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Abstract. This paper focuses on the design of a wireless power supply system for low power devices (e.g.
sensors) located in harsh electromagnetic environment with ferromagnetic and conductive materials. Such
particular environment could be found in linear and rotating actuators. The studied power transfer system is
based on the resonant magnetic coupling between a fixed transmitter coil and a moving receiver coil. The
technique was utilized successfully for rotary machines. The aim of this paper is to extend the technique to linear
actuators. A modeling approach based on 2D Axisymmetric Finite Element model and an electrical lumped
model based on the two-port network theory is introduced. The study shows the limitation of the technique to
transfer the required power in the presence of ferromagnetic and conductive materials. Parametric and circuit
analysis were conducted in order to design a resonant magnetic coupler that ensures good power transfer
capability and efficiency. A design methodology is proposed based on this study. Measurements on the prototype
show efficiency up to 75% at a linear distance of 20 mm.

1 Introduction

Nowadays, mechatronic systems become highly automated
due to the increasing use of the artificial intelligence. Such
systems require additional information regarding the
environment in which they operate; therefore, significant
number of sensors is utilized to measure different physical
quantities that will be used to supervise, control or
diagnostic the state of the full system. The increasing
demand at the system level to increase the reliability and to
decrease the maintenance time involves each component or
module of the mechatronic system.

This paper focuses on the power supply module for
moving sensors in linear and rotating actuators (Fig. la)
which could be part of a mechatronic system. The power
supply of the sensors could be achieved by simple direct
cable, battery or wireless solution. Recently energy
harvesting based solutions for low power consumption
systems arises [1-5]. The selection of the technique depends
in many factors: required power, life time, mobility
constraint, accessibility and maintainability. The battery
based solution is not preferred in many applications; their
replacement is expensive over the sensor lifetime. In this
study, wireless solution based on magnetic coupling
technique was selected in order to increase the system life
time and reliability. The technique was utilized successful-
ly for rotary machines [6-8]. The aim of this paper is to

* e-mail: yves.bernard@u-psud.fr

extend the technique to linear actuator by taking into
consideration the variable distance between the coils (Fig.
1b) in conductive and ferromagnetic environment.

Figure 1b shows a high-level bloc diagram of a complete
wireless power supply module assuming an external DC-
Bus as the available energy source and a DC-voltage
required by the low power device. In this study, we targeted
a 500 mW power transfer to the device, which covers most
of the current sensors in the market. The sensor is modeled
by an equivalent resistance Rg= 300 () that was calculated
based on the power consumption and voltage. The design of
the wireless power supply system has to take into
consideration two main constraints: the geometry and
the limited available space.

The resonant magnetic coupling utilizes two coils:
transmitter and receiver. The large air gap between the
coils leads to a poor magnetic coupling coefficient &k defined
by equation (1) where ¢y, ¢oo are the self-magnetic flux
and ¢19, ¢o1 are the mutual magnetic flux.

_p12421
k= oilgo (1)

Operating the system in resonance mode allows the
increase of the power transfer capability and the enhance-
ment of the system efficiency while ensuring the equipment
sizes remain manageable [9,10]. The resonance is achieved
by connecting capacitors to the transmitter and receiver
coils (Fig. 1b) and operating at the resonance frequency.
With two capacitors, four compensation topologies appear
SS/SP/PS/PP, where S and P stand, respectively, for
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Fig. 1. (a) Wireless power supply in the linear and rotating actuator and (b) the components of the system.
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Fig. 2. Transmitter and receiver coils within the actuator.

series and parallel at the transmitter coil (first letter) and
the receiver coil (second letter) [11]. The compensation
topology is to be chosen according to the source (type:
current or voltage, maximum amplitudes) and the load
requirements (voltage or current amplitude). For instance,
for current source, parallel compensation in the transmitter
side will lead to high voltage across the source, which could
be an issue for the switching components (exceed the
maximum operating voltage).

