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Abstract

In the paper, there is presented a new time-domain measurement method for determining the
capacitance values of capacitive sensors, dedicated, among others, to capacitive relative humidity
sensors. The method is based on a versatile direct sensor-to-microcontroller interface for
microcontrollers with internal analog comparators (ACs) and with precision voltage reference
sources, e.g. digital-to-analog converters (DACs). The reference source can be replaced by a
resistive divider attached to the negative input of the AC. The interface circuit consists only of a
reference resistor Rr, a given capacitive sensor working as a voltage divider, and a microcontroller
(its peripherals: AC, timer, DAC, 1/0 pins). A prototype of the proposed complete solution of a
compact capacitive smart sensor based on an 8-bit ATXmega32A4 microcontroller has been
developed and tested. The maximum possible relative inaccuracy of an indirectly measurable
capacitance was analysed, and experimental research was also performed. The results confirmed
that the relative errors of value determination for a capacitive sensor are less than +£0.06%, which
corresponds to a capacitance measurement accuracy of less than 0.1 pF for a range of measured
capacity values from 100 pF to 225 pF, which in turn corresponds to at least a 0.5% relative
humidity resolution for commercial capacitive RH sensors (e.g. TE Connectivity HS1101LF and
Philips H1).
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1. Introduction

Humidity sensors are an important group of capacitive sensors. They are used wherever

humidity affects a production process (in technological process control and diagnostics quality
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control, e.g. in manufacturing of paper, textiles, tobacco, food and even integrated circuits), comfort
and safety of life (e.g. in archive rooms, libraries, museums, offices, and increasingly at homes, for
example in air conditioning equipment), or scientific research [1]. At present, low-cost—that is,
miniaturized —humidity sensors are produced using such technologies as capacitive, hygrometric,
gravimetric, optical and integrated (as additional on-chip transducing components) ones [2].
However, it should be emphasized that low-cost hygrometers usually use capacitive relative
humidity (RH) sensors because they are characterized by low energy consumption, are non-
intrusive and non-invasive, emit no radiation and have short response times [2-5].

In capacitive sensors, the changes of capacitance values, more precisely dielectric changes of
thin films upon water vapor uptake, depend on the ambient RH changes. As presented in [6] for
commercial capacitive RH sensors [7,8], the sensitivity varies from 0.2 pF up to 0.5 pF per 1% of
RH, and the capacitance is between 100 pF and 500 pF at about 50% of RH at 25°C.

Currently, RH sensors are often designed as smart sensors. They consist of capacitive RH
sensors and additional blocks: conditioning circuits, processing and control units, and
communication interfaces. Thanks to this, they can either be built into devices as parts of control
systems or work as independent devices. Therefore, apart from measuring RH, smart sensors
process and store the measurement results. They can send the results either to the main controller of
the monitored device or - via a wireless interface - to a smartphone or a personal computer. Also,
they can function as parts of wireless sensor networks.

In the second case, the smart sensors are either battery-powered or gain their power from the
environment (energy harvesting [9]). Therefore, the smart sensors working as data acquisition
systems should be energy-efficient, and they should be as small and simple as possible to reduce
cost [10]. For this reason, the use of microcontrollers can be the best solution, because they are low-
power, one-chip universal devices simultaneously performing the functions of control and
measurement systems, data processing and storage, acting also as communication interface
controllers.

For further cost reduction of a smart sensor, we can reduce the cost of the interface circuits by
employing direct sensor-to-microcontroller interfaces, which are used for capacitive sensors [6,11-
18] and also for inductive sensors [19,20]. In the first case, as described in [6], the interface circuit
consists of a capacitive sensor Cx, a calibration capacitor Cc and two resistors Ri and Rq (a stray
capacitance Cort between a pin of the microcontroller and ground is also taken into account). Hence,
the determination of the sensor capacitance Cx value is based on the internal timer of the
microcontroller measuring the discharging times of Ra(Cx + Coff), Rd(Cc + Cotf) and RaCoft Circuits.
However, it is still possible to simplify the interface circuit, as described in [21-23]. The proposed
versatile and simple circuit consists only of a reference resistor Rr and a capacitive sensor Cx [23].
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This has become possible through the use of internal analog devices present in almost all modern 8-
bit and especially 32-bit microcontrollers: analog-to-digital converters (ADCs) and analog
comparators (ACs).

Thus, in this paper there is proposed and analyzed a new time-domain measurement method for
capacitive sensors, determining capacitance values of the capacitive RH sensors based on a versatile
direct sensor-to-microcontroller interface circuit [23]. In this method one electrode of the capacitive
sensor is connected to GND of the interface circuit (Fig. 1). Therefore, the method is even suitable
for grounded capacitive sensors [24,25]. The method is a modification of the method proposed in
[23] including, among others:

— replacing ADC with a precise voltage source, which can reduce energy consumption (it depends
on the used reference source),

— eliminating the logarithm calculations performed by the microcontroller during the
measurement procedure, which significantly shortens its execution time and thus reduces energy
consumption,

— adjusting the interface circuit to measure capacitances of tens and hundreds of pF.

