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Abstract

In the paper new time-domain measurement methods for determining values of resistive (R),
inductive (L) and capacitive (C) sensors based on a versatile direct sensor-to-microcontroller
interface for microcontrollers with internal analog-to-digital converters (ADCs) and analog
comparators (ACs) are presented. The interface circuit consists of a reference resistor Rr working as
a voltage divider, a given R, L or C sensor and a microcontroller (its peripherals: an ADC, an AC, a
timer, 1/0 pins buffered by an inverter). A prototype of the proposed complete solution of a
compact smart sensor based on an 8-bit microcontroller has been developed and tested. The
maximum possible relative inaccuracy of an indirectly measurable resistance, inductance and
capacitance were analysed. Also, experimental researches were made. The following relative errors
of the sensor value determination were achieved: for the R sensor less than 3%, as well as very good

results for the L sensor (less than 0.3%) and for the C sensor (less than 0.2%).
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1. Introduction

Smart sensors are used inter alia in industrial control and automation, automotive industry and
consumer, medical and military applications. They are usually built into the devices and in such
cases they are parts of the control systems of these devices (e.g. in automotive applications). Also,
they can work as independent devices (e.g. as wearable electronics in customer or medical
applications and as environment monitoring sensors). They measure physical variables of the
monitored environment, objects and processes (e.g. temperature, ambient humidity, pressure and
tension), process and store the measurement data and often they send these data via any wireless
interface to a smartphone, tablet, PC or to the main controller of the monitored device. Smart
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sensors consist of analog or digital sensors, conditioning circuits, processing and control units and
communication interfaces.

In many cases smart sensors are battery-powered or their power supply is based on the energy
harvesting technique [1]. Therefore, they should be energy-efficient data acquisition systems, and,
ideally, they should be small and cheap [2]. For these reasons, universal sensor interface chips, e.g.
[3,4], smart sensor modules based on two-terminal or four-terminal methods, e.g. [5-8], are too
expensive and too complex. However, these requirements can be satisfied by the use of widely
available low-power one-chip universal devices (i.e. the microcontrollers) as control units. An
additional advantage of microcontrollers is that they can convert analog information provided by
analog sensors via conditioning circuits to the digital form which next they can also process, store
and send.

Important groups of analog sensors are resistive (R), inductive (L) and capacitive (C) sensors.
These sensors can be arranged in the form of a single-element, a differential configuration or a
bridge configuration. To obtain such low-cost and low-power solutions for resistive sensors [9-13],
differential resistive sensors [14], resistive sensors bridges [15,16], inductive sensors [17],
capacitive sensors [18,19], differential capacitive sensors [20] based on microcontrollers - the direct
sensor-to-microcontroller methods were developed.

The task of such direct interface circuits is to measure the discharging time of either an RC
network consisted of resistances or capacitances of the sensor or an RL network consisted of
inductance of the sensor. It was noticed that the parameters of the microcontroller pins, which
depend on the manufacturing technology, have a noticeable impact on the measurement accuracy.
To eliminate it a direct sensor-to-microcontroller interface circuit was extended with additional
components, e.g. a calibration resistor [21], MOSFET transistors [22,23], or also an inverter
consisted of two MOSFET transistors [24].

In the cited methods [8-23] only digital input/output pins and internal timers/counters of the
microcontrollers are used to determine values of resistance, inductance or capacitance of the
sensors. However, nowadays almost all modern 8-bit and especially 32-bit microcontrollers are
likewise equipped with analog-to-digital converters (ADCs) and also analog comparators (ACSs).

Thus, new time-domain measurement methods for determining values of R, L and C, based on a
direct sensor-to-microcontroller interface for microcontrollers with internal ADCs and ACs are
proposed in the paper. It should be emphasized that for measurements of R, L and C components
there is used only one common hardware configuration of the interface circuit (Fig. 1) consisting of
a reference resistor Ry working as a voltage divider [25], a given sensor and a microcontroller (more
precisely its peripherals: an ADC, an AC, a timer, 1/O pins buffered by an inverter [26] (Fig. 2)).

The differences between measurement methods for respective components exist exclusively in the
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microcontroller software. Additionally, an advantage of the proposed solution is its hardware and
software simplicity, and also a short measurement time, what results in a low-cost, low-power
solution of the sensor interface circuit.

Hence, the approach can be used to design smart sensors (Fig. 1), and also, which is its greatest
asset, it can be used in easy and cheap way of extending the functionality of existing systems based
on microcontrollers.

The paper is organized as follows: Section 2 presents the operating principle of the interface
circuit for measurements of R, L and C, Section 3 analyses the error sources of these measurements
and their limitations, Section 4 describes experimental results and proposals to improve measuring

accuracy, and Section 5 contains the main conclusions.

2. Operating principle

The proposed direct interface circuit for R, L and C sensors is shown in Fig. 2. An impedance Z
represents one of the R, L or C sensors. A reference resistor Ry works as a current-to-voltage
converter [25,26] and together with the impedance Z acts as a voltage divider. An inverter consisted
of only two MOSFETS [27] buffers the output pin of the microcontroller [25].

