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Abstract: Multi-input single output wireless power transmission (MISO-WPT) systems have decisive
advantages concerning flexible receiver position in comparison to single coil systems. However,
the supply of the primary side brings a large uncertainty in case of variable positions of the secondary
side. In this paper, a compact multiplexed primary side electronic circuit is proposed, which includes
only one signal generator, a passive peak detector, a communication module, and a compensation
capacitor. The novel approach has been studied and evaluated for a MISO-WPT system having a
16 coils on primary side and one coil on secondary side having the double diameter. Results show
that a standard microcontroller, in this case an STM32, is sufficient for the control of the whole system,
so that the costs and the energy consumption are significantly reduced. An activation strategy has
been proposed, which allows to determine the optimal transmitting coil for each position of the
receiving coil and to switch it on. The time-to-start-charging at different positions of the receiving coil
and different number of neighbors has been determined. It remains in all cases under 2.5 s.

Keywords: resonant power transmission; contactless power transmission; inductive power
transmission; wireless power transmission; contactless charging; MISO system; multi-coil system;
energy harvesting; wireless sensor node; passive peak detector; multiplexer

1. Introduction

Nowadays, the development of wireless sensor nodes (WSN) [1] has progressed from the
implementing wake-up technologies [2] to the realization of even battery-free WSNs with low energy
consumption. Battery-free based WSNs themselves can be supplied either by wireless power transfer
(WPT) [3,4] or by adopting energy harvesting techniques to collect energy from one or several ambient
sources [5-8]. However, energy harvesting solutions strongly depend on the availability of the ambient
source in a certain environment and requires often a storage element, which help to over bridge periods
of low energy availability. On the other hand, WPT systems via inductive link present a sustainable
and a reliable solution to power battery-free WSNs devices, which can transfer a relative high-power
level and can provide a continuous energy availability. WPT systems are generally composed of two
main parts: The primary side presents the charger circuit and includes typically a signal generator,
a resonant compensation capacitor, and a transmitting coil [9]. The secondary side presents the device
circuit and includes the receiving coil with a resonance compensation capacitor and a rectifier to charge
the device [9].
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The signal generator circuit is often based on inverter circuits [10] and realizes a relatively low
efficiency [11,12] because it needs to avoid overheating and therefore operates not at the exact resonance
frequency. In addition, they require complex filtering stages to smooth the output voltage waveform
and soft-switching topologies based on zero current switching and zero voltage switching to reach an
optimized functionality [11,12]. As an alternative, AC-AC power amplifier circuits are recommended
due to their pure resonance behavior [13]. In addition, WPT systems often use sensing units in the
transmitting side in order to detect the presence of the receiving coil and/or control their working
behavior. Various sensing units have been proposed, which can measure current [14], impedance [13],
or voltage [15].

To realize a resonant behavior on both sides of the WPT system, compensation capacitors can
be connected in series or in parallel to the transmitting and the receiving coils to form one of the
four common topologies, which are series—series (SS), series-parallel (SP), parallel-series (PS), and
parallel-parallel (PP) [16,17]. Each topology offers specific characteristics, such as the sensitivity of
the load impedance variation and the intermediate air gap between transmitting and receiving coil.
The single-coil WPT systems typically have a simple primary side circuit and can be therefore realized
at low costs. However, the sensitivity to misalignment can be reduced by using multiple coils on the
primary side. A multi-coil system allows free positioning of the receiver without increasing the energy
consumption significantly only if a reduced number of transmitting coils is activated.

MISO IPT systems use several transmitting coils, which can be switched to supply receiver coil in
different positions. In [18,19], authors give a review on different large area WPT systems with their
coils systems, connections and supplies circuits. These systems typically present various primary side
electronic architectures to power the used coil such as homogenous systems, associated single-coil
WPT systems, and switch-based systems.

Table 1 presents an overview of recent and important multi-coil WPT systems architectures and
their characteristics.

Table 1. Selected phase of the art solutions for multi-coil systems.

Characteristics Switch-Based A'ssoc1ate¢.:1 Homogeneous
Single-Coil
Reference [17] [20] [21] [22] [23] [24] [25] [26] [27]
Number of used coils 3 4 5 19 9 36 4
Signal generator Inverter - X X X X - X - B}
Oscillator X - - - - - - - -
Number of signal generators 1 1 1 3 3 12 1 1 1
. . Series - - X - - X X X X
Coils connections
Parallel X X - X X - - - _
Complexity + ++ +++ +++ +++ +++ + + +
Electronic circuit size ++ ++ +++ ++ +++ +++ + + +
Used switch - — - - -
Number of the used switches 3 4 10 19 0 0 0 0 0

(+) low; (++) medium; (+++) high; (x) with; (-) without.

Homogenous multi-coil systems simultaneously activate all transmitting coils, which are connected
in series to each other [25-27]. The used primary side supply circuit is simple and similar to the supply
circuit of a single-coil WPT system. It realizes a low power efficiency and is critical for security due to
the large surface of the emitted magnetic field.

To overcome these limitations, a multi-input single output wireless power transmission
(MISO-WPT) system has been proposed in [23,24] consisting of several independent single WPT
systems, so that after position detection only one primary side coil is activated. The magnetic field
remains focused, but each single-coil WPT system needs an individual primary side supply circuit,
which makes the system bulky and costly.