— comprehensive extending the measurement procedure to a series of multiple measurements what
enables to significantly improve the measurement capacitance accuracy resulting from a
significant reduction of measurement errors.

It should be emphasized that the hardware configuration and the way of stimulation of the
interface circuit do not change, which enhances versatility of this interface circuit. Therefore, to
adapt the system to measuring small capacitances and to reduce energy consumption, it is enough to
replace the microcontroller software by the software that implements the new method, which is an
advantage from a practical point of view.

To analyze and experimentally verify the proposed method, the capacitive RH sensors are
replaced by capacitors with capacitance values from a typical range specified in [6], where two
commercial sensors [7,8] are accurately characterized.

The paper is organized as follows:

— Section 2 presents the operating principle of the measurement method,

— Section 3 analyses the error sources of the capacitance measurements and their limitations,

— Section 4 describes the experimental results and proposals to improve measuring accuracy,

— Section 5 compares the method with the state of the art,

— Section 6 contains the main conclusions.
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2. Operating principle

2.1. The operating principle of previous methods

In Fig. 1, we can see a direct versatile sensor-to-microcontroller interface circuit, which works
according to the time-domain measurement method described in [22,23]. This circuit, consisting of
an impedance Z representing the sensor (in our case a capacitive sensor) and a reference resistor Rr
working as a current-to-voltage converter, acts as a voltage divider. A square pulse vin with an
amplitude set a priori to the supply voltage Vcc of the microcontroller generated at its Pinl
stimulates this divider. The voltage response signal vout Of the circuit is obtained at Pin2. The inputs
of two internal measurement peripherals of the microcontroller (an analog comparator (AC) and an
analog-to-digital converter (ADC)) are connected to this pin. The AC is used to trigger the ADC
and the timer via the internal connection system of the microcontroller, when the voltage response
vout reaches a fixed voltage level Vinreshord. Hence, the ADC samples signal vout and the timer
specifies moment tm of sample Vm relative to the beginning of signal vin [23]. Theoretically, Vm
should be equal to Vinreshold, however, typical voltage reference sources built into microcontrollers
are inaccurate and usually not adjustable. For this reason, the AC only determines the voltage level

at which the ADC performs accurate voltage measurements.

2.2. The new operating principle

The proposed solution is characterized by the fact that we only need to use a precision and
tunable voltage reference source to eliminate the use of ADC, which reduces energy consumption
(described in Subsection 2.6), primarily by eliminating the logarithm calculations performed during
the measurement procedure. In this case, we can assume that Vm = Vinreshold. Thanks to this, there is
no need for the microcontroller to calculate the logarithm function to determine capacitance values
of the capacitive sensor based on the measured values of Vm [23], which shortens the measurement
procedure. It can be done only once after determining the threshold value Vm for a given sensor —
during the design of the interface circuit. Thus, this value is treated as a constant in the calculations
of the capacitance values by the measurement procedure. In the paper, it is proposed to use a
digital-to-analog converter (DAC) implemented in the microcontroller as the reference source, as
shown in Fig. 2. It meets all of the above requirements. DACs are as accurate as ADCs, and the
voltage values at their output are set by software. In addition, a 12-bit DAC is about 35 times more
accurate than a 6-bit voltage scaler in the AC (taking into account 6 LSB inaccuracy of DAC) [26].
It should be also mentioned that the DAC consumes less power (less than 1.1 mA in the low-power
mode — when the DAC works as the voltage reference for the AC its output driver and output pin of
channel 0 are disabled) than the ADC (2.9 mA) [27, page 62].
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It should be mentioned that in the target applications instead of a DAC we can use a resistive
divider consisting of R1 and Rz (as shown in Fig. 1), what inter alia enables to use microcontrollers
without DACs. It is possible, because the threshold value Vm is constant for a given sensor, as
presented earlier.

In Fig. 2, an example of a versatile direct sensor-to-microcontroller interface circuit for
capacitive sensors based on an 8-bit ATXmega32A4 microcontroller [24] is shown. This
microcontroller was chosen because, as mentioned in [23], any application which can run on 8-bit
microcontrollers can also run on 32-bit microcontrollers, which makes the proposed solution more
versatile. Additionally, this microcontroller has all necessary peripherals to implement the proposed
method: a 12-bit DAC, an AC, a 16-bit timer/counter and a 12-bit ADC.

The microcontroller performs two functions during the measurement procedure. The first one
generates stimulation signal vin at output pin PCO, and the second - measures time tm by timer TCO
for which signal vout at pin PA1 reaches value Vi set by the DAC (the AC sends a trigger signal via
the event system to the timer working in the input-capture mode), as shown in Fig. 3. After this time

the generation of signal vin is stopped, reducing energy consumption by the interface circuit.

