has been varied in the equations from Table 1 for each topology. The range of Rj.q. variations
was chosen to assess # and Ay in both the normal conditions and the boundaries, which are no-load with
Rioqa increased by 200 times and short-circuit with Rj.z reduced by 200 times. The obtained #(R,q4) and
Au(Rioaq) are shown in Fig. 4.
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Fig. 4. The performance indicators at the resonant frequency under Riouq changes
Puc. 4. I[lokazamenu 3¢hgpexmuernocmu Ha pe30HaAHCHOU yacmome npu UsMeHeHUU Rioqq

load>

For the pair of SS and PS topologies and the pair of SP and PP topologies, the curves #(Roqq) have
a different character. In the first case, # smoothly decreases with the growth of Rjq but drops sharply
in the vicinity of short-circuit. In the second case, an increase in Ry.qq leads to a virtually linear increase
in 77. A similar is true for Au(Raq). An increase in R, comes with a linear increase in Ay for SP and PP
topologies but with an exponential saturation of Ay for SS and PS topologies. It is notable that in the
vicinity of normal conditions, the value of Ay for PS becomes virtually constant.

Analyzing the impact of changes in the mutual inductance between the transmitting line and the
receiving coil, it was assumed that a slight change in the coils' relative position might cause a slight
decrease in M, but in the case of sagging M increases significantly. Hence, the range of M variations in
the equations from Table I was selected from —0.5 to +15 times relative to the nominal value. The
obtained (M) and Ay(M) are shown in Fig. 5.

$S SP PP PS SS SP PP PS

— (11} —
10 12
0.8
0.8 0.4
0
0.6 0.6

= =
2 o4 2 0.4
£0.18 < 02
. 0
0.12 . 0.06
006 " 0.04
: — 0.02 /

0

2 4 6 8§ 10 12 14 16 18 20 22 24 26 2 4 6 810 12 14 16 18 20 22 24 26
M, uH M, pH
Fig. 5. The performance indicators at the resonant frequency under M changes
Puc. 5. llokazamenu 3¢hpexmusHocmu Ha pe30HAHCHOU Yacmome npu usmeHeruu M

An increase in M leads to an increase in # for all topologies, but for the SS and PS topologies, this
increase is of exponential saturation nature. As for Ay, the curves 4y(M) have a different character for
the pair of SS and SP topologies and the pair of PS and PP topologies. In the first case, an increase in M
leads to an increase in Ay, but in the second case, the trend is the opposite because of bifurcation. The
bifurcation phenomenon is when the input impedance of the wireless charging system changes its nature
from capacitive to inductive, and hence, in the frequency domain, the extremum at o, splits into two
extrema to the left and right of w, [29, 30]. It should be noted that for SS and SP topologies the value of
Ay even reduced due to bifurcation is significantly higher than for PS and PP topologies.
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Analyzing the impact of the transmission line prolongation as mining operations progress, in the
equations from Table I not only L, has been varied for each topology but also R; due to prolongation of
the wire and C; due to maintaining the resonant frequency @, constant according to (4). The range of L,
variations was chosen so that the prolongation multiplicity of the transmission line is from —1/2 to +2.
The obtained #(L1) and Au(L) are shown in Fig. 6.

55 P PP DS 55 sP PP PS

0.8 2.2

07 2 0.0050
= 0.6 1.8 0.0037
Q.
= 05 1.6 0.0025

04 14 0.0013

=] 12 0 ..........

0.3 s L 02 0.4 0.6 0.8
20-107[ R
15107 e 0.8
10 10'4 T - 06\

Bl R A SO S 04 SR I —
S 10" s 02

0 0
0.20.250.3035040450.50.550.60.650.70.72 0.80 0.202503035040.450.50.550.60.650.70.72 0.80
L, mH L, mH

Fig. 6. The performance indicators at the resonant frequency under L; changes by the
transmission line prolongation
Puc. 6. lloxazamenu 3¢pgpexmusnocmu na pe30HaHCHOU Yyacmome npu usmenenuu Ly 6
pesyrvmame YOAuHeHus nepeoaroujeli IuHuu

For all topologies, both # and Ay show an inverse dependence on L, which indicates the limit
existed for the rational length of the transmitting line. This means that DWCS with a high working
length requires sectioning of the transmitting equipment.