Switch-based MISO-WPT systems was proposed in [17,20-22]. Thereby switches, which are
typically transistors or specific relays, are connected in series to each coil on the primary side [17], [20-23].
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This reduces the size of the supply circuit relative to the previous solutions. In [19], a multi-coil system
with multiplexed solution is presented with a singular supply circuit. However, the selection of the
appropriate coil requires dual MOSFET switches, which presents some similarity to a switch-based
multi-coil system. Nevertheless, the control of the multi-coil system switches needs microcontrollers
with a high number of pins. For that, in case of a big number of transmitting coils, an FPGA [22] is
proposed as processing unit, leading to an increase of both energy consumption and costs.

In this paper, we investigate the feasibility of a multiplexed circuit on the primary side supply
approach, with the aim to reduce the circuit size and to control the system by a simple microcontroller
with a limited number of pins. The main objective is to significantly decrease both energy consumption
and system costs. To this end, we propose to use receiving coils having the double diameter of
the transmitting coils. This is important to cover at least a singular transmitting coil for different
possible positions on the top of the pad to power the device for all the possible positions. In order to
enable the detection and the powering of even battery-free wireless sensor nodes, we propose that the
communication between the transmitting and receiving coil is started from the transmitting side and
supplied from the transferred energy on the secondary side.

The paper is organized as follows: In Section 2, the primary side supply circuit for a system is
presented. The description of the proposed multi-coil system control algorithm is detailed in Section 3.
The experimental evaluation of the developed algorithm are reported in Section 4. Section 5 shows the
analysis of the required time to start the charging process. A conclusion is provided in Section 6.

2. Design of the Primary Side Multi-Input Single Output Wireless Power Transmission
(MISO-WPT) System

MISO-WPT systems for magnetic induction with a number of transmitting coils exceeding 10 coils
present often big challenges due to the limitation on the implementation of the primary side supply
circuit. One of the most challenging issues thereby is the size of the electronic circuit, which should
be smaller than the size of the MISO-WPT system, especially when the transmitting coils are with a
small radius. In addition, the single-layer transmitting coils arranged on multi-array configuration
are critical on the activation process with the required amount of power transmission for different
possible receiving coil positions within a horizontal distance of 2 mm. For that, a WPT system using
16 transmitting coils is developed with a compact size and a compact supply circuit. The coils are
arranged as a parallelogram as shown in Figure 1, where the transmitting coils are indexed from the
coil number 0 (CO0) to coil number 15 (C15). The selected geometry is based on previous study in [26],
which compares different configurations. The selected configuration offers a small airgap between the
transmitter coils, which increases the transmission efficiency [26] specifically when the receiving coil
diameter is double that of the transmitting one.

Figure 1. Proposed multi-input single output wireless power transmission (MISO-WPT) system
arrangement.

The working principle of the proposed multiplexed supply primary side circuit consists of the
activation of transmitting coils one by one. In each coil, the system estimates the presence or the
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absence of the receiving devices on the top of it. Therefore, a singular supply circuit is used to reduce
both circuit size and cost. Typically, using the proposed activation strategy, the system behaves as
coil to coil WPT system with a singular transmitting coil and a singular receiving coil. However, the
single-coil WPT system is based on the communication between the primary and the secondary sides.
For that, generally, a small amount of energy on the secondary side enables the communication between
both sides, which is not possible in the case of charging battery-free devices. To address this issue, an
additional detector circuit is connected to the primary circuit and a continuous activated primary circuit
is required. To reduce the permanently activated circuit that increases the system current consumption,
a variation of the working frequency in a large range is highly needed. This solution is complicated in
the case of inverter-based supply circuits. To this end, an AC-AC converter is selected as a supply
circuit for the proposed multi-coil WPT system.

Figure 2 illustrates the proposed primary side electronic circuit. It is based on a single oscillator,
a voltage amplifier circuit, a current feedback amplifier, a compensation capacitor, multiplexers, a
passive voltage peak detector, a ZigBee communication module, and a microcontroller board. Indeed,
multiplexers are used to switch-on the appropriate transmitting coil.
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Figure 2. Proposed primary side multiplexed supply for a MISO-WPT system with 16 coils.

The passive peak detector circuit is used in the primary side to detect the presence of the receiver
device even without communication with the secondary side. Their working principle is based on
the detection of the reflected power [26] (see Equation (1)) due to the presence of the receiver coil (L)
behind it, which can vary the selected transmitting coil voltage (V11.) [17] as presented in Equation (2).
In Equation (2), the select coil self-inductance is L; where the transmitting coil voltage and current are
Vs and 5, respectively. C.p presents the series compensation capacitor in the receiving side. Therefore,
the proposed primary side circuit is a low power consumption device since it uses passive components
including simple diode, smoothing capacitor (C) and resistors (Rgpeot) (see Figure 2). To select the
values of the smoothing capacitor and the associated resistor, Equations (3) and (4) are used.

In the following analytical equations (Equations (1)—(4)) are presented in order to describe the
passive peak detector principle.