2.3. The algorithm of the measurement procedure

The details of the measurement procedure are included in the flowchart of its algorithm
presented in Fig. 4. The algorithm is implemented in two code sections: the main function section
and the interrupt services section, and in the configuration of peripheral devices of the
microcontroller forming the measurement microsystem (the time measurement block in Fig. 2). The
code placed in the main body of the measurement function starts timer TCO in Normal Mode and
starts the generation of signal vin (the high level is set at pin PCO). It then configures and runs the
time measurement block. Also, flag end_conv used to synchronize the software and hardware, is set.
Next, we wait for completion of the measurement of time tm by testing flag end_conv. When the AC
detects the voltage vout value achieves the value of voltage Vm, it generates an event, which saves the
current value of the timer to the capture register of channel A. In turn, this event generates an
interrupt. As a result, the measured time tm is saved and flag end_conv is cleared - causing the
transition to the main function code. After that, signal vin is stopped and the time measurement

block is turned off.

2.4. Circuit analysis

As shown in Fig. 2, a divider's voltage ratio K(s) of the versatile direct sensor-to-microcontroller

interface circuit is as follows (1):
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KO =) “Z0)<R, M

Vout (S) = Vin (S) ) m (2)

Because all of the measurements are carried out only during pulse duration T, tm < T, the

stimulating signal vin of the sensor interface circuit in the time domain can be written as:

Vin (t) =Vip - (11)) only for te(0;T) (3)
and therefore, taking into account this assumption, in the frequency domain we can use for our
analysis its simplified form:

1
Vin (S) :Vin 'g, (4)

where Vin = Vcc is a pulse amplitude.

A simplified model of the interface circuit, taking into account the pin parameters of the
microcontroller, is shown in Fig. 5. E.g. for an ATXmega32A4 microcontroller, pin capacitance
Cpin is around 10 pF, output pin resistance Rpin_on at a high voltage level is around 50 Q, and input
pin resistance Rpin_off IS estimated at around 3 G [27, page 67]. We assumed, as presented in [6],
that the values of capacitive sensor capacitance Cx are in a range between 100 pF and 220 pF.
Therefore, these pin parameters have a significant share in the circuit model. We should also take
into account parasitic capacitances Cp1 and Cp2 representing inter alia capacitances between printed
circuit board traces. If ADC is used, we have to add to the model a serial connection of Csample
(5 pF) and Rsource+channel (4.5 k) [28].

The circuit model shown in Fig. 5 can be simplified to the model presented in Fig. 6. In this
case, C1 = Cpin + Cp1 and C2 = Cx + (Cp2 + Cpin). Based on this model, and taking into account the
fact that Rpin_oit >> Rr (Rr is equal to about 10 MQ, as described in the next subsection), the formula

for K(s) of the capacitive sensor interface circuit was derived, and it has the form:

1 1
K(s)= SR on Ci)+1 S(R, -C;)+1 )

Because Rpin_on-C1 << Rr-C2 (values of C1 and C: are at a similar level, but Rpin_on IS Six orders
smaller than Rr), we can simplify the formula (5) to the form:
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1
K(s)= SR -C,)+1 ©)

Based on formulae (2), (4) and (6), we can derive the formulae for voltage response vout of the

interface circuit in the frequency domain:

1 1
V. sy=V. | ——m
out (8) =Vin [S s(RrC2)+1J (7)
and in the time domain:

~t

Vout (t) =Vip - 1_eR,C2 for te (O,T) 8

From (8), we can determine the formula for Ca:

_tm

v ) 9
R, -In(l—VmJ ©)

in

CZZ

Because Cz = Cx + (Cpz + Cpin), it enables to determine the capacitive sensor capacitance Cx:

_tm

C, = —(Cpy +Coin) 10
Rr'ln[ v J p p ( )

1-m
Vin

The values of Cx depend on the measurement result tm, the settings of the interface circuit (more
precisely, the setting of Rr resistor value) and the voltage reference source (the voltage ratio Vm/Vin)
and also on the constant parameters of the electronic system (Cp2 + Cyin).

Because Rpin_on << Rr, we can assume that Vin = Vcc. The voltage reference of the DAC, working
as the voltage reference source, is set to Ve, hence we can write that Vm = aVe, Where
o = codepac/2", where codepac is the code written to the DAC data register, and n is the DAC
resolution. We can also assume that time tm, measured by the timer/counter of the microcontroller is
given: tm = me-tek, Where tek is a period of the peripheral clock (synchronous with the CPU clock
[26]) which clocks the timer, and m¢ is the measurement result of time tm stored in the timer data
register.

Therefore, formula (10) can be written in the following form:

~t
Cy=m '+_(Cp2+cpin) (11)
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Thanks to this Vcc does not depend on the determined values of Cx. It is enough for Vcc to be
constant throughout the entire measurement cycle. Thus, the values of Cx depend on « and tcik
which are constant for a given microcontroller.

