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Abstract 
A resonant circuit topology is generally applied in inductive 
power transfer (IPT) systems for electric vehicle battery 
charging to minimise the switching losses of IGBT. Various 
IPT systems under development ensure high-efficiency, if 
there is no misalignment. Each park process can cause high 
power losses due to a new resonance frequency, which occurs 
as a result of changing inductances, if the coils have 
misalignment. Power losses of IGBT soft switching can be 
reduced by tuning the operating frequency. Therefore, in this 
paper, a hardware for the frequency control of IPT system is 
developed, in which the hardware approximates operating 
frequency to the resonance frequency. In the software, the 
elimination of the bifurcation phenome is considered. An IPT 
system with a series-series compensated topology is used for 
laboratory setup. 

1 Introduction 
Wireless inductive power transfer (WIPT) is an established 
technology that uses high frequency electromagnetic field to 
transfer the electrical energy from a stationary electricity 
source to movable consumers over a large air gap. IPT has 
been successfully used for medical devices for the supply of 

sensor modules or for consumer electronics, such as mobile 
phones and electric tooth brushes [1-7]. 
 
Over the last few years, the application of the IPT technology 
as a charging method for the traction batteries of electric 
vehicles (EV) and hybrid electric vehicles (HEV) has seen an 
explosion in research and development in academic and 
industry sector [8-16]. This technique allows for a simple and 
reliable charging process. Increasing user-friendliness, 
comfort as well as associated automation of charging play an 
important role for the deployment of this technology. These 
systems provide an aesthetic way with more safety and more 
convenience compared to conductive power transfer systems. 
Furthermore, it is accessible to physically impaired users 
(barrier-free use) [17]. It is assumed that automatic inductive 
charging will improve the user acceptance of electric 
vehicles. 

2 Proposed control strategy 
Using a higher transmission frequency can increase the output 
power and the power efficiency of an inductive power 
transfer system, if the coils are on resonance. The power 
transmitted to the secondary side drops as either one of the 
coils is detuned from resonance [18,19]. Additionally, the 
utilisation of higher switching frequencies increases the 
transistor switching losses. 
 

 
Fig. 1. Schematic of the proposed IPT System 
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In this work, a hardware for the frequency control of a 3kW 
IPT is investigated. A schematic of the required components 
is shown in Fig. 1. The IPT System is not investigated in 
detail in this paper. In these systems, the primary current 
shows a sinusoidal waveform and the primary voltage has a 
square waveform as forced by the switching procedure of the 
primary inverter. The phase angle between primary- voltage 
and current is nearly zero, if primary coil has exactly tuned 
with secondary coil and no misalignment exists. Due to 
horizontal and vertical misalignments and component 
tolerances caused by age, the transmission parameters can 
vary. This changing can be compensated by additional 
capacitance or by a newly adjusted operating frequency. For 
this adjustment the knowledge of phase angle between 
primary voltage and primary current is necessary [20].  
 
The exclusive OR gate (XOR) produces a high-level signal 
during the displacement of the phase. The function of the 
transparent D Flip-Flop (DFF) is to determine whether it is 
inductive or capacitive. Depending on the signals produced 
by the XOR gate and the D-Flip-Flop, the controller updates 
the frequency. It generates the gate signal to drive the full-
bridge configuration.  

 
The zero crossing detection should be realised by a 
comparator circuit utilising high speed comparators before 
being sent to the microcontroller. The output signals of the 
comparator circuit can be filtered by Schmitt Triggers to 
avoid noise and to prevent uncontrolled switching. 
 
The following logic makes a comparison. The output of the 
XOR-gate gives an insight into whether, there is a phase 
displacement or not. As aforementioned, the DFF gives 
information regarding the type of displacement (inductive or 
capacitive). 
 
