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Occupancy and Belt Detection in Removable Vehicle Seats via

Inductive Power Transmission

Joan Albesa, Member, IEEE and Manel Gasulla, Member, IEEE

Abstract—This work proposes the use of inductive
links in order to wirelessly power an autonomous
sensor in a vehicle application. The selected
application is intended for occupancy and belt
detection in removable vehicle seats, where wiring the
seat detectors from the vehicle chassis is unpractical.
The autonomous sensor includes the seat detectors and
a wireless transceiver to transfer the data about the
state of the detectors. In order to compensate the loose
coupling between the coupled coils, resonant tanks
were used. To drive the transmitting resonant network,
a commercial class D amplifier was used. Working
frequency was restricted to 150 kHz. Commercial
magnetic-core coils were selected as they provide high
coil values and quality factors in a small-size factor,
which is a requirement for the intended application. At
the receiving network, a rectifier and a voltage
regulator were used to provide a DC voltage supply to
the autonomous sensor. Three kinds of voltage
regulators were compared from the point of view of
the power efficiency. Both a theoretical analysis and
experimental results are presented for different
combinations of coils and working frequencies.
Theoretical analysis shows that the operating points for
the linear shunt regulator always lead to higher power
efficiencies compared to other alternatives such as
linear series and switching buck regulators.
Experimental tests were carried out using a mechanical
setup to fix the coil-to-coil distances. Experimental
results agree with the theoretical analysis. Achieved
power efficiencies ranged from around 50 % to 10 %
for coil-to-coil distances from one to three times the
inner diameter of the coils. Experimental tests also
showed that the autonomous sensor was properly
powered up to coil-to-coil distances of 2.5 cm, i.e.
more than four times the inner diameter of the coils.
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1. Introduction

In some applications, the use of a physical
connection between the electronic system to be
powered and its power source is disadvantageous or
even unfeasible. One solution is to wirelessly transfer
energy by using a coupled pair of coils. Both low- and
high-power applications have been reported. Low-
power transfer includes biomedical implants [1], [2],
[3], RFID systems [4], or portable electronic products
[5], [6] whereas high-power transfer includes industrial
applications [7], [8] and battery recharging of electrical
vehicles [9], [10]. As for vehicles, other foreseen
applications include wireless powering sensors
installed in rotating parts such as wheels or in
removable parts such as seats. As for the wheels, tire-
pressure monitoring systems (TPMS) are currently
powered by primary batteries. However, as the desired
target for lifetime of batteries is around 10 years, the
use of batteries is challenging. In addition, the final
disposition of millions of batteries will create
environmental impacts and hazards. As an alternative,
an Australian company is offering a battery-less TPMS
based on inductive power transfer [11]. As for the
seats, some vans and minivans incorporate removable
seats in order to flexibly arrange their internal space.
Some commercial models incorporate at most a seat
belt detector for the removable seats. In order to avoid
wiring the seats, a passive detection is performed via
an inductive link [12], [13]. Intelligent airbags that
incorporate smart seat sensors will be required in order
to minimize the risk to infants and children. They
should be appropriately deployed depending on
whether the passenger is an adult, an infant car seat is
present, or the seat is empty. The smart seat sensors or
detectors may require power to operate. One option for
removable seats, apart from using batteries, is the
transmission of power via inductive links from the
chassis floor to the seat. Here, this application is
tackled.
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Hence, this paper presents a novel application for
inductive power links: occupancy and belt detection in
removable vehicle seats, where wiring the sensors is
unpractical. The application requires powering the
autonomous sensor in charge of the detectors and
wirelessly transfer the acquired data to a central
processing unit. The demanded power consumption is
below 90 mW, mainly devoted to the wireless
transceiver in charge of the data transmission. As the
autonomous sensor requires a fixed DC voltage supply,
a rectifier and some kind of voltage regulation are
required in the receiving network. This circuit
arrangement has been used for powering biomedical
implants [1], [14], [15]. Different types of voltage
regulators have been used, such as linear shunt and
series regulators, and switching regulators. However,
their impact on the system power efficiency has not
been thoroughly assessed in the literature. Here, a
comprehensive analysis on the power performance of
commercial regulators used in the receiving network is
shown. Analytical derivations and calculations are
provided as well as experimental results. With regard
to our previous publications [16], [17], [18], the
application is more extensively described, the analysis
and experimental results are extended with more cases
and graphs, and an autonomous sensor with
commercial seat detectors is used. The paper is
structured as follows: section II presents the selected
application, section III presents a generic analysis of
the inductive power transmission system, section IV
thoroughly analyzes the secondary network, section V
details the circuit implementation, section VI presents
the analytical calculations, section VII shows the
experimental results, and, finally, section VIII
concludes the work. Although this work is focused in a
particular application and power range, some of the
analytical expressions and reached conclusions are
rather general and could be transferred to other
application fields that require inductive power
transmission.

