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This study focuses on the design and development of programmable
frequency generator using embedded devices that are able to produce square
wave signals in the wireless power transfer (WPT) transmitter. We validate
the accuracy of the output signal by measuring distance error. We validate
that our system can change and sweep the frequency and produce high
power by measuring the absorbed power in the load. We conduct the
frequency sweep analysis to find optimal frequency and the frequency
splitting phenomenon. The experiments show that the system can produce
and sweep the square wave signals with less than 1% error. We also find that
the frequency splitting occurred when distance among two coils in the range
0.5-6.5 cm and the splitting disappeared when the distance is above 7.5 cm.
The frequency splitting shows that the measured optimum frequency differs
from the calculation. The difference confirms that the programmable
frequency generator is needed to adjust the frequency that can transfer
maximum power to the load.
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1. INTRODUCTION

Tesla [1] famous patent entitled “Apparatus for transmitting electrical energy” has been inspired
many researchers in delivering wireless power transfer (WPT) system into reality today. We can now deliver
energy without physical wires using the physics phenomenon of energy conversion into electricity. WPT
(from the distance between transmitter and receiver point-of-view) can be classified into far-field and near-
field WPT. The far-field WPT systems are built using laser and microwave. The laser WPT considers light
source as the WPT transmitter by converting electrical energy to a laser beam [2]. Currently, the laser based
WPT is studied to be applied in several fields such as terrestrial and space applications, internet of things, and
aircraft [3], [4]. Another far-field WPT is the microwave WPT. Microwave WPT uses high frequency power
radiation from high power oscillators (MHz and GHz). In some research, the microwave WPT can reach
hundreds of meters to kilo meter distance in several applications such as satellites, drones, and mobile
facilities [5]. The far-field WPT, both of laser and microwave, is considered as radiative WPT
technology [6].

On the other hand, near-field WPT is considered a non-radiative WPT technology. The near-field
WPT can be developed using fundamental capacitive [7] or inductive [8] circuit. The capacitive WPT uses
pairs of metal plates coated with the dielectric materials that produce electric fields between the transmitter
and receivers [9]. Another near-field WPT category is the inductive WPT. The inductive WPT principle is
based on faradays laws. As current flows through the primary coils, it generates a magnetic flux, leading to
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electromagnetic induction in the secondary coils and subsequently causing current to flow in the secondary
circuits. The current flow in the secondary circuit is influenced by the mutual inductance between coils [8].
Currently, inductive WPT has gained more popularity, as it is utilized in mobile device charger technology
and has become standardized [10]. Other than mobile devices, inductive WPT research began to expand the
have been used in many applications such as unmanned aerial vehicle (UAV) [11]-[13] or biomedical
implants [14]. The inductive WPT system can be constructed using electronic circuits, consisting of both
primary and secondary circuits. The primary and secondary circuit is compensated with additional
components (such as capacitor) since researchers want to obtain the maximum power absorbed by the load
receivers in the secondary circuit. The compensation networks consist of series-series, series-parallel,
parallel-series, and parallel-parallel circuits. Each of the compensation networks have several pros and cons
depending on the WPT system requirements [15].

In the current study, the maximum WPT powers can be obtained using calculation theories. The
most generic theory is by calculating the resonant frequency. Alternatively, we can obtain the mathematical
models of the WPT circuit [16] and then conduct the optimization using partial derivatives on some
parameters [17] or use the heuristic algorithm such as genetic algorithms or particle swarm optimizations
(PSO) [18]. Afterwards, we can apply the frequency response or calculate the average power to validate the
calculations. By finding the optimum frequency point we can gain maximum power absorbed by the
receivers. Even though we can obtain the maximum power theoretically, there exists mutual inductance
parameter in the calculation that will be difficult to estimate since it depends on the coupling coefficient
between -1 to 1. The coupling coefficient depends on the quality of the copper (or materials), distance, and
angle of the primary and secondary coils. Using measured distance between coils, we can determine the
optimum frequency of WPT system [19], [20]. The system requires additional distance sensor and the
placement of the sensor must be precise.

