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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 L1, a receiving coil L2, 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. 

 

a)   

b)  

Fig. 1. DWCS for the underground suspended monorail: a) concept; b) block diagram 

Рис. 1. Динамическая система беспроводного заряда (ДСБЗ) для подземной подвесной 

монорельсовой дороги: а) концепция; б) блок-схема 
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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 L1 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 Rload; 

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 L1 and the receiving coil L2. 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 Rload, 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 Rload 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 η of wireless power transfer; 

2) the transmission ratio AU, showing the ratio of the resonant circuit output voltage, indicating the 

load voltage, to the resonant circuit input voltage. 

The efficiency η might be expressed as: 

𝜂 =
𝑃𝑙𝑜𝑎𝑑

𝑃𝑖𝑛
,      (1) 

where Pload is the power delivered to the load; Pin is the power consumed from the input.  

The transmission ratio AU might be expressed as: 

   𝐴𝑈 =
|𝑢2|

|𝑢1|
,      (2) 

where u1 is the resonant circuit input voltage; u2 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 uin 

is the source voltage that for SS and SP topologies is equal to u1; uC1 is the capacitor voltage at the 

primary side that for PS and PP topologies is equal to u1; uC2 is the capacitor voltage at the secondary 

side that for SP and PP topologies is equal to u2; iin is the source current; iload is the load current; i1 is the 

transmitting circuit current; i2 is the receiving circuit current that for SS and PS topologies is equal to 

iload; iC1 is the capacitor current at the primary side; iC2 is the capacitor current at the secondary side; R1, 

R2, C1, C2 are primary side and secondary side resistance and capacitance consequently. 

To analyze the performance indicators of DWCS under changes in the equivalent load resistance 

Rload, the inductance of the transmitting loop L1, and the mutual inductance M using transfer functions, 

the following operations for each topology were carried out:  

 

a)  b)   

c)  d)  

Fig. 2. Idealized equivalent circuits of DWCS with different topologies: a) SS; b) SP; c) PS; d) PP 

Рис. 2. Идеализированные эквивалентные схемы ДСБЗ с различными топологиями: a) 

последовательно-последовательная (SS); b) последовательно-параллельная (SP); c) 

параллельно-последовательная (PS); d) параллельно-параллельная (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 η and AU after moving to the 

frequency domain.  

As a result, the parametric equations were obtained (Table 1) that relate η and AU with the 

parameters Rload, 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, Wx denotes the transfer functions that relate the output value x to the source 

current or voltage. The transfer functions Wx in the frequency domain are decomposed as follows: 

𝑊𝑥(𝑗𝜔) = 𝑅𝑒(𝑊𝑥(𝜔)) + 𝑗 𝐼𝑚(𝑊𝑥(𝜔)) = 𝐴𝑥(𝜔)𝑒
𝑗𝜑𝑥(𝜔)

,  (3) 

where ω 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 Rload.  
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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 L1, L2, 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 mm2 and a maximum diameter 

of 15 mm. Based on the specific resistance of LELOR-E the resistances R1, R2 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

√𝐿1𝐶1
=

1

√𝐿2𝐶2
= 𝜔𝑟,     (4) 

where ωr is the resonant frequency at which the system should operate taken to be 2π·50·103 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 

Таблица 2. Номинальные параметры ДСБЗ для подземной подвесной монорельсовой дороги 

 

L1, μH L2, μH M, μH R1, Ω R2, Ω Rload, Ω ωr, 105·rad/s C1, nF  C2, nF 

440 58 1.75 0.5 0.004 0.5 3.14 23.05 174.8 

 

The efficiency η and the transmission ratio AU 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 ωr. It 

should be noted that the curves η(ω) have overlap for the pair of SS and PS topologies and the pair of 

SP and PP topologies. The curves AU(ω) are of the same order of magnitude for the pair of SS and SP 

topologies and the pair of PS and PP topologies. Because η and AU in are negligibly small out of ωr, 

further parametric analysis was carried out only at the resonant frequency.  

 

 
 

Fig. 3. The performance indicators of DWCS at the normal conditions 

Рис. 3. Показатели эффективности ДСБЗ в нормальных условиях 

 

Analyzing the impact of changes in the equivalent resistance of the battery and the electric drive, 

only Rload has been varied in the equations from Table 1 for each topology. The range of Rload variations 

was chosen to assess η and AU in both the normal conditions and the boundaries, which are no-load with 

Rload increased by 200 times and short-circuit with Rload reduced by 200 times. The obtained η(Rload) and 

AU(Rload) are shown in Fig. 4.  
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Fig. 4. The performance indicators at the resonant frequency under Rload changes 

Рис. 4. Показатели эффективности на резонансной частоте при изменении Rload 

 

For the pair of SS and PS topologies and the pair of SP and PP topologies, the curves η(Rload) have 

a different character. In the first case, η smoothly decreases with the growth of Rload but drops sharply 

in the vicinity of short-circuit. In the second case, an increase in Rload leads to a virtually linear increase 

in η. A similar is true for AU(Rload). An increase in Rload comes with a linear increase in AU for SP and PP 

topologies but with an exponential saturation of AU for SS and PS topologies. It is notable that in the 

vicinity of normal conditions, the value of AU 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 η(M) and AU(M) are shown in Fig. 5.  

