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Abstract: A technique for stabilization of resonant frequency is proposed in this paper.
An additional power circuit, a compensator that allows keeping constant resonance frequency was introduced by the authors. In the presented solution the resonant circuit
frequency stabilization is achieved by forcing a zero phase shift between the current and
the voltage of the main switching module.
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1. Introduction
Contactless energy transfer systems are becoming more and more popular as a way for recharging of batteries of mobile electronics (cell phones, tablets etc.) [1, 2]. Different solutions
which are in everyday use as home accessories are available on the market. In the same time
hybrid and electric vehicles are intensively researched. EV technology becomes a serious
alternative for internal combustion vehicles, because of zero emission or less noise. This solution can also be applied in other transport systems using different linear drives [3, 4].
However, this technology has important drawbacks like limited capacity of the batteries,
necessity of wired connection between the vehicle and the supply grid or mandatory idle time
during recharge. In area of ICET (Inductive Contactless Energy Transfer) technology several
solutions were developed to overcome those drawbacks, for instance solution to deliver power
during short stops or in-motion mode [5-8]. It is important to maximize the energy transmission, for that reason optimization of the construction of coils and the capability to transfer
energy, when those are in misalignment, are investigated [8-11].
On the other hand, to keep demanded levels of power in the load, additional circuits or the
control algorithms were introduced. The simplest idea is to follow the resonance point using,

548

M. Marcinek, M. Hołub, S. Kalisiak, R. Pałka

Arch. Elect. Eng.

for instance, Phase Locked Loop [12]. Another way is to dynamically tune or detune from/to
resonance with usage of auxiliary circuits. From literature review it can be seen that both
capacitors and inductors are used [13-17]. In this paper a solution of the inductive auxiliary
circuit is presented. In this paper we present a deeper analysis of the influence of mutual
coupling and load change to voltage – current phase shift φ. In addition a set of equations for
arbitrary configuration of the system’s parameters is introduced. Investigations were performed for two cases: with an active compensation circuit and without it. To conduct simulations and experiments previously presented topology and control the strategy [18, 19] of the
compensator were used.

2. Proposed ICET system construction
In this paper a series-series topology of ICET was used. It consists of an H-bridge switching circuit and resonant circuits (built of a series connection of a winding of a transformer
with a resonant capacitor). On the secondary side a Graetz bridge and an adjustable resistor
were used. In a red rectangle the auxiliary compensating circuit is marked. It is connected in
parallel to the resonant capacitor on the primary side of the system. It consists of two
branches. Each of them is made of a series connection of a power transistor, an inductor and
a diode. The proposed topology is shown in Fig. 1(a).

(a)

(b)
Fig. 1. The proposed topology of ICET system with the compensating circuit: full schematic (a);
simplified compensator circuit (b)
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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 circuit 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 angular 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 battery – 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 presented. 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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Fig. 3. Single cell time dependency of the charge process

In order to conduct simulations in AC sweep domain, the circuit depicted in Fig. 1(b) was
further simplified to the form shown in Fig. 4. Magnetically coupled coils (Lp and Ls) are
replaced by an equivalent circuit of a transformer – T. Output circuit consists of the Graetz
rectifier bridge, the filtering capacitor and load resistance. For the purpose of analysis it was
replaced by an equivalent resistance Rl. it is expressed as Rl = 0.811·Rload. This simplification
is valid only when a current conducted through a rectifier is continuous and it has a sinusoidal
shape. If above conditions are fulfilled the system could be analyzed with first harmonic
approximation [22, 23] and it may be represented by an equivalent circuit depicted in Fig. 4.