The microcontroller, and more precisely its internal measurement peripherals, works
simultaneously as a signal generator stimulating the direct interface by a square pulse vin with an
amplitude set a priori to the supply voltage of the microcontroller Vcc , and as a voltage
measurement block sampling the voltage response vout Of the sensor by the ADC. For L and C
measurements the AC is used to determine an appropriate voltage level at which the ADC samples
the voltage response vout and the timer specifies the moment ty of this sample Vi relative to the
beginning of the signal vin. For R measurements only the ADC is used.

The proposed approach will be shown on an example of a modern 8-bit ATXmega32A4
microcontroller [28]. An 8-bit microcontroller should be chosen, because each application which
can run on 8-bit microcontrollers can also run on 32-bit microcontrollers, what makes the proposed
solution versatile. Additionally, it seems that its measurement peripherals are better than in some
32-bit microcontrollers. The only limitation is the fact that the maximum value of the signal vout
should be less than a reference voltage Vrer of the ADC (Vref = Vec — Vb, Vb = 0.7V and Ve =
3.3V), i.e. its values should be within the measurement range of the ADC.

The smart sensor solution based on this microcontroller is shown in Fig. 3. The output pin PCO
is used to set the stimulation signal vin, and the response signal vout at the input ADC 1 is
simultaneously applied to the AC input and the ADC input. The threshold voltage value Vcc scaLep
of the AC is set by the software.
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A divider's voltage ratio K(s) of the direct sensor-to-microcontroller interface circuit (the

voltage divider consisting of Ry and Z) is following (1):
Z(s
K(s)= _26) 1)
where

K(S)=%((§)) 2)

From (1) and (2) we can derive the formula for vou (3):

Z(s
)02 )
The stimulating signal of the sensor interface circuit vin in the time domain can be written:

Vin(®) = Vi - (1) -1t - T)), )

where T is a pulse duration, and Vin = Vcc is a pulse amplitude.
Because all measurements will be carried out only during the pulse duration T, we can simplify
(4) to the form:

Vin (1) = Vi, - (L(t)) for te(0;T) (5)

what gives in the frequency domain the simple formula for vix:

1
Vin (8) = Vi " (6)

The formulas (3) and (6) will be the basis for formulas used to determine values of R, L and C
Sensors.

2.1. Measurements of R sensors

Thanks to using such a simple sensor-to-microcontroller interface circuit, the determination of
the R sensor value Ry is easy. In this case - according to (5) - we can assume that during the
measurements the resistive divider is stimulated by the DC voltage Vin. Hence, the ADC samples

the DC voltage response Vout. The values Rr and Vin are fixed, so we can calculate the Rm value from

(N:
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VOUt

R =R, .94
" ' Vin _Vout

where Vin>Vour  (7)

However, we should remember that the ADC measures instantaneous voltage values, which are
disturbed by, among others, working digital circuits and oscillators of the microcontroller. We can
minimize the effect of these disturbances on voltage measurements, e.g. by using the method of

oversampling. In this case the time T needed for voltage measurement by the ADC is equal to

T=tg+m-tapc , 3)

where tq — a time delay needed to stabilize the DC voltage, tabc —an ADC conversion time, m — the
number of voltage samples (m =4, k=0, 1, 2, 3 ... [29]).

For instance, for the ATXmega32A4 microcontroller, 12-bit ADC resolution [28] and m = 4 the
voltage measurement takes about T = 27 ps.

An important problem is the selection of a resistor value Rr. The value depends on an
established range of resistance value changes (from Rm min 10 Rm_max) Of the sensor Rm and
limitations of the ADC. The first limitation is the reference voltage Vrer value, which is less than or
equal to Vcc, and the second one follows from the fact that measurements of small voltage values
are loaded with large measurement errors. Hence, Vout > 0-Vrer, Where we can assume that e.g. p =

0.1. Based on these facts we can write:

Rm_max < Vref q I:‘)m_min > P 'Vref
Rm_max + Rr VCC Rm_min + Rr VCC

)

what after transformations gives the formulas for a range of values of Ry:

Vee =V,
|:\)r 2 Rm_max ' CC;/ re
ref
Vee —p-V (10)
Rr <R min Yo TP Vref.
P Vet

Therefore, if we plan to use e.g. a resistance sensor Pt1000 [30] for the ATXmega32A4
microcontroller, the minimum values of R, are following: for a temperature range to 200°C Ry _min =
457 Q, for a range to 600°C Rr min = 813 Q, and for a range to 850°C Ry min = 1013 Q. The
maximum values of Ry for p = 0.1 are following: for a range from -200°C Ry max = 2165 Q, and for a

range from -50°C Ry max = 9390 Q.
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2.2. Measurements of L sensors

In this case the impedance Z is represented by the serial connection of a resistance Rs and an
inductance L of the coil. It is assumed that the value of resistance Rs is constant and known, and
only the values of sensor inductance L representing the measured physical values are changed [31].
Hence, the divider's voltage ratio K(s) of the inductive sensor-to-microcontroller interface circuit is

following:

(5)= sL+ R
“sL+(Ry+R,) a1

Based on (2), (3), (6) and (11) we obtained the formula for vou(s):

1 R 1
Vout (s) =Vj, - + > ’ 12
<. Rs+R R +R; {s L (12)
L R, + R,
In the time domain it has the form:
R.+R
R R —t.—S T
Vout (1) = Vi, - f—+—TL—e L .
out (1) =Viy R.+R,  R.+R ] for te (O,T) (13)

The ADC samples the signal vou(t) at a sample moment tm determined by the timer of the
microcontroller. It takes place when the vout(t) reaches the value Ve scated. That is the ADC voltage
sample value Vim = Vout(tm), as shown in Fig. 4.