 

 
Fig. 5. The performance indicators at the resonant frequency under M changes 

Рис. 5. Показатели эффективности на резонансной частоте при изменении M 

 

An increase in M leads to an increase in η for all topologies, but for the SS and PS topologies, this 

increase is of exponential saturation nature. As for AU, the curves AU(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 AU, 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 ωr splits into two 

extrema to the left and right of ωr [29, 30]. It should be noted that for SS and SP topologies the value of 

AU 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 L1 has been varied for each topology but also R1 due to prolongation of 

the wire and C1 due to maintaining the resonant frequency ωr constant according to (4). The range of L1 

variations was chosen so that the prolongation multiplicity of the transmission line is from –1/2 to +2. 

The obtained η(L1) and AU(L1) are shown in Fig. 6. 

 

 
 

Fig. 6. The performance indicators at the resonant frequency under L1 changes by the 

transmission line prolongation 

Рис. 6. Показатели эффективности на резонансной частоте при изменении L1 в 

результате удлинения передающей линии 

 

For all topologies, both η and AU show an inverse dependence on L1, 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 

Таблица 3. Иерархия критериев 

First level Second level 

Technical meaning Desig-

nation 

Performance 

indicator 

Desig-

nation 
Conditions 

K1 η 

K1.1 Normal 

Determines the efficiency of wireless power 

transfer, and therefore the energy consumed by 

DWCS from the grid 

K1.2 Rload changes  

Is sufficient η ensured when changing loads, 

typical for the underground suspended monorail 

(starting, stopping, etc.)?  

K1.3 M changes 

Is sufficient η ensured when sagging on the 

transmitting line caused by poorly fastening to 

the monorail? 

K1.4 L1 changes 
Is sufficient η ensured when the transmission line 

prorogates as mining operations progress? 

K2 AU K2.1 Normal 
Determines the voltage class of the 

semiconductor switches of the high-frequency 



 

Zavyalov V., Semykina I., Abeidulin S., Shaitor N., Lebedev G. 

The compensation topologies study of the dynamic wireless 

charging system for the underground suspended monorail 

DOI: 10.26730/2618-7434-2026-3-4-25 

 

 
ISSN 2618-7434 12 JOURNAL OF MINING AND GEOTECHNICAL 

ENGINEERING, 2026, 3(34):4 

 

First level Second level 

Technical meaning Desig-

nation 

Performance 

indicator 

Desig-

nation 
Conditions 

inverter and rectifier and how technically 

difficult maintaining a constant voltage at the 

rectifier output 

K2.2 Rload changes  

Does DWCS ensure a constant u2 when changing 

loads, typical for the underground suspended 

monorail (starting, stopping, etc.)? 

K2.3 M changes 

Does DWCS ensure a constant u2 when sagging 

on the transmitting line caused by poorly 

fastening to the monorail? 

K2.4 L1 changes 

Does DWCS ensure a constant u2 when the 

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: 

 СK1.1 = (

1 9 9 1
1/9 1 1 1/9
1/9 1 1 1/9
1 9 9 1

) |

SS
SP
PP
PS

.    (5) 

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 AU should tend to be unity or higher to maintain u2. Considering the curves 

AU(Rload) 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: 

 СK2.2 = (

1 1/2 7 8
2 1 8 9
1/7 1/8 1 2
1/8 1/9 1/2 1

) |

SS
SP
PP
PS

.    (6) 

Similarly, PCMs were obtained for all second-level decision criteria from Table III: 

 СK1.2 = (

1 8 8 1
1/8 1 1 1/8
1/8 1 1 1/8
1 8 8 1

) |

SS
SP
PP
PS

;    (7) 

 

 СK1.3 = (

1 7 7 1
1/7 1 1 1/7
1/7 1 1 1/7
1 7 7 1

) |

SS
SP
PP
PS

;    (8) 
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   СK1.4 = (

1 9 9 1
1/9 1 1 1/9
1/9 1 1 1/9
1 9 9 1

) |

SS
SP
PP
PS

;    (9) 

  СK2.1 = (

1 1/2 8 7
2 1 9 8
1/8 1/9 1 1/2
1/7 1/8 2 1

) |

SS
SP
PP
PS

;    (10) 

 

  СK2.3 = (

1 1/3 7 5
3 1 9 7
1/7 1/9 1 1/3
1/5 1/7 3 1

) |

SS
SP
PP
PS

;    (11) 

 

  СK2.4 = (

1 1/2 8 7
2 1 9 8
1/8 1/9 1 1/2
1/7 1/8 2 1

) |

SS
SP
PP
PS

.    (12) 

All PCMs (5)-(12) are highly aligned. The consistency indices kCIK1.1–kCIK2.4 do not exceed 0.055 

and the consistency ratios kCRK1.1–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 CKi.j are the local priorities 

vectors VKi.j. 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.  

 

 
Fig. 7. Local priorities diagram 

Рис. 7. Диаграмма локальных приоритетов 
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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:  

 𝐷Ki = (
1 1/3
3 1

) |
K1
K2

;     (13) 

  𝐷Ki.j = (

1 2 9 7
1/2 1 9 5
1/9 1/9 1 1/2
1/7 1/5 2 1

) |

Ki.1
Ki.2
Ki.3
Ki.4

,    (14) 

where for the first-level criteria it is assumed that AU has a small priority over η, and for the second-

level criteria the most important is normal conditions, and then in descending order of importance the 

changing of Rload, L1 and M. The consistency indices kCIKi, kCIKi.j do not exceed 0.02 and the consistency 

ratios kCRKi, kCRKi.j do not exceed 0.023, which indicates the correctness of the matrix compilation. 