2
M
Zy = (a)Z ) , where Zp = jwLy +
2

R 1
FCop +Rp (1)
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di, dir
Ve=L1—+M— 2
s 1 tM— (2)

I
C=—%— 3
2RfVLlc ( )
T

Repmotn > i , where T = Rg001,C 4)

As seen in Figure 2, the detector is connected to the compensation capacitor output and the
common pin of the multiplexers to measure the selected transmitting coil voltage variation.

The selection of the multiplexer is critical due to the required high frequency of switching, and the
used AC signals amplitude and current. An ADG1406 multiplexer with 1:16 channels characterized by
a high switching frequency, a supply voltage of +15 V, high switching frequency and a continuous
current up to 180 mA is used. For that, to support the coil current, parallel multiplexers are used.
The singular multiplexer channel is connected to the output pin of the primary side compensation
capacitor, where the other channels are connected each to the transmitting coil. The activation and
deactivation of transmitting coils are based on the five multiplexer control pins (A0, Al, A2, A3,
and A4). The switch-on of a transmitting coil depends on a specific functionality combination of the
multiplexer control pins as presented in Table 2. In the implementation, the control pins of both parallel
multiplexers are connected in parallel, which reduces the number of the used micro-controller pins.

Table 2. Truth table of the multiplexer channels for coils activation: (0) deactivated; (1) activated.

Selected Coil Coil Abbreviation Multiplexer Control Pin Status

A4 A3 A2 Al A0

OFF - Oorl Oorl Oorl Oorl 0
Coil 0 Co0 0 0 0 0 1
Coil 1 C1 0 0 0 1 1
Coil 2 C2 0 0 1 0 1
Coil 3 C3 0 0 1 1 1
Coil 4 C4 0 1 0 0 1
Coil 5 C5 0 1 0 1 1
Coil 6 Co6 0 1 1 0 1
Coil 7 Cc7 0 1 1 1 1
Coil 8 C8 1 0 0 0 1
Coil 9 9 1 0 0 1 1
Coil 10 C10 1 0 1 0 1
Coil 11 C11 1 0 1 1 1
Coil 12 C12 1 1 0 0 1
Coil 13 C13 1 1 0 1 1
Coil 14 Cl4 1 1 1 0 1
Coil 15 C15 1 1 1 1 1

The proposed AC-AC amplifier is based on an oscillator connected to amplifier stages. For that,
a direct digital synthesizer (DDS) generates a voltage amplitude V;;, =1 V), with an offset of 0.5 V is
implemented. A high pass filter (capacitor and resistor) is connected to the DDS output to remove the
signal offset. To increase the obtained power, a voltage and current amplifier are used to supply the
MISO-WPT with appropriate voltage and current levels.

The voltage amplifier circuit is based on an AD817 op-amp to provide an adequate voltage
amplitude (V) to be doubled amplified (V) by the current feedback amplifier (LT1210). Both amplifiers
are connected to a non-inverter architecture (see Figure 2), where the output voltages for each stage are
presented, respectively, in Equations (5) and (6). The current amplifier voltage output (Vs) according to
the DDS voltage (V) is presented in Equation (7). In the output of the current feedback amplifier, a
resistance (R), a compensation capacitor (C1), and the selected transmitting coil (L1.) are connected in
series. The resonance compensation capacitors on the resonant frequency of 140 kHz of both sides are
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obtained based on Equation (8). The current (I;) generated by the proposed supply circuit depends on
the generated voltage level and the connected load value as shown in Equation (9), which is maximal
in the case of pure resonance. In the following analytical equations (Equations (5)—(9)) are presented in
order to describe the amplifier circuit design principle and the generated supply current.

R
Vs = (1 + R—j)vz = AoutV2 5)
R.
Vo=(1+ R_f Vin = AcVin (6)
R R R
Ve = (1 + R—;)(l + R—j)vm = (1 + R—;)Aoutvin @)
1 1
W= Tic = N , where Ly, =L —Mand Ly = L, - M 8)
lc-“eql 2c-“eq2
I — Vout (9)
TR+ joli+——+7,

JwCeq1

The developed circuit gives more freedom on smooth frequency variation on a large range from a
few kHz to several MHz. In addition, the pure sine wave voltage and current are generated by the
AC-AC amplification stage. These advantages are challenging in case of a supply circuit based on
DC-AC inverters.

In fact, the proposed circuit offers several advantages especially in term of size and cost. To design
16 MISO-WPT system with homogenous architectures, a supply circuit delivering 16 times voltage
than single-coil WPT system is required, which increases the system power consumption and reduces
efficiency. However, in case of for switch-based multi-coil WPT, generally 32 MOSFET switches or
16 relays are required to activate the valid transmitter coil. In addition, at least, 16 microcontroller pins
are used. In the proposed circuit, only two switches chips controlled by only 5 microcontroller pins are
connected to supply circuit of the 16 multi-coil WPT. In addition, commercial coils with ferrite shield
are used, which offers high quality factors and standardized performance.