Hence, based on the known values Rs and Rr and the measured values tm and Vi the value L can

be calculated from the following formula:

_tm '(Rs +Rr)

\\;m(Rs"'Rr)_Rs ’ (14)

In in

R

r

where Vin>Vm and Rr>Rs.

The timing of the measurement procedure for L measurements is shown in Fig. 4. The sensor
interface is stimulated by a square pulse vin with an amplitude Vi, and duration T. The timer is
started when the pulse starts. When the voltage response vout decreases to the threshold voltage level
Vee_scaled, the AC triggers both the ADC and reading the current value from the timer simultaneously
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(Fig. 2 and Fig. 3). The duration of pulse vin, i.e. the duration of measurement procedure, is as short
as possible, because T = tm + tapc , What reduces the energy consumption.

The AC is used only to determine the voltage level at which the ADC accurately samples the
response Vout. It follows from the fact that ACs included in microcontrollers are not accurate. E.g. a
typical input offset voltage of the AC in the ATXmega32A4 microcontroller is less than £10 mV,
and the 6-bit Vcc voltage scaler used to set Ve scaled Value in the AC is non-linear [28].

Before measurements, we should determine the threshold voltage level Vcc scaied and the value Ry
which will provide the best possible measurement accuracy of tm and V.

The range of observable changes of the voltage vout is contained in a range from Vier down to
Vin-Rs/(Rs + Ry) (see Fig. 4). Hence, if the value Ry is greater this voltage range is also grater. Thanks
to this a value of L has a decisive influence on the voltage vout (13). That means that the value of Ry
at least should be greater than the value of Rs. It would be best if Rr >> Rs. However, the greater the
value R, the smaller the value tm, what undesirably affects the accuracy of measurements of time tm
by the timer [32,33]. However, we should remember that Rr plays also the role of a current limiter,
hence its value should not be too small.

If we know the range of inductance value changes (from Lmin t0 Lmax) and the value of Rs of L
sensor, and we have established the threshold voltage level Vcc scaea Value (it will be discussed
below) we can assess the value Ry by placing it in the formula (15) and checking whether ty is

greater than the fixed minimum value tm_min.

V,
- In((cc\;scale(Rs + Rr)_ RSJ/Rr]' I—min
in

t =
m R.+R, (13)

Because we use the timer to measure time tm, we can write tm_min = Nmin- Tcik, Where Nmin — the
minimum number of internal pulses counted by the timer, Tcx — a period of the system clock of
microcontroller clocking the timer. Hence, this value is determined by the maximum value of
frequency fax = 1/Tex of the external crystal oscillator, which can be used for a given
microcontroller (16 MHz for the ATXmega32A4 [28]), and the number of counted pulses Nmin.
Therefore, the value Nmin should be as large as possible, because it has a major impact on the
measurement errors of time tyn. For instance, if we assume that the measurement errors should be
less than 1%, the number Nmin = 100. In this case, for the ATXmega32A4, the time tm min = 6.25 ps.
This time limits the measurement capabilities of a given microcontroller, i.e. the minimum value of
inductance which can be measured by the microcontroller with a given crystal oscillator.

A threshold voltage level V¢ scaled Value should be set to half of the range of observable changes

of the voltage Vou, that is:
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Vee_scated = Vin ﬁ 0, (16)

where Ry > Rs and Ve scaled < Vret
For this value the maximum relative measurement error of the voltage vout is the smallest, as it

will be explained in Section 3.2.

2.3. Measurements of C sensors

The divider's voltage ratio K(s) of a C sensor has the form:

1
K S)=—«—+—
) SR, C)+1 (17
In this case we have obtained the following formula for vou(s) based on (2), (3), (6) and (17):
1 1
s)=V._ | ——
Vout (8) =Vin (S S(RrC)+1j (18)

which has the form in the time domain:

~t

Vout(t):Vin' 1_eRrC for t€(01T) (19)

The ADC samples the signal vout(t) at a moment tn as shown in Fig. 5. The voltage sample has
the value Vi = Vout(tm). Transforming the formula (19) we have obtained the following formula for
calculating the value C:

_tm

20
R, ~In(1—vmj 0
V

in

C:

Fig. 5 shows the timing of the measurement procedure for C measurements. When the voltage
response Vout t0 a square pulse vin increases to the threshold voltage level Ve scaed the AC
simultaneously triggers the ADC and reading the current value from the timer (Fig. 2 and Fig. 3).
Likewise, in this case, the measurement procedure duration is as short as possible, because T =
tm + taDc.