 

The generalizing PCM of decision criteria is defined as the Kronecker product for (13) and (14): 

      𝐷𝐾 = 𝐷Ki ⊗𝐷Ki.j,     (15) 

and its eigenvector WK is the relative importance vector. Then, by combining VKi.j and taking WK into 

account, the global priorities vector was determined:  

    𝐺𝑅 = 𝑉𝐾𝑊𝐾 = (𝑉K1.1, 𝑉K1.2, 𝑉K1.3, 𝑉K1.4, 𝑉K2.1, 𝑉K2.2, 𝑉K2.3, 𝑉K2.4)𝑊𝐾, (16) 

which in the case under consideration is equal to: 

𝐺𝑅 = (

0.381
0.387
0.053
0.179

) |

SS
SP
PP
PS

. 

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 η of wireless power transfer and the transmission ratio AU depend significantly on 

the frequency and have a clearly expressed resonance at the frequency ωr. The technically preferred 

value of η is demonstrated by SS and PS topologies, and the technically preferred value of AU is so by 

SS and SP topologies.  

2. For SS and PS topologies with an increase in Rload the value of η smoothly decreases but drops 

sharply in the vicinity of short-circuit, whereas for SP and PP topologies, an increase in Rload leads to a 

practically linear increase in η. 

3. For SP and PP topologies an increase in Rload comes with a linear increase in AU but for SS and 

PS topologies an increase in Rload comes with an exponential saturation of AU. It is notable that in the 

vicinity of normal conditions, the value of AU for PS becomes virtually constant. 

4. An increase in M leads to an increase in η 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 AU, and for SS and SP topologies, the trend is the opposite because of bifurcation. 

Remarkably for SS and SP topologies the value of AU even reduced due to bifurcation is significantly 

higher than for PS and PP topologies. 
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5. For all topologies, both η and AU show an inverse dependence on L1, 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 η and AU to the 

parameters of the dynamic wireless charging system including Rload, L1, and M. The derivation is carried 

out sequentially for each of the topologies considered in the article. 

A. SS 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: 

𝑢1 = 𝑢𝐶1 + 𝑖1𝑅1 + 𝐿1
𝑑𝑖1
𝑑𝑡

+ 𝑀
𝑑𝑖2
𝑑𝑡

; 

0 = 𝑢𝐶2 + 𝑖2𝑅2 + 𝑖2𝑅𝑙𝑜𝑎𝑑 + 𝐿2
𝑑𝑖2
𝑑𝑡

+ 𝑀
𝑑𝑖1
𝑑𝑡

; 

𝑖1 = 𝐶1
𝑑𝑢𝐶1
𝑑𝑡

;     

𝑖2 = 𝐶2
𝑑𝑢𝐶2
𝑑𝑡

; 

𝑢2 = 𝑖2𝑅𝑙𝑜𝑎𝑑 , 

(A1) 

 

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

model in operator form: 

 

𝑈1 = 𝑈𝐶1 + 𝐼1𝑅1 + 𝑠𝐼1𝐿1 + 𝑠𝐼2𝑀; 
0 = 𝑈𝐶2 + 𝐼2(𝑅2 + 𝑅𝑙𝑜𝑎𝑑) + 𝑠𝐼2𝐿2 + 𝑠𝐼1𝑀; 
𝐼1 = 𝑠𝑈𝐶1𝐶1;     
𝐼2 = 𝑠𝑈𝐶2𝐶2. 

(A2) 

 

After that, the equation (1) becomes the following: 

     𝜂 =
|𝐼2|

2𝑅𝑙𝑜𝑎𝑑

|𝐼1|
2 𝑅𝑒(𝑍𝑖𝑛)

,      (A3) 

where Zin is the input impedance, and equation (2) is respectively: 

     𝐴𝑈 =
|𝐼2|𝑅𝑙𝑜𝑎𝑑

|𝑈1|
.      (A4) 

Let us use the following transfer functions: 

   𝑊𝑖2𝑠𝑠(𝑠) =
𝐼2(𝑠)

𝑈1(𝑠)
=

𝑠3𝑎1𝑠𝑠

𝑠4𝑏1𝑠𝑠+𝑠
3𝑏2𝑠𝑠+𝑠

2𝑏3𝑠𝑠+𝑠𝑏4𝑠𝑠+1
;    (A5) 

   𝑊𝑖1𝑠𝑠(𝑠) =
𝐼1(𝑠)

𝑈1(𝑠)
=

(𝑠3𝑎2𝑠𝑠+𝑠
2𝑎3𝑠𝑠+𝑠)𝑎4𝑠𝑠

𝑠4𝑏1𝑠𝑠+𝑠
3𝑏2𝑠𝑠+𝑠

2𝑏3𝑠𝑠+𝑠𝑏4𝑠𝑠+1
,    (A6) 

where: 
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𝑎1𝑠𝑠 = −𝑀𝐶1𝐶2;
𝑎2𝑠𝑠 = 𝐿2𝐶2;
𝑎3𝑠𝑠 = (𝑅2 + 𝑅𝑙𝑜𝑎𝑑)𝐶2;
𝑎4𝑠𝑠 = 𝐶1;

𝑏1𝑠𝑠 = (𝐿1𝐿2 −𝑀2)𝐶1𝐶2;
𝑏2𝑠𝑠 = (𝑅1𝐿2 + (𝑅2 + 𝑅𝑙𝑜𝑎𝑑)𝐿1)𝐶1𝐶2;
𝑏3𝑠𝑠 = 𝑅1(𝑅2 + 𝑅𝑙𝑜𝑎𝑑)𝐶1𝐶2 + 𝐿1𝐶1 + 𝐿2𝐶2;
𝑏4𝑠𝑠 = 𝑅1𝐶1 + (𝑅2 + 𝑅𝑙𝑜𝑎𝑑)𝐶2,