3. Control Algorithm for Low Current Consumption

The developed MISO-WPT system allows the supply of battery-less devices for different positions
with a small primary side electronic circuit. For that, the receiving coil radius is two times bigger than
the transmitting coil radius, which can occupy an area of three transmitting coils. In this case, some
critical charging cases can be designed. Some examples of the receiving coil positions can be defined in
Figure 3 as position A (PA), position B (PB), and position C (PC). The position PA defines the ideal
position between the transmitting coil (C5) and the receiving coil centers. In this case, the transmission
efficiency is maximal. The PC illustrates a lateral misalignment between the receiving coil and the
transmitting coil C11. While the PB presents an extremely misalignment in case of the transmitting
coils on the borders of the MISO-WPT system. In the case where the receiver device is in the PC,
the activated transmitting coil is selected by the comparison of the received voltage on the device.
However, in the case of the PB, the powering of the device depends only on the transmitting coil placed
under it. Furthermore, due to the various possible receiver positions, the detection of the adequate
transmitting coil requires communication between both system sides to define the transmitting coil
delivering the highest receiving voltage. By the use of the multiplexed supply circuit, the detection
phase starts with identifying the presence of the receiver, then checking the selected coil neighbors to
define the highest received voltage. The circuit is maintained active to detect the receiving coil, which
increases the circuit current consumption during the detection phase.
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Figure 3. Different receiving coil positions on the top of the proposed coil system, position A is the
ideal position, position B extremely misalignment and position C misalignment are the worst positions.

A passive peak detector is associated with the circuit allowing the detection of the receiving side
without communication for a low working frequency. If a voltage variation is detected, the working
frequency increases to the resonance frequency, which allows the communication between both sides
to check the selected coil neighbors. However, the system frequency influences not only the circuit
current consumption, but also the passive peak detector circuit sensitivity.

In this section, a study of the detection frequency allowing low current consumption and good
detection sensitivity is presented. Then, the developed algorithm is described in detail.

3.1. Investigation of the Working Frequency Influences on Current Consumption

The system frequency influences the transmission efficiency, the system current consumption and
the sensitivity of the passive-peak voltage sensor. Figure 4 illustrates the circuit current consumption
in case of the presence and the absence of the used WSN for frequencies between 20 kHz to 700 kHz.
Results show that the current consumption increases approximately 450 mA near the system resonance
frequency. However, the current consumption is less than 250 mA for the frequencies between 20 kHz
to 60 kHz and above 200 kHz.
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Figure 4. Primary side current consumption with and without the receiving side for different frequencies
from 20 kHz to 700 kHz.

Moreover, to study the sensitivity of the receiving device detection in different working frequencies,
a measurement of the peak detector voltages behavior in case of the presence (Vgecei) and the absence
(VNO-Recei) Of the wireless sensor node on the top of an adequate transmitting coil is presented in
Figure 5. In fact, Figure 5 shows among others that at 20 kHz the detectability is weak as the reflected
field becomes very low. In the circuit design, an additional voltage divider and Zener diode to protect
the microcontroller board are associated with the output of the passive peak sensor. Results of Figure 5
shows that the variation of the measured voltage in the case of presence and absence of the receiving
coil increases near the resonance frequency.
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A measurement of the voltage peak detector sensitivity (AV ), which is defined as the resulting
value from the difference measured voltages in the case of presence and absence of the receiving side
(see Equation (10)).

AVietee = |VNO_Recei = ViReced] (10)

Figure 6 shows that for a frequency between 30 kHz to 130 kHz, the detection of the presence of
the receiving device is acceptable due a voltage variation more than 50 mV. For a voltage variation
below 50 mV, errors during detection with a passive peak detector circuit are more common. However,
for a working frequency between 35 kHz to 45 kHz, an appropriate balance between the directivity of
the receiving coil and current consumption is confirmed with a low frequency reducing the possible
eddy currents losses.
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Figure 6. AV g, for a frequency range between 20 kHz to 60 kHz.
3.2. Proposed Algorithm

The proposed algorithm ensures the detection and the powering of the battery-free WSN on
the top of the MISO-WPT WPT. Before the implementation of the algorithm, a calibration process is
required to define the voltages sensor in the case of the presence or absence of the receiving side on the
top of the transmitter phase.

Figure 7 illustrates the main algorithm flowchart, which is composed of four sub-algorithms:
Scanning phase, check the communication between coils, check neighbors, and powering transmitting
coil (Tx) phase. The initialization sets the microcontroller registers, adjusts the DDS frequency to 35
kHz and ensures the selection of the first transmitter coil. The Ch._Com and Ch._Neigh refer to the
check communication phase and check coils neighbors state, respectively. V_Th is the define threshold
voltage and Nei.Coun. is the neighbor counter parameter. The neighbor channel is mentioned as
Nei_Ch.
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Initialize controller peripherals
Tnitialize DDS
[nitialize multiplexer (channel number = Q)
MCState = Scanning state

Scanning state handler ——

Ch._Com. phase
algorithm

Ch. nei. phase
algorithim

Powering phase
algorithm

MCState = Powering

Figure 7. Main algorithm flowchart.

The scanning phase sub-algorithm presented in Figure 8 consists of the activation of the transmitting
coil one by one. For each activated transmitting coil, a measurement of the peak voltage indicates
the presence or the absence of a receiving device near it. If the receiving coil is detected, the system
changes its working frequency to 140 kHz to increase the transmitted power and passes to the checking

Change Mux Channel to Ch._Nbr

|

neighbor phase.