Also, for C measurements, we should determine the value V. scaled and the value Ry for the best

possible measurement accuracy of tm and Vm.
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Based on analyses of maximum relative measurement errors of voltage vout described in
Sections 3.1 and 3.3 it is proposed that the value Vcc scaled Should be chosen from within a voltage
value range from 0.7 to 0.9 of the value Vet

As in the previous subsection, if we know the range of capacitance value changes (from Cpin to
Cmax) of a C sensor and we have established the minimum value tm_min, i.€. the number Nmin, we can

determine the minimum value Ry _min Of Ry:

= —Niin 'Tclk o
r_min vV
Cmin . In(l_ cc\;scale J

in

R

Obviously, the greater the value Ry the greater the value tm for a given value of C, what
improves the accuracy of measurements of time tm by the timer [32,33]. However, lengthening time
tm increases the energy consumption, what is disadvantageous, especially for battery-powered
systems. The maximum value R max Of Ry is limited by the measurement range of the n-bit timer
tm max = Nmax-Tcik-Pmax, where Nmax = 2", Pmax — the maximum value of the prescaler of the timer.

Hence, Rr_max can be calculated from:

~Njpa - P

R _ max " " max 'Tclk

r_max — V (22)
Cmax -|I’{1— cc\;scale

in

Finally, the value of Rr should be in a range from Ry min t0 Rr max, and this value should be a
compromise between the measurement accuracy of measurements of time tn and the energy

consumed by the system during the measurement procedure.

3. Error analysis

The maximum possible relative inaccuracy (error) Af/ | f| of an indirectly measurable variable f
will be used to estimate the inaccuracy of determination of R, L and C values of the sensors from
the measurement results. It is an approximation of the standard uncertainty [34] and has the form
[35]:

Af 1

7T &

|Ax

; (23)

a
0%

where: f = f(xz, X2, .., X1) # 0 — an indirectly measurable variable, x1, X2, .. , x| — directly measurable
variables, Af — the maximum absolute inaccuracy of the function f, Axi — the maximum absolute

inaccuracy of a directly measurable variable xi (i =1, 2, .., I).
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3.1. Estimation of measurement inaccuracy for R sensors

Basing on (7) and (23) the maximum possible relative inaccuracy ARm/ | Rm | of an indirectly

measurable resistance Rm = Rm(Rr, Vin, Vm) obtained the following form:

ARy AR, AVy AV,
TR VeV Vv v, @9
m r In m n m m

where: Rm >0, Ry > 0, Vin >0, Vi > 0 and Vin > V.

The first component of the formula (24) 6Rr = AR/ Ry can be interpreted as the tolerance of
resistor Rr. Hence, we should decrease JRr by the use of precision (high-precision) resistors. They
have a tolerance of 0.1% (0.01%). If we need even more precision, we can use ultra-precision
resistors with a tolerance of 0.005%. Another way can be to measure the resistance Ry with a precise
multi-meter. E.g. the Agilent 34410A enables to measure resistance with accuracy of 0.0065% [36].
In this case, if we assume a 0.01% tolerance of R, or we measure the value of R, with a precise
multi-meter, the value SR is small in comparison with the other components of the formula (24)
and it can be omitted in the further analysis of ARm /| Rm |.

The second component 6Vin r = AVin / (Vin — Vm) represents the inaccuracy of determination of
Vin value. This value is correlated with the supply voltage Vcc and thus with the reference voltage
Vret, because Vin = Ve — Vron and Vrer = &Vee (< 1) or Vrer = Vee — Vb [28]. Vron IS a voltage drop
on the inverter’s transistor (Fig. 3) [24]. The internal output resistance of the inverter that is a static
drain-to-source on-resistance for N-channel for the IRF7015 (IRF7389) is equal to 0.16 Q (0.046
Q) at 45V [37,38]. If we assume Ry = 2202 Q, the voltage Vron is at most equal to 0.007%
(0.002%) of the voltage Vcc, i.e. it is at most 0.29 (0.08) LSB for the 12-bit ADC resolution. Hence,
we can assume that an inaccuracy of determination of Vin value is on a level of +1 LSB (the
quantisation error).

The greatest influence on the value of ARm/|Rm| has the third component
Nm_R = AVm ! (Vin - Vm)-Vin | Vi of the formula (24). The absolute measurement inaccuracy AVmy of
voltage Vi measured by the ADC depends on the measurement uncertainty AVapc of the ADC
(x2 LSB for the ATXmega32A4) and noise (disturbances) Avnoise generated by digital circuits of the
microcontroller, inter alia by its core processor, timers and a clock system.

It should be mentioned that the impact of variations of the supply voltage Vcc on voltage
measurements is negligible in comparison with 6Vin r and especially 6Vm_r, because the formulas
(7), and also (14) and (20) are functions of the ratio Vm/Vin. Thanks to this calculations of R, L and C
values are theoretically independent of the reference voltage Vrer - that is also of the supply voltage

10


http://mostwiedzy.pl

A\ MOST

Ve - and Vi and Vin are kept and used in calculations in the form of values corresponding to 12-bit
codes read from the ADC

The graphs for ¢Vin_r and oVm_r are shown in Fig. 6. It is seen that 6Vin r values for +1 LSB of
AVin achieve 0.1% up to the end of ADC voltage range (Fig. 6a). Its values are in a range from 0.2%
to 0.95% for £10 LSB of AVin, i.e. for a very inaccurate determination of Vi value.