Fig. 4. Simplified equivalent circuit of the proposed ICET system

We start the analysis by assuming that the additional circuit is switched off and the system
is in a non-nominal operating point. It means that inductance Le is disconnected from capacitor
Cr1, or it has infinite value of inductance. Instantaneous value of impedance Zz seen on the
output of a switching circuit can be expressed as (1). In result, an instantaneous phase shift can
be calculated (2). The considered phase shift is estimated between an output voltage of
a H-bridge and its current. The non-nominal operating point will cause non-resonant switching
of transistors and it will lead to the increase of amount of generated losses. In such condition
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the simplest solution is to change the switching frequency of inverter's switches [12]. However, 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 N 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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Top (a) characteristics present response of system to the coupling coefficient change for
the various frequencies (in range of 10 to 100 kHz), the bottom (b) one presents the response
to the load change. Rbw is the load factor, which is described as Rnom/Ri. Resistance Rnom was
obtained when transistors were switched in a zero-current mode. Ri represents the instantaneous value of load resistance. In the presented report the authors show that the transistors will
be switched in the zero current mode, using a frequency fs of around 36.5 kHz.
In both cases it can be noticed that the phase has positive and negative values, moreover it
is possible to achieve more than one point where N has a value of zero.
From the results depicted in above figure it can be stated that in a series resonance ICET
both the change of the value of the load or the mutual coupling factor will cause the change of
the value of phase shift N between the primary current and voltage. It is well known that in
series resonant systems, a change of phase will cause operation in the so called capacitive or
inductive mode. This leads to increased losses in power semiconductors as hard switching
technique is used. The proposed compensator is able to work when frequency of the resonant
circuit will drop below the switching frequency of the H-bridge. Such a scenario occurs when
the value of the load or the mutual coupling factor will decrease.

4. System with active frequency stabilization
Depending on k or Rl, the depth of the change of the value of Le must be adjusted. In the
proposed compensator, conduction time of the transistors can be freely changed via the delay
activation angle – α [14]. This change will influence the value of Le in the way that is presented in Fig. 6. To estimate the equivalent value of the inductance Equation (3) can be used
[17, 24]:

Le =

πL
.
2π − 2α + sin (2α )

(3)

In [17, 24, 25] a similar system was investigated. The main difference is that a centralized,
single reactor was used. It was noticed that dividing it in to two branches will allow to
increase the parameters of the range of the change. It is possible because in the proposed
solution, an ignition angle in the range of 0 ≤ α ≤ π/2 can be set. The resultant inductance
value is equal to half of the self-inductances of the coils. It can be observed in Fig. 6(a) at an
angle α of 0°.
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(a)

(b)
Fig. 6. Characteristics of an equivalent induction Le change related to ignition delay angle α

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 N 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 continuous. In the case of Fig. 1(a), so wide range of the operation frequencies (like in AC simulations) 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. 7. Characteristics of phase shift between Ir and UAB for the coupling k
(a) and the load (b) change with active compensation

5. Laboratory stand
The presented solution could be scaled and applied to the automotive industry, as an alternative way for the battery charger. As it was noticed in the introduction, a main drawback of
such applications is unprecise alignment between a transmitter (A) and a receiver (B). For research purposes, a dedicated transformer was constructed (Fig. 8(a)). It allows for the movement up and down along the axis (D) of the receiver coil. Four guides are used to provide
a centric movement of the receiver (C), to ensure repeatability of horizontal placement,
wooden blocks are used.
An H-bridge and a capacitor were connected in series to the primary side of the transformer. Then, the secondary was built using a full bridge rectifier with a capacitive filter and
a variable load resistor. In Fig. 8(b) the laboratory stand is presented. To acquire data from the
laboratory stand, a digital oscilloscope Tektronix DPO 4054 with probes TCP0030A, P5205,
also a power analyzer NORMA 5000 were used.
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(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 presented. 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 working 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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570 W were transmitted to the load with above given parameter combinations, respectively.
For the system operating with compensation and same parameter combinations 1 kW and
660 W were transmitted, (part (b)).

Fig. 10. A stabilization of the output power with usage of the proposed compensator

It should be pointed out, that for the second point the system has been working with an
active input current limit still the power transmitted to the load was greater than in operating
mode without additional stabilization. It proves, that the operation with the compensation,
allows to transmit greater volume of power than in the nominal point. Moreover, it means that
delivery of nominal power should be possible in a wider range of the system’s parameters
change. However, to stabilize it, phase adjustment is necessary. It conducts to operation with
phase shift not equal to zero. Such a scenario is depicted in Fig. 10.

6. Efficiency of the system
Efficiency changes in the function of the output power and the coupling factor of the proposed system was investigated. During experiments the input voltage was adjusted to achieve
100 V at the output hence to set fixed output power as load resistance changed. The procedure
was repeated for nine distances between coils of the transformer.
Fig. 11 depicts the achieved results, blue lines represent calculated η without and red with
an activated auxiliary circuit. Maximal efficiency exceeds 90% and was achieved in the nominal point, in contrast to the minimum load and minimal k efficiency is around 62%. It
should be noticed that in both scenarios, the lines are on similar levels. It means that losses of
the main H-bridge were reduced.

7. Conclusions
In this paper, a technique for stabilization of the resonant frequency was presented. The
simulation results show that the change of the additional inductance Le allows to keep constant
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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 presented 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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