II. Seat Occupancy and Belt Detection in
Removable Vehicles Seats

Passive safety systems in vehicles aim to reduce
injuries of the occupants in an accident. The use of
Seat Belt Reminder (SBR) systems is effective in
reminding the vehicle occupants to buckle up and is
reported as one of the most effective ways in avoiding
deaths and injuries in traffic accidents. SBR systems
may also be used for the proper control on the
deployment of other passive safety devices such as air-
bags. Seat occupancy and belt detectors are typically
used in SBR systems. Wiring the detectors in
removable seats, present in some vehicle models, can
be unpractical. In this work we investigate instead the

use of inductive links for occupancy and belt detection.
Fig. 1 shows a possible configuration of the removable
seat, detectors, and coils, where the transmitting
(primary) coil is placed on the vehicle floor and the
receiving (secondary) coil is attached under the seat. In
[13], we used the inductive link for passively inferring
the state of the seat detectors. Here, we propose
transferring energy from the primary to the secondary
network, where an autonomous sensor is capable of
adding intelligence to the seat detection process.
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Fig. 1 A possible configuration of the removable seat,
detectors, and coils.

For the setup, we used commercial seat detectors.
The occupancy detector (IEE company) consists of a
flexible sensor mat, which is inserted into the vehicle
seat. The mat itself is composed of two sandwiched
carrier sheets held together by an adhesive. Increased
pressure on the sensor mat causes a large electrical
resistance variation, from a very high resistance when
the seat is empty to a very low resistance when the seat
is occupied. Thus, the sensor can be roughly modeled
as a switch (i.e. two states: short- and open-circuit),
which allows detecting the presence of a passenger
using a simple electronic interface. The seat belt
detector (TRW Sabelt) consists of a buckle and the
corresponding buckle housing, which can also be
modeled as a switch. An unbuckled or buckled up seat
belt can be respectively modeled as a short- or open-
circuit.

Fig. 2 shows the proposed solution for the
autonomous sensor with the seat detectors. An ETRX-
2 device (Telegesis), which embeds a microcontroller
and an RF transceiver, was used to sense the state of
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the detectors and transmit the information wirelessly
using the embedded Zigbee stack. Other
communication standards such as Bluetooth, more
common in vehicles, could be used. Appropriate
resistors (R, and Ry) were placed in series with the
sensors in order to form voltage dividers. Their outputs
were respectively connected to the inputs (ADC1 and
ADC2) of the ETRX-2 built-in analog-to-digital
(ADC) converter.

I
—

¢ l
+
Ra R
ADC1
Vi ETRX-2 Detector Detector
1 2
ADCZ—

Fig. 2 Schematic circuit of the autonomous sensor.

In Fig. 2, V1, and I_ are respectively the voltage
supply and current consumption of the autonomous
sensor. V. is set to 3 V by the output of a preceding
voltage regulator. [, is maximum when the
autonomous sensor is transmitting the data of the
sensors and was measured to be ca. 30 mA. So, the
equivalent load resistance of the autonomous sensor,
R, (= V/IL), will be higher than 100 Q and the
associated power consumption, P, will be lower than
90 mW.

III. Inductive Power Transmission

In order to remotely power the autonomous sensor,
an inductive link with a couple of coils has been used.
Inductive links allow transmitting energy from a
primary network to a secondary network using a pair
of coupled coils. The power source is located at the
primary network whereas the load to be powered is
placed at the secondary network. To counteract the
loose coupling between the coils, compensation
capacitors are used [3], [5], [7]-[10], [16]-[23].
Capacitors can be placed in series or parallel with the
coils, leading respectively to series or parallel resonant
tanks. Thus, four different topologies result. In [21]
and [22], it is shown that the series-series topology is
the unique in which the compensation capacitor used
in the primary network can be fixed to a constant value
independently of the load and of the distance between
the coils. This feature is highly attractive for an
industrial application because no in-the-field tuning is
required. So, the series-series topology has been
selected in this work.

Fig. 3 shows the simplified equivalent circuit of a
pair of magnetically coupled series resonators, being

the left- and right-hand sides the primary and
secondary networks, respectively. V; is a sinusoidal
signal that models the voltage output of the power
source that drives the primary network; /; and /, stand
for the currents of the primary and secondary
networks; L, and L, model the coils; C, and C, are the
compensation capacitors to work at resonance; R,
models the output resistance of the power source, Ry,
and R, model the losses of the coils, and R ,q models
the load; and finally M models the mutual inductance
between the coils. Here, Ry,.q comprises not only the
autonomous sensor, presented in section II, but also the
rectifier and regulator used in order to provide a DC
voltage to the autonomous sensor. Details will be
provided in section IV. Losses of the coils account for
that due to the resistance of the winding wire,
including the skin and proximity effects, and core
losses. Hereinafter, the parameters of voltage and
current are assumed to be root-mean-square values.