I wait 50 ms |

Change DDS frequency to 140 kHz
Primary coil number = Ch,_Nbr
MCState = Ch._ Com

Ch._Nbr=0

Figure 8. Scanning phase sub-algorithm flowchart.

At the resonance frequency (140 kHz), the transmitted energy allows the communication between
the primary and the secondary sides, which starts the check neighbor state (Figure 9a). As presented
in Figure 9a, after a delay of 50 ms, the system starts to check for initiated communication from the
secondary side allowing a maximum of 50 ms as a communication establishment time out. After the



Energies 2020, 13, 1244 10 of 23

time out, if a communication between the transmitter and the secondary side is not detected, the system
continues the scanning phase by moving the next transmitter coil; otherwise, the check-neighbor phase
is activated. It consists of activating neighbors one by one and checking, for each one, the existence
of communication with the receiver coil (see Figure 9b). The selection of the adequate transmitting
coil to start the powering process refers to the index of the coil with the maximum received voltage
level considering both the primary coil and its neighbors. The primary coil is selected for power
transmission if it has a higher received voltage than its neighbors. In the case of the existence of
neighbors with higher received voltages than the primary coil, the neighbors of the neighbor coil with
the maximum received voltage are checked in the next iteration. If the communication between the
transmitter and the secondary sides is not established, the system returns to the scanning phase.

delay = 50 ms

Primary Rx Voltage = Data received
Best neighbor Rx voltage = 0
MCState = Ch._Nei

Primary Rx Voltage =0
Best neighbor Rx voltage = 0
MCState = Ch._Nei

Nci._Ch = first neighbour channel of the P1
Nei._Coun =1

]
i Change Mux Channel to Nei._Ch ‘

No Data received > Yes Data received No Neighbor counter —= 1
Best neighbor Rx voltage Nei._Ch = next neighbour coil number of the P1

Best neighbor Rx voltage = Data received
Best neighbowr coil number =Nei._Ch

|
£

Nei. Coun+= 1
Nei._Ch = next neighbour coil number of the P1

No Nei._Coun >
Number of neighbors of ']
Yes
Yes Ni
b Primary Rx Voltage = °
Best neighbor Rx voltage
Primary Rx Voltag >=

Min required voltage
No

Change DDS frequency to 35 kHz
Wait 300 ms
MCState = Scanning

(b)

Change Mux Channel to P1
number
MCState = Power Tx

P1 number — Best neighbour coil nmumber
Primary Rx Voltage = Best neighbor Rx voltage

Figure 9. Flowchart sub-algorithm: (a) Check communication phase, (b) check coils neighbor phase.
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During the powering phase (see Figure 10), a continuous communication between the transmitter
and the secondary sides is maintained to ensure the developed system security. If the communication
is stopped due to the absence of the WSN or a variation in the received voltage is detected with a
magnitude higher than a predefined threshold, the system switches to the scanning phase and switches

to an operation frequency at 35 kHz.

‘ delay =300 ms ‘

Rx Voltage = Data received

Primary Rx Voltag - Rx voltage >
[Voltage variation Threshold]

Change DDS frequeney to 35 kHz
Wait 300 ms
Ne MCStatc = Scanning

Figure 10. Powering phase algorithm flowchart.

4. Experimental Evaluation

The experimental validation of different WPT systems can be processed with different methods such
as the measurement of the generated magnetic field in different positions based on FEM simulations [27]
and the measurement of the system efficiency and the obtained load power [20]. Others present the
implemented algorithm in different conditions [28], which is more appropriate to prove the feasibility
of the proposed circuit. In this paper, the focus is on the implementation of the MISO-WPT control
algorithm for a multiplexed supply circuit.

4.1. Hardware Description

The used battery-free WSN requires a threshold voltage of about 2 V and includes an MSP430
board connected to the ZigBee module to communicate continuously to other nodes. A radius equal
to 2 cm and a self-inductance of 20 uH characterizes the receiving coil where the transmitting coil
radius is equal to 1 cm and the self-inductance is about 20 uH. However, the small value of the
receiving coil self-inductance attenuates the received voltage amplitude. For that, a single-stage Villard
voltage multiplier circuit (see Figure 11) is used in order to rectify and duplicate the received voltage.
A Zener diode is connected to the WSN power supply input to protect the circuit from the received
over-voltage amplitude.

The prototype of the coils, which are used in the experimental setup, is presented in Figure 12.
The first layer contains the 16 transmitting coils. Due to the small commercial coil connector wires
length, a second layer is used as an intermediate stage connecting the 16 transmitting coils to the
electronic circuit (see Figure 12a). The third layer is composed of the designed electronic circuit
prototype, as presented in Figure 12b.
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Voo
Tighee Aicro-controller
j module MSP430
I ADC
Sending sileside i Receiving sile |

(b)

Figure 12. Real setup of the proposed primary side of the MISO-WPT system (a) First and second
layers (b) All layers.