If we use a resistive divider as the reference voltage (Fig. 1), @ = Rz2/ (R1 + R2) is also constant
and independent of Vcc for R1 + R2 >> Rpin_on, €.9. for & = 0.5378, R1 = 232 kQ), R2 = 270 kQ.

If we assume that Cc = Cp2 + Cpin and S = —tck /(Rr-In(1 — «)), where 0 < < 1, we obtain the

final formula for Cx:

Cy=m-f-C; (12)

In this case, parameter S characterizes the configuration of the interface circuit and can be
calculated only once during the design of the electronic system. In turn, parameter Cc represents the
physical properties of the interface circuit, and it can be either determined by the PCB design
software or measured. Both parameters are constant for a given interface configuration, and they
can be saved as constants in the program of the microcontroller. Thanks to this, calculations of Cx
based on (12) are very quick and simple in contrast to the method presented in [23].

2.5. Determination of the reference resistor R, value

Measurement of time tm should be made with the best possible resolution of the
microcontroller’s timer. Hence, for a given range of capacitance value changes (from Cx min to
Cx_max) Of a capacitive sensor, this time value should be greater than tm_min = Mt_min-tci, but less than
tm max = 2N-tcik, where N is the timer resolution. The value mt min determines the maximum value of a
quantization error. Thus, we have to establish this value according to our requirements, and next to

determine the Rr value [23]:

—M;  min Lok <R < —2" -ty

s 13
Cx_min'ln(l_a) ' Cx_max'ln(l_a) ( )

We should remember that the greater the value mt_min, the greater the value Rr and the greater the
value of tm for a given value of Cx, as mentioned in [23], which improves the accuracy of
measurement of time tm by the timer [29,30], but it lengthens time tm what unfortunately increases
energy consumption. This fact is disadvantageous, especially for battery-powered systems. In
conclusion, this value should be a compromise between the accuracy of measurement of time tm and
the energy consumed by the system during the measurement procedure.

For our example of interface circuit, we assume mt min = 213, so that the quantization error of the

timer is smaller than the quantization error of a 12-bit DAC. From (12) and for coefficient &= 0.5
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(determination of this value is described in the next section) and Cx ranging from Cx_min = 100 pF to
Cx_max = 220 pF, the value Rr should be in a range of 7.39 MQ to 26.86 MQ. Hence, Rr = 10 MQ

was chosen. For this value, the estimated time tm is in a range of 0.9 ms to 1.86 ms.

2.6. Power consumption analysis

The AC and the timer work throughout time tm. The AC current consumption (low-speed) is
110 pA, and the timer current consumption (Prescaler DIV1) is 19 pA [27, page 62], what gives a
total of about 0.13 mA. The maximum value of current flowing through pin PCO and consumed by
the interface circuit Rr and Cx is 0.33 pA, so it can be neglected. The DAC consumes less than
1.1 mA in the low-power mode (we do not use the output driver and the output pin of channel 0 of
the DAC). The DAC can be either used throughout time tm or switched on before the expected AC
comparison. Assuming the first unfavorable option, the power consumption is 1.23 mA by the time
tm (0.9 ms to 1.86 ms) what gives the maximum value of energy consumption in between 3.65 pJ
and 7.55 uJ.

For the ATXmega32A4 microcontroller the power supply current in the active mode at 3.3 V,
for a 16 MHz external clock and at 25°C is equal to about 7.5 mA [27, page 70]. The calculation
time of the natural log function optimized by the author is only 900 us (18 iterations). Hence, to
determine the capacitive sensor values [23], 1000 ps is needed. Thus, the energy consumption is
24.75 pJ, and it is at least 3.3 or 6.8 times bigger (depending on the measured value of Cx) than the
energy consumption by the peripherals throughout time tm. Therefore, it can be concluded that
eliminating the logarithm calculations significantly reduces the energy consumed during the

measurement procedure.

3. Error analysis

The maximum possible relative inaccuracy (error) Ay /|y | of an indirectly measurable variable
y [31], which is an approximation of the standard uncertainty [32], will be used to estimate the

inaccuracy of the determination of Cx values of capacitive sensors from the measurement results:

Ay 1 &|of

= = A, 14

TR s 14
where: y = f(x1, X2, .. , Xi) # 0 is an indirectly measurable variable, X1, X2, .. , xi are directly

measurable variables, Ay is the maximum absolute inaccuracy of function f, and Axi is the maximum

absolute inaccuracy of a directly measurable variable xi (i=1, 2, .., I).
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If we assume that Cm = me S (Cc is constant and independent of measurements), based on (12)
and (14), the maximum possible relative inaccuracy ACx /| Cx| taking into account an indirectly

measurable capacitance Cm = C(mt, f) has the following form:

AC, _AC, AC, _AB Am  AC

= , 15
C. Cu G S m G (1)
where: Cm >0, >0, m:> 0 and ACc/Cc is also constant and independent of measurements.
From (11), it can be seen that gis a function of tck, Rr and «. Hence, we can write:
%zA_Rr_F%_Fé‘a, (16)
ﬁ Rr tclk
where:
A
oa =
(-a)Inl-a) (7

The first component ARr / Rr of formula (16) can be interpreted as the tolerance of Rr [23]. E.g.
if we assume a 0.01% tolerance of Rr or we measure the value of Rr with a precise multi-meter (e.g.
an Agilent 34410A measures resistance with accuracy of 0.0065% [33]), the value ARr/ Rr is small
in comparison with the third component of formula (16). For the same reason, also the influence of
the thermal drift affecting Rr can be neglected, because this resistor has the temperature coefficient
of resistance equal to 50 ppm/°C, which corresponds to changes in the resistance value of only
0.005% per 1°C.