G R, R b C|2
|

M
Re I [ AMA—22_|
+ |
V1 L1 L2 RLoad

Fig. 3 Equivalent circuit for the series-series topology of
an inductive power transmission system.

Compensation capacitors used in the primary and
secondary networks are tuned at the same resonance
frequencys, i.e.

1 1

w, = = 1
"JLC LG M

-

being the power source also tuned at @,. Thus, from the
analysis of Fig. 3, we obtain

Vl = R111 _j(l)MIZ

2
]wMIl = Rz[z ( )

where Ry = R+ Ri1, R> = Ri> + Rioaa.

The received power at the load (Ry.q) is given by [3],
[23]

L1 2 RLoad
P, — R 3
Load (Rl + RI') r R2 ( )

where
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(w:M)?

R, =—2— 4

- R “)

is the reflected resistance of the secondary onto the
primary network.

As the value of Rj.,4 depends on R (autonomous
sensor) and the kind of rectifier and voltage regulator
used, as will be seen later in section IV, it is of interest
to assess Ppoaq in function of Ry,g. A maximum of
Proag can be found by solving OPpoad/OR1oad =0,

obtaining
p _ 4 (wM)?
Loadmax =4 p 'R R, + (wM)?
_ V_12 k?Q1Q12 (5)
4R; 1+ k2Q,Q12
where

I = M
LiL, (6)

_ erl
= @

and Qp, is the quality factor of the secondary coil and
for loosely coupled coils, £ << 1. For an appropriate
operations, the value of Ppoagmsx must be higher than
the power demanded by the autonomous sensor (PL).

Finally, the optimum load corresponding to Ppoadmax 18
given by

RLoad,opt =R,(1+ kZQlQLZ) (3

IV. Secondary network
Fig. 4 shows the block schematic of the secondary

network when using a rectifier and a voltage regulator
in front of the autonomous sensor, where

Vi, = IRy, 9

Viegs Ireg and Ry, are respectively the voltage, current
and equivalent resistance at the input of the voltage
regulator, being

V;eg = IregRreg (10)

and Rjo,q is the equivalent resistance seen from the
input of the rectifier. R o.q depends on R, and the type
of rectifier employed. At the same time, R,., depends
on R and on the specific type of voltage regulator.
Finally, C. is a filter capacitor.

J reg

Autonomous
| Sensor

Li

Rectifier % ng
Stage Vreg Voltage

Cr Regulator
+ —|_

Fig. 4 Block diagram of the secondary network that
includes the rectifier and voltage regulator.

As for the regulators, different types are considered:
linear shunt and series regulators, and inductor-based
switching regulators. These regulators behave
respectively as voltage, current and power loads.
Below, we present the rectifier and voltage regulation
stages. From their analysis we will obtain expressions
of Pyoaq in function of Ry .., which combined with (3)
will lead to the determination of the operating points
(Proads Rica). The overall efficiency will also be
reported.

A. Rectifier Stage

For a series-resonant secondary tank, the rectifier
must allow a sinusoidal input current. Hence, a
current-driven rectifier is used [1]. Two different
rectifiers are considered: bridge and half-wave (Fig. 5).

by

D2 Vreg

Fig. 5 Current-driven rectifiers: Bridge (left) and half-
wave (right).

These rectifiers allow the continuous charge of the
filter capacitor C.. In steady-state, the electrical charge
injected to C, through the rectifier must equal to that
provided to the ensuing stage, the voltage regulator.
Thus,
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Ireg
L, =—= 11
2 \/F ( )
where I, is the rms value and
3 for the bridge rectifier
2
F=1" 12
2 for the half-wave (12)
2 rectifier
The equivalent Py, can be expressed as
Proag = IZZRLoad (13)
and also as
Proag = Pp + Preg (14)
where in both rectifiers
PD = ZVDII‘eg (15)

is the power dissipated by the rectifier, being Vp the
forward voltage drop of one diode (assumed constant),
and

Preg = Vreglreg (16)

is the power dissipated by the regulator plus that
consumed by the autonomous sensor. Thus, equating
(13) with (14) and operating with some of the
remaining expressions from (10) to (16), we get

2Vp
Rigaa = F (1 + v >Rreg (17)
reg

where the equivalency only applies to the amount of
power drawn from the secondary resonant tank [1].