The 6Vm r values are about ten times greater than the 6Vin r values. E.g. for the minimum value
of AV equal to £2 LSB (we take into account only the measurement uncertainty AVapc of the
ADC) the 6Vm r values are following (Fig. 6b): 1.08% at the beginning, 0.16% at 2/3 and 0.24% at
the end of the scale of the ADC. If we take into account the impact of disturbance Avnoise ON the
measurement results of Vi (e.g. AVm = £10 LSB), the values of 6Vm r are respectively: 5.42%, 0.8%
and 1.2%. Such large error values result from a small 12-bit resolution of the ADC built in the
microcontroller. Because we are not able to influence the AVapc and Avnoise Values (they depend on
a chosen microcontroller and its working conditions), we can minimize the inaccuracy 6Vm_r only
by selecting an appropriate value of resistor Ry, and more specifically by assuming the value p (10),

so as the ADC does not have to measure too low voltage values (Fig. 6b).

3.2. Estimation of measurement inaccuracy for L sensors

To analyse the maximum possible relative inaccuracy AL /|L | of an indirectly measurable

inductance L it is assumed that Ry >> Rs, i.e. Rs = 0. In this case the formula (14) becomes simpler:

—t., R,

(V ] (25)
In| -™
Vin

and L is a function of L(Rr, tm, Vin, Vm). Hence, transforming (25) based on (23) we obtain the

L =

following formula for AL /| L |:

AL AR, At
—= +—=+0V,, | +V,
L R, t in_L m_L (26)
_ AV, _ AV,
éVin_L - V and éVm_L - V , (27)
Vi - In(m] Vi, - In(mJ
Vin Vin

where: L >0, Rr >0, tn >0, Vin > 0, Vi > 0 and Vin > V.
Also in this case, the first component of the formula (26) oRr = AR / Ry represents the tolerance

of resistor Ry.

11
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Because the time tm = Nm-Tcik, Nm — the number of pulses counted by the n-bit timer, the second
component dtm = Atm/tm depends on, generally speaking, the stability of the timer [32,33]
ATk / Tek and the quantisation error 1 / Nm, which for small values of Nm has a significant share in

the inaccuracy AL /|L |. Due to the way of controlling the timer trigger noise does not affect the
accuracy of determining the time tm.

The graphs for two last components of (26) ¢Vin L and 6Vm L are shown in Fig. 7. They have the
same shapes and values for given Vi and AV = AVin = AV, what follows from (27). Hence, the
oVin_L values for £1 LSB of AVi, do not exceed a level of 0.16% and they reach the minimum
0.06% in the middle of the ADC range. For 2 LSB of AVn we obtained two times, and for
+10 LSB of AVn, - ten times greater values of 6V L than for +1 LSB (27).

From Fig. 7 it is seen that the minimum values of &Vin L and éVm_L are in the middle of the ADC
range, therefore a threshold voltage level value Vcc scaled Should be set to this value, i.e., if we take

into account the resistance Rs, to the middle value of the range of observable changes of voltage Vout
(16).

3.3. Estimation of measurement inaccuracy for C sensors

In this case the formula for the maximum possible relative inaccuracy AC /| C | of an indirectly

measurable capacitance C = C(Ry, tm, Vin, Vm) is derived from (20) based on (24) and has the form:

AC AR, At,
= + +0V;, ¢ +V,
c R, t in_C m_C (28)
_ Vin - AVip AV
évin_C - V and 6\/m_c - . Vv > (29)
Vin '(Vin _Vm)' In(l_v_mJ (Vin _Vm)' In(l__mj
in in

where: C>0,Rr >0, tn >0, Vin >0, Vi > 0 and Vin > V.

The first and second components of the formula (28) have already been explained when
discussing the formulas (24) and (26), whereas two last components 6Vin c and 6Vm_c in functions
of Vm and AVin or AV , respectively, are plotted in Fig. 8.

It is seen in Fig. 8 that the values of éVin ¢ for £1 LSB (10 LSB) of AVin increase from 0.02%
(0.2%) to 0.05% (0.5%), whereas the values of Vm ¢ for £2 LSB (£10 LSB) of AV decrease from
1.06% (5.3%) to 0.12% (0.6%) for increasing values of V.

To establish the threshold voltage level value Vcc scaed there was determined the value
Vim min = 0.66-Vrer Of voltage Vi for which the sum &Veum ¢ of 6Vin c for £1 LSB and 6Vm ¢ for

12
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+2 LSB is minimal and equal to 0.143%. The Vm_min Value was set in the 6-bit Vcc voltage scaler of
AD. Due to non-linearity of the voltage scaler [28] it turned out from the measurements (described
in Subsection 4.3) that Ve scaled IS equal to 0.82-Vrer. Despite this, this value was left, because the

sum 6Vsum_c increased only by 0.003%, i.e. practically it has no influence on the value of AC/| C|.