The second component Atck / tek depends on the stability of the timer [29,30], that is, the
stability of the crystal oscillator connected to the microcontroller.

The third component é« (17) represents the inaccuracy of the DAC conversion, and generally it
depends on the quality of performance of the DAC [27, page 66]. A graph of da for Ao =6 LSB is
shown in Fig. 7. It can be seen that o« values are minimal (less than 0.5%) for « between 0.5 and
0.75. Hence, « =0.5378 was chosen. It should be mentioned that Ae, so also d«, is constant for a
given « value and a given microcontroller, and it was not observed that « was sensitive to
temperature changes, which probably results from a proper construction of the DAC, thanks to
which the temperature compensation takes place.

In the case of a resistive divider the value da can be interpreted as the sum of tolerances of
resistors R1 and Rz. It should be emphasized that if we use resistors with the same temperature
coefficients of resistance, « also will not be sensitive to temperature changes.

In turn, the second component Amt/ mt in (15) can be written:

10
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Am, 1 N AM gelay N AMyigger

me — m my m; (18)

The first component in (18) is the quantization error. For the set values of interface circuit
components, this error is less than 0.009%.

The second component consists of AMdelay = AMdelay AC + AMdelay Event System and is a constant
propagation delay introduced by the AC and the internal connection system of microcontroller (the
event system) [26,27]. It is equal to 4-tck. Its correction can be included in the calculation.

Whereas the last component represents the inaccuracy of the AC work, the value
AmMtrigger = f(Virigger) results from the trigger instability of AC, i.e. the instability of AC trigger
voltage Virigger, Where Virigger = Voff + Vnoise, Voff IS an input offset voltage (vorf < 10 mV [27, page 66]
and is constant for a given value of input voltage level and a given microcontroller) which can
enable to minimize the impact of this voltage on the measurement accuracy, and Vnoise iS the noise
(disturbances) generated, inter alia, by the digital circuits of microcontroller (e.g. by its core
processor, timers and clock system).

To determine the value oMirigger = AMtrigger / Mt, We can transform formula (11) to the following

form:
th=m 'tclk = _Cm ’ Rr 'In(l_atrigger), (19)
where
o 'Vcc * Vtrigger Vtrigger
Clirigger = =at 20
N Vcc Vcc ( )

Substituting (20) to (19) and making some transformations we obtain the following :

1o — Vot + Vnoise
ant _ _ Amtrigger _ 1 .In Vcc
rigger m, In(l— a) s Vot +Viise (21)
V

cC

A graph of dmtrigger as a function of vnoise IS drawn in Fig. 8. For clarity of argument it was
assumed that vorr is equal to 0 V, because it is constant for given measurement conditions, as it was
previously described. It can be seen that an increase in the noise level vnoise 0f 1 mV results in an
increase of the error by about 0.2%. Hence, the level of noise vnoise at the input of AC has the
greatest impact on the accuracy of measurement of tm, and thus on the error of determining the

value of Cx.

11
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4. Experimental results and discussion

The main aim of the experiments was to examine the metrological possibilities of a versatile
direct sensor-to-microcontroller interface circuit (Fig. 2) working according to the proposed time-
domain measurement method. A prototype of the complete solution of a compact smart capacitive
sensor based on an 8-bit ATXmega32A4 microcontroller was used. It was not placed in any
shielding box. The ATXmega32A4 microcontroller runs on a 16 MHz crystal oscillator. Its
timer/counter TCO, used to measure time tm, is clocked directly by the system clock, so
tok =62.5ns. The value written to the DAC data register DACB_CHODATA is 2203
(ax=0.537842). The supply voltage value measured by the Agilent 34410A Digital Multimeter is
Vce = 3.3000 V, and the measured value of the reference resistor Rr = 10.0654 MQ.

The capacitive sensor was modelled by a set of nine ceramic capacitors with the following
reference values of Cx measured by the Agilent 4263B LCR METER at 1 kHz by using the 16047A
Test Fixture of Hewlett-Packard: 100.09 pF, 115.10 pF, 130.01 pF, 144.63 pF, 163.00 pF,
178.01 pF, 192.92 pF, 207.54 pF, 225.11 pF.

The measurements were carried out 128 times for each of the nine Cxi values (i = 1, .., 9). After
each measurement, the measured value of time m:ij and that calculated based on (9) by the
microcontroller capacitance values Cm,ij were sent to a personal computer via a USB interface.