B. Linear Shunt Regulator

The linear shunt voltage regulator is disposed just
across the power supply rail (V1) of the autonomous
sensor (Ry). In this case, Vi = V. Whenever Vi, in
Fig. 4 is lower than the shunt voltage (/7), the shunt
regulator acts as an open circuit. Thus, R, = Ri.

Otherwise, it acts as a constant voltage load by
clamping the voltage Vi, (=V1) to V7. In this case, Ry,
= Ry||Rz, where R; is the equivalent resistance offered
by the shunt regulator. Thus, as R., < R, and
assuming Ve, = Vz, from (17) we find the maximum
value of Ry o4 S

2V
Buonamac = F (1457 Ry (18)

where V', and V; are known parameters. On the other
hand, from (11) and (13) we get

PLoad
Lieg = |[F—— 19
res RLoad ( )

and substituting (19) in (14) and operating, we obtain

2V + V5)?
Ploaa = F—p—=— (20)
oa

C. Linear Series Regulator
A linear series regulator fixes a desired output

voltage V| requiring at the same time Ve, = V1. On the
other hand, involved currents are related by

Ireg = I, + heax 21

where /. is the leakage current of the series regulator
and [ is given by (9). Thus, assuming /i and /i, as
constant values, the voltage regulator acts as a constant
current load.

Operating from (9), (10) and (21) we get

Vreg 1

VL 1+Il?ak L
L

Rreg = (22)

The minimum value of R, will be found at V., = V1.
Then, from (17) we obtain the minimum value of Ry .4,

2V 1
_D>_ R,

Rigadmin = F (1 + VL

14 Ileak (23)

L

On the other hand, by substituting (21) in (11) and
the resulting expression in (13), Pp..q can be expressed
as
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(I, + hear)?
Proad = Tea Load 24

D. Switching Buck Regulator

The same as the linear series regulator, a switching
buck regulator fixes a desired output voltage V1 and
requires Ve = V1. On the other hand, the input and
output power of the switching buck regulator are
related by

b= nPreg (25)

where 7 is the efficiency of the regulator. Assuming a
constant value of 7, the switching regulator acts as a
constant power load. Efficiencies higher than 90 % are
easily achieved with commercial devices. Operating
from (9), (10) and (25) we get

V. 2
Freg = (572) R0 26)

Again, the minimum value of R, will be achieved at
Viee = V1. Then, from (17) we obtain

2V,
Ruoaamin = F (1+52) 1k @7

On the other hand, by using (15) and (25) in (14), Py oad
can be expressed as

Py
Proad = F + 2VDIreg (28)

and substituting (19) in (28) we get

P P
PLoaq = i +2Vy |F t"a‘; 29)
oa

Further processing we obtain

P
P, 2Vp (VDF + J(VDF)Z + RLoadWLF) (30)

PLoad=7+

RLoad

The operating points (Ppoad, Rioad) Can be obtained
by combining (3) with (20), (24) and (30). Previously,

the values of the different parameters must be known,
which depends on the specific circuit implementation.
Section V presents the details.

E. System Efficiency

System efficiency can be expressed as

WT—Pg (31)

where P, refers to the generated power by the power
source and is given by

= 32
Fe Ry + R, (32)
Substituting (32) in (31), we get
Py
nr = F(Rl +R;) (33)
1

For fixed values of P and V), efficiency increases
for larger values of R, and R,. However, from (5),
larger values of R; lead to a lower value of Ppoadmaxs
which can result in the inability to power the load. On
the other hand, a higher value of R, can be achieved,
from (4), at shorter distances between the coupled coils
(M increases) or for lower values of Ry, and thus of
Ry. The value of Ry, Will be given by the operating
point, which will depend, in part, on the specific type
of regulator used. As will be seen in Section VI, this
issue will be determinant in order to choose the best
regulator type in terms of system efficiency.

V. Circuit implementation

A rather low frequency of operation (< 150 kHz)
was selected for two reasons: 1) to better comply with
the reference levels for general public exposure to
time-varying electric and magnetic fields issued by the
ICNIRP [24], and 2) to reduce the circuit complexity
and power losses of the power amplifier.

Based on these premises, Fig. 6 shows the circuit
schematic of the implemented primary network. This
circuit was previously presented in [18] and [25]. It is
mainly composed of a class D power amplifier based
on a low-cost commercial self-oscillating half-bridge
driver (IR2153) and two external N-channel
MOSFETs (BSH103, Philips Semiconductor), M, and
M. The driver, powered at 12 V DC (battery voltage
in vehicles), alternatively activates the two MOSFETs,
thus injecting a square wave signal into the resonant
network. The operating frequency, fixed by the R,C,
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network, can be finely tuned, using a multi-turn
potentiometer for Ry, to the resonant frequency of the
series resonant tank L;C;.