 

that in the frequency domain rewrite as:  

𝑊𝑖2𝑠𝑠(𝑗𝜔) =
𝐼2(𝑗𝜔)

𝑈1(𝑗𝜔)
= 𝑅𝑒(𝑊𝑖2𝑠𝑠) + 𝑗 𝐼𝑚(𝑊𝑖2𝑠𝑠) = 𝐴𝑖2𝑠𝑠(𝜔)𝑒

𝑗𝜑𝑖2𝑠𝑠
(𝜔)

;   (A7) 

 𝑊𝑖1𝑠𝑠(𝑗𝜔) =
𝐼1(𝑗𝜔)

𝑈1(𝑗𝜔)
= 𝑅𝑒(𝑊𝑖1𝑠𝑠) + 𝑗 𝐼𝑚(𝑊𝑖1𝑠𝑠) = 𝐴𝑖1𝑠𝑠(𝜔)𝑒

𝑗𝜑𝑖1𝑠𝑠(𝜔).   (A8) 

Taking U1(jω)=|U1|e
j0 we carry out the following calculations: 

  𝑃𝑙𝑜𝑎𝑑 = |𝐼2|
2𝑅𝑙𝑜𝑎𝑑 = |𝑈1|

2𝐴𝑖2𝑠𝑠
2 𝑅𝑙𝑜𝑎𝑑;     (A9) 

 𝑃𝑖𝑛 = |𝐼1|
2𝑅𝑒( 𝑍𝑖𝑛) = |𝑈1||𝐼1| 𝑐𝑜𝑠(𝜑𝑖1𝑠𝑠) = |𝑈1|

2 𝑅𝑒(𝑊𝑖1𝑠𝑠).   (A10) 

Thus: 

     𝜂 =
|𝑈1|

2𝐴𝑖2𝑠𝑠
2 𝑅𝑙𝑜𝑎𝑑

|𝑈1|
2 𝑅𝑒(𝑊𝑖1𝑠𝑠)

=
𝐴𝑖2𝑠𝑠
2 𝑅𝑙𝑜𝑎𝑑

𝑅𝑒(𝑊𝑖1𝑠𝑠)
;    (A11) 

     𝐴𝑈 =
|𝑈1|𝐴𝑖2𝑠𝑠𝑅𝑙𝑜𝑎𝑑

|𝑈1|
= 𝐴𝑖2𝑠𝑠𝑅𝑙𝑜𝑎𝑑.   (A12) 

В. 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: 

𝑢1 = 𝑢𝐶1 + 𝑖1𝑅1 + 𝐿1
𝑑𝑖1
𝑑𝑡

+ 𝑀
𝑑𝑖2
𝑑𝑡

; 

0 = 𝑢𝐶2 + 𝑖2𝑅2 + 𝐿2
𝑑𝑖2
𝑑𝑡

+ 𝑀
𝑑𝑖1
𝑑𝑡

; 

𝑖1 = 𝐶1
𝑑𝑢𝐶1
𝑑𝑡

;    

𝑖𝐶2 = 𝐶2
𝑑𝑢𝐶2
𝑑𝑡

; 

𝑖2 = 𝑖𝐶2 + 𝑖𝑙𝑜𝑎𝑑; 
𝑢2 = 𝑢𝐶2 = 𝑖2𝑅𝑙𝑜𝑎𝑑 , 

(A13) 

from here the mathematical model in operator form:  

𝑈1 = 𝑈𝐶1 + 𝐼1𝑅1 + 𝑠𝐼1𝐿1 + 𝑠𝐼2𝑀; 
0 = 𝑈𝐶2 + 𝐼2𝑅2 + 𝑠𝐼2𝐿2 + 𝑠𝐼1𝑀; 
𝐼1 = 𝑠𝑈𝐶1𝐶1;    
𝐼𝐶2 = 𝑠𝑈𝐶2𝐶2;    
𝐼2 = 𝐼𝐶2 + 𝐼𝑙𝑜𝑎𝑑; 
𝑈𝐶2 = 𝐼𝑙𝑜𝑎𝑑𝑅𝑙𝑜𝑎𝑑 . 

(A14) 

The equation (1) becomes the following: 

 𝜂 =
|𝐼𝑙𝑜𝑎𝑑|

2𝑅𝑙𝑜𝑎𝑑

|𝐼1|
2 𝑅𝑒(𝑍𝑖𝑛)

,     (A15) 

and equation (2) is respectively: 

  𝐴𝑈 =
|𝐼𝑙𝑜𝑎𝑑|𝑅𝑙𝑜𝑎𝑑

|𝑈1|
.     (A16) 
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Let us use the following transfer functions: 

 𝑊𝑖𝑙𝑜𝑎𝑑 𝑠𝑝(𝑠) =
𝐼𝑙𝑜𝑎𝑑(𝑠)

𝑈1(𝑠)
=

𝑠2𝑎1𝑠𝑝

𝑠4𝑏1𝑠𝑝+𝑠
3𝑏2𝑠𝑝+𝑠

2𝑏3𝑠𝑝+𝑠𝑏4𝑠𝑝+𝑏5𝑠𝑝
;   (A17) 

 𝑊𝑖1𝑠𝑝(𝑠) =
𝐼1(𝑠)

