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Improving the Resolution in Direct Inductive
Sensor-to-Microcontroller Interface
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Abstract — The paper describes an improved direct
inductive sensor to microcontroller interface by incorporating
external MOSFET transistors. In such a way, the measured
discharging time interval can be increased (through the
discharging time constant) which results in increased
resolution for a given time base. The experimental results
show that the resolution of the measurements can be
significantly improved in comparison to the basic low pass
filter and high pass filter topology. Moreover, such circuit can
be used to interface inductive sensors with lower inductance.
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1. INTRODUCTION

Inductive sensors are widely used to measure position,
speed, displacement, vibration, and other process variables,
especially in harsh environments [1]. Generally, a change
in the process variable is reflected into variation of the
inductance of the sensor. In order to obtain a useful signal
from such sensors to embedded systems such as
microcontrollers, wusually a combination of signal
conditioning electronic circuits in between the sensor and
the microcontroller are used [2]. The signal conditioning
circuits are usually performing some of the following tasks:
1. Inductance-to-alternating current (AC) voltage
conversion, root mean square (RMS)-to-direct current (DC)
voltage conversion and analog-to-digital (AD) conversion;
or 2. Inductance-to-frequency conversion and logic level
translation. Such complex signal conditioning increases the
space, cost and power consumption.

In recent years, several interface circuits for inductive
sensors with direct digital output were proposed [3]-[6],
thus eliminating the need of AD converter. The interface
circuit can be simplified even more by means of direct
sensor-to-microcontroller interface. In the last decade, a lot
of papers have been published on direct interface for
resistive and capacitive sensors [7], as well as their
differential [8], [9] and bridge configurations [10].
Recently the direct interface was also applied to inductive
sensors in low pass filter (LPF) topology [11]-[13] given in
Fig. 1, and high passes filter (HPF) topology [14], [15]
given in Fig. 2. In both cases, a microcontroller is used to
excite the RL/LR circuits and measure its transient response
(charging/discharging time) through the sensor (Ly) and the
calibration (L;) inductance. Afterwards, a single point
calibration is used to estimate the sensor inductance.
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Fig. 1. Direct inductive sensor-to-microcontroller interface in low
pass filter (LPF) topology
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Fig. 2. Direct inductive sensor-to-microcontroller interface in high
pass filter (HPF) topology

However, one of the major restrictive factors in both
LPF and HPF circuit topologies is the microcontroller’s
maximal output current sink/source capability (typically
around 20-30 mA) which limits the minimal external
resistor R wvalue, and consequently limits the
charging/discharging time constant. In this context, the
HPF is advantageous over the LPF topology and offers a
larger time constant, i.e. higher resolution for a given time
base (at the expense of more microcontroller interface
pins). Nevertheless, for typical microcontroller clock
frequencies up to 20 MHz, the measurements are roughly
restricted to the millihenries range which rigorously limits
the application to different inductive sensors. In this paper,
a possibility to increase the discharging time constant with
external MOSFET transistors (thus, increase the resolution)
is given.

II. OPERATING PRINCIPLE

The modified direct sensor-to-microcontroller interface
circuit in HPF topology with external MOSFET transistors
is given in Fig.3. The circuit uses three N-channel (T-T5)
and one P-channel (T;) MOSFET transistors in between the
passive network and the microcontroller. According the



measurement procedure, two RL circuits are formed:
circuit formed by R and L,, and one formed by R and the
reference inductor L.. Each RL circuit is measured in two
phases (first and second phase). The state of the
microcontroller pins during the first and the second phase
are given in Fig. 4 and Fig. 5 respectively. In the first phase
of the RL circuit formed by R and Ly, the port P, is in a
logical “0” state (turning off T;), the port P,, generates a
logical “1” (turning on T,), the port P; is in a logical “0”
(turning off T; and turning on T,), and the port P; is
configured as “input”. In such a way, the microcontroller
generates a transient pulse (through the MOSFET “driving”
circuit) at the input of the RL, circuit. In the meanwhile the
microcontroller measures (with the built in timer) the
discharging interval (exponential discharging voltage from
the power supply voltage Vyq4 to the lower threshold voltage
Vy of P;) seen by the input port P;. Afterwards, the
microcontroller ports are configured for the second phase
as given in Fig. 5. Now the transistor T, is “off” and Tj is
“on” discharging the stored energy in Ly through R. The
second phase lasts typically 7+9 times the time constant
(=Ly/R). The first and the second phase of the RL circuit
formed by R and L. are performed similarly (only the
transistor T, is on and T is off). The voltage waveforms of
the characteristic signals during the measurements are
given in Fig. 6. Hence, the sensor inductance is then
estimated by using the single point calibration as:

Ly = t_x Les (D
tC

where t, is the measured discharging time interval through
Ly, and t; is the measured discharging interval through L..
Note that the duration of the time intervals t, and t. are
proportional to the time constants Ly/R and LJ/R
respectively. It is clear that the time constants can be
increased by decreasing the value of R. However, R is
limited by the maximal drain current of the MOSFET
transistors (lg) and by the maximal allowed peak current
through the sensor (Ip) so that

Vdd
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where it is assumed that Rysoni=Rgson2=Rdsona=Rason (Rason 18
the drain to source ON-resistance of the N-channel
MOSFET transistors Ti-T3). The current technology easily
offers small-size MOSFET transistors with drain currents
in the order of amperes, whereas the output sink/source
currents of the microcontroller ports are in the order of
milliamperes. Therefore, the modified interface circuit
allows using much lower value of the external resistor R
(comparing to the circuits given in Fig.1 and Fig.2), limited
mainly by the maximal allowed peak current through the
sensor l,. For a given time base, this will result in increased
measurement resolution.

