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Abstract: The choice of suitable semiconducting metal oxide (MOX) gas sensors for the detection of a
specific gas or gas mixture is time-consuming since the sensor’s sensitivity needs to be characterized
at multiple temperatures to find its optimal operating conditions. To obtain reliable measurement
results, it is very important that the power for the sensor’s integrated heater is stable, regulated and
error-free (or error-tolerant). Especially the error-free requirement can be only be achieved if the
power supply implements failure-avoiding and failure-detection methods. The biggest challenge
is deriving multiple different voltages from a common supply in an efficient way while keeping
the system as small and lightweight as possible. This work presents a reliable, compact, embedded
system that addresses the power supply requirements for fully automated simultaneous sensor
characterization for up to 16 sensors at multiple temperatures. The system implements efficient
(avg. 83.3% efficiency) voltage conversion with low ripple output (<32 mV) and supports static or
temperature-cycled heating modes. Voltage and current of each channel are constantly monitored
and regulated to guarantee reliable operation. To evaluate the proposed design, 16 sensors were
screened. The results are shown in the experimental part of this work.

Keywords: multi-channel power sourcing; semiconducting metal oxide gas sensor array;
automated sensor-screening; high degree of diagnostic coverage and reliability

1. Introduction

Metal oxide (MOX) semiconducting gas sensors are used in many different applications such as
air quality monitoring [1] or fire detectors [2] because of their low cost and good sensitivity. However,
their use also introduces unpleasant shortcomings such as cross-sensitivity, drift or aging [3-6].
A suitable method to manage these unwanted effects is the use of several (different) sensors in an array.
This can accommodate for higher selectivity, fault tolerance and error detection. The selectivity can
be further increased by operating the entire array, or parts of it, at different static temperatures or in
temperature-cycled operation (TCO) [7].

The most important task when designing a gas sensor array is the selection of adequate sensors.
This is known as sensor-screening [8-10]. Screening is necessary to find the sensor’s optimal
operating temperature(s), since the sensitivity of a sensor to a specific gas is strongly dependent
on its temperature [11,12]. Another important use for a detailed screening is the characterization of
newly developed custom sensor substrates. The screening process and array operation both require
a stable, reliable supply to independently power the heater elements of multiple sensors. It has to
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support different operating modes per sensor (constant temperature, temperature-cycled operation)
and has to have a sufficiently high level of automation. The reliability refers to the ability of the
system to detect and handle failure of the power supplied to the attached heater. For later analysis
and immediate error reporting, the diagnostic coverage of the system needs to be high. Having such a
detailed monitoring capability can, for example, prevent the wasting of measurement time (because of
faulty heater behavior) during a long screening process. To accommodate for mobile applications, the
power supply has to provide the voltages very efficiently to maximize operating time and minimize
power dissipation, eliminating the need for cooling equipment, which would have a negative impact
on the systems size and weight. Having a small and compact system is especially interesting if large
setups with many sensors are used because it not only reduces the amount of used space, but also
helps to increase the structural clarity of such complex setups.

We present a compact and lightweight embedded system that provides 16 individually
programmable, fully regulated, supervised power channels which are derived from a common power
source. Every channel can be operated in either constant temperature mode or temperature-cycled
mode. The voltage conversion is implemented efficiently with low output ripple. The efficiency
becomes very interesting if a mobile application is foreseen. All vital parameters are monitored and
logged for later analysis. An easy-to-use digital control interface offers a high degree of automation
and allows fast and seamless integration of the system into existing measurement setups. Although
the screening process for a single sensor cannot be accelerated, this highly automated system enables
the screening to be parallelized by evaluating the characteristics of up to 16 sensors simultaneously.