The generated waveform of the proposed circuit with a frequency of 140 kHz, as presented in
Figure 13. The resonant frequency is selected below MHz to reduce losses of eddy currents due to the
use of ferrite shield of the coils. The blue curve (CH_1) shows the DDS voltages before filtering with a
maximal amplitude of 1 V. The red curve (CH_2) presents the signal after filtering with an amplitude
of 0.5 V where it is amplified 10 times by the output of voltage amplifier (see green curve (CH_3)).
The obtained current amplifier voltage (see orange curve (CH_4)) is 10 V.
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Figure 13. Primary side circuit voltage waveforms; blue curve (CH_1) shows the DDS voltages before
filtering, red curve (CH_2) presents the signal after filtering, green curve (CH_3) output of the voltage
amplifier, orange curve (CH_4) current amplifier output voltage.

Figure 14 presents the peak voltage sensor output on a working frequency of 140 kHz. The blue
curve (CH_1) shows the main signal waveform, where the red curve (CH_2) presents the measured
voltage of the passive peak voltage sensor of 3 V. To protect the microcontroller ADC pins, a Zener
diode is used to ensure that the measured voltage amplitude is below 3 V.

RIGOL ™0 H 100us gootfsda;s D 0.00000000ps T# 400my
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L A " Probe
| AAAAAAAAAAAAANNARA o e
= VUV
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R ~ &

Figure 14. Peak detector output voltage; blue curve (CH_1) shows the main signal waveform, red
curve (CH_2) presents the measured voltage of the passive peak voltage sensor.

The receiving side voltages in an arbitrary position are shown in Figure 15. The blue curve
(CH_1) presents the receiving coil voltage, which delivers a maximum signal amplitude of 1.7 V and a
frequency of 140 kHz as the primary side frequency. The orange curve (CH_4) presents the signal of
the voltage multiplier circuit with a DC voltage amplitude of 2.24 V, which is higher than the threshold
voltage of the used WSN.
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Figure 15. Receiving side voltage waveforms; blue curve (CH_1) presents the receiving coil voltage,
orange curve (CH_4) presents the signal of the voltage multiplier circuit.

Figure 16 illustrates the prototype of the real experimental setup. It shows the receiving coil,
the electronic circuit composed of the compensation capacitor, the voltage multiplier circuit, and the
battery-free WSN. During the implementation of the proposed MISO-WPT system, fast detection of
the adequate transmitting coil within a low current consumption is improved. The battery-free WSN is
powered from the transmitter C.

Receiving coil

Multi-coil system

Transmitter side
circuit board

Voltage
multiplier circuit

MSP430
microcontroller

STM32F4 Board

Receiving side
Xbee module

e

Figure 16. Experimental setup during the powering process.

Table 3 shows the used circuit parameters, abbreviations, quantities and values to design the
proposed primary side circuit.
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Table 3. Primary and secondary sides components list.

15 0f 23

Circuit Sector Abbreviation Description Quantity Value/Reference
DDS Direct Digital Synthesis 1 AD9851
AC signal oscillator C High pass filter capacitor 1 500 nF
R High pass filter resistor 1 16.5 kQ)
Ly Receiving coil 1 20 uH
Receiving coil system C, Receiver compensation capacitor 1 100 nF
) Receiving coil radius - 2cm
OP-AMP_1 Voltage amplifier operation amplifier 1 ADB817
Voltage amplifier Rg Non-inverting amplifier resistor 1 16 kO
RF Non-inverting amplifier resistor 1 1.6 Q)
c . OP-AMP_2 Current amplifier operational amplifier 1 LT1210
urrent amplifier . . . .
Rrr Non-inverting amplifier resistor 2 510 O
Red Current limit resistor 1 110 O
Detector system Diode Rectifier diode 1 UF4001
Capacitor Smoothing capacitor 1 100 uF
Ly Transmitting coil 16 20 uH
Cy Transmitter compensation capacitor 1 100 nF
MISO-WPT system 1 Transmitting coil radius - 1cm
Mux Multiplexer 2 ADG1406
R Associated resistance 1 820
ZigBee Communication module 2 XBee S2C TH
Control. anf:l Microcontroller Primary side microcontroller 1 STM32F4DISC
communication Microcontroller Secondary side microcontroller 1 MSP430

4.2. Algorithm Implementation

Figure 17 shows the proposed MISO-WPT scanning phase from the C4 to C7 with the blue (CH_1),
red (CH_2), green (CH_3) and orange (CH_4) curves, respectively. During scanning, the system
frequency is 35 kHz, which reduces the coil voltage amplitude to 150 mV. In addition, the voltage of
the peak voltage sensor is measured for the inspection of the presence of a receiver device.
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Figure 17. Coils voltages waveform during the scanning phase; blue (CH_1) presents the voltage of
coil 4, red (CH_2) presents the voltage of coil 5, green (CH_3) presents the voltage of coil 6 and orange
(CH_4) presents the voltage of coil 7.

The voltage waveform in Figures 18b, 19, and 20b presents the four-transmitting coils; C8, C9,
C12, and C13. The oscilloscope channels contain C8 with the blue curve (CH_1), C9 with the red curve
(CH_2), C12 with the green curve (CH_3), and C13 with the orange curve (CH_4).