Comparative analysis

The analytic hierarchy process can be used to compare the compensation topologies of DWCS for
the underground suspended monorail [31, 32]. The method assumes pairwise comparisons of the
compensation topologies relating to all decision criteria, which are given in Table 3.

Table 3. Hierarchy of decision criteria
Tabmuma 3. Uepapxust Kputepuen

First level Second level
Desig-  |[Performance | Desig- . Technical meaning
. . . Conditions
nation indicator nation
Determines the efficiency of wireless power
KI1.1 Normal transfer, and therefore the energy consumed by
DWOCS from the grid
Is sufficient # ensured when changing loads,
K1.2 Rioqa changes | typical for the underground suspended monorail
Kl n (starting, stopping, etc.)?
Is sufficient # ensured when sagging on the
K1.3 M changes transmitting line caused by poorly fastening to
the monorail?
K14 L, changes Is sufficient egsqred when Fhe transmission line
prorogates as mining operations progress?
Determines the voltage class of the
K2 Au K21 Normal semiconductor switches of the high-frequency
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First level Second level

Desig-  |Performance | Desig- . Technical meaning
. . . Conditions

nation indicator nation

inverter and rectifier and how technically
difficult maintaining a constant voltage at the
rectifier output

Does DWCS ensure a constant > when changing
K2.2 Rioqa changes | loads, typical for the underground suspended
monorail (starting, stopping, etc.)?

Does DWCS ensure a constant > when sagging
K2.3 M changes on the transmitting line caused by poorly
fastening to the monorail?

Does DWCS ensure a constant u; when the
K2.4 L changes transmission line prorogates as mining
operations progress?

Since the parametric analysis was performed on a specific example and the parameters of DWCS
in real conditions may differ, the use of quantitative assessment is not correct and hence the seventeen-
digit Saaty scale [31] was used to compile the paired comparison matrixes (PCM). To illustrate the
method, let us consider the decision criteria K1.1 and K2.2.

Start from K1.1. Since for DWCS under consideration the topologies SP and PP have such a low
efficiency at the resonant frequency that their implementation is impractical to a very great degree, the
topologies SS and PS have absolute superiority, and the pair of SP and PP topologies and the pair of SS
and PS are equivalent. Thus, PCM relating to K1.1 becomes:

1 9 9 1 SS
1/9 1 1 1/91) ISP 5)
1/9 1 1 1/9] |PP’

1 9 9 1 PS

The next is K2.2. The power sources of DWCS have limited parameters because regardless of
technical solution the upper-level power source is always the power grid with specific power and voltage
limits. Hence, the value of 4y should tend to be unity or higher to maintain u,. Considering the curves
Au(Rioqa) shown in Figure 4, SP topology has a slight advantage over SS topology, just as PP over PS,
while SP has absolute superiority over PS. Thus, PCM relating to K2.2 becomes:

1 1/2 7 8\ ,sS

| 2 1 8 91\ |sp
Ce2={1/7 118 1 2] |pP ©)

1/8 179 1/2 1/ lps

Similarly, PCMs were obtained for all second-level decision criteria from Table I11:
1 8 8 1 SS

Ck11 =

(18 1 1 1/8) |sp.
Ck2=\q/8 1 1 1/8] [PP )
1 88 1/ 1ps
1 7 7 1\ (s
(17 11 17 [sp.
1 77 1/ Ips
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1 9 9 1 SS

Cort = 1/9 1 1 1/9]) |SP.
Kl4™11/9 1 1 1/9] [PP

1 9 9 1 PS

1 1/2 8 7 SS
Con s = 2 1 9 8 SP.
k1=11/8 1/9 1 1/2 | |PP’
1/7 1/8 2 1 PS

1 1/3 7 5 SS
Con o = 3 1 9 7 SP.
ke3=\1/7 1/9 1 1/3 ]| |PP’
1/5 1/7 3 1 PS

1 1/2 8 7 SS

Con i = 2 1 9 8 SP
k4=11/8 1/9 1 1/2| |PP

1/7 1/8 2 1/ Ips

)

(10)

(11)

(12)

All PCMs (5)-(12) are highly aligned. The consistency indices kcixi.1—kcixz2.4 do not exceed 0.055
and the consistency ratios kcrki.1—kcrk2.4 do not exceed 0.061, which indicates the correctness of the

assessment made.