An additional challenge in the WPT can occur in real-world situations such as frequency splitting
phenomenon. The frequency splitting phenomenon happens when the distance between coils is bigger than
the critical value and the peak from the frequency points will change to double peak. This situation makes the
optimum frequency point is shifted from the calculation [21]-[24]. Therefore, the need to sweep the
frequency (at some range) in the WPT devices must be conducted.

This study will focus on the design and development of programmable square wave function
generator for WPT system using generic and common embedded devices. Our system will be able to deliver
programmable functionality in the frequency generator so it will be able to select the frequency on demand.
We validate our system by measuring the output power absorbed by the load. Since we are using square wave
signal, the harmonics of the sine wave will create a phenomenon in the frequency response that shows the
optimum points will have set of patterns of the local and the global peak.

2. METHOD

In order to gain high power WPT circuit need to be compensated. The compensation means
topology and components used to bring the high power WPT. WPT circuit can be compensated using series-
series, series-parallel, parallel-series, or parallel-parallel. In this study, we choose the series-parallel
compensation circuit since we are using it for low-power applications and lower dc link voltage. In this
situation the series-parallel circuit is better than others compensation circuit [25]. Our proposed circuit is
described in Figure 1. The basic WPT primary circuit consists of AC voltage source u(t), internal resistance
of voltage source Rs, the capacitor C; and the coil L; as primary coil with the resistance Ri. The current flow
in the coil will generate electromagnetic inductions to L, affected with mutual inductance M = K./L,L,,
where K is the coupling coefficient between -1 and 1 that can be represented with distance or misalignment
between primary and secondary coils [26], [27]. The secondary circuit consists of the L, coil with R, as the
resistance. Since we are using series-parallel compensation circuit we put the capacitor C, in parallel with the
L, coil for the secondary circuit.

We conduct the simulations using the software simulation program with integrated circuit
(LTSPICE). The circuit parameter configuration is used as in Table 1. Further, we simulate the circuit using
frequency response (1 V AC voltage) sweep between 100 Hz to 130 kHz for 250 points. The result is plotted
using Python matplotlib as in Figure 2. The inductance of WPT circuit consists of primary inductance and
secondary inductance where each inductance comes from copper coils. We use the series-parallel
configuration and match the frequency resonant formula f = 1/(2mvLC) and calculate the optimum
frequency point is located at 53.14 kHz.

Embedded systems as programmable square wave generator in wireless ... (Sabriansyah Rizqika Akbar)



570 ISSN: 2089-4864

Primary Circuit Secondary Circuit

" "
B
RS R R2
+] +
cz RL y(t)
) |
e u i1 L1 L2 i2
Frequency Generator & k )
Voltage Source —M-—

Figure 1. WPT system with series parallel circuit

Table 1. WPT configuration for primary and secondary circuit

Parameters Value
Thickens 1mm
Diameter coils 8cm
Winding 20 Turns
Coil length 8cm
Coil inductance 89.7 uH
Capacitors (C;& C,) 100 nF
Load resistor 100 Q

0107 k value
—_— 0.1
— 0.2
0.08 +— 0.3
— 0.4
—_— 0.5
0064 — 0.6
— 07
5=
=2 — 0.8
& 0.9
0.04 -
0.02 A
0.00 -
0 20000 40000 60000 80000 100000 120000
Frequency
(kHz)

Figure 2. Simulation results

From Figure 2, we see that the optimal frequency is not always in one point. When the K value is
above 0.2, the frequency splitting happens, and the optimum frequency points are split into two. Since we
saw that the optimum frequency is moving during the K value changes, we still need to change the frequency
and find the highest point that produces the highest power. Therefore, we propose the architecture of a
programmable square wave function generator as shown in Figure 3 to perform frequency sweep and find the
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proper working frequency that transfers the highest power. The architecture consists of the microcontroller,
the H-bridge and the WPT transmitter circuit. The microcontroller produces a programmable pulse width
modulation (PWM) output based on the frequency demands. The output PWM voltage from microcontrollers
is amplified by the H-bridge to produce higher peak-to-peak voltage that can be used to drive the WPT
transmitter circuit. Figure 4 demonstrates the PWM output voltage produced by microcontrollers (0 to 5 V)
amplified by the H-bridge (-8 V to +8 V).