𝑈1(𝑠)
=

𝑠3𝑎2𝑠𝑝+𝑠
2𝑎3𝑠𝑝+𝑠𝑎4𝑠𝑝

𝑠4𝑏1𝑠𝑝+𝑠
3𝑏2𝑠𝑝+𝑠

2𝑏3𝑠𝑝+𝑠𝑏4𝑠𝑝+𝑏5𝑠𝑝
,    (A18) 

where: 

𝑎1𝑠𝑝 = 𝑀𝐶1;

𝑎2𝑠𝑝 = 𝑅𝑙𝑜𝑎𝑑𝐿2𝐶1𝐶2;

𝑎3𝑠𝑝 = (𝑅2𝑅𝑙𝑜𝑎𝑑𝐶2 + 𝐿2)𝐶1;

𝑎4𝑠𝑝 = (𝑅2 + 𝑅𝑙𝑜𝑎𝑑)𝐶1;

𝑏1𝑠𝑝 = 𝑅𝑙𝑜𝑎𝑑(𝐿1𝐿2 −𝑀2)𝐶1𝐶2;

𝑏2𝑠𝑝 = 𝑅𝑙𝑜𝑎𝑑(𝑅2𝐿1 + 𝑅1𝐿2)𝐶1𝐶2 + (𝐿1𝐿2 −𝑀2)𝐶1;

𝑏3𝑠𝑝 = (𝑅2 + 𝑅𝑙𝑜𝑎𝑑)𝐿1𝐶1 + 𝑅𝑙𝑜𝑎𝑑𝐿2𝐶2 + 𝑅1𝐿2𝐶1 + 𝑅1𝑅2𝑅𝑙𝑜𝑎𝑑𝐶1𝐶2;

𝑏4𝑠𝑝 = 𝑅1(𝑅2 + 𝑅𝑙𝑜𝑎𝑑)𝐶1 + 𝑅2𝑅𝑙𝑜𝑎𝑑𝐶2 + 𝐿2;

𝑏5𝑠𝑝 = 𝑅2 + 𝑅𝑙𝑜𝑎𝑑,

 

that in the frequency domain rewrite as:  

𝑊𝑖𝑙𝑜𝑎𝑑 𝑠𝑝(𝑗𝜔) =
𝐼𝑙𝑜𝑎𝑑(𝑗𝜔)

𝑈1(𝑗𝜔)
= 𝑅𝑒(𝑊𝑖𝑙𝑜𝑎𝑑 𝑠𝑝) + 𝑗 𝐼𝑚(𝑊𝑖𝑙𝑜𝑎𝑑 𝑠𝑝) = 𝐴𝑖𝑙𝑜𝑎𝑑 𝑠𝑝(𝜔)𝑒

𝑗𝜑𝑖𝑙𝑜𝑎𝑑 𝑠𝑝
(𝜔)

; (A19) 

𝑊𝑖1𝑠𝑝(𝑗𝜔) =
𝐼1(𝑗𝜔)

𝑈1(𝑗𝜔)
= 𝑅𝑒(𝑊𝑖1𝑠𝑝) + 𝑗 𝐼𝑚(𝑊𝑖1𝑠𝑝) = 𝐴𝑖1𝑠𝑝(𝜔)𝑒

𝑗𝜑𝑖1𝑠𝑝
(𝜔)

.  (A20) 

Taking U1(jω)=|U1|e
j0 we carry out the following calculations: 

𝑃𝑙𝑜𝑎𝑑 = |𝐼𝑙𝑜𝑎𝑑|
2𝑅𝑙𝑜𝑎𝑑 = |𝑈1|

2𝐴𝑖𝑙𝑜𝑎𝑑 𝑠𝑝
2 𝑅𝑙𝑜𝑎𝑑;   (A21) 

𝑃𝑖𝑛 = |𝐼1|
2𝑅𝑒( 𝑍𝑖𝑛) = |𝑈1||𝐼1| 𝑐𝑜𝑠( 𝜑𝑖1𝑠𝑝) = |𝑈1|

2 𝑅𝑒(𝑊𝑖1𝑠𝑝).  (A22) 

Thus: 

    𝜂 =
|𝑈1|

2𝐴𝑖𝑙𝑜𝑎𝑑 𝑠𝑝
2 𝑅𝑙𝑜𝑎𝑑

|𝑈1|
2 𝑅𝑒(𝑊𝑖1𝑠𝑝

)
=

𝐴𝑖𝑙𝑜𝑎𝑑 𝑠𝑝
2 𝑅𝑙𝑜𝑎𝑑

𝑅𝑒(𝑊𝑖1𝑠𝑝
)

;    (A23) 

    𝐴𝑈 =
|𝑈1|𝐴𝑖𝑙𝑜𝑎𝑑 𝑠𝑝𝑅𝑙𝑜𝑎𝑑

|𝑈1|
= 𝐴𝑖𝑙𝑜𝑎𝑑 𝑠𝑝𝑅𝑙𝑜𝑎𝑑.    (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: 

𝑢𝐶1 = 𝑖1𝑅1 + 𝐿1
𝑑𝑖1
𝑑𝑡

+ 𝑀
𝑑𝑖2
𝑑𝑡

; 

0 = 𝑢𝐶2 + 𝑖2𝑅2 + 𝐿2
𝑑𝑖2
𝑑𝑡

+ 𝑀
𝑑𝑖1
𝑑𝑡

; 

𝑖𝐶1 = 𝐶1
𝑑𝑢𝐶1
𝑑𝑡

;  

𝑖𝐶2 = 𝐶2
𝑑𝑢𝐶2
𝑑𝑡

;    