More passive components could be connected to either
the transmitter coil or the receiver coil to achieve load
independent voltage or current gain [12], to increase the
power transfer capability [13] or to reduce losses in the power
electronics [14], however, this could add more design
complexity for application with variable magnetic coupling
coefficient. The coils number is another degree of freedom to
enhance the power transfer distance. The use of a third
intermediate resonant coil is reported in [15]. Four coils make
a popular wireless power transfer architecture consisting of
driver coil, transmitter coil, receiver coil and load coil [16],
this architecture is space demanding and also suffers from
high sensitivity to the design parameters which lead to more
design complexity, such as tuning the distance between both
transmitter coils (driver and transmitter coils) or tuning the

Receiver coil
(moving)

Stationary
housing

(b)

Fig. 3. Geometry meshing for (a) low frequency and (b) high
frequency.

resonance frequency of the system [17]. The available space,
the transfer distance rate, the level of power to be transferred
and the system efficiency are the main requirements for the
design of such systems. This paper aims to provide a design
consideration and methodology to achieve optimal design of
resonant magnetic coupler for linear and rotating actuator
based on the results of parametric analysis and experimental
measurements.

2 Wireless power supply system analysis
2.1 Studied system

The analyzed structure (Fig. 2) is composed of moving and
rotating carbon-steel bar (ferromagnetic material) and
stationary aluminum housing (conductive material). The
shape of these parts is assumed to be cylindrical. For the
study presented in this paper we have chosen the two coils
architecture for its simplicity of integration and tuning.
The transmitter coil is clamped to the housing; the receiver
coil that feeds the sensor is clamped to the bar. The turns
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Fig. 5. (a) p-identification setup and (b) simulated and measured impedance of the coil.

number (Np= 20, N =40) of the coils was guided by the
available space constraints and cost (minimum turns
number). Litz wire is used to reduce skin depth and
proximity effects. The transmitter and the receiver coil
have, respectively, 14.5 and 18.6 mm outer radius. The
power transfer range d defined by the distance between the
middle section plane of coils varies between 0 and 20 mm.

To achieve the resonance the series-series topology was
adopted since we have a voltage source (DC-Bus) at the
transmitter side and a capacitive filter at the receiver side
with a constant load (the sensor).

2.2 Modeling approach

A system modeling approach that combines a Finite
Element (FE) model and an electrical lumped model is
introduced in order to analyze the effect of the surrounding
materials, the resonance topology and the load on the
performance of the wireless power supply system. The
analysis of the results obtained with this approach will give
guidance to ensure an effective design.

The structure is analyzed using FE method based
software (COMSOL Multiphysics). The problem was
reduced to 2D axisymmetric and the magneto-quasistatic

equations were solved in the frequency domain. The
constitutive relations were assumed to be linear. The
hysteresis losses in the materials were modeled by a
complex magnetic permeability (Eq. (2)). The residual
losses of the materials, the skin and proximity effects in the
coils were not taken into account. The winding is modeled
by a rectangular shape with uniform current density.

(2)

The surrounding materials are ferromagnetic or
conductive; therefore, the skin depth varies with respect
to the frequency. In order to well take into account this
effect while respecting a compromise between the error on
the simulation results and time of calculation, dynamic
meshing is achieved by updating the setting of the meshing
in the FE model at each frequency using a MATLAB code
based on the skin depth calculation (Fig. 3).

On another hand, a MATLAB routine that includes:
electrical lumped model of the magnetic part, resonance
elements, voltage source and resistive load (Fig. 4) is
achieved in order to assess the influence of each element on
the whole system performance (active/reactive power,
efficiency, resonance frequency) within a frequency range
under the assumption of sinusoidal voltage source.

w=p+gu
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Fig. 6. Numerical results of (a) magnetic coupling coefficient and (b) system efficiency (R = 100 (2, system operating at resonance at

all frequencies) as a function of frequency.

The values of the following electrical lumped model
parameters are derived from the FE model simulation
results:

— Ry 4, R, 4. the coil resistance;

— Ry (), R, ..(f) the equivalent series resistance with
frequency dependence to take into account losses in the
surrounding materials;

— L(f), L{f) the coils self-inductance;

— M(f) the mutual inductance.

In order to achieve circuit analysis, the two-port
network method was adopted due to its flexibility (e.g.
adding components, changing their connection (series or
parallel)). Each component of the circuit in Figure 4 is
considered as a two-port network and modeled with an
ABCD-parameters matrix given by:

-l )-8 2] @

W . _ W . _ 5L .
where han = V_2|]2:()a a2 = _E|V2=0’ 21 =y, |12:o;
a2 =, |V2:0' )

For instance, the two port network of the magnetic
coupler is described first by the following zparameters

matrix:

Zcoupler
—_—
|:V1:| _ {211 212}
Vs 291 222
_ | Biye + Riye + joLy  joM I,
B joM (Ryje + Rype + jooLy) | | I |

(4)

Then the A BCD-parameters matrix is derived from the 2
parameters matrix (Eq. (4)) using the interrelations formula:

|:V1:| :i [211 211222 — 212221} [Vz ] (5)
I zn | 1 2z —I |

Stationary housing -
———— %

(Aluminum)

Receiver coil .
(moving) \
Transmitter C(}‘
(stationary)

Moving bar /‘

(Carbon steel)

(@ (b)

Fig. 7. Simulation results of the magnetic field lines distribution
at 50 Hz (a) and 20kHz (b).