4. Experimental results and discussion

The experiments were performed by using a prototype board of the laboratory compact smart
sensor, consisted of a microcontroller module (the ATXmega32A4 together with a 16 MHz crystal
oscillator), an inverter based on IRF7015, a communication module MMusb232 based on FT232BL
and a sensor interface circuit.

An Agilent 34410A Digital Multimeter was used to measure the supply voltage (Vcc = 3.301 V)
and values of reference resistors (Rr = 2202 Q2 for R measurements, Ry = 10 Q for L measurements,
Rr =471 Q for C measurements). Also, the reference voltage value was determined (Vref = 2.615 V).

Preliminary experimental studies have shown that the ADC is characterized by large offset and
gain errors, making it practically useless for small voltage values. Therefore, scaling of the ADC
was performed. On this purpose, an Agilent E3631A as the source of reference voltage was used.
The results were used to the run-time compensation based on integer arithmetic calculations of the
offset and gain errors of the ADC by the software. The compensation (error correction) is based on

the simple formula:

n
2" — Ve

Vaczvbc_é:'( o J[[[, (30)

where: n — ADC resolution, vuc — a voltage before correction directly measured by the ADC, vac — a
voltage after software correction, £ = 202 — a value of the coefficient determined from measurement
results for the 12-bit ADC of ATXmega32A4.

The voltage measurement results of the ADC before and after correction are shown in Fig. 9,
and relative measurement errors - in Fig. 10. It is seen in Fig. 10 that the error correction enables to
reduce by over one hundred times the ADC errors for small voltage values, thus making the errors
less than 0.7%.

4.1. Measurements for R sensors

The measurements for the R sensor configuration of the direct sensor-to-microcontroller

interface were carried out for 24 resistance values of Rn resistor: from 100 Q to 8200 Q, according
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to the standard values of E12 series. There was used a decade MDR-93-6a resistor to set individual
resistance values Ry of Rm. The ADC sampled the voltage response Vout four times; after that the
result was averaged. The measurement results of voltages Vm and values of Rm calculated by the
microcontroller were sent to a personal computer via a USB interface. The measurements for a
given value of Rm were repeated several dozens of times (at least 64 times). Each time, the lowest,
middle, and highest values from the set of measurement results were selected and saved. The lowest
and highest values are plotted in the form of points, whereas middle values were used to plot the
curves presented in Fig. 11 and Fig. 12.

The results of scaling of the direct interface for voltages (Fig. 11a) and resistances (Fig. 11b) are
shown in Fig. 11, where Ry represents reference resistor values set by the decade resistor. The
relative errors of resistance determination are drawn in Fig. 12, whereas the errors of resistance
values calculated directly from measurement results are given in Fig. 12a, and the errors of
resistance values after software correction - in Fig. 12b. The vertical lines join points representing
the maximum and minimum values of the errors, i.e. they represent the maximum uncertainty of
resistance determination.

Analysing Fig. 11a we can observe that the graph of relative errors is a function, what
additionally was confirmed by dozens of measurements. Hence, it is possible to minimize this error
by the software. For this purpose, a piecewise linear function (PLF) composed of three linear
segments approximating the error function is defined. There were used only three segments, which
ensures an optimum fit with the simplest possible calculation. Thus, the PLF is described by the
following coefficients: aj, bj for Ri.1 < Rm <R;, where i = 1, 2, 3, and R = 0, R; — threshold values of
resistance for individual segments of PLF. Then, a new corrected value Rm corr iS calculated in the
following way: Rm_corr = Rm — bi — ai-Rm.

Thanks to this simple operation we have obtained a two-fold reduction of the relative error for
small values of Rm - to a level less than 3% (Fig. 12b). As it is seen in Fig. 12b, the smallest errors
are for values of Ry similar to the value of Ry (0.6%) and they grow to 1.2% at the end of the
measuring range of resistances, which is consistent with the theoretical considerations (Fig. 6).
These values of relative errors (Fig. 12b) correspond to the values of the maximum relative
inaccuracy determined for £5 LSB (Fig. 6). Hence, we can notice that noise increases the absolute
measurement inaccuracy AVm by about £3 LSB (the minimum value of AVin = AVapc = 2 LSB).

Obviously, to minimize the impact of noise we can add to the direct R sensor-to-microcontroller
interface circuit — in parallel to R - a capacitor suppressing interferences, but we should remember
that this solution extends the measurement time [25].
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4.2. Measurements for L sensors

The measurements and processing the measurement data for an L sensor were carried out in
accordance with the procedure described in the previous subsection. In this case, a set of measuring
coils CPQL - 6 was used to determine individual inductance values of L. Before these
measurements the inductance Lx and serial resistance Rs values of the measuring coils were
measured by the Agilent 4263B LCR meter at 1 kHz. All measurement results are presented in
Table 1, where Ly * — the value measured by the Agilent 4263B, L — the value calculated by the
microcontroller based on the values: Rs, tm and Vpm.