Figure 18a illustrates the case where the receiving coil is on the top of C12 with a misalignment
case described by position PB (Figure 6). The obtained coils voltage waveforms are shown in Figure 18b.
During the scanning phase (T1), a check of the transmitting coils one by one begins to form the CO0 to
the C12. When the measured voltage of the peak detector voltage of C12 varies then it is likely the WSN
is present on the top of the MISO-WPT system. The working frequency has been changed to 140 kHz,
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which allows the checking for communication. A checking-neighbor phase starts by activating the
neighbor coils (C8, C9, and C13) and waiting 50 ms for a communication. The C12 is activated as an
appropriate transmitting coil to power the WSN.

Scanning Checking Charging
phase phase phase

Tie

Coupling

“BWLImit
OFF
Probe

(a)

Figure 18. Detection procedure of the receiving coil on the top of C12 (a) 3D illustration of the receiving

coil position (b) Obtained voltages waveform; blue (CH_1) presents the voltage of coil 8, red (CH_2)
presents the voltage of coil 9, green (CH_3) presents the voltage of coil 12 and orange (CH_4) presents
the voltage of coil 13.

Charging phase Delay Checking neighbors phase ) ) )
Charging phase Delay Checking neighbors phase

| |
¢ e
| |
RIGOL W 00ms i,;.'::’,'__“ foe S . D 0000000005 Tim
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n | | § T
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L | | L Cuicles S DC
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le e g
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Figure 19. Voltages waveform (a) In case of the removing of the WSN (b) In case of perturbation of
the WSN position; blue (CH_1) presents the voltage of coil 8, red (CH_2) presents the voltage of coil 9,
green (CH_3) presents the voltage of coil 12 and orange (CH_4) presents the voltage of coil 13.

Figure 19 illustrates the working behavior of the system during the stop powering phase. When the
WSN is removed and the communication is activated, the system reduces the working frequency to
35 kHz, which reduces the coil voltage level. The C12 is activated during the next 500 ms in order to
confirm the movement of the WSN. If the measured voltage of the peak voltage sensor did not change,
the scanning phase has been re-activated by switching-on C13 as presented in Figure 19a. However,
during this delay, if the measured voltage of the peak voltage sensor increases (Figure 19b), then, the
working frequency of the increases to 140 kHz and the check for the communication phase and the
check- neighbor phase are executed.
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Figure 20. Voltage waveforms during the working procedure (a) A 3d illustration of the receiving coil
position (b) Visualized coils voltages waveform; blue (CH_1) presents the voltage of coil 8, red (CH_2)
presents the voltage of coil 9, green (CH_3) presents the voltage of coil 12 and orange (CH_4) presents
the voltage of coil 13.

In Figure 20a, the receiving coil covers the C9, the C12, and the C13. In this case, the procedure to
start the receiving coil powering requires a dual execution of the checking- neighbor phase. As presented
in Figure 20b, during the scanning phase (during T1), a voltage variation on the C9 has been detected.
For that, a checking-neighbor phase starts during T3 by activating C5, C6, C8, C10, C12, and C13,
respectively. By the measurement of the received voltage on the WSN, C12 presents the highest
received voltage. For that, the checking-neighbor phase of C12 during T3 runs. Based on the received
voltage comparison, the powering phase of C12 is activated.

5. Analysis of the Required Time to Start the Working Process

The proposed coil architecture and working principle influence the required detection time
of the presented device on the top of the coil. The presented algorithm requires a scanning step,
which activates the system coil by coil. This activation strategy may increase the required time
to start powering according to coil indexes on the MISO-WPT system. In addition, the checking
neighbor phase activates the selected coil and their neighbor. In the case of worst receiving coil
positioning, the checking-neighbors phases can run two times, which increases the required time to
start charge. In addition, the presented system presents a high number of coils and a different number
of neighbor coils.

5.1. Influence of the Receiving Coil Position on the Top of the MISO-WPT System

The scanning phase of 16 multi-coils requires the activation of the transmitting coils one by one
for about 50 ms on each. For that, the index of the valid transmitting coil influences the necessary time
to start powering. In this part, a study of the required time to detect the receiving coil for different
receiving coil positions on the top of the MISO-WPT system. Figure 21a,b show the time delay to
start the supply of the WSN when it is on the top of CO and C15 with a misalignment of the position
PB (Figure 5). The measurement has been taken when the scanning phase starts from C0. These
two-transmitting coils present similar conditions according to their position (in the extremities) and the
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number of neighbor coils (two neighbor coils). Results show that, when CO0 is the adequate transmitter,
a delay of 70 ms is required before starting the check-neighbors phase. However, in the case where C15
is the adequate transmitter, the check-neighbor phases start after a delay of 1.55 ms.

2.5 T T T

0.5

Receiver side voltage in V

0 ¥ 1 1 MI 1 %
50 100 150 200 250 300 350 400

Time in ms
(a)

2.5 T T T T

1.5+ b

Receiver side voltage in V

0 e e e e i
0 0.2 0.4 0.6 0.8 1 1. 1
Time in s
(b)
Figure 21. Receiving coil voltages measured by the WSN for different receiving coil positions: (a) On
the top of CO, (b) On the top of C15.