The method allows accessing multiple quantities: voltage
gain, current gain, circuit input impedance, input power,
output power and efficiency. The calculations of those
quantities are derived using symbolic mathematics soft-
ware (Maxima) based on the two-port network matrices.

2.3 Carbon steel u, identification

The FE model requires the electromagnetic properties of
each part in the simulation setup. The value of the
electrical conductivity of the carbon steel and the
aluminum is, respectively, o, =6 x 10° S/m and o,=4
x 10”S/m, however, the relative magnetic permeability of
the carbon steel was estimated in small-signal domain using
a coil and a carbon-steel bar on its center. The value
up =100 was obtained by minimizing the error between the
impedance spectrum obtained by measurement using an
impedance analyzer and the one obtained by FE simulation
(Fig. b).

2.4 Resonant magnetic coupling limitation

In a series-series resonant magnetic coupling, when
operating at the resonance frequency fy at which the coils
reactances are compensated by the capacitors reactances,
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Fig. 9. Cross section view of the magnetic coupler with the two
SFM based tubes.

- AC Energy
- Operating frequency

- Ambient temperature
- Mechanical stress

- Bar speed

- Coils misalignment

- The tolerances of the
components

-EMI
System : Resonant magnetic coupler

- Magnetic coupler

- Transmitter coil

- Receiver coil — moving part

- Transmitter side capacitor for compensation

- Receiver side capacitor for compensation
- Equivalent load impedance

Outputs

- AC Energy

Control factors
- Coils position
- Coils dimensions
- Material for magnetic coupler
- Magnetic coupler dimensions
- Resonance topology
- Operating frequency

Fig. 10. Parameter diagram of the resonant magnetic coupler.

the obtained system efficiency (for R,=0€) is given by:

_ A k2Qth
A+l 140+ KQQ,]

n (6)

where A = /e s Qt = Fon/p, QT = Fay/p -

Equation (6) is obtained by calculation using the
electrical lumped model; it shows that the magnetic
circuit of the wireless power supply system could be
characterized by two quantities: the magnetic coupling
factor (k) and the quality factor of the coils (transmitter
@, and receiver @,) [18].

The FE simulation results obtained for the structure in
Figure 2 shows that the weak magnetic coupling (Fig. 6a)
combined with the high losses in different components lead
to poor system efficiency (Fig. 6b).

The reason behind the drop of the magnetic coupling for
a given distance is the fact that eddy current on the carbon
steel and the aluminum part repels the magnetic field at its
surface (skin effect), therefore the magnetic flux on the
receiver coil decreases (Fig. 7) leading to inefficient system
at the maximum distance regardless of the operating
frequency.

3 Resonant magnetic coupler design and
validation

The materials (carbon steel and aluminium) from which
the parts of the structure are made cannot be changed to
materials with better electromagnetic properties due to
some mechanical design constraints. In order to address the
issue, a new structure based on two tubes made of soft
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R;=100Q, V;,=5V) for different relative magnetic permeability.

ferromagnetic material (SFM) with very low electrical
conductivity is proposed. The added tubes with the length
L, will canalize the magnetic field from the transmitter to
the receiver coil (Fig. 8). The first one is clamped to the bar
and the second to the housing.

Figure 9 shows a cross section of the proposed structure
showing two design dimensions:

— d,,; is the distance between the SFM tube and the bar or
housing;
— e, is the thickness of the SFM tubes.

To analyse the new structure, the worst configuration
was considered (20 mm as maximal transfer distance). The
resonance operating mode is achieved by tuning the
capacitors C; and C,. using a simple resonant LC circuit
formula:

1
L,w?

™res

Cy= and C, =

L[»(,()Z

vTTres

The parameter diagram in Figure 10 summarizes the
different factors that might have an impact on the
performance of the resonant magnetic coupling. The noise
factors are out of the scope of this paper, only some of the

control factors are analyzed in the next section in order to
give guidance for optimal design.