Table 1. The measurement results for the direct L sensor -to-microcontroller interface circuit

Lx (Lx*) [mH] | Rs [Q] tm [*0.0625 MS] Vm [*657 MS] L [l.,lH]

min, middle, max min, middle, max min, middle, max

0.1 (0.09843) |0.3412 105, 105, 105 |2567, 2569, 2570 96.6, 96.7, 96.8

0.3 (0.3003) 0.5085 231, 231, 231 |3096, 3098, 3099 294.7, 295.1, 295.3

1 (1.0157) 1.0157 699, 699, 699 |3299, 3301, 3302 993.4, 995.0, 995.7

3 (2.9954) 3.201 2013, 2013, 2013 |3362,3363,3364 | 2912.7, 2915.1, 2917.4

10 (10.025) 6.082 7135, 7135, 7137 |3386,3387,3388 | 9722.9, 9731.8, 9743.4

30 (29.759) 7.001 |21193, 21193, 21198 |3391, 3393, 3394 |28212.8, 28266.1, 28299.5

The measurement results from Table 1 are illustrated in Fig. 13. From Table 1 (the third
column) and Fig. 13c it is seen that the AC works correctly and triggers both the reading from the
timer and the ADC whenever the threshold voltage Vcc scaled Value is constant.

The shape of the graph in Fig. 13b, the fact that Vi, is not constant, follows from two facts. The
reading from the timer and the ADC are triggered by the AC with a short and constant time delay
due to the time required by the AC interrupt service. Therefore, the smaller the inductance value of
L, the greater the voltage drop of vout (Fig. 4) at the same time, i.e. the lower voltage value measured
by the ADC. However, this fact does not influence the final results because the ADC and the
reading from the timer are triggered simultaneously. The second reason is undercharging of the
sample and hold circuit of the ADC. This circuit is designed in such a way as to provide a given
resolution at a given conversion speed, i.e. at a given sampling time, but for DC voltages [28,39].
Hence, for small values of L the voltage measurement results are underestimated.

The relative errors of inductance determination before and after software correction are drawn
in Fig. 12. In this case also the three-segment PLF was used. Thanks to this, the obtained relative
errors were less than 0.3%, and in some cases less than 0.1% (Fig. 12b), what is a very good result.

These values of relative errors correspond to the maximum relative inaccuracy values drawn in Fig.
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7 for AVm = AVapc = £2 LSB. Such a small value of AVn is due to the fact that the L sensor
interface circuit (a serial connection of Ry, Rs and L) works as a low-pass filter which filters noise
(disturbances) at the ADC input, what is an important advantage improving the measurement

accuracy.

4.3. Measurements for C sensors

For a C sensor the measurements were carried out for 26 capacitance values of a C capacitor:
from 100 nF to 12000 nF, also according to the standard values of E12 series. Individual
capacitance values Cx of C were set up to 1000 nF using a decade condenser TYPE DK5. For
setting values exceeding 1000 nF a decade condenser TYPE DK50 was used. The capacitance
values set in decades were verified by a 4263B LCR meter at 1 kHz frequency.

Also in this case, the measurements and processing the measurement data including software
correction were carried out in accordance with the procedures described in the previous subsections.
These results are depicted in Fig. 15 (scaling of the C sensor interface) and in Fig. 16 (the relative
errors of capacitance determination before and after software correction).

It is seen in Fig. 15b that Vi is also not constant. This is due to the fact that the smaller the
capacitance value of C, the higher the voltage value measured by the ADC. It follows from the fact
that for small capacitance values the voltage growth of vout (Fig. 5) at the same time is greater,
inversely to that of the inductance (i.e. for small values of C the voltage measurement results are
overestimated).

There were obtained the relative errors of capacitance determination after software correction at
a level of 0.2% (Fig. 16b), what is also a very good result. It corresponds to the maximum relative
inaccuracy values drawn in Fig. 8 also for AVm = AVapc = +2 LSB. Hence, the C sensor interface
circuit (a serial connection of Rr and C) is a low-pass filter likewise filtering noise at the ADC

input.

5. Comparison of the methods with the state of the art

The results of comparison of the proposed methods based on a versatile direct sensor-to-
microcontroller interface circuit (VDSMIC) with the state of the art, that is with the 1-, 2- and 3-
point (generally n-point) calibration technique methods (n-PCT) based on the direct sensor-to-
microcontroller interface circuits are included in Table 2. In this table there are compared the
interface circuit complexity and the maximum measurement relative error for R, L and C

measurements. For R measurements the proposed VDSMIC methods are compared with the 1-, 2-
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and 3-point methods presented in [9], for L measurements - with the 1-point method described in

[17] and for C measurements - with the 3-point method proposed in [18].

Table 2. Comparison of the proposed methods with the n-point calibration technique methods based

on the direct sensor-to-microcontroller interface circuits

Interface circuit Max. relative error
Method / n-PCT n-PCT
VDSMIC VDSMIC
Measured
component
1- R, C 0.55%
1% @
Rx 2- Re, R, C 0.016% W
3- Re, Ry, C 0.01% W
Rr 0.45% @
Lx 1- Ro, L; 0.3% @
1.98% 4
Cx 3- Rd, Ri, Ce, (Cor)) | 0.2% @ |0.036% ©
Notes:

(1) for the range of Ry from 825 Q to 1470 Q,

(2) for the range of Lx from 0.1 mH to 30 mH,

(3) for the range of Ly from 1 mH to 10 mH,

(4) for the range of Ly from 10 mH to 100 mH,

(5) for the range of Cx from 100 nF to 12 uF,

(6) for the range of Cx from 149 pF to 206 pF.