The eigenvectors for PCMs relating to second-level decision criteria Ck;; are the local priorities
vectors Vk;;. They are illustrated in Fig. 7, where the area of each figure indicates the preference of one
or another compensation topology, provided that the first-level decision criteria are equally important.

SS SP eeeeePP eeeeePS
K1.1
0,6
0,5
K2.4
K2.3 K1.3
K2.2
K2.1
Fig. 7. Local priorities diagram
Puc. 7. InarpamMma J10KaJbHBIX IPHOPUTETOB
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However, for real-life tasks, the first- and second-level decision criteria, as a rule, have different
importance. To take this into account, the separate PCMs were compiled:

Dy; = (; 1{3) E; (13)

1 2 9 7 Ki.1
/2 1 9 5 | [Ki2
1/9 1/9 1 1/2 ) [Ki3
1/7 1/5 2 1/ IKi4

where for the first-level criteria it is assumed that Ay has a small priority over #, and for the second-
level criteria the most important is normal conditions, and then in descending order of importance the
changing of R4, L1 and M. The consistency indices kcixi, kcikij do not exceed 0.02 and the consistency
ratios kcri, kcrkij do not exceed 0.023, which indicates the correctness of the matrix compilation.

DKi.j = (14)

The generalizing PCM of decision criteria is defined as the Kronecker product for (13) and (14):
Dg =Dy ® DKi.ja (15)

and its eigenvector Wk is the relative importance vector. Then, by combining Vx;; and taking W into
account, the global priorities vector was determined:

Gr = VW = (Vk1.1, Vk1.2: Vka.3, Vira Vi Ve 20 Viz 30 Ve a) Wk, (16)

which in the case under consideration is equal to:

0.381\ [SS
G, —[0387] |sP
R 0.053 | |PP

0.179/ IPS

Thus, under the considered conditions, the best compensation topology of DWCS for the
underground suspended monorail is SP topology. At the same time, the small gap from SS topology that
is the next preferable solution indicates the advisability of considering both of these options in the
technical and economic assessment of real projects.

Conclusions

The analysis of energy-saving technologies for underground mining demonstrated the urgency of
technological electric transport in this industry and the prospects for developing wireless charging
systems for it. The conducted compensation topologies study of the dynamic wireless charging systems
for the underground suspended monorail showed the following.

1. The efficiency # of wireless power transfer and the transmission ratio 4y depend significantly on
the frequency and have a clearly expressed resonance at the frequency w,. The technically preferred
value of # is demonstrated by SS and PS topologies, and the technically preferred value of Ay is so by
SS and SP topologies.

2. For SS and PS topologies with an increase in R, the value of 7 smoothly decreases but drops
sharply in the vicinity of short-circuit, whereas for SP and PP topologies, an increase in Rz leads to a
practically linear increase in 7.

3. For SP and PP topologies an increase in Ry« comes with a linear increase in Ay but for SS and
PS topologies an increase in Rj.s comes with an exponential saturation of Ay. It is notable that in the
vicinity of normal conditions, the value of Ay for PS becomes virtually constant.

4. An increase in M leads to an increase in # for all topologies, but for the SS and PS topologies,
this increase is of exponential saturation nature. For PS and PP topologies, an increase in M leads to an
increase in Ay, and for SS and SP topologies, the trend is the opposite because of bifurcation.
Remarkably for SS and SP topologies the value of Ay even reduced due to bifurcation is significantly
higher than for PS and PP topologies.
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5. For all topologies, both # and Ay show an inverse dependence on L;, which indicates the limit
existed for the rational length of the transmitting line. This means that the dynamic wireless charging
system with a high working length requires sectioning of the transmitting equipment.