𝑖𝑖𝑛 = 𝑖𝐶1 + 𝑖1;  
𝑖2 = 𝑖𝐶2 + 𝑖𝑙𝑜𝑎𝑑; 
𝑢1 = 𝑢𝐶1;  
𝑢2 = 𝑢𝐶2 = 𝑖𝑙𝑜𝑎𝑑𝑅𝑙𝑜𝑎𝑑, 

(A25) 

 

from here the mathematical model in operator form: 
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𝑈𝐶1 = 𝐼1𝑅1 + 𝑠𝐼1𝐿1 + 𝑠𝐼2𝑀; 
0 = 𝑈𝐶2 + 𝐼2𝑅2 + 𝑠𝐼2𝐿2 + 𝑠𝐼1𝑀; 
𝐼𝐶1 = 𝑠𝑈𝐶1𝐶1;    
𝐼𝐶2 = 𝑠𝑈𝐶2𝐶2;    
𝐼𝑖𝑛 = 𝐼𝐶1 + 𝐼1; 
𝐼2 = 𝐼𝐶2 + 𝐼𝑙𝑜𝑎𝑑; 
𝑈𝐶2 = 𝐼𝑙𝑜𝑎𝑑𝑅𝑙𝑜𝑎𝑑 . 

(A26) 

 

The equation (1) becomes the following: 

   𝜂 =
|𝐼𝑙𝑜𝑎𝑑|

2𝑅𝑙𝑜𝑎𝑑

|𝐼𝑖𝑛|
2 𝑅𝑒(𝑍𝑖𝑛)

,     (A27) 

and equation (2) is respectively: 

   𝐴𝑈 =
|𝐼𝑙𝑜𝑎𝑑|𝑅𝑙𝑜𝑎𝑑

|𝑈𝐶1|
.     (A28) 

Let us use the following transfer functions: 

   𝑊𝑖𝑙𝑜𝑎𝑑 𝑝𝑝(𝑠) =
𝐼𝑙𝑜𝑎𝑑(𝑠)

𝐼𝑖𝑛(𝑠)
=

𝑠𝑎1𝑝𝑝

𝑠4𝑏1𝑝𝑝+𝑠
3𝑏2𝑝𝑝+𝑠

2𝑏3𝑝𝑝+𝑠𝑏4𝑝𝑝+𝑏5𝑝𝑝
;  (A29)

   𝑊𝑢𝐶1𝑝𝑝(𝑠) =
𝑈𝐶1(𝑠)

𝐼𝑖𝑛(𝑠)
=

𝑠3𝑎2𝑝𝑝+𝑠
2𝑎3𝑝𝑝+𝑠𝑎4𝑝𝑝+𝑎5𝑝𝑝

𝑠4𝑏1𝑝𝑝+𝑠
3𝑏2𝑝𝑝+𝑠

2𝑏3𝑝𝑝+𝑠𝑏4𝑝𝑝+𝑏5𝑝𝑝
,   (A30) 

where: 

𝑎1𝑝𝑝 = −𝑀;

𝑎2𝑝𝑝 = 𝑅𝑙𝑜𝑎𝑑(𝐿1𝐿2 −𝑀2)𝐶2;

𝑎3𝑝𝑝 = (𝐿2𝐿1 −𝑀2) + 𝑅𝑙𝑜𝑎𝑑(𝑅1𝐿2 + 𝑅2𝐿1)𝐶2;

𝑎4𝑝𝑝 = 𝑅1𝐿2 + 𝑅2𝐿1 + 𝑅𝑙𝑜𝑎𝑑(𝑅1𝑅2𝐶2 + 𝐿1);

𝑎5𝑝𝑝 = 𝑅1(𝑅2 + 𝑅𝑙𝑜𝑎𝑑);

𝑏1𝑝𝑝 = 𝑅𝑙𝑜𝑎𝑑(𝐿1𝐿2 −𝑀2)𝐶1𝐶2;

𝑏2𝑝𝑝 = 𝑅𝑙𝑜𝑎𝑑(𝑅1𝐿2 + 𝑅2𝐿1)𝐶1𝐶2 + (𝐿1𝐿2 −𝑀2)𝐶1;

𝑏3𝑝𝑝 = 𝑅1𝑅2𝑅𝑙𝑜𝑎𝑑𝐶1𝐶2 + 𝑅𝑙𝑜𝑎𝑑(𝐿2𝐶2 + 𝐿1𝐶1) + (𝑅1𝐿2 + 𝑅2𝐿1)𝐶1;

𝑏4𝑝𝑝 = 𝑅1(𝑅2 + 𝑅𝑙𝑜𝑎𝑑)𝐶1 + 𝑅2𝑅𝑙𝑜𝑎𝑑𝐶2 + 𝐿2;

𝑏5𝑝𝑝 = 𝑅2 + 𝑅𝑙𝑜𝑎𝑑 ,

 

that in the frequency domain rewrite as:  

𝑊𝑖𝑙𝑜𝑎𝑑 𝑝𝑝(𝑗𝜔) =
𝐼𝑙𝑜𝑎𝑑(𝑗𝜔)

𝐼𝑖𝑛(𝑗𝜔)
= 𝑅𝑒(𝑊𝑖𝑙𝑜𝑎𝑑 𝑝𝑝) + 𝑗 𝐼𝑚(𝑊𝑖𝑙𝑜𝑎𝑑 𝑝𝑝) = 𝐴𝑖𝑙𝑜𝑎𝑑 𝑝𝑝(𝜔)𝑒

𝑗𝜑𝑖𝑙𝑜𝑎𝑑 𝑝𝑝
(𝜔)

; (A31) 