. PWM Y\ . Amplified WPT Transmitter
Microcontroller output H Bridge P Output ] Circuit

Figure 3. Generic proposed architecture
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Figure 4. PWM output and H-bridge output

Our proposed functional requirements for square wave function generator consists of three states
which are set frequency, increase frequency, and decrease frequency. The set frequency is the default state
where the system will hold the value of frequency. Our function generator can increase or decrease when the
users press the increase/decrease frequency button. Afterwards, the generator will increase or decrease its
frequency for 1 kHz and hold the frequency for the current frequency +/- 1 kHz and display the hold
frequency in the organic light-emitting diode (OLED).

The proposed function generator circuit is shown in Figure 5. The generator utilize embedded
system Raspberry Pi Pico [28] as microcontrollers and uses the IRF3205 based H-bridge modules as
amplifier. The Pico GPIO 18 serves as the PWM pin. We also provide two push-button switches to increase
or decrease the frequency value. The GPIO 18 pin is connected to the H-bridge direction pin, while the PWM
input (PWM1 and PWM2 in the H-bridge) configured to be always high. The PWM duty cycle was set on
50%. The MTR1+ pin and MTR1- pin are connected to WPT circuit to bring the alternate current voltage.
The PWM output will bring the square wave 0 to 5 V. The H-bridge output from the MTR1+ pin and MTR1-
pin will bring the square wave voltage output peak-to-peak (V(.-p) from -8 V to 8 V (Figure 4). To capture
the output power at secondary side, we add current, voltage and power monitor (INA219) [29] connected to
the Pico using inter-integrated circuit (I12C) interface. Our system implementation can be seen in the Figure 6
where the system consists of raspberry Pico as microcontrollers, buttons and H-bridge IRF3205 modules. The
red and green button is equipped to increase and decrease the frequency.
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Figure 5. Square wave function generator circuit
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Figure 6. Programmable square wave function generator for the WPT system

3. RESULTS AND DISCUSSION

In this section, the study explores the results of our proposed system and analyzes the accuracy of
the square wave frequency generator and optimum frequency analysis. The accuracy of frequency generator
is discussed in first subsection and the analysis of optimum frequency is briefly discussed in second
subsection. Additional details are provided in the following subsections.

3.1. Square wave frequency accuracy

The frequency is swept from 0-130 kHz with a 1 kHz increment. In this experiment, we checked the
accuracy of the square wave frequency obtained from the output PWM of Pico microcontrollers and the
output frequency after being amplified by the H-bridge. We use oscilloscope to monitor the frequency from
the Pico and the H-bridge. Afterwards, we use the distance error calculation to measure the difference
between the desired frequency and the frequency output results from the Pico and the H-bridge. The distance
error calculation is plotted in Figure 7.

From Figure 7, we see that the distance error for Pico PWM output as well as H-bridge square wave
output are less than 1%. This means that the system output, which is the PWM output and the H-bridge, has a
good performance regarding the accuracy of the generated desired frequency. This information ensures that
we can conduct further analysis for describe the behaviour of power output.
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Figure 7. Distance error calculation

3.2. Optimum frequency and harmonic analysis

The peak frequency and harmonic analysis experiment is conducted to find out the maximum power
obtained from the WPT circuit load at some frequency point. The maximum power was observed using a
frequency sweep from 0 to 130 kHz. The generator uses a square wave signal with configurable frequency
value. The square wave signal is composed from the sine-wave signal and the harmonic of the fundamental
frequency as in (1) (where L is the square wave period).

