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Abstract: Remote Electric Vehicles (EV) charging could become a viable alternative to cable systems. This paper is dedicated to the ana lysis 

of the Strongly Coupled Magnetic Resonance (SCMR) serial-to-serial topology aimed at establishing the impedance matching and obtains 

the maximum efficiency and power transfer coefficient. The research was done by using a model of equivalent circuits, experimental 
investigation and finite-element modeling of the mutual inductance. Upon generalizing the results obtained from the analytical and 

experimental research as well as 3D modelling of magnetic fields using Comsol Multiphysics, the interrelationships between internal 
resistance of voltage source and load resistance, characteristic and loss resistances as well as the distance between coils (the strength of 

magnetic coupling) necessary to ensure maximum efficiency and power transfer coefficient were established. The results of exp erimental 

research and modelling of the active power transfer coefficient were presented. 
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1. Introduction 

Remote Electric Vehicles (EV) charging, which relies on 
Wireless Power Transfer technologies (WPT) could become a 

viable alternative to cable systems. They would enable EV drivers 
to charge their electromobiles in a much easier way, faster, more 

reliably and more safely. It is also believed that automatic wireless 

charging systems would significantly increase the appeal of 
electromobiles [1]. 

The Wireless Power Transfer technologies date back to 1820 

[2]. For the purpose of transmitting power across small distances, 
the following three near field technologies can be used: inductive 

coupling (John Boys, 1995), electrostatic inductions (Alexander 
Rozin, 1998) and magnetic resonance coupling (Marin Soljacic, 

2006).  

Magnetic resonance coupling (synonymous with resonant 

inductive coupling, electrodynamic coupling [2] and strongly 
coupled magnetic resonance – SCMR [3]) is a type of an inductive 

coupling when the electric power between two resonance circuits 
characteristic of small losses (high Q factor) is transferred due to a 

time-varying magnetic field.  

Every one of these technologies is subject to priority areas of 

application. The comparative analysis [2] reveals that the only 
technology which allows for the most efficient power transfer 

across the distances proximate to vehicle clearance is the SCMR 
technology.  

Research into energy transfer using resonance methods is still in 

its early stage. The area which is the most relevant at this point is 
the analysis of efficiency. At the moment, it is this area, which is 

subject to most theoretical and experimental research [4].  

The process of designing inductive WPT (including SCMR) 

systems is complicated by the fact that the analytic calculation of 
mutual inductance of coils [5] due to its 3D nature and the 

dependence of leakage inductance on frequency [6] is almost 
impossible. In this case, the only option is to 3D modelling 

magnetic fields together with the lumped element circuits and the 
recommendation for designing the system and improving its 

efficiency can be made upon summarizing the design results.  

There are known four base topologies of passive resonance 

power transfer systems: serial to serial, parallel to parallel, serial to 
parallel and parallel to serial [7]. These differ in terms of distinct 

input and output impedances at the resonance. In case of a wireless 
EV battery charger, the active load resistances of both the power 

transmitter (stationary coil) and the inverter output are low, so the 
serial to serial topology, which at the resonance does not require 

additional matching circuits, is the most suitable one.  

For maximum efficiency, it is necessary to determine the 

characteristic resistance of the resonant circuits and match the input 
and output impedances of SCMR serial to serial topology. 

2. Theoretical Background 

The equivalent circuit of the SCMR serial to serial topology is 
provided in Fig. 1. Depending on the way of excitation, the circuit 

shown in Fig. 1 can be analysed by using frequency or time domain 
circuit analysis methods.  

 

 

Fig. 1 SCMR serial to serial topology circuit. 

 

If E  – harmonious voltage source and the transition processes 
are complete, it is more convenient to use a frequency analysis. In 
such a case the circuit equations in the vector form can be written 

down as follows: 
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where 11z , 22z  – a total complex circuit resistances and 12z  – a 

complex coupling resistance. Here: 11 11z r   
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22 22r jx  , 12 21z z j M  , 11 2 1r R R  , 22 4 3r R R  ; 

11 1C C ; 22 2C C ; 11 1L L ; 22 2L L  - the values of 

resistance, capacitance and inductance are calculated by summing 

around the resonant circuits by directions of currents 1I , 2I , 2R , 

3R - total active loss resistances of the first and second resonant 

circuit respectively, 1R  – the internal resistance of the power 

source, 4R - load resistance. 