The obtained equations for the performance indicators of the dynamic wireless charging system
can be used to select specific parameters of DWCS for a specific object, for example, to optimize
parameters under given constraints. The proposed approach to the comparative analysis of compensation
topologies can be useful in substantiating technical solutions in real projects for implementing dynamic
wireless charging systems for technological electric transport. Combining the analytic hierarchy process
with the expert survey method might be recommended for a more accurate comparative analysis.

APPENDIX

This section presents the derivation of the equations from Table 1 relating # and Ay to the
parameters of the dynamic wireless charging system including Rjous, L1, and M. The derivation is carried
out sequentially for each of the topologies considered in the article.

A. 8 topology

Fig. 2a shows the idealized equivalent circuits of DWCS with SS topology, according to which the
mathematical model in the time domain in the form of differential equations is:

. diy dip
u1 = uCl + llRl +L1%+ME;
] ] di, diy
0= Uco + lZRZ + lZRload + L2%+ ME,
ducy
= ¢, e, Al
L1 1 ‘ff (Al)
. Uc?
=C ;
Lz 27 1

Uy = i3Ri0a4,
From here, to use the transfer functions tool with the Laplace transform we obtain the mathematical

model in operator form:

U1 = UCl + IlRl + SIlLl + SIzM;
0= UCZ + IZ(RZ + Rload) + SIZLZ + SIlM;

Il = SUC1C1; (A2)
12 =S UCZ CZ .
After that, the equation (1) becomes the following:
|12 |2Rload
= —2 _load A3
T = 12 Re(zin) (A3)
where Z;, is the input impedance, and equation (2) is respectively:
|12|R10ad
A, = 2 "load A4
U= "0 (A4)
Let us use the following transfer functions:
_ L) _ 530—155 .
less (S) B U1(s) N 5*b15s+53bpss+52h3sstShysst1’ (AS)
_ () _ (s%agss+5°asss+5) Aass
Wisss () = Ui(s)  s*biss+53bass+s?byss+sbyss+1’ (A6)
where:
TEXHUKA U TEXHOJIOT'HA TOPHOIO JIEJIA. 15 ISSN 2618-7434
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ay5s = —MC1Cy; biss = (L1Lp — MZ)C1C21

Apss = Ly Cy; byss = (R1Ly + (Ry + Ripaa)L1)C1Cy;

a3ss = (Rz + Ripaa)C2i bzss = Ri(Ry + Ripaa)C1Cy + L1 Cy + Ly Cy;
Aass = C1; byss = R1Cy + (R2 + Ripaa) Ca,

that in the frequency domain rewrite as:

- L(jw) : [Pinss(@)
Wi,y () = £ 25 = Re(Wy,)) + ] Im(Wy,) = Ay (w)e (A7)
- L(jw) : iPigss(@)
Wiy, () = 292 = Re(W,) + ) m(Wi,,,) = Ay (@)l P55, (A8)
Taking Ui(jw)=|Ui|€® we carry out the following calculations:
Pioaa = |12|2Rload = |U1|2A§255Rload3 (A9)
Pin = |I11* Re(Zin) = |Us|I1] cos(@y,,) = |Us|* Re(W,,). (A10)
Thus:
|U1|2A1'2255Rload AiZZSSRload
= = ; All
U1 Re(Wiy o) Re(Wiyg0)’ (AlD)
U114, R
Ay = =B = Ay, Rioaa. (A12)
B. SP topology

Fig. 2b shows the idealized equivalent circuits of DWCS with SP topology, according to which the
mathematical model in the time domain in the form of differential equations is:

bR 4L,y L
u; = — —;
1= Uct T Uiy 170t dt

0= ugy + igRy + Ly 22 4 4o

—uczd 5 2Y) 27r at’
u
i = 51701; (A13)
ducy

o= :