It is seen from Table 2 that the main advantage of the proposed approach is simplicity and
versatility of the interface circuit. In all cases we use only one component — the reference resistor
Ry, instead of one or two reference resistors and one capacitor for R and C measurements and
instead of one resistor limiting the current and one reference inductor for L measurements. This
advantage may be especially important for L measurements, because we don’t need an
uncomfortable element which is the reference inductor — often it has large dimensions and a big
tolerance, e.g. 10%.

Unfortunately, the formulas (14) and (20) used to compute the L and C sensor values involve a
natural log function. The code of this function was optimised. For this reason calculation of (14) by
the 8-bit microcontroller with a 16 MHz external clock takes 1000 us, and (20) - 950 ps, what is

relatively short for such microcontrollers and thus can be acceptable.
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It is worth mentioning that for R measurements the measurement procedure is definitely shorter
(about one hundred times) and consumes less energy (also about one hundred times) in comparison
with the 1-point calibration technique method, but it is burdened with a large measurement error.
Therefore, the chosen method should depend on the application requirements (the measurement

speed and the low energy consumption or the measurement accuracy).

6. Conclusions

In the paper new time-domain measurement methods for determining values of R, L and C
sensors based on a direct sensor-to-microcontroller interface circuit for microcontrollers with
internal ADCs and ACs are presented. These methods use only one common hardware
configuration of the interface circuit consisting of a reference resistor, a given sensor, an inverter
and a microcontroller. However, the measurement procedures and ways of determining the values
for a given R, L or C sensor implemented in the microcontroller software differ from each other.

A prototype of the proposed complete application of a compact smart sensor based on the
ATXmega32A4 microcontroller has been developed and tested. The experimental results are
compatible with the theoretical ones. There were achieved the following relative errors of value
determination: for an R sensor - less than 3%, for an L sensor - less than 0.3%, and for a C sensor -
less than 0.2%, for the 12-bit ADC. Such very good results for L and C sensors result from the fact
that they together with the reference resistor form low-pass filters which filter disturbances at the
ADC input.

It should be emphasized that the proposed solution of the sensor interface is a simple and
versatile; the measurement procedures based on the new time-domain methods are short and thus
low-cost and low-power ones. Also, the determination of sensor values is not complicated - thanks
to this the software implementing these methods needs a little space in program and data memories
(codes of the measurement functions occupy 486 B, and codes of the correction and calculation
functions take 2252 B — written in the C language and compiled by the AVR GCC in the Atmel
Studio 6).

Therefore, we can design smart sensors based on the proposed solution even for 8-bit
microcontrollers, what is presented in the paper. Its greatest advantage is that we can use it to
extend the functionality of the existing microcontroller systems by direct sensor-to-microcontroller

interface circuits in a simple and cheap way.
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Figures captions

Fig.1. An example of a smart microcontroller sensor with a direct sensor-to-microcontroller

interface circuit.

Fig. 2. Proposed direct sensor-to-microcontroller interface circuit for R, L and C sensors.

Fig. 3. Block scheme of the compact smart sensor for R, L and C sensors based on the

ATxmega32A4 microcontroller.

Fig. 4. Voltage waveforms at the microcontroller pins during the measurement procedure for the L
sensor (L =1mH, Rs =1.987 Q3, Rr =10 Q).

Fig. 5. Voltage waveforms at the microcontroller pins during the measurement procedure for the C
sensor (C = 1.0186 pF, Rr =471 Q).

Fig. 6. Graphs of the inaccuracy of determination of: (a) the value of Vin, (a) the value of Vm, for the

R sensor.

Fig. 7. Graphs of the inaccuracy of determination of the value of Vi, and the value of Vm, for the L

Sensor.

Fig. 8. Graphs of the inaccuracy of determination of: (a) the value of Vin, (2) the value of Vi, for the

C sensor.

Fig. 9. Scaling of the 12-bit ADC of the ATxmega32A4 microcontroller.

Fig. 10. Relative errors of the scaling of the ADC: (a) before software correction, (b) after software

correction.

Fig. 11. (a) Scaling of the R sensor. (b) Graph of Vi in a function of Ry for the R sensor.

Fig. 12. Relative errors of the resistance value determination for the R sensor: (a) before software

correction, (b) after software correction.
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Fig. 13. (a) Scaling of the L sensor. (b) Graph of Vi, in a function of Ly for the L sensor. (c) Graph of
tm in @ function of Ly for the L sensor.

Fig. 14. Relative errors of the inductance value determination for the L sensor: (a) before software

correction, (b) after software correction.

Fig. 15. (a) Scaling of the C sensor. (b) Graph of Vi in a function of Cy for the C sensor. (c) Graph

of tm in a function of Cy for the C sensor.

Fig. 16. Relative errors of the capacitance value determination for the C sensor: (a) before software
correction, (b) after software correction.
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Figure 14
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Figure 16
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