4 oo 1.
fO) = 28145, ~sin () (1)

Therefore, it will result to create some form of peak consist of local and global peak from the
frequency response analysis. Let P is a set of peaks and p* is the optimal frequency to obtain the maximum
power. The output of the swept frequency will create a pattern as in (2) [30].

* 1 * 1 * 1 * 1 * 1 *
R A L reet )

Using the power sensor INA219, we measured the actual power absorbed by the 100 Q load resistor
by sweeping frequency across 10 kHz to 130 kHz. We conducted the frequency sweeping and conduct the
power monitoring for each distance between 0 to 22 cm. We plot the measurement result in Figures 8 and 9.
The results of power monitoring in frequency sweep have locals and global peak.

Figure 8 shows the importance of programmable frequency generator in WPT system. As by design,
we already set the resonant frequency to 53.14 kHz. The real-world experiment shows a frequency splitting
phenomenon that creates the optimum frequency does not locate exactly at the configured resonant
frequency. In the distance of 0.5 cm the optimum frequency is located at 46 kHz. While in the distance of 6.5
cm, the optimum frequency shifted to 54 kHz. Therefore, by using our programmable frequency generator we
can adjust the working frequency even though it is not located at the resonant frequency. Figure 8 shows that
the optimum frequency p* has the local peak 1/3 p*. As an example, we see that in the distance of 6.5 cm, the
system detects the p*=54 kHz. At this distance, the local peak 1/3 p* was also detected at 18 kHz.

Figure 9 shows the result experiment of power while frequency sweeping. Figure 9(a) shows the
power absorbed by load resistor in the distance 7.5 cm to 13.5 cm. The frequency splitting phenomenon does
not happen during this range of distance. However, the optimal frequency is located at 55 kHz and not
exactly in the 53.14 kHz frequency calculation. In this distance of measurement, we also found that the
p*=55 kHz also having set of local peaks consists of 1/3 p*=18 kHz and 1/5 p*=11 kHz.

Figure 9(b) shows the power measurement in 15.5 cm to 21.5 cm. The experiment distance is
stopped at 21.5 cm because the WPT does not deliver enough power to turn on the LED on the secondary
circuit. Therefore, in the distance measurement experiment shows that the maximum distance able to reach is
21.5 cm with 60.73 mW. The maximum power able to be absorbed by the load is 1293 mW in the 0.5 cm
distance.
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Figure 8. Frequency response results from experiment at 0.5 to 6.5 cm distances
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Figure 9. Results of frequency response experiment on distance: (a) 7.5 to 13.5 cm and (b) 15.5 to 21.5 cm

4. CONCLUSION

This study focuses on the development of variable frequency generators using generic embedded
devices in the WPT systems. The development of the variable frequency generator starts with the
microcontroller’s selections based on the PWM features obtained from the microcontroller datasheet.
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Afterwards, the PWM output from microcontrollers needs to be increased using amplifiers. The amplifiers
can be selected from generic H-bridge modules that are chosen based on the supported voltage and the
maximum frequency. This study selects the Pico microcontrollers and the IRF3205 H-bridge modules since
we choose the low range frequency below 100 kHz. We use the power sensor (INA219) to monitor power
absorbed by the load resistor.

The results of the experiment show that our programmable frequency generator system can be
amplified at 8 V (from 5 V) and has frequency accuracy below 1%. From the peak and harmonic analysis, we
able to shows that our systems can capture the optimum power along with the local peak pattern. Our systems
can reach the 21.5 cm maximum distance (60.73 mW) and the maximum power 1.3 W in 0.5 cm distance.
This study also finds that even though we are able to calculate the resonance frequency in the designing
phase, the possibilities of the mismatch optimum frequency can be found caused by the frequency splitting
phenomenon. Thus, the optimum frequency that produces the high power in WPT systems will be able to be
found by using our programmable systems.

In the current circuit we use the power monitor on the secondary sides of the WPT systems. In the
future, this study will continue to find methods regarding how to monitor the power absorbed from the load
resistors from the primary circuits. This can be conducted by finding correlations between the power
measurements comparison (from the primary or secondary circuits) and the distance between coils.
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