T @

lp =lcz + llqad;

Up = Ucy = I2Ri00a,

from here the mathematical model in operator form:

Ul = UCl + IlRl + SllLl + SIzM;

0= UC2 + 12R2 + Slsz + SllM;

I = sU¢qCy;

Iz = sUczC; (Al4)

Iy = Icz + lioaas

Ucz = livaaRioaa-
The equation (1) becomes the following:

— |Iload|2Rload
1= L12 Re(Zin)® (A15)
and equation (2) is respectively:
_ |Iload|Rload
Av=—"100 (A16)
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Let us use the following transfer functions:

2
toad oy (5) = 122t = Sl : (A7)
Yoad sp Uy (s) $4b15p+53Dosp+52bysp+Shasp+hssy’

$3ap5p+52Azsp+Saasp

L(s)
Wi, () =25 = (A18)

S4b15p+s3b25p+52b3sp+Sb4sp+b55py

where:

blSP = Ripaa(L1L, — MZ)C1C2;

basp = Ripaa(RzLy + R1Ly)CCy + (LyLy — M2)Cy;

bzsp = (Rz + Rioaa)L1C1 + Rioaal2Ca + R1LyC1 + RiRaR160a C1 Cy;
4sp = R]_(Rz + Rload)Cl + RZRloadCZ + LZ;

b551’ = RZ + Rload;

isp = MCy;

Aasp = Rioaal2C1Cy;

azsp = (RaRjpqaC2 + L2)Cy;
Aasp = (Rz + Rioaa)C1;

that in the frequency domain rewrite as:

. 1 (Jw) . i Piload s
Wiload sp (](1)) l(O]a((i]i:;) Re( Wlload sp) + J Im( Wiload sp) Alload sp (w)ej foad p (A19)
L(jw) iPigsp(@)
Wi, () = -0 = Re(Wy, )+ Im(W, ) = 4y, ()e 707 (A20)

Taking U,(jw)=|U;|€° we carry out the following calculations:

Pioga = |Iload|2Rload = |U1|2A%load spRload; (A21)
= |I11* Re(Z;n) = |Usl|11] cos(oy,,) = [Ur|* Re(W, ). (A22)
Thus:
|Ul|2 lload SpRload _ Algload SpRload‘ A23
= iR ReWiy,) | ReWi,) (A23)
|U114; Rioad

v =0 = Ay sy Rivaa- (A24)

C. PP topology

Figure 2d shows the idealized equivalent circuits of DWCS with PP topology, according to which
the mathematical model in the time domain in the form of differential equations is:

, 1 di,
Uc1 = llRl +LIE+ME.
di, diy
0 —ucz-cll-lzR2+L2 it ME
ic1 =0C Zfl ;
duc, (A25)
ic2 = Gy dt ;
lin =1ic1 T i1
i2 = lic2 + loads
Ug = Ucqs

Uy = Ucz = LpadRioad

from here the mathematical model in operator form:
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Uc1 = LRy + sl + sLM;

0="Ucy + LR, +sl,L, + sI1 M;

Iy = sUc1Cy;

Icz = sUcyCy; (A26)
lin = Ic1 + Iy;

I = Icz + lipaa;

Ucz = lipaaRioaa-

The equation (1) becomes the following:

— |Iload|2Rload
T = il Re(Zi)’ (A27)

and equation (2) is respectively:

AU — |Iload|Rload‘ (A28)
|Ucl

Let us use the following transfer functions:

_ Ligqa(s) _ SQ1pp .
Witoaa pp () = Iin(s)  s*bapp+53bapy+5?bapp+shapp+bspp’ (429)
_ Uci(s) _ $3Aapp+52A3pp+Shapp+aspp
WuClm’(s) T Iin(S)  S*bupp+sBbapp+s2happ+sbappt+bspy’ (439)
where:
alpp = _M; blpp = Rload(LlLZ - MZ)C1C2;
Azpp = Rioaa(L1Ly — M?)Cy; b2pp = Rioaa(R1Lz + RyL1)C1Cy + (LiLy — M?)Cy;

a3pp = (LaLy — M?) + Ripga (R1 Ly + RyL4)Cy; bspp = R1R,R16aaC1Co + Ripaq (L2Cy + L1 Cy) + (RyLy + RyLy)Cy;
Aapp = RiLy + RyLy + Ripaa (R1R,C; + Ly); bapp = Ri(Rz + Ripaa)C1 + RyR16aa Cr + Ly;

aspp = Rl(RZ + Rload); bspp = Rz + Rload:
that in the frequency domain rewrite as:
; hoaaUw) : Piroad op (@),
VViand pp (](1)) = lIOLZ(ZJw) = Re( WilOad pp) + J Im( Wiload pp) = Aiload pp (w)ef foad pp , (A3 1)
; Ucr (@) ; TP ()
Wuc“”p(]w) - 1;1(1'0)) - Re(Wuclpp) +jIm( WuClpp) - Aumpp (w)el Trerr . (A32)

Considering that Uci/l;, is the input impedance of the wireless charging system we carry out the
following calculations:

— 2 — 222 .
Pload - |Iload| Rload - |Iin| Aiload ppRloada (A33)
— 2 — 2
Pin - |Iin| Re(Zin) - |Iin| Re(WuC1pp)- (A34)
Thus:
1242 2
n = Tinl Alload ppRload _ Alload ppRload. (A35)
- 12 - ’
[Tinl Re(WuClpp) Re(WuClpp)
4 = |load|Rioad _ TinlAijoq4 ppRload _ Aijpqq ppRload (A36)
v [Ucal |Iin|AuClpp AuCipp '
D. PS topology

Fig. 2c shows the idealized equivalent circuits of DWCS with PS topology, according to which the
mathematical model in the time domain in the form of differential equations is:
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di di
Ucg = Ry + Lq 1+M 2,
di di
0 = ucz + lsz + lZRload + Lz = + M 1
duc1
iri1=C
c1 = b1
ducz
i, =C
2 2 dt H
lin = lc1 +ip
Uy = Uc;

Uz = iRi0aa,
from here the mathematical model in operator form:

UCl = 11R1 + SIlLl + Sle;
0= UCZ + 12R2 + IZRload + Slsz + SIlM;

Ic1 = sUcqCy;
12 = SUC2C2;

lin = Ic1 + Iy;
Uz = LRipqa-

The equation (1) becomes the following:

|12|2Rload

1= inl? Reziny
and equation (2) is respectively:

_ |z|Ri0qa
Ay =—-"+

Ucsl
Let us use the following transfer functions:
2
W, (s)= L(s) _ S°a1ps
L2 ps Iin(s) s4b1ps+s3b2ps+s b3ps+sb4ps+1
W ( ) _ Ucl(S) _ S3a2ps+sza3ps+sa4ps+a5ps
Uc1ps Iin(s)  s*bips+53baps+52bsps+sbyps+1’
where:
alps = _MCZ'

byps = (L1L, — M?)C,Cy;
aZpS: (LlLZ_MZ)CZ; 1ps ( 142 ) 1%2

azps = (R1Lz + (R2 + Ripaa)L1)Co;
Aaps = Ri(Ry + Ripqa)C1 + Ly;
Asps = Ry;

that in the frequency domain rewrite as:

L20) i Pigys (@)
LZPS(] ) - 12 n(Jjw) N Re( lzps) +] Im( lzps) = Aizps ((U)ej 2ps y

U
uc1ps(] )_ Cl(]w) = Re (Wu

Iin(jw) Cip s) +} Im(Wu61ps) = Uc1ips

A (w) ej(puclps ((‘)) .