Upon solving the equation (1) we find the currents: 
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From (2) we see, that due to the influence of the second circuit, 

the first circuit impedance changes in size 
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The real part of this form shows a growth of the first circuit 

active resistance 
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and the imaginary form 
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Calculations for the change in the reactive resistance of the first 

circuit due to the influence of the second circuit. Their influence can 
be illustrated by the equivalent scheme of the first circuit as shown 

in Fig. 2. 

Regardless of the connection strength and compatibility, 

11r always remains positive and increases the losses in the first 

circuit. Meanwhile, 11x  can be both negative and positive, 

depending on the tuning of the second circuit. With the capacity 
tuning of the second circuit, the first circuit is added with inductive 

resistance and vice versa. As a result, the presence of strong 
coupling creates the circumstances for two additional resonances to 

appear. This allows for the compensation of the added reactive 

resistance. With the resonance in the second circuit 22 0x  , the 

first circuit is added purely active additional resistance, which is 
inversely proportional to the loss resistance of the second circuit; 

and in this case 
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Fig. 2 Equivalent scheme of the first resonant circuit. 

 

The system’s total power transfer coefficient   is calculated 

by assuming that the net power 2P  stands out in the active 

resistance of the second circuit 22r   
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where 1P  – power released in the resistance of the first circuit 11r  
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where 1I  – amplitude current value of the first circuit. 

  can be expressed via the resonant circuits’ parameters and 

coupling resistance M . It is obvious that the power released onto 

the resistance 11r  is equal to the power transferred from the first 

circuit to the second one, i.e.  
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By placing (9), (10) into (8) we receive 
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If the second circuit is set for the frequency of the voltage 

source, by making use of (7) we come up with the equation  
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With the set 11r , the maximum power is transferred to the load, 

when 1111 rr  . We can exploit the equation (7) and determine 

the condition for the transfer of maximum power to the second 
circuit 
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It’s more convenient to write down this condition by using the 

coupling coefficient 
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resonant circuit respectively. 

We note that  
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By exploiting the (13) condition we receive that  
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 The coupling coefficient k  at which the maximum power is 

transferred to the second circuit  
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This equation corresponds to the value of the critical coupling 

coefficient krk  as presented in the Circuit Theory. Its presence in 

the system of coupled circuits means that a single resonance exists 

even when 11 11r r  . 

The goal of energy transfer equipment is to achieve the 
maximum efficiency. From the equations (11) and (12) it can be 

seen that in order to achieve this at fixed M , 22r , it is necessary 

to minimize 11r . In such case, the critical coupling, based on (16), is 

reduced, the condition krk k  is fulfilled and two additional 

resonances appear in the system.  Fig. 3 shows dependence of the 

apparent powers of the first and the second resonant circuits 1S , 2S  

on frequency and the strength of coupling when 11 22r r . 

Additional resonance frequencies I ,  II  are aligned 

symmetrically to the main resonance frequency 0 . At this mode 

the resonance frequency 0  is not suitable for power transfer: if 

krk k , from (5) we get that the additional resistance 11r  

increases 
2

1 2 1k Q Q   times and the transferred powers shall be 

respectively lower. This is illustrated by the circuits’ apparent 
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power dependencies on frequency provided in Fig. 3. Higher power 

can be transferred in the frequencies I  and II ; however under 

real WPT exploitation circumstances the frequencies I  and II  

would be influenced by additional destabilizing factors related to 
circuit quality and stability of coupling.  

 

 

 

Fig. 3 The dependencies of the apparent power of the resonant circuits on 

frequency. 

 

In real WPT systems there would be an inevitable need to adjust 

one circuit to the other, and this would require a determined 
reference frequency. In this case such a frequency does not exist, 

because I  and II  depend on the parameters of both circuits and 

subject to random factors affecting the circuit parameters k , 1Q , 

2Q , this would cause random changes to both I  and II . So, in 

order to maximize transferred power and ensure stable energy 

transfer to the load, there is a need for a complicated sustainable 
frequency tracking system.  

The results of modelling using the Comsol Multiphysics show 

that at the frequencies I , II , in comparison to 0 , greater 

efficiency is not achieved. It is also confirmed by the [8, 9] 

provided conclusion: power transfer efficiency is always the highest 
at the main resonance. In the light of the aforementioned 

shortcomings, the application of the mode when krk k  in EV 

chargers is complicated. If such a regime presents itself, there is 

always a possibility to increase the value of krk , so that the system  

passes to a single resonance mode. By minimizing 11r  and selecting 

22r  it is possible to maximize the power transfer efficiency. If the 

resonant circuits are equal, i.e. 11 22L L L  , 11 22C C C  , 

from (15) we arrive at the main condition for achieving the 

maximum efficiency and power transfer 
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It shows that every coupling coefficient k  value corresponds to 

some 22r , L , C  values which ensure maximum efficiency.  For 

instance, subject to a fixed 22r , by reducing the distance between 

coils and with the increasing k , it is necessary to reduce inductance 

(the number of turns) and increase the capacitance accordingly ( 0  

must remain unchanged). 