3.1 Parametric analysis

In this section, we analyse the effect of the properties of the
SFM tubes and their dimensions on the resonant magnetic
coupling performance. To reduce the number of the degrees
of freedom, the coils dimensions have been chosen based on
the maximum available space and positioned in a manner
that their revolution axes match the ones of the other parts
(Fig. 9). It would be also possible to position the coils in a
manner that their revolution axes are perpendicular to the
lateral surface of the SFM tubes.

First, the effect of the relative magnetic permeability
() was analyzed. Figure 11a shows that at low frequency
(50Hz) increasing slightly w, through a value of 50
decreases the magnetic coupling coefficient, exceeding this
value, the magnetic coupling coefficient increases. This
behaviour is due to the effect of the eddy current in the
ferromagnetic and conductive parts. At high frequencies,
the magnetic coupling coefficient increases rapidly with the
relative magnetic permeability then slowly after the value
of 500. The system efficiency is enhanced and the received
power is maximal at the resonance frequency (50kHz)
when increasing the relative magnetic permeability, this is
due to the fact that the added tubes concentrate the
magnetic flux without suffering from high losses or skin
effect (very low electrical conductivity) at the studied
frequencies.
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Fig. 12. Simulation results of (a) magnetic coupling coefficient, (b) transmitter side quality factor as a function of the SFM tubes
length at different frequencies, (c) efficiency and (d) received power (f...=50kHz, R;=100Q) for different SFM tubes length

(,-=2000, e,=1mm, d,=0mm).

Increasing the length of the SFM tubes, increases the
magnetic coupling coefficient and the quality factor for a
given operating frequency (Fig. 12a and b). Good system
efficiency is obtained when the length is higher than 60 mm
(Ls>3d). High magnetic coupling coefficient (obtained for
L,=90 mm) leads to a bifurcation phenomenon that appears
in the received power (Fig. 12d) with two locals maximum.

The magnetic coupling increases when increasing the
thickness of the SFM tubes (on the bar and the housing)
and the magnetic flux density decreases, which helps to
avoid saturation in the material. Good performance and
low magnetic flux density are obtained for thicknesses
higher than 0.5mm (Fig. 13).

Decreasing the distance between the SFM tube and the
bar impact slightly the performance of the system. Null
distance achieves the best performance (Fig. 14).

3.2 Proposed design

The parametric analysis provides guidance to design the
SFM tubes: the length should be three times higher than
the maximal required power transfer distance, the
thickness higher than 0.5 mm and null distance between
the coils and the tubes is preferred. Table 1 shows the
material properties and dimensions of the SFM tubes
chosen based on cost, available space, operating frequency,
flux density level and temperature.

Simulation results show that the proposed design of the
resonant magnetic coupler increases the magnetic coupling
and achieves high system efficiency (Fig. 15a and b). The

case where the system is tuned to operate at a resonance
frequency of 50kHz is shown in Figure 15¢ and d, the
frequency corresponding to the maximum received power
point changes with the distance between the coils.

The proposed design is capable of achieving ~500 mW
at all distances with efficiency of ~80%. According to
Figure 16, the efficiency of the system is also load
dependent; therefore, the power electronics between the
receiver side of the resonant magnetic coupler and the
sensor should include an impedance transformation
function. The level of the transferred power to the sensor
could be controlled by adjusting the amplitude of the
voltage source or by controlling the operating frequency.
However, by adopting the first strategy the system might
not be operating in resonance mode, which leads to high
VA rating and switching losses. Operating at constant
frequency requires stable values of the components
(capacitor, inductance, SFM properties) to achieve stable
resonance frequency, leading to additional cost to have low
tolerances of the system components. The system shows
bifurcation phenomena (multiple zero phase angle points)
in the condition d=10mm and R;=10k{), we observe
three zero phase angle points (Fig. 17b) within the
frequency range 20-100kHz, this could lead to system
instability [19] in case of frequency closed loop control.
Decreasing the load resistance (R, =100€) leads to the
bifurcation phenomena to disappear (Fig. 17a). The
frequency corresponding to zero phase angle is then unique
and increases with the distance between the transmitter
and the receiver coils. This frequency could be utilized as
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measured quantity to achieve a 1D position sensor of the
bar on which the receiver coil is clamped. Several degrees of
freedom are available to avoid the bifurcation phenomena
earlier in the design: load adjustment (impedance trans-
formation), dimensions of the SFM tubes and the material
properties, coils dimensions and number of turns.