12v0 ¢, %Ra -
I > R M
S —
ey g b X
Ry 71V W% Cy
SN 3 'Z‘ z" 7 | M I
) t s g b
G CommL, M Ry |'_
IR2153 ANV ; L,
~

Fig. 6 Schematic circuit of the primary network.

For moderate to high quality factors, only the first
voltage harmonic (V; in Fig. 3) will generate a
(sinusoidal) current through the network, being its
theoretical amplitude of 7.64 V (2V./m) and its rms
value (V;) of 5.4V. The MOSFET manufacturer
publishes an ON resistance (R in Fig. 1) of 0.4 Q

(@ VGS =2.5 V)

As for the secondary network (Fig. 4), we used
shottky diodes (BAT47 model) for the rectifiers and
the following commercial devices for the regulators in
order to achieve V. = 3 V: TL431 (shunt regulator),
LP2980 (series regulator) and LTC1877 (switching
buck regulator).

A high enough value of Py .4 has to be achieved in
order to power the autonomous sensor. From (5),
higher values of Pp.4.max can be achieved by increasing
k, O1 and Qy,. As for the primary coil, a high value of
O, implies both a high coil value and quality factor
(OL1). On the other hand, the use of small-size coils is
a requirement in the selected application. As a result,
and considering a low frequency of operation (< 150
kHz), magnetic-core coils are good candidates to fulfill
all the requirements as they provide both high coupling
and quality factors, as well as high coil values [13],
[25]. Magnetic-core coils from Fastron (PIST model)
were selected. As for the coil values, we preliminary
selected the first value of each decade provided by the
manufacturer and covered the full available range, i.e.
10 pH, 100 pH, 1 mH, and 10 mH. First, their
resistance was measured at several frequencies. In
order to obtain the resistance values, we used a series-
resonant network and measured the resistance at the
resonant frequency by using an HP4294A impedance
analyzer. Appropriate values of capacitors were used
in order to tune different resonant frequencies within
the range from 1 kHz to 150 kHz. Then, the quality
factors were inferred by using the measured resistances
and the nominal values of the inductances. Fig. 7

shows the results. A maximum was achieved around
40 kHz for 100 pH and 1 mH. For the other two coils,
10 pH and 10 mH, the maximum value was achieved
at the highest tested frequency, approximately 120
kHz. On the other hand, the achieved maximum value
at a given frequency increased with an increase of the
coil value. So, only the highest two coil values, 1 mH
and 10 mH, were finally selected as they offer both
high coil values and quality factors.

70 —ae- L=10pH

3
\
L]
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Fig. 7 Values of the resulting quality factors for the
Fastron commercial coils.

VI. Analytical Calculations

In order to analytically obtain the operating points
(PLoad> RLoad) We combined (3) with (20), (24) and (30),
and solved the resulting expression with the MAPLE
software. As for (3), we carried out calculations from d
=05 cm to d = 2.5 cm in steps of 0.5 cm. This
corresponds approximately to a distance range between
one and four times the inner diameter of the selected
coils (0.6 cm). The parameter values used for the
calculations are shown in Table 1, some of which have
been previously reported. As can be seen, we used
different combinations of coils and two resonant
frequencies (40 kHz and 120 kHz), which lead to five
cases. The values of k£ were taken from the simulations
of the ferrite-core coils presented in [13], [16];
resistance values of the coils were measured as
described in section V; and R; was found as the
addition of R, and R;;, where a value of 1 Q was
considered for R,. To emulate the autonomous sensors,
we selected R = 100 ), which corresponds to the case
with the highest demanded power consumption (90
mW). The values of Vp, i« and 77 were based on the
manufacturer datasheets of the regulators, and the
values of V7 and V. were assumed as 3 V. As for the
rectifier, we considered the two types presented in Fig.
5.