Each time, for each i-th value Cxi of the reference capacitance, the lowest

M min,i = mjin{mt,i,j}, Cr_mini = mjin{cm,i,j}, highest M max,i = m?x{mt,i,j},
Cm_max,i = mjaX{Cm,i,j} and middle M mean,i = (mt_min,i + mt_max,i)/2 .

Crn_mean,i =(Cm_min,i +Cm_mw,i)/2 values from the sets {mtij}i= 1,..128 and {Cmij}j= 1,. 128 of

measurement results were determined and calculated. The lowest and highest values are plotted in
the form of points, whereas the middle values are used to plot the curves presented in Fig. 9, where
the results of scaling of the interface circuit for time tm values are given in Fig. 9a for capacitances
Cm directly determined from tm in Fig. 9b. It can be seen in Fig. 9b that the scaling curve is not as
ideal as we could expect (Cm = C2). It is burdened with a big offset error (resulting inter alia from
Cc) and also with a gain error (imperfect measurement part of the interface circuit — the g
parameter). Hence, based on the Matlab polyfit function, the aggregated measurement results
{mt_mean,i}i=1,..9 and the set of reference capacitance values {Cx.i}i=1,.,9 were used to determine
parameters fort and Ce_corr describing the actual configuration of the interface circuit. Therefore, the
capacitance values are finally determined by the microcontroller based on the following updated
formula (12):

12
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Cm_corr,i,j = mt,i,j ’:Bcorr _Cc_corr (22)

Thus, the actual scaling curve describing the tested interface circuit is drawn in Fig. 9c. For this
circuit Seort = 0.008173771653 pF and Cc_corr = 17.43 pF.

The relative errors 6Cm of capacitance determination based on (22) are drawn in Fig. 10a. The
vertical lines join points representing the maximum 6Cm maxi and minimum 6Cm_min,i Values of

relative errors for a given Cx,i, where:

maX{Cm_corr,i,j }_Cx,i min{cm_corr,i,j}_cx,i

j=1,..128 j=1,..,128
JCx,i -100% and &m_min,i = JC

éCm_max,i = +100% (23)

X,i

Analyzing Fig. 10a, we can observe that the corrected capacitance determination (22) has no
effect on errors due to disturbances at the input pin of AC. They are at a high level of about 1%.
Such big errors cause a low capacitance measurement accuracy ACm of Cm that varies from 1.2 pF

up to 2.1 pF, as shown in Fig. 10b, where:

ACm,i = maX{Cm_corr,i,j }_min{Cm_corr,i,j} (24)
j=1,..,128 j=1,..128

As was described in [6], this accuracy should be less than 0.2 pF for the full capacitance range
of a capacitive sensor to obtain an RH resolution at a level of 1%. For this reason, single
measurements of capacitance are useless.

Hence, a new approach is proposed based on a series of multiple measurements of time mgm
(m=1, .., M), determination of the average value mi_avr from these results {mim }m=1, .. m and next

calculation of the capacitance value from (22).

4.1. The method of multiple measurements of time m;

A flowchart of the measurement procedure for multiple measurements of time m¢m (the M-
procedure) is shown in Fig. 11. Generally speaking, the algorithm consists of four parts, where the
first two parts are repeated M times:

— the measurement part performing a single measurement of time m¢m according to the algorithm

shown in Fig. 4,

— the discharge procedure,
— handling the main loop,

— calculation of the average value mt_avr from M measurements.

13


http://mostwiedzy.pl

A\ MOST

During the discharge procedure, the DAC and AC are turned off to reduce energy consumption,
and pins PA1 and PCO, to which the interface circuit is connected, are set as output pins with a low
voltage level to quickly discharge the capacitances of the interface circuit (Fig. 12 a). Hence,
capacitor C1 = Cp1 + Cpin is discharged via resistance Rpin_on Of pin PCO, and capacitor C2 = Cx +
(Cpz2 + Cpin) Vvia resistance Rpin_on Of pin PAL (Rpin_on is about 27 Q [27, page 82]), as shown in a
simplified schematic diagram (Rpin_on << Rr) in Fig. 12 b. It is experimentally verified that it is
sufficient for the discharging time to be 16 times smaller (£ = 1/16) than m¢ m. Hence, the duration

tm of the M-procedure is:

M
ty =te Z(mt,m +&- mt,m)"'tdelay M +tde|ay_calc ) (25)

m=1

where: tdelay, tdelay calc are software delays.

E.g. for the assumed capacitance range of a capacitive sensor, tck = 0.0625 ps and M = 64, the
value tm is in a range between about 61.2 ms and 126.5 ms.

To determine an appropriate M value for the application, the M-procedure was run for
capacitance Cx.1 and the following values M = 2", where n = 4,5,6,7,8,9,10. A multiplicity of 2 was
chosen, inter alia, to simplify the calculation of m: awr. The measurement results are shown in Fig.
13. It can be seen that a capacitance measurement accuracy ACm is approximately inversely
proportional to the number n (M =2") up to M = 128, then it slowly decreases to fall close to a
level of about 0.03 pF.