 𝑊𝑢𝐶1𝑝𝑝(𝑗𝜔) =
𝑈𝐶1(𝑗𝜔)

𝐼𝑖𝑛(𝑗𝜔)
= 𝑅𝑒(𝑊𝑢𝐶1𝑝𝑝) + 𝑗 𝐼𝑚(𝑊𝑢𝐶1𝑝𝑝) = 𝐴𝑢𝐶1𝑝𝑝(𝜔)𝑒

𝑗𝜑𝑢𝐶1𝑝𝑝
(𝜔)

. (A32) 

Considering that UC1/Iin is the input impedance of the wireless charging system we carry out the 

following calculations: 

  𝑃𝑙𝑜𝑎𝑑 = |𝐼𝑙𝑜𝑎𝑑|
2𝑅𝑙𝑜𝑎𝑑 = |𝐼𝑖𝑛|

2𝐴𝑖𝑙𝑜𝑎𝑑 𝑝𝑝
2 𝑅𝑙𝑜𝑎𝑑;    (A33) 

 𝑃𝑖𝑛 = |𝐼𝑖𝑛|
2 𝑅𝑒(𝑍𝑖𝑛) = |𝐼𝑖𝑛|

2𝑅𝑒(𝑊𝑢𝐶1𝑝𝑝).    (A34) 

Thus: 

    𝜂 =
|𝐼𝑖𝑛|

2𝐴𝑖𝑙𝑜𝑎𝑑 𝑝𝑝
2 𝑅𝑙𝑜𝑎𝑑

|𝐼𝑖𝑛|
2 𝑅𝑒(𝑊𝑢𝐶1𝑝𝑝

)
=

𝐴𝑖𝑙𝑜𝑎𝑑 𝑝𝑝
2 𝑅𝑙𝑜𝑎𝑑

𝑅𝑒(𝑊𝑢𝐶1𝑝𝑝
)

;    (A35) 

  𝐴𝑈 =
|𝐼𝑙𝑜𝑎𝑑|𝑅𝑙𝑜𝑎𝑑

|𝑈𝐶1|
=

|𝐼𝑖𝑛|𝐴𝑖𝑙𝑜𝑎𝑑 𝑝𝑝𝑅𝑙𝑜𝑎𝑑

|𝐼𝑖𝑛|𝐴𝑢𝐶1𝑝𝑝
=

𝐴𝑖𝑙𝑜𝑎𝑑 𝑝𝑝𝑅𝑙𝑜𝑎𝑑

𝐴𝑢𝐶1𝑝𝑝
.   (A36) 

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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   𝑢𝐶1 = 𝑖1𝑅1 + 𝐿1
𝑑𝑖1

𝑑𝑡
+𝑀

𝑑𝑖2

𝑑𝑡
;    

   0 = 𝑢𝐶2 + 𝑖2𝑅2 + 𝑖2𝑅𝑙𝑜𝑎𝑑 + 𝐿2
𝑑𝑖2

𝑑𝑡
+𝑀

𝑑𝑖1

𝑑𝑡
; 

   𝑖𝐶1 = 𝐶1
𝑑𝑢𝐶1

𝑑𝑡
; 

   𝑖2 = 𝐶2
𝑑𝑢𝐶2

𝑑𝑡
;    

   𝑖𝑖𝑛 = 𝑖𝐶1 + 𝑖1; 
   𝑢1 = 𝑢𝐶1; 

   𝑢2 = 𝑖2𝑅𝑙𝑜𝑎𝑑 , 

(A37) 

from here the mathematical model in operator form: 

   𝑈𝐶1 = 𝐼1𝑅1 + 𝑠𝐼1𝐿1 + 𝑠𝐼2𝑀;   

   0 = 𝑈𝐶2 + 𝐼2𝑅2 + 𝐼2𝑅𝑙𝑜𝑎𝑑 + 𝑠𝐼2𝐿2 + 𝑠𝐼1𝑀;  

   𝐼𝐶1 = 𝑠𝑈𝐶1𝐶1;        

   𝐼2 = 𝑠𝑈𝐶2𝐶2;         

   𝐼𝑖𝑛 = 𝐼𝐶1 + 𝐼1;      

   𝑈2 = 𝐼2𝑅𝑙𝑜𝑎𝑑 .  

(A38) 

The equation (1) becomes the following: 

  𝜂 =
|𝐼2|

2𝑅𝑙𝑜𝑎𝑑

|𝐼𝑖𝑛|
2 𝑅𝑒(𝑍𝑖𝑛)

,      (A39) 

and equation (2) is respectively: 

     𝐴𝑈 =
|𝐼2|𝑅𝑙𝑜𝑎𝑑

|𝑈𝐶1|
.      (A40) 

Let us use the following transfer functions: 

   𝑊𝑖2 𝑝𝑠(𝑠) =
𝐼2(𝑠)

𝐼𝑖𝑛(𝑠)
=

𝑠2𝑎1𝑝𝑠

𝑠4𝑏1𝑝𝑠+𝑠
3𝑏2𝑝𝑠+𝑠

2𝑏3𝑝𝑠+𝑠𝑏4𝑝𝑠+1
;   (A41) 

   𝑊𝑢𝐶1𝑝𝑠(𝑠) =
𝑈𝐶1(𝑠)

𝐼𝑖𝑛(𝑠)
=

𝑠3𝑎2𝑝𝑠+𝑠
2𝑎3𝑝𝑠+𝑠𝑎4𝑝𝑠+𝑎5𝑝𝑠

𝑠4𝑏1𝑝𝑠+𝑠
3𝑏2𝑝𝑠+𝑠

2𝑏3𝑝𝑠+𝑠𝑏4𝑝𝑠+1
,   (A42) 

where: 