It is necessary to distinguish and to analyse the following 
cases: 

 No phase shift 
 Capacitive behaviour 
 Inductive behaviour 

3 Hardware 
Fig. 2 illustrates the proposed system for the frequency 
control. The proposed circuit should carry out a comparative 
analysis of primary voltage and primary current, and it should 
be able to output phase shift, as well as sign (inductive, 
capacitive). Therefore, the circuit receives the voltage and 

current curves as input. Due to the compensation of the coils 
that is switched resonant, the inductive transmission path 
behaves as an ohmic load, which causes a sinusoidal current 
to occur on the primary coil. The change in the voltage over 
time can be read by the microcontroller. Therefore, it can be 
captured directly by the microcontroller without galvanic 
connection to the high-voltage section. Due to the high 
switching frequencies at which the inverter operates, it is 
necessary to use a high speed comparator for the zero 
crossing stage. Following this, both output signals of the 
comparators are evaluated by the digital logic, switching 
states of which are listed in Table 1, whereby Q0 indicates the 
state of the output one set-up time prior to the High-to-Low E 
transition. The phase shift is determined by XOR-gate. If both 
comparator signals are simultaneously high or low, this state 
is considered as resonant (no phase shift) according to Table 1 
(a). At the same time, sign of the phase shift is determined by 
DFF. The corresponding signs are provided in the following 
function Table 1 (b). 
 

A B Q  E D Q 
0 0 0  0 0 Q0 
0 1 1  0 1 Q0 
1 0 1  1 0 0 
1 1 0  1 1 1 
 (a)    (b)  

 
Table 1: Function table for (a) the XOR-gate and (b) the DFF. 
 
For the current measurement, a highly dynamic magneto 
resistive current sensor CMS3015 made by Sensitec is 
deployed. The gate signal for the IGBTs, which indicates the 
primary voltage, will be directly used for the phase angle 
analysis. The microcontroller is able to change the frequency 
in steps of 50 Hz and is programmed to adjust the initial 
operating frequency to 85 kHz. 

4 Software 
In this paper, an ARM Cortex F4, which is a high 
performance embedded processor with DSP instructions 
developed for digital controls, is used. The working frequency 

Fig. 3. Block diagram of the proposed circuit. 

Fig. 4. Program sequence. 

 
Fig. 2. Block diagram of the proposed circuit. 
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of the Controller is 168 MHz. 
 
The nominal frequency (85 kHz) for the drivers of the IGBT 
full bridge configuration is produced through hardware PWM, 
which does not reduce the computation power of the 
Controller in a manner like a software PWM does. 
 
Frequency and duty cycle of the XOR and DFF are calculated 
by a PWM Capture input Module of the microcontroller. This 
method is preferable to the acquisition of the PWM Signals 
by an analogue-digital-converter (ADC) because of the 
multiple cycles it takes to convert the input signal. Frequency 
and duty cycle of every detected signal are saved to compare, 
if there is any change in the last detected values. To gain 
further accuracy, the average over several acquisition cycles 
is taken as base for further calculations. 
 
The controller initializes with a frequency of 85 kHz. Based 
on an internal timer of the ARM, the control sequence is 
carried out every one millisecond. The program sequence is 
depicted in Figure 3. To check for a legal signal, the 
frequency of the XOR is at the beginning of the control 
scheme evaluated. A legal period of the XOR is characterized 
by a doubled nominal frequency. If there is a legal signal and 
a variation of the phase (between the voltage and the current) 
that is indicated through the duty cycle of the XOR, the 
controller has to distinguish between two different cases. 
 
In the first case, the controller sets the frequency to the lowest 
configured frequency (80 kHz). The frequency is now raised 
and the DFF is checked for a change of its sign. Based on the 
idea of bifurcation, there are only three zero crossings 
possible: at a lower point of resonance frequency, at an upper 
point of resonance frequency or even at the resonance 
frequency. Every detected zero crossing point is saved. When 
the controller reaches the highest set frequency on its sweep, 
the zero crossings recorded are checked. The most important 
point is, where the phase displacement from inductive to a 
capacitive phase displacement takes place. In the case of a 
bifurcation, it is a unique point. For more information about 
bifurcation, see [9, 10, 11, 21]. The active frequency is used 
as an operating frequency. 