From (17) equation it is possible to arrive at the following 

conclusions relevant to design serial to serial Magnetic Resonance 

Coupled System topologies:  

 At a single resonance mode the transmitter circuit quality 

should be the maximum;  

 There are two possible ways of adjustment in order to 

achieve maximum efficiency: by changing the ratio L/C 
in both circuits or by changing the value of the receiver 

circuit load resistance only; 

 An increase in load resistance is a priority when the 

magnetic coupling is strong (smaller distance between 
coils) and an increase in the ratio L/C is more suitable 

when the coupling is weak, because it also raises the 
quality of the transmitter circuit. 

3. Experimental Results 

With the aim to test the theoretical conclusions, an experimental 

serial to serial topology layout with two identical coils (Fig. 4) was 

produced. The main parameters of the experimental layout are 
provided in Tab. 1. 

 

 

Fig. 4  Experimental setup: serial to serial topology layout (a); 

parameter measurement circuit (b); oscillograms of circuit currents (c).  
 

 

 

Table 1: Parameters of serial to serial topology layout.. 

Wire gauge; 
diameter/height 

of coils, cm 

Number 
of 

turns, 
N 

Winding 
resistance 

R2, R3, 
Ω 

Load 
resistance 

R4, Ω 

Distance 
between 

coils H, 
mm 

AWG 23; 
128/17 

30 1,14 8,2 – 51  5 – 50  

 

Voltages 1U  and 2U  (Fig. 4(b)) measured during the 

experiment at 125 kHz resonance frequency. Active power 

transfer efficiency   is calculate by using (18) 
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Load resistance R4 is being changed in order to establish 

maximum active power transfer at various distances (gaps) 
between coils. The measurement and modelling results are 

provided in Fig. 5. From the four upper curves corresponding to 
the loads R4=51; 36; 24; 15; 8,2 Ω it can be seen that with the 

changing distance between coils’, the optimal load resistance 

values exist. With these values, the maximum of a power transfer 
efficiency is achieved. 

Fig. 5 Power transfer efficiency dependence on the gap between coils 

subject to different load resistance R4. 

In order to determine the optimal load resistance value, the 
measurements are repeated with the fixed gap H between coils. Fig. 

6 provides power transfer efficiency measurement and modelling 
results which show that in each case the optimal load resistance 

exists. This optimal load resistance, subject to maximum gap H=50 
mm forms 15 – 20 Ω, and subject to gap H=25 mm forms 30 – 40 

Ω. 

Fig. 6 Power transfer efficiency dependence on load resistance subject to 

different gaps H between coils. 

Summarizing the results obtained from the experimental 
research as well as 3D modelling of magnetic fields using Comsol 

Multiphysics, the interrelationships between active load resistance 
and the distance between coils  (the strength of magnetic coupling) 

necessary to ensure maximum  power transfer coefficient has been 
confirmed. In each case, there is an optimal value of load 

resistance and the distance between coils, which confirms the (17) 
dependence. 

4. Conclusions

1. By reducing the load resistance and/or distance between
coils (with increasing coupling) the system passes from a single 

resonance frequency mode to a three resonances frequency mode 
(frequency splitting mode). In such  case transmitted power is 

significantly reduced at the main resonant frequency due to an 

increased transmitter circuit active resistance. Also in the additional 
resonance frequencies,  the power transfer efficiency decreases due 

to incompletely compensated reactive resistance.  

2. At the single resonance frequency mode the mandatory
condition to achieve the maximum efficiency and power transfer 

coefficient is the maximum quality of the transmitter resonance 
circuit.  

3. Aiming to maintain active power transfer efficiently while

the distance between coils is reduced, it’s necessary to reduce 

inductance (the number of turns) and increase the capacitance 
accordingly (main resonant frequency must remain unchanged) 

and/or increase the load resistance and vice versa.  An increase in 
load resistance is a priority when the magnetic coupling is strong 

(smaller distance between coils), while an increase in the ratio L/C 
is more suitable when the coupling is weak, because it also raises 

the quality of the transmitter resonance circuit. 
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