III. EVALUATION OF THE MEASUREMENT
RESOLUTION

According (1) it is clear that the resolution of the
measurements is mainly limited by the quantization of the
timer in the microcontroller when measuring t, and t..
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Hence, the resolution of the time-to-digital conversion can
be expressed, assuming only quantization effects, as:

N — logz(txmaxT_txmin j s (3)
0

where tynax and tygin are the discharging time intervals for

the maximal and the minimal sensor inductance
respectively, and T is the effective time base of the timer.
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Fig. 3. Improving the time constants of the inductive sensor
interface circuit with external MOSFET transistors
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Fig. 4. State of the microcontroller pins during the “first” phase of
the inductive sensor interface circuit

However, the measurement also suffers from trigger
noise effects, thus decreasing the resolution. The effective
number of bits (ENOB) of resolution can be expressed,
assuming both quantization and trigger noise effects, as:

2 2
‘Juq +U,
u

ENOB =N —-log,| ————™* |, (4

q

where uq is the quantization uncertainty, and un is the
uncertainty due to noise effects. In direct sensor-to-
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microcontroller interface the start of the measurement is
synchronous with the timer, therefore according [16] the
quantization uncertainty is given with:
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Fig. 5. State of the microcontroller pins during the “second” phase
of the inductive sensor interface circuit

The noise related uncertainty is usually not defined in
the microcontroller datasheet, therefore it can be evaluated
by using a Type A evaluation, i.e. by statistical analysis of
series of observations, given with:

o
u,=+—, 6)
Jn
where o is the standard deviation of n consecutive readings
of ty.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The experiments were performed by using a general
purpose 8-bit microcontroller PICI6F877A with clock
frequency of 20 MHz. A prototype board capable for
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implementation of all direct inductive sensor-to-
microcontroller topologies (HPF, LPF and HPF with
MOSFET transistors) was designed. The prototype board is
given in Fig. 7. To reduce the noise effects, a special
attention was paid to designing printed circuit board (PCB)
ground plane and power supply decoupling. To emulate the
extreme points of an inductive sensor, a decade inductance
box was used. The minimal sensor inductance was 1 mH
and the maximum inductance was 9 mH (for inductive
sensors like [17]).

According the manufacturer datasheets, the maximum
output current sink/source for PIC16F877A is 25 mA.
Hence, having in mind the implementation conditions for
achieving maximal resolution, the external resistor value
for the LPF configuration was 300 Q, and for the HPF
configuration it was 100 Q.

To implement the improved interface circuit, the
following MOSFET transistors in SO-8 package were used:
IRF7311 (dual N-MOS transistor) and IRF7307
(complementary N,P-MOS transistor). The maximal
allowable continual drain current of the N-MOS transistors
is 5.2 A, and -4.3 A for the P-MOS transistor. However, we
assumed a maximum allowable sensor pulse current of 100
mA and therefore we choose an external resistor of 47 Q.
The experimental results are summarized in Table 1.

TABLE 1. SUMMARIZED EXPERIMENTAL RESULTS

HPF LPF  [HPF+MOSFET

PARAMETER | t | o | & | o t, o
(us] | [ps] | [ps]| [ps] | [us] | [ps]

L,=1mH 8.6 | / [32] / | 182 /

L,=88mH | 77.4 [0.06] 27 [0.015] 165 | 0.19

N [bits] 8.42 6.89 9.52

Ug [us] 0.058 0.058 0.058

Up [us] 0.019 0.005 0.06

ENOB [bits] 8.4 6.8 9.0
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Fig. 6. Voltage waveforms at the microcontroller pins during the measurements
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The measurements for each topology were performed once
for the minimal sensor inductance (1 mH) and ten times for
the maximal inductance (9 mH) to calculate the standard
deviation (o) and the standard deviation of the mean (u,).
Then, the resolution of the time-to-digital conversion and
the ENOB were calculated according (3) and (4)
respectively. In the calculations, an effective time base (for
PIC16F877A) of T0=0.2 us was used.

Fig. 7. Setup to test the improved direct interface circuit for
inductive sensors

From the results reported in Table 1 it could be seen that
the proposed interface circuit has a better measurement
resolution. The ENOB increased 0.6 bits comparing to the
basic HPF topology and nearly 2.2 bits comparing to the
LPF topology. The resolution could be increased even
more in cases where the inductive sensor allows higher
maximal pulse current. Such results are even more
advantageous in cases where the nominal inductance is in
the order of microhenries where the basic LPF and HPF
topology could be practically inapplicable due to very low
resolution performance.

V. CONCLUSION

Direct inductive sensor-to-microcontroller interface is an
alternative approach to interface inductive sensors without
complex intermediate signal conditioning circuitry and
without an analog to digital converter. To achieve this goal,
a microcontroller is used to excite and measure the
response of a passive RL network. One of the problems of
this approach is the low-value time constant when
measuring low-inductance sensors due to the limited
microcontroller port sink/source current which limits the
resolution of the measurements.

This paper proposes a solution to increase the
discharging time constant by using external MOSFET
transistors. The experimental results show that an
improvement of the resolution comparing to the basic
configurations can be easily achieved. Such improvement
of the basic interface circuits can be very useful, especially
when interfacing low-inductance sensors (say, lower than 1
mH).
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