3.3 Prototype and models validation

Figure 18 shows two pictures of the wireless power transfer
prototype. The transmitter and the receiver coils are made
of Litz wire in order to reduce the skin and the proximity
effects. The experiment is conducted at frequencies widely

below the self-resonance frequency of the coils. Multiple
ceramic capacitors are connected in parallel to make the
capacitors C; and C,.

Experimental measurements were conducted to assess
the performance of the prototype. The experimental setup
(Figure 19) used a sinusoidal wave generator, linear power
amplifier (HSA 4101 from NF), and an oscilloscope
equipped with voltage probes and current probes capable
of measuring a current as low as 1 mA (Hioki CT6700).
The input power, output power and efficiency are
processed by the oscilloscope (Keysight InfiniiVision
DSO-X 3024T).
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Table 1. Material properties and dimensions of the SFM

tubes.

Parameter Value
Wy 2300

o 0.2S/m
L, 60 mm
e 1 mm
dey 0.5 mm

In order to assess the prototype performance, the
capacitors values were calculated for F,.,=50kHz using the
formula C = 1/(Le?,,) and the self-inductances values of the
coils at d=0mm. Figure 20 compares the obtained experi-
mental results using the test bench and the simulation results:

— the experimental result is labeled “Measurement”;

— the simulation result using the electrical lumped model
where its parameters were identified using the FE
method based model is labeled “FEA+ELM”;

— the simulation result using the electrical lumped model
where its parameters were measured with the impedance
analyzer is labeled “TA+ELM?”.
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It is worth mentioning the concurrence of the
simulation results and the measurement results shown
in Figure 20. These experimental measurements on the
prototype confirm the capability of the proposed design of
the resonant magnetic coupling to achieve ~500 mW at all
distances with minimum efficiency of ~70%.

The characterization of the uncertainties of the
experimental setup were carried out by connecting a
resistor to the output of the linear power amplifier. This
allowed the analysis of the accuracy of the phase angle
measurement which is achieved by the voltage/current
probes and the algorithm of the oscilloscope. The phase

angle obtained for the resistor varies between —0.1° and
+0.1° which is an accurate value for the assessment of our
prototype. The accuracy of the voltage and current
amplitude measurement is within 1 mV. Another source of
uncertainty in our experimental test bench is the
measurement of the distance between the coils, the error
is assessed to be around 1 mm.

Note that the aluminum housing in this design acts as
shielding at the operating frequency (at F'= 50 kHz the skin
depth in the aluminum tube is 0.356 mm) which lead to an
enhancement of the structure immunity to the electromag-
netic interference.
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Fig. 21. Design methodology flowchart.

3.4 Design methodology

The design methodology flowchart shown in Figure 21 was
adopted to design the resonant magnetic coupler presented
in the previous section. The methodology starts with
collecting the relevant requirements and ends with the
assessment of the system performance relying on the
combination of two simplified models: a FE model and an
electrical lumped model at different stages of the design.

4 Conclusion

This paper proposes a methodology to design wireless
power supply system for moving low power devices (e.g.
sensors) operating in harsh electromagnetic environment.
The presence of ferromagnetic and conductive materials
leads to decrease the magnetic coupling between the coils
and the system efficiency according to the simulation and

experimental results. The performance of the system was
enhanced by introducing a new structure based on tubes
made of SFM to the initial structure of the application. The
proposed resonant magnetic coupler design allows up to
75% efficiency at the maximum studied distance. The
circuit analyses show that the resonance frequency for
which the capacitors are tuned, the operating frequency
and the load are key elements to optimize the device
performance once the magnetic coupler is designed. An
experimental setup with the whole DC-to-DC conversion
chain shows an efficiency of 25% while receiving
~500 mW@12.5 VDC across a resistance load. The low
efficiency is due to the fact that the input impedance of the
power electronics at the receiver side does not match the
optimal load of the magnetic coupler.

The wireless power transfer system could be utilized as a
position sensor [20]. When the system is carefully designed to
avoid the bifurcation phenomena, the position of the moving
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bar could be measured by simply tracking the resonance
frequency that shifts with the variation of the magnetic
coupling between the transmitter and the receiver coil.
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