Hccnedosanue KoMnencayuoHHbIX MONOL02UN OUHAMUYECKOL DOI: 10.26730/2618-7434-2026-3-4-25

(A37)

(A38)

(A39)

(A40)

(A41)

(A42)

baps = (R1Ly + (R + Ripaa)L1)C1Cy;
bsps = L1C1 + LyCy + Ry(Ry + Ripaa)C1Cy;
bips = R1C1 + (Ry + Ripaa) Gy,

(A43)

(A44)

Considering that Uci/li, is the input impedance of the wireless charging system we carry out the

following calculations:
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Pioaa = [I21*Rioqq = |Iin|2A122psRload; (A45)
Py = |I;n|* Re(Zip) = |1in|2Re(WuC1ps)- (A46)
Thus:
|1in|2Ai22psRload AlzzpsRload
T Uinl? ReWaigy) - ReWag, )’ (A47)
AU _ I2|R10ad |Iin|Ai2psRload _ AizpsRload' (A48)

|U61| in lA“C1ps AuClps
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Brenpenne 2IeKTpHYECKWX TPAHCHOPTHBIX CPENCTB H  CO3IAHHE
COOTBETCTBYIOIICH 3apsAHON HHOPACTPYKTYPHl aKTHBHO Pa3BHBAIOTCA,
BKIIIOYAasi HX WCIOJBh30BaHME B TPOMEIIUICHHOH cdepe. I[lomsemuas
MOJIBECHAas MOHOPEIbCOBAs JOpPOra — Pa3HOBUIHOCTb TOPHOTO
pPETbCOBOTO TpPaHCIOpPTa, B KOTOPOW OTMeuaeTcss TEHIEHIUS K
WCIIOJIb30BaHUIO JIOKOMOTHBOB C JJICKTPOTIPUBOJOM, MHUTAIOIUMCS OT
aKKyMYJLITOpHBIX Oatapeit. OOHHM W3 TMEPCHEeKTUBHBIX METOJOB HX
3apSJIKU SIBISIETCS] MPUMEHEHNE JUHAMHYECKON CUCTEMBI OECTIPOBOTHOTO
3aps/ia, OCHOBAaHHOW Ha WCIOJIb30BAaHWU JUIMHHOW JIMHUM Ha CTOPOHE
nepeaaTynka. J{Js Takux CUCTEM BIHSTHAE TOTIOJIOTHH KOMITEHCAIIMOHHBIX
merme Ha KadyecTBO pPabOTBI M3Y4YEHO HEJOCTaToyHO. B cratbe
HCCIIEAYIOTCS YeTBIpe JBYXJJEMEHTHBIC TOMOJOTMH. B  KadecTBe
mokazareiei 3(h(eKTUBHOCTH BBIOpaHBI: 3()(HEKTHUBHOCTH OECIPOBOTHOM
nepefayn dHeprud u Kod(Q(PUIMEHT mepenavd, KOTOPBIH ITOKa3bIBAET
OTHOIIIEHHE  BBIXOJHOTO  HAMNPSOKEHHsI  PE30HAHCHOTO  KOHTYDA,
YKa3bIBAIOIIET0 Ha HAMpsDKEHWE HArpy3KH, K BXOJHOMY HaNpPsDKEHUIO
PE30HAHCHOrO  KOHTypa. Jns Kaxmol TOMOJIOTMM  COCTaBJieHa
MaTeMaTHueckass MOJIelb M TOJMy4YeHbl TapaMeTpUUeCKue YpaBHEHHS,
onuchIBatomue mokazarenu  dddextuBHOocTH. [IpoBemeH  aHamu3
nokazaresied 3(p(HEeKTUBHOCTH JUHAMUYECKOW CHCTEMBI OECIPOBOIHOTO
3apsia ¢ PasNTUYHBIMH KOMIICHCAIIMOHHBIMH TOTIOJNIOTHSMH C YYE€TOM
0COOEHHOCTEH ITOI3MHO IT0IBECHO MOHOPEIBCOBOM Joporu. Ha ocHoBe
MOJMYYCHHBIX PE3YJIbTATOB C HKCIOJB30BAHHEM METOJAa aHATUTHICCKOMN
HepapXuM BBIOpaHAa HAWIydllas TOIOJNOTUS I PaccMaTpPHUBAEMBIX
YCIIOBHI.
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