  

𝑎1𝑝𝑠 = −𝑀𝐶2;

𝑎2𝑝𝑠 = (𝐿1𝐿2 −𝑀2)𝐶2;

𝑎3𝑝𝑠 = (𝑅1𝐿2 + (𝑅2 + 𝑅𝑙𝑜𝑎𝑑)𝐿1)𝐶2;

𝑎4𝑝𝑠 = 𝑅1(𝑅2 + 𝑅𝑙𝑜𝑎𝑑)𝐶1 + 𝐿1;

𝑎5𝑝𝑠 = 𝑅1;

𝑏1𝑝𝑠 = (𝐿1𝐿2 −𝑀2)𝐶1𝐶2;

𝑏2𝑝𝑠 = (𝑅1𝐿2 + (𝑅2 + 𝑅𝑙𝑜𝑎𝑑)𝐿1)𝐶1𝐶2;

𝑏3𝑝𝑠 = 𝐿1𝐶1 + 𝐿2𝐶2 + 𝑅1(𝑅2 + 𝑅𝑙𝑜𝑎𝑑)𝐶1𝐶2;

𝑏4𝑝𝑠 = 𝑅1𝐶1 + (𝑅2 + 𝑅𝑙𝑜𝑎𝑑)𝐶2,

 

that in the frequency domain rewrite as:  

 𝑊𝑖2𝑝𝑠(𝑗𝜔) =
𝐼2(𝑗𝜔)

𝐼𝑖𝑛(𝑗𝜔)
= 𝑅𝑒(𝑊𝑖2𝑝𝑠) + 𝑗 𝐼𝑚(𝑊𝑖2𝑝𝑠) = 𝐴𝑖2𝑝𝑠(𝜔)𝑒

𝑗𝜑𝑖2𝑝𝑠(𝜔);  (A43) 

 𝑊𝑢𝐶1𝑝𝑠(𝑗𝜔) =
𝑈𝐶1(𝑗𝜔)

𝐼𝑖𝑛(𝑗𝜔)
= 𝑅𝑒(𝑊𝑢𝐶1𝑝𝑠) + 𝑗 𝐼𝑚(𝑊𝑢𝐶1𝑝𝑠) = 𝐴𝑢𝐶1𝑝𝑠(𝜔)𝑒

𝑗𝜑𝑢𝐶1𝑝𝑠
(𝜔)

.  (A44) 

Considering that UC1/Iin is the input impedance of the wireless charging system we carry out the 

following calculations: 
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  𝑃𝑙𝑜𝑎𝑑 = |𝐼2|
2𝑅𝑙𝑜𝑎𝑑 = |𝐼𝑖𝑛|

2𝐴𝑖2𝑝𝑠
2 𝑅𝑙𝑜𝑎𝑑;    (A45) 

   𝑃𝑖𝑛 = |𝐼𝑖𝑛|
2 𝑅𝑒(𝑍𝑖𝑛) = |𝐼𝑖𝑛|

2𝑅𝑒(𝑊𝑢𝐶1𝑝𝑠).   (A46) 

Thus: 

   𝜂 =
|𝐼𝑖𝑛|

2𝐴𝑖2𝑝𝑠
2 𝑅𝑙𝑜𝑎𝑑

|𝐼𝑖𝑛|
2 𝑅𝑒(𝑊𝑢𝐶1𝑝𝑠

)
=

𝐴𝑖2𝑝𝑠
2 𝑅𝑙𝑜𝑎𝑑

𝑅𝑒(𝑊𝑢𝐶1𝑝𝑠
)
;    (A47) 

   𝐴𝑈 =
|𝐼2|𝑅𝑙𝑜𝑎𝑑

|𝑈𝐶1|
=

|𝐼𝑖𝑛|𝐴𝑖2𝑝𝑠𝑅𝑙𝑜𝑎𝑑

|𝐼𝑖𝑛|𝐴𝑢𝐶1𝑝𝑠
=

𝐴𝑖2𝑝𝑠𝑅𝑙𝑜𝑎𝑑

𝐴𝑢𝐶1𝑝𝑠
.    (A48) 
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Аннотация.  

Внедрение электрических транспортных средств и создание 

соответствующей зарядной инфраструктуры активно развиваются, 

включая их использование в промышленной сфере. Подземная 

подвесная монорельсовая дорога — разновидность горного 

рельсового транспорта, в которой отмечается тенденция к 

использованию локомотивов с электроприводом, питающимся от 

аккумуляторных батарей. Одним из перспективных методов их 

зарядки является применение динамической системы беспроводного 

заряда, основанной на использовании длинной линии на стороне 

передатчика. Для таких систем влияние топологии компенсационных 

цепей на качество работы изучено недостаточно. В статье 

исследуются четыре двухэлементные топологии. В качестве 

показателей эффективности выбраны: эффективность беспроводной 

передачи энергии и коэффициент передачи, который показывает 

отношение выходного напряжения резонансного контура, 

указывающего на напряжение нагрузки, к входному напряжению 

резонансного контура. Для каждой топологии составлена 

математическая модель и получены параметрические уравнения, 

описывающие показатели эффективности. Проведен анализ 

показателей эффективности динамической системы беспроводного 

заряда с различными компенсационными топологиями с учетом 

особенностей подземной подвесной монорельсовой дороги. На основе 

полученных результатов с использованием метода аналитической 

иерархии выбрана наилучшая топология для рассматриваемых 

условий. 
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