The choice of value M should be a compromise between the capacitance measurement accuracy,
i.e. the measurement resolution, and the measurement time. Therefore, M = 64 was chosen. In this
case, the accuracy is equal to about 0.07 pF, that is much smaller than 0.2 pF [6], and the duration
of the measurement procedure is acceptable.

Also in this case, measurements based on the M-procedure were carried out 128 times for each
of the nine Cx,i values. The measured value of m¢ awr,ij and the corrected capacitance values Cmij
calculated from (22) by the microcontroller were sent to the personal computer.

These results of scaling of the capacitive sensor interface are presented in Fig. 14a, and the
relative errors of capacitance determination based on (22) - in Fig. 14b. The relative errors are in a
range of about -0.075% to 0.081% and - as we can see - they are burdened with an “offset” assigned
to a given value of Cx. These offset values are constants for particular Cx,i values, which has been
experimentally confirmed by 8192 measurements (128 series consisting of 64 measurements each)
for a given Cx,i value. Therefore, further software correction of this error is possible.

Dynamic correction is proposed. In this case, three sets of coefficients ({feorri}i=1, .., 9,

{Ccorri}i=1, ., 9 and {Mtmaxi}i=1, ., 9) are generated and placed in the program code of the

14


http://mostwiedzy.pl

A\ MOST

microcontroller, where the first two are calculated from (26) and (27), and the last set consists of the

maximum values of measured times M; max,i = mjax{mt_avr,i,j} for each Cx,i value:

Ciii1—Cy;
ﬂcorr,i = e (26)

t _mean,i+l mt_mean,i

_ mt_mean,i+1'Cx,i _mt_mean,i 'Cx,i+1

Ccorr,i -

, (27)

mt_mean,i+1 - mt_mean,i

where mt_mean,i = (mjin{mt_avr,i,j }+ m?‘x{mt_avr,i,j }j/z )

Next, final values of feorr and Ceorr, used to calculate Cm_corr,ij based on (22) for the measured
value of mt_awr,ij, are selected from these sets according to the algorithm presented in Listing 1 in the

form of a very simple code which is only a few lines long.

1 =1 -1;
while(m_t < m_t max(i1)) {
Beta_corr = Beta_corr_i(i);
C_corr = C_corr_i(i);
i--; }
Listing. 1. The code implementing the procedure for selecting values fcorr and Ceorr

Thanks to this, as shown in Fig. 14c, the obtained relative errors are in a range of -0.057% to
0.049%, which for the assumed capacitance range of the capacitive sensor corresponds to a
capacitance measurement accuracy ACm of less than 0.1 pF. Hence, this value is twice as good as

the required value of 1% for RH resolution [6].

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

The new method proposed in the paper, based on a versatile direct sensor-to-microcontroller
interface circuit (VIC), is compared with a 3-point calibration technique (3-PCT) [6], because both
methods are based on direct sensor-to-microcontroller interface circuits dedicated to capacitive
sensors. The first method is dedicated to capacitive sensors which can be grounded, whereas the
second one - to floating capacitive sensors. The results of comparison are included in Table 1, in
which the interface circuit complexity, the maximum measurement relative error, and the full

measurement time of a single measurement are compared.
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Table 1. Comparison of the proposed VIC method with the 3-point calibration technique.

Method Interface circuit [Built-in Max. relative Measurement time
peripherals error
VIC Rr 2 1/0 pins, timer,  |0.081% (0.057%) tcm + & tcm

AC, DAC (internal | for M = 64 (1)
voltage reference
source)

3-PCT Rd, Ri, Cc, (Cot) {3 1/0 pins, timer 0.036% tecx + toce + tecoft + tox +
for M =100 (2) ftcct teort

where:
teex, tece, tecoff — times of charging Cx, Ce,and Corr to the value of Ve via the internal resistances
of microcontroller pins,, respectively,
tex, tec, teoff — times of discharging Cx, Cc,and Cott Via Rd and Ri to Vi, respectively, Vi —a low
threshold voltage for CMOS digital circuits (0.4 V for ATXmega32A4 [23]),
tcm — time of charging Cx via Rr to Vm, where Vec > Vi > V7L,
Notes:
(1) for a range of Cx from 100 pF to 225 pF.
(2) for a range of Cx from 149 pF to 206 pF.

An important advantage of the proposed approach, as we can see in Table 1, is the simplicity of
the interface circuit, as described in [23]. We use only one component, i.e. the reference resistor Rr,
instead of three components: two reference resistors Rq, Ri and one capacitor Cc. This was made
possible by transferring “the complexity of the interface circuit” inside the microcontroller. We use
three peripherals (AC, DAC and timer) instead of one (timer), which is not a problem, because they
are already built in the microcontroller.