5 Results 
In order to ensure that the results are correctly monitored and 
evaluated by the microcontroller, a PWM signal is generated 
with the frequency generator and it is monitored by an 
oscilloscope. During the measurement, the frequency of the 
frequency generator is changed gradually. The results 
measured by the oscilloscope deviate constant 2 Hz from the 
value of the frequency generator, which may occur because of 
parasitic noise of wires. Moreover, the measurements of the 
microcontroller vary up to 9 Hz, which corresponds to a 
relative deviation of up to 0.01%, as can be seen in Fig. 15.  
 
Fig. 6 indicates the absolute deviations of the results related 
to different duty-cycles, whereby the frequency of the 

frequency generator is held constant at 85 kHz and only the 
duty-cycle is varied. 
 
In a final step, the accuracy of the controller needs to be 
examined for the across the spectrum of the phase shift. For 
this, two PWM signals with the nominal frequency fN are 
generated by the microcontroller. The signal which should 
present the current is gradually delayed, as a result of which 
the IPT system shows a capacitive behaviour. Here the output 
signals of XOR-gate and DFF are detected. The results are 
shown in Fig. 7 and Fig. 8. The horizontal axis shows the 

 
Fig. 7. Absolute deviation of the XOR-gate 
measurements of microcontroller from an oscilloscope. 

 
Fig. 5. Results of PWM signals measured by an 
oscilloscope and the microcontroller, when changing the 
frequency. 

Fig. 6. Results of PWM signals measured by an 
oscilloscope and the microcontroller, when changing the 
duty-cycle at 85 kHz. 
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duty cycle of XOR-gate or DFF and the vertical axis indicates 
the absolute deviation of the measurements of the 
microcontroller from the measurements of the oscilloscope. 
Measured values of XOR-gate present on average a difference 
by ±0.3% and for the DFF a derogation by ±0.23%. 
 
The final results of three cases that have been discussed in 
this paper are shown in Fig. 9, Fig. 10 and Fig 11. The 
experimental results are consistent with the expectations. It is 
conspicuous that the short impulses are to identify here for the 
case without phase shift, also resonant switch. However, these 
short impulses are not taken into account by microcontroller, 
then these do not represent a phase shift.  
 
As shown in Fig. 10, the frequency of the signal produced by 
the XOR-gate is doubled. The phase shift between current and 
voltage can be seen by the yellow trace. The duty cycle 
shown by the green trace indicates an inductive behaviour. 

Fig. 11 shows waveforms indicating capacitive behaviour of 
the system. As previously mentioned, the XOR-gate shows 
the phase shift. It presents an expected signal due to its 

doubled frequency. Compared to the inductive behaviour, the 
duty cycle of the DFF is now greater than 50%. 

6 Conclusion 
This paper summarises the hardware and the software for the 
proposed frequency control of an IPT. Hardware and 
software, which were tested by use of laboratory setup, are 
shown and validated by experimental results. 
 
The hardware and software presented here allow the 
controller to tune a detuned system, whether it has a 
capacitive or inductive displacement, back to resonance, so 
that the transmission parameters e.g. forced by misalignment 
of the coils can be adjusted. 
 
In achieving more efficient for IPTs, the perception and 
acceptance of automatic noncontact-charging stations will rise 
and hence promote e-mobility. 
 

       
 
Fig. 11. Signal forms for the capacitive behaviour, CH1 
represents the output signal of XOR-gate and CH2 shows 
the output signal of DFF. 

        
 
Fig. 10. Signal forms for the inductive behaviour, CH1 
represents the output signal of XOR-gate and CH2 shows 
the output signal of DFF. 

        
 
Fig. 9. Signal forms without phase shift, CH1 represents 
the output signal of XOR-gate and CH2 shows the output 
signal of DFF. 

 
Fig. 8. Absolute deviation of the DFF measurements of 
microcontroller from an oscilloscope. 
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