Table 1 Values of the parameters used for calculations.
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Parameters | Case1| Case2 | Case3|Case4 | Case5

Table 2 Calculated values of R ,4 and related parameters
for the operating points of case 2 when using the bridge

S 40 kHz 120 kHz
Vi 54V
k@d=05,1,
1.5,2,2.5,3 cm 0.125, 0.061, 0.033, 0.019, 0.012, 0.009
L 1 mH 10 mH 1 mH
Coil
inductance
L, 1 mH 10 mH 1 mH 10 mH
Ry, 6.45 Q 44 Q 22 Q
Coil
resistance
R, | 645Q 44 Q 645Q | 22Q 117 Q
R 7.45Q 45 Q 23 Q
Ry 100 Q
Vo, Vz, VL 04V,3V,3V
I]cak (lineal series) 500 ],LA
1 (switching buck) 0.90

Table 2 shows, as an illustrative example, the
calculated values of Ry.4 for case 2 when using the
bridge rectifier. R, P, and 7r are also shown and were
inferred from (4), (32) and (33), respectively. As can
be seen, the shunt regulator provides the lowest values
of Ry, at all the distances, which translates in the
highest values of R, and thus, from (33), leads to the
highest values of #1. Contrariwise, the buck regulator
provides the highest values of Ry ,,q and thus the lowest
values of #r. The same happens in the rest of cases, as
will be shown later, and for both types of rectifiers. At
the shortest represented distance, i.e. 0.5 cm, large
differences in 7r are found and range from 31 % for
the shunt regulator to merely a 2.3 % for the buck
converter. This means that 0.29 W has to be sourced
(P,) when using a shunt regulator whereas a buck
converter would require up to 3.9 W. At the largest
distances, the values of R, become very small
compared to R, for all the regulators. Thus, 7 also
becomes very small and P, needs to be very high. The
power is mainly wasted at the transmitting network,
which creates a power stress in the components.

rectifier.

(ci’n) Regulator Ii;;;“ R.(Q) | P,(W) (Z/Z)
Shunt 70.3 92 0.29 31

0.5 Series 738 13 1.4 6.5
S. Buck 51.8k 0.21 3.9 2.3

Shunt 39.3 29 0.82 11

1 Series 687 3.4 2.7 33
S. Buck 119k 0.21 3.9 2.3

Shunt 30.1 9.9 1.7 53

1.5 Series 437 1.5 3.2 2.8
S. Buck 342 0.22 3.9 2.3

Shunt 334 3.1 2.8 3.2

2 Series 256 0.80 3.6 2.5
S. Buck 1.02 k 0.23 3.9 2.3

Shunt 52.9 0.99 3.5 2.6

2.5 Series 153 0.48 3.7 2.4
S. Buck 320 0.26 3.9 2.3

In order to better grasp why the shunt regulator
provides the lowest values of Rp.,g and thus the best
efficiencies we graphed Ppg.q versus Ry.q for the five
cases of Table 1 with the bridge rectifier. Eq. (3) is
represented for the previously selected distances. The
curves corresponding to (20), (24), and (30) are also
represented from the corresponding limiting values of
Rioag, Which were found from (18), (23) and (27),
respectively. The respective limiting values of Ry .,q are
102.7 Q, 100.9 Q and 92.4 Q and the corresponding
values of Pp g are 113.9 mW, 115 mW and 126.5 mW.
The operating points, which correspond to the
intersection of (3) at the different distances with (20),
(24), and (30), are marked with symbols.

Fig. 8 shows the results for case 1. All the
regulators provide three operating points at the
distances from d = 0.5 cm to d = 1.5 cm. As can be
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seen, the shunt regulator provides the lowest values of 180 v —1sam
Ry 0.4 at all that distances and thus the highest values of 160 ety TN == T
h he buck lat ‘dos the hichest 140 10mH-1mH@40kHz,” 53§ ~---05cm
nt, whereas the buck regulator provides the highes o . ! S —
values of Ry, and thus the lowest values of #r. The % 100 ( \ \“‘A\;«"‘—sm@meg._o
same happens in the rest of cases, as can be seen in 3 %0 N T wichingBuck A
. . Q.
Fig. 9 to Fig. 12. 60
40
20 - o ‘\“'~K
1000 . ImH-1mH@40kHz . = 25em o ) . o
900 e S ' zem 1 10 100 1000 10000
800 L < * I’ ——15cm Rigaa (Q)
700 |;1/ f’" " i — - 1lcm
g 600 - 74 :.. /, \._ Q& ~==-0.5cm .
E o ™~ \ LA T— R Fig. 1~0 Proad vs Ry oaq for the three. types of regulators at
:LE 200 N mSshg © different distances (case 3, bridge rectifier).

*\— - Switching Buck A
\

Fig. 8 Ppoad VS Ryoaq for the three types of regulators at
different distances (case 1, bridge rectifier).

