




Vol.  66 (2017)         Resonant frequency stabilization technique in series-series CET systems 549 

The principle of the operation is like similar constructions found in the literature [12, 20, 
21]. The H-bridge produces a square voltage wave on its output, which feeds the resonant cir-
cuit on the primary side – Vab. Then, trough magnetic coupling between Lp and Ls, energy is 
transferred to the secondary side. On the primary side an additional compensator must be 
synchronized with the voltage Vr on the Cr1 capacitor. Detailed description and proposed 
control procedure of such a compensator was previously presented in [18, 19]. 

Just few additional remarks must be stated regarding the aforesaid contactless energy 
transfer system. First of all no ferrite core was used in the set of the coils. Primary (P) and 
secondary (S) sides are not mechanically connected. In consequence such arrangement has  
a large number of degrees of freedom. It is one of the most important features, but also  
a major issue from control system point of view. The relative position between coils may be 
freely changed – a mutual coupling factor k is related to it. The coupling can be changed due 
to a horizontal, vertical or angular misalignment. Such possibilities are depicted in Fig. 2. 

 

 
Fig. 2. Different coupling relations corresponding to different relative positions between a transmitting 
(P)  and a receiving (S) coils:  (a) the vertical misalignment;  (b) the horizontal misalignment;  (c) the an- 

gular misalignment 
 
Secondly, load applied to the system can vary in time. For instance, in the case of battery 

chargers, the biggest demand on power is when the battery is almost depleted (for Li-Ion bat-
tery – constant current mode), Fig. 3. In contrast, when a battery charger is in constant voltage 
mode less power is demanded. In [6] a system for a continuous roadway supply of EV is pre-
sented. Authors show that amount of power that must be transferred to the vehicle is related to 
its speed. For simulations and for the needs of experiments these phenomena can be simplified 
and represented by a lumped, variable load resistance. 

 

3. Simulations and mathematical description 

The system in Fig. 1(a) can be simplified to an equivalent form found in Fig. 1(b), where 
the compensator may be replaced by a single, tunable inductance Le. 
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the simplest solution is to change the switching frequency of inverter's switches [12]. How-
ever, in many applications it is unacceptable, because of a wide frequency range of radiated 
electromagnetic interferences. 
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An exemplary range of a phase change �1 is depicted in Figs. 5(a) and (b).  
 

 
(a) 

 
(b) 

Fig. 5. Characteristics of the phase shift between the output H-bridge current (Ir) and the output voltage 
(Uab) for the k (a) and the load (b) change without active compensation 
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(a) 

 
(b) 

Fig. 6. Characteristics of an equivalent induction Le change related to ignition delay angle �. 
 
The influence of additional inductance Le and results of AC simulations are presented in 

Fig. 7. A green line presents response of the system to nominal conditions, when zero current 
switching (ZCS) of the transistors is achieved. Then the operating point of the system was 
changed. Two points of work were simulated one for k = 0.34 and Rbw = 0.33 (a) and the other 
for k = 0.24 and Rbw = 1 (b). Each non-nominal state is presented as a red line. In both cases, 
the point of zero phase value was shifted into direction of smaller frequencies. By adjusting Le 
it is possible to keep zero value of phase shift at desired resonant frequency value (blue line). 
Instantaneous value of �1 can be expressed by (4). 

A remark to results shown in Fig. 5 and Fig. 7 should be given. They are valid in the entire 
operation range but only for an ideal scheme from Fig. 4 where the current is always con-
tinuous. In the case of Fig. 1(a), so wide range of the operation frequencies (like in AC simu-
lations) shouldn’t be used. According to [26] to use the simplified scheme the value of ratio of 
the resonant frequency to the switching frequency must be in the correct range. When this 
ratio has incorrect value – bellow unity – a current won’t be continuous, thus the equivalent 
model of the load shouldn't be used. In the described state it is possible that in one half of the 
period of the output voltage (Vab), multiple half-waves (oscillations) of the current appear. In 
our case this region is located below frequencies of around 18-20 kHz. 
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                      (a)                                                                  (b) 

Fig. 8. Physical construction of a coreless transformer (a). View on the laboratory stand (b) 
 
 

6. Basic measurements results 
 
So far, influence of the proposed compensator on the resonant circuit parameters was pre-

sented. It was presented in Fig. 7 that for a change of the load or the coupling factor the supply 
inverter can operate with constant switching frequency and zero phase shift. Compensation of 
the changes of the operational point results in the change of the amount of power that was 
transmitted to the load. During the experiments coupling factor k and load factor Rbw were 
changed. The shape of the power map also changed. The map, when power inverter was work-
ing with the fixed frequency of transistors switching and no stabilization was applied is 
presented in Fig. 9(a). The achieved shape is nonlinear also it can be clearly seen that reducing 
Rbw and k will decrease the amount of power in the load. In part (b) the power transmitted to 
load was depicted. In those, the states change in the resonant frequency fr were compensated 
via the proposed circuit. The falling part of the map depicted in Fig. 9(b) is caused by the 
current limit in power source. 

 
(a) (b) 

 

Fig. 9. Power delivered to load resistor with (a) and without (b) resonant frequency stabilization 
 
Based on the presented results it can be stated that the transmission of fixed power value is 

possible when the operation point is changing. Noting from Fig. 9 two points have been 
selected. Let’s analyze following parameter combinations: Rbw = 0.57 with k = 0.32 and 
Rbw = 0.41 with k = 0.26. In part (a) results without stabilization are depicted. Here 768 W and 
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resonant frequency and to minimize phase shift. Such a type of operation (with frequency of 
the inverter equal to the resonant frequency of the circuit and zero phase shift) will have effect 
on the power transfer capability of the system. Based on this it is possible to propose output 
power stabilization technique when zero phase shift is not mandatory requirement to fulfil. 

 

 
Fig. 11. Efficiency of the investigated system with inactive compensation (blue lines)  

and active compensation (red lines) 
 

 However, based on the presented results a serious drawback has been observed. In the pre-
sented system, the amount of losses generated in the H-bridge are decreased, however this 
increment is consumed by the additional semiconductor devices. In addition, the size of the 
system is increased which leads to power density drop.  
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