The scanning phase runs periodically from the activation of the MISO-WPT as presented in
Figure 22a. The presented delays refer to the time required during the initialization and the scanning
phases. The initialization phases take 50 ms where the time of the scanning phase depends on the
receiving coil position. Figure 22b shows the selected multiplexer channels during the scanning and
check-neighbors phases when the secondary side is in the position PB with the C15. In this case, the
scanning phase takes around 100 ms to vary the multiplexer channel to select the coils from CO0 to C15.
The WSN starts to work properly after 1.8 s.

15

Selected multiplexer channel

Figure 22. Cont.
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Selected multiplexer channel

2 2.5 3
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Figure 22. Multiplexer channels during the scanning phase (a) Receiving coil on the top of C15 (b) No

receiving device is present.

5.2. Influence of the Number of Neighbor Coils

On the other hand, the number of neighbors coil influences the time to start the activation of
the WSN. In fact, checking-neighbors phases require a delay to activate the selected coil neighbors
one by one with a minimum delay of 50 ms. In addition, if the received coil is placed in the worst
position similar to the condition of the position PB (see Figure 3), a second checking neighbor will be
applied. Figure 23a, b show the required time to check neighbors where the receiving is ideally aligned
with each transmitting coil in case of transmitter CO and C11. The CO0 has two neighbors (C1 and C4)
where C11 has five neighbors (C7, C10, C14, and C15). Results show that in the case of CO, the time for
checking neighbors is about 114 ms where in the case of C11, the expected time to check neighbors is
around 303 ms.

~

w
T
1

—_
T
1

Selected multiplexer channel
[ ]

O * Il Il * L L L Il Il Fr Il
50 100 150 200 250 300 350 400 450 500
Time in ms
(a
15 T T T ¥ T

Selected multiplexer channel

Time in s

(b)

Figure 23. Multiplexer channels during the scanning phase (a) No receiving device is present (b) WSN
on the top of C0.
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Due to specific MISO-WPT geometry, Table 4 presents four groups (G1, G2, G3, and G4) of coils,
which differ by their number of coils (see Table 2). In addition, a measurement of the required time
to start the supply of the WSN, as well as the used coil during measurement in case of the ideal and
worst receiving positioning, is illustrated in Table 4.

Table 4. Groups of coils according to their neighbor’s number.

Groups Number of Coils Numbers ) Checking Neighbors ' .
Neighbor Coils Tested Coil Position Minimum Required Time (ms)
Gl 2 o, C15 0 ‘; }&g
G2 3 C3,C12 C12 ‘S z(l)?
G . Glnen . e
G4 6 C5, €6, €9, C10 cs /];‘ g(l)g

Results show that the delays to check selected transmitting coil neighbors to vary from 114 ms
in the case of two neighbors’ coils with ideal alignment to 910 ms in case of six neighbors’ coils.
These delays depend especially on the number of coils and the required time for switching and
communications between coils.

In the worst receiving position, the delay increases due to a dual checking neighbor phase.
Figure 24 shows the selected coil according to the multiplexer indexes during the detection procedure
when the receiving coil is in the position PB of Figure 3. In this position, the receiving coil is less
than the C10, C11, C14, and C15. In the beginning, the system starts the scanning phase until the
activation of C10 after 1.15 ms. After that, a checking neighbor coils starts with the activation of the
C10 neighbors, which are C6, C7, C9, C11, C13, and C14. In the next step, after the measurement of the
receiving side voltage, it seems that the coils_11 is not the best transmitting coil to charge the WSN,
where C14 is probably the adequate coil. For that, a checking neighbor of C14 is presented. Finally, the
C14 is selected as an optimal coil in comparison to the C10, C11, C13, and C15.

15

Selected multiplexer channel

Time in s

Figure 24. Multiplexer channels during the scanning phase and dual check-neighbors phase of C14.

In reality, when the WSN is placed on the top of the MISO-WPT system, the scanning-phase
completes the examination of transmitting coils until reaching the receiving coil position as shown in
Figure 25. In fact, the WSN is placed on the top of C9 when the scanning phase checks are activating
C11. In this case, the scanning phase continues checking the MISO-WPT system from C11 until the
C15, then from CO to C6 with a delay of 1.2 s. By checking the C6, where it identifies the presence
of the receiving device. A checking-neighbor runs dual times for around 1.2 ms to outcomes by the
activation of C9. The total activation process takes around 2.35 ms to power the WSN.
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Figure 25. Multiplexer channels when C9 is placed on an arbitrary position.
6. Conclusions

In this paper, a transmitting side electronic circuit for a MISO-WPT system has been proposed.
The main idea behind is to implement a compact multiplexed solution including only one signal
generator, a passive peak detector, a communication module, and a resonant compensation capacitor.
The feasibility of the novel approach has been investigated, implemented, and evaluated for a
multi-input-single-output (MISO) wireless power transfer system having 16 transmitting coils and one
receiving coil having the double diameter. The results show that a standard microcontroller (STM32F4)
is sufficient for the control of the whole system, so that the costs and the energy consumption are
significantly reduced.

An activation strategy has been proposed, which allows to start the communication between
primary and secondary side from the sensing side and to aliment the ZigBee communication on the
secondary side by the transferred energy, so that battery-free systems can be even supplied exclusively
by the transferred energy. The time-to-start-charging at different positions of the receiving coil and
different number of neighbors is under 2.5 s.
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