Fig. 9 shows case 2 in Table 1. With respect to case
1, L, increases from 1 mH to 10 mH. This leads to a
higher value of Qr, (see Fig. 7) and, from (5), to a
higher value of Proamax, Specially at the largest
distances. Ry, also increases (see Table 1) and so does,
from (8), Ricadopt. Overall, more operating points are

achieved.
1000 1mH-10mH @40kHz [ .0~ 3"
900 s, ST em
800 . _,/ ,;b\ 2cm
700 - w4 A —isy
S 600 : ' j %
% 500 \'-~-—0.5cm ’
Q_S 400 - \ ShuntReg. O
300 - Se\nes Reg. O
200 5 =t Sw‘\’t'cN[\_g Buck,
100 =k fee, e
. : e

Fig. 9 Py oaq VS Ryoaq for the three types of regulators at
different distances (case 2, bridge rectifier).

Fig. 10 shows case 3 in Table 1. With respect to
case 1, L, increases from 1 mH to 10 mH. This leads to
an increase of Op; but to a large increase of Ry, and
thus of R;. Overall, from (5), a large decrease of
Proagmax 18 observed. From (8), Ricagopt slightly
increases because of the increase of Qr;. Now, only
two operating points are achieved at d = 0.5 cm and d
=1 cm.

Fig. 11 shows case 4 in Table 1. With respect to
case 1, the resonant frequency is increased from 40
kHz to 120 kHz. An increase of frequency leads to an
increase of the coil resistances and to a decrease of the
quality factors. From (5), this means a decrease of

Prosdmax- The increase of Ry, leads, from (8), to an

increase of Riouop. The same as case 1, three
operating points are provided by the regulators, from d
=05cmtod=1.5cm.

350 I ——15cm

- :. !
200 1mH-1mH@120kHz | e
,/? L --=-0.5cm

250 Ty “

- ﬁ < Ea) DI ShuntReg. O
’ N \
% 200 N A %, = = SeriesReg. O
’ i \
‘é 150 ‘T + Switching Buck A
3 N

Q.

Ricaa (Q)

Fig. 11 Pypoaq VS Rpoyq for the three types of regulators at
different distances (case 4, bridge rectifier).

Fig. 12 shows case 5 in Table 1. With respect to
case 4, L, increases from 1 mH to 10 mH. This leads to
a large increase of O, and, from (5), to a higher value
of Ppodamax, Specially at the largest distances. Ry, also
increases and so does, from (8), Rioad,opt. With respect
to case 2, the resonant frequency is increased from 40
kHz to 120 kHz, which leads to an increase of the coil
resistances. As for the coil quality factors, Oy,
decreases whereas (, increases. Overall, Ppoagmax
decreases. In this case, four operating points are found
for the switching buck regulator, from d = 0.5 cm to d
= 2 cm, whereas only two are found for the linear
regulators, d = 1.5 cm and d =2 cm.
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Table 3 Calculated values of #r (in percentage) for the
—san shunt regulator when using a bridge (left) or half-wave
=I5y AR Y (right) rectifier.
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Fig. 12 Py yaq VS Rpoaq for the three types of regulators at
different distances (case 5, bridge rectifier).

Graphs for the five cases of proposed in Table 1
with the half-wave rectifier are not shown but again
the shunt regulator achieves the best results with the
exception of case 5, where no operating point exists. In
this last case, only the buck regulator provides
operating points.

Table 3 provides the values of #r for the shunt
regulator (the best type) and for the five cases
proposed in Table 1. For each case and distance, two
results are shown separated by a slash (/),
corresponding the left- and right-side values to the
bridge and half-wave rectifiers, respectively. A cross
mark (X) indicates that no operating point exists. As
for the bridge rectifier, case 2 can operate at all the
distances and offers a relative high value of #r at short
distances. Case 3 provides the highest value of #r at d
= 0.5 cm but only two operating points, d = 0.5 cm and
d =1 cm, are possible. Case 5 provides relative high
efficiencies at long distances but operation at short
distances is not possible. As for the half-wave rectifier,
at short distances (d = 0.5 cm), except for case 1, is not
possible to operate. Case 5 offers no operating points,
as previously commented. Efficiencies of case 3 at d =
1 cm and 1.5 cm are remarkable.

0.5 13/20 31/X 46/X | 35/X | X/X

1 55/7.8 11/14 [22/38|16/21 | X/X
9.1/

L5 3.1/34 | 53/62 | X/25 12 16 /X

2 X/27 | 32/36 | X/X | X/X [99/X

2.5 X/24 | 26/28 | X/X | X/X X/X

VII. Experimental Results

The mechanical setup shown in Fig. 13 was used to
fix the distance between the coils. The circuits of Fig.
4 and Fig. 6 were used with the components reported
in section V. A value of 100 Q was used to emulate the
autonomous Sensor.

The procedure to work at the resonance frequency
was the following. First, the frequency of the power
source was adjusted to the resonant frequency of the
primary resonant tank by maximizing its circulating
current, which was measured by a Hall effect current
probe (Tektronix TCPA 300). Then, the secondary
network was tuned by adjusting a suitable value of C..
Discrete components were used and a capacitor
trimmer was added when necessary.