The maximum relative error is at a similar level for both methods. It can be assumed that by
increasing M from 64 to 100, a similar relative error value would be obtained (see Fig. 12).

It should be underlined that the most important advantage of the proposed method is several
times shorter its measurement time. The capacitances of the interface circuit are charged to V. (the
durations of charging are very short and can be neglected) and discharged to V1. three times for the
3-PCT method. But, for the VIC method, capacitance Cx is charged only once to a level Vim = Ve
(a=0.5Vc) which additionally reduces the energy consumed by the interface circuit. The
discharging times for the 3-PCT method and the charging time for the VIC method should be
similar for maintaining the same measurement resolution of the timer of microcontroller. Hence,

summarizing, we can say that the measurement time of the VIC method is about three times shorter

16


http://mostwiedzy.pl

than that for the 3-PCT method, which also lowers energy consumption — e.g., among others, the
core processor of the microcontroller works shorter (there is no information about using low-power

consumption techniques in [6]).

6. Conclusions

In the paper there is presented a new time-domain measurement method for determining
capacitance values of capacitive sensors, dedicated, among others, to capacitive relative humidity
sensors and to grounded capacitive sensors, based on a versatile direct sensor-to-microcontroller
interface circuit. The method is designed for microcontrollers equipped with internal analog
comparators and precise voltage reference sources, e.g. digital-to-analog converters. If a
microcontroller does not have such a reference source, we can use a resistive divider attached to the
negative input of the analog comparator instead. The interface circuit is very simple — it consists
only of a reference resistor and a capacitive sensor, both acting as a voltage divider. It was adjusted
to measure capacitances of tens and hundreds of pF.

An example of complete application in the form of a prototype based on an 8-bit
ATXmega32A4 microcontroller has been developed and experimentally tested. The experiments
confirmed that relative errors of capacitance value determination for a capacitive sensor are less
than +£0.06%, which corresponds to a capacitance measurement accuracy less than 0.1 pF for a
range of the measured capacity values from 100 pF to 225 pF, which in turn corresponds to at least
a 0.5% relative humidity resolution for commercial capacitive RH sensors (e.g. TE Connectivity
HS1101LF and Philips H1).

It should be underlined that the measurement procedure based on the proposed method is short,
so that we obtain a low-cost and low-power solution for a smart capacitance sensor. Also, the
determination of capacitive sensor capacitance values is very simple — it is based on a linear
polynomial. Hence, the software implementing this method needs low computing power and little
space in program and data memories. Thus it can be implemented even in 8-bit microcontrollers, as
it was described in the paper. Another advantage of the proposed solution is its capability to extend
the functionality of existing microcontroller systems with direct sensor-to-microcontroller interface
circuits in a cheap and simple way.

The proposed solution can also be used to design battery-powered compact smart capacitive
sensors employed in wireless sensor networks, e.g. networks applying the protocols based on the
IEEE 802.15.4 standard.
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Figures captions

Fig. 1. Scheme of a versatile direct sensor-to-microcontroller interface circuit.

Fig. 2. Block scheme of the compact smart capacitive sensor based on the ATxmega32A4

microcontroller.

Fig. 3. Timings of the stimulation signal vin(t) of the sensor interface circuit and its voltage time
response Vout(t) for Vin = 3.3 V, Rr = 10 MQ, Cx = 100 nF.

Fig. 4. The flowchart of the algorithm of the measurement procedure.

Fig. 5. Circuit model of a versatile direct capacitive sensor-to-microcontroller interface circuit.

Fig. 6. Simplified circuit model of the interface circuit from Fig. 5.

Fig. 7. Graph of the inaccuracy of the DAC conversion o« as a function of the voltage ratio
a=Vm/Vcc.

Fig. 8. Graph of the trigger inaccuracy of the AC dmtrigger as a function of noise (disturbances) Vnoise
at the input pin of the AC.

Fig. 9. (a) Graph of tm as a function of Cx values for the capacitive sensor. (b) Scaling of the
capacitive sensor. (c) Scaling of the capacitive sensor after software correction.

Fig. 10. (a) Relative errors of the capacitance value determination after software correction. (b)

Measurement capacitance accuracy ACm as a function of Cx values.

Fig. 11. Flowchart of the algorithm of the M-procedure.

Fig. 12. Discharging path of a versatile direct capacitive sensor-to-microcontroller interface circuit:

a) circuit model, b) simplified circuit model.
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Fig. 13. Graph of a measurement capacitance accuracy ACm as a function of the number M of the

time tm measurement procedure repetitions for Cx = 100.09 pF.
Fig. 14. (a) Scaling of the capacitive sensor for the M-procedure. (b) Relative errors of the

capacitance value determination after software correction for the M-procedure. (c) Relative errors of

the capacitance value determination after dynamic software correction for the M-procedure.

22


http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

AN\ MOST

Table captions

Table. 1. Comparison of the proposed VIC method with the 3-point calibration technique method.
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Figure 12a
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Figure 12a
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Figure 13
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Figure 14
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