We first checked the performance of case 2 when
using a bridge rectifier and verified that the shunt
regulator achieved the best efficiencies, as predicted by
the calculations. In order to operate around 40 kHz, we
selected capacitors of nominal values C; =15 nF and
C, = 1.5 nF. Experimental values of R, (not shown)
were inferred from the measurement of the current of
the primary resonant tank. Then, 7 was inferred from
(33).

Overall efficiencies were also estimated for cases 3
and 5 when using the shunt regulator. The selected
capacitance values were C; = 1.5 nF and C, = 15 nF
for case 3, and C; = 1.66 nF and C, = 164 pF for case
5. Table 4 shows the results obtained with the bridge
(left-side value) and half-wave (right-side value)
rectifiers. The results mainly agree with the respective
calculated values of Table 3. The same as when using
a bridge rectifier, case 3 offers the highest efficiencies
at d = 0.5 cm and 1 cm whereas case 5 is the best
alternative for d = 1.5 cm and 2 cm. As for the half-
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wave rectifier, case 3 offers higher efficiencies than
those of the bridge rectifier ford =1 cm and 1.5 cm.

Table 4 Experimental values of #r (in percentage) for the
shunt regulator when using a bridge (left) or half-wave
(right) rectifier.

d(cm) / gy Case 2 Case 3 Case 5
0.5 28 /X 51/X X/X
1 10/ 14 22 /41 X/X
1.5 3.7/35 X /27 21/X
2 X/X X/X 10/X

Finally, the autonomous sensor presented in section
II was used. Fig. 13 shows the experimental setup with
the autonomous sensor (top board) that includes the
occupancy and belt detectors. Another ETRX-2 device
was connected to the USB port of a PC in order to
receive and process the transmitted data. As previewed
in Table 4, the autonomous sensor correctly
transmitted the data up to a distance of 2 cm for case 5
using a bridge rectifier. A larger distance was still
possible, up to 2.5 cm because the autonomous sensor
worked properly down to a voltage supply of 2 V.
However, efficiency decreased.

Occupancy Sensor

Belt Detector

Fig. 13 Experimental setup. The left pictures show the
mechanical setup with the primary (top board) and
secondary (bottom board) networks. The left bottom picture
shows the seat detectors which are connected to the
autonomous sensor (top board). The right picture shows the
vehicle seat. The occupancy sensor and the seat were
provided by the car company SEAT.

VIII. Conclusions

This work proposes the use of inductive links for
powering an autonomous sensor in charge of
occupancy and belt detection in removable vehicle
seats, where wiring the seat detectors from the vehicle
chassis is unpractical. The autonomous sensor includes
the seat detectors and a wireless transceiver to transfer
the data about the state of the detectors. To drive the
primary resonant network, a commercial class D
amplifier has been used. A rather low frequency of
operation (<150 kHz) has been selected both to better
comply with the ICNIRP regulations and to reduce the
circuit complexity and power losses of the power
amplifier. The selected application is space-
constrained, so that small-size coils have to be used.
Thus, ferrite-core coils have been selected against air-
core coils as they lead to higher coupling and quality
factors and higher coil values, which is beneficial to
increase the transmitted power to the load. Commercial
coils with values of 1 mH and 10 mH have been
selected.

A rectifier and some kind of voltage regulation are
required in the secondary network in order to
conveniently power the autonomous sensor. Two
different rectifiers have been considered: bridge and
half-wave. Three types of voltage regulators have been
analyzed: linear shunt and series regulators and buck
switching converters. Their impact on the system
power efficiency had been thoroughly assessed.
Different combinations of coils (I mH, 10 mH) and
working frequencies (40 kHz, 120 kHz), resulting in
five cases, have been assessed both by calculations and
experimental results. For each of the cases, both bridge
and half-wave rectifiers have been considered. At first,
a load (Ry) of 100 Q has been used to emulate the
autonomous sensor. Calculations and computed graphs
show that operating points for the shunt regulator
always lead to a lower equivalent load resistance
(Rroaa) and, thus, to a higher power efficiency.
Experimental tests have been carried out using a
mechanical setup to fix the distance between the coils.
Achieved power efficiencies range from around 50 %
to 10 % for coil-to-coil distances from 0.5 cm to 2 cm,
respectively, which is remarkable considering the inner
diameter of the coils, 0.6 cm. Experimental tests also
show that the autonomous sensor was properly
powered up to coil distances of 2.5 ¢cm, i.e. more than
four times the inner diameter of the coils.
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