2. Related Work

Considering that this work’s main contribution is in the field of powering and monitoring
the heater element of MOX gas sensors, we investigated the approaches that have been used and
proposed by other research teams for this task. Cardinali et al. [13] proposed an on-off controlled
loop, in which the heater is turned on if the heater resistance is higher compared to a target resistance
and turned off when the heater resistance is lower. On—off controlled loops can also be combined
with both a Wheatstone bridge, where one of the branches is the heater resistance, as well as with
a window comparator, like Malfatti et. al showed in 2006 [14]. Amos and Segee implemented the
described on-off control loop using a microcontroller [15]. The temperature is adjusted through a
power transistor, driven by an unfiltered pulse-width modulated (PWM) signal from the controller.
The microcontroller’s internal analog-to-digital converter (ADC) reads the voltage drop over the heater
to perform a proportional-integral-derivative (PID [16]) controlled adjustment of the PWM signal to
stabilize the temperature.

In contrast to switching solutions, the temperature can also be regulated with a proportional
direct current. Hansford et al. adjust the heater current with a Wheatstone bridge to feed back
an out-of-balance signal proportional to the heater’s own resistance [17]. A similar approach is
described by Barrettino et al. [18]. They use a transistor driven by an operational amplifier to set the
appropriate dc heater current and stabilize it by a feedback signal involving the heater temperature.
Unlike Hausford et al., they use a P or PID feedback controller followed by a digital-to-analog converter
(DAC) to control the amount of direct current for the heater. The heater temperature is measured
by a temperature sensor. In 2014 Somov et al. presented their work on a four-stage heating profile
enabled controller [19]. This profile is generated by a microcontroller unit, using the onboard DAC
and buffered by an amplifier chip.

In TCO mode the heater-power regulation leads to an alternating modulated temperature profile
on the heater. The gas-sensing process and the resulting change in sensor resistance is used to modulate
the frequency of this signal. Martinelli et al. propose this kind of regulation based on a multivibrator
and a counter [20]. The vibrator frequency follows the heater resistance. This signal drives a simple
counter and the carry bit is used to control a voltage-level translator, effectively slowing down the
frequency of the vibrator. The output of the voltage translator is used as a feedback signal to control the
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heater temperature, thus controlling the frequency of an on-off regulator to modulate the temperature.
The frequency of this feedback signal is later used to distinguish between different gases.

Sudarmaji and Kitagawa came up with a very similar design, but use a programmable
system-on-a-chip (SoC) to modulate the temperature signal by pulse-width [21]. The work of
Schultealbert et al. is featured in a SniffChecker module from 3S GmbH to drive the heater of
a tin dioxide (SnO,) sensor [22]. This tool provides programmable temperature cycles to enable
temperature-cycled operation.

This goal of this work is to combine the advantages of all these approaches into a single
embedded system that enables a stable DC-controlled temperature regulation for multiple individually
programmable channels. In addition to stable setpoints, modulation of temperature cycles is one of the
a main features demanded for this system, along with minimizing the power dissipation and size.

3. System Design

We propose a small and lightweight embedded system that offers 16 individually programmable,
supervised power channels.

The system is designed in a modular fashion and consists of two building blocks, which are
depicted in Figure 1. The modularity pays respect to the divide-and-conquer design methodology,
offering the highest degree of flexibility, extensibility and maintainability. Figure 1 also shows the
prototype of the proposed system fitted with 16 power modules. It is attached to the measuring
chamber, which is fitted with the 16 sensors.

Power Module
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Mainboard

Sensor-Port (5)
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Figure 1. Schematic of the system, depicting a single power module, the mainboard and the prototype
connected to 16 sensors, mounted in a measurement chamber.

3.1. Mainboard

The mainboard coordinates the internal and external communication, provides 16 sockets
(Figure 1-11) for the power modules and distributes the common system voltage Vgsys (Figure 1-9).
The MOX gas sensors are connected to 16 sensor ports (Figure 1-5), realized using conventional
pin headers. They provide the output of a power channel to the heater on pins 1 & 2 while the
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remaining two pins are used to route the sensor signal to the measurement connector (Figure 1-12),
to which external measurement equipment (e.g., multimeter) can be connected.

The board is equipped with an STM32F410 series microcontroller [23] (Figure 1-7). Its main task
is to relay data from the controlling host (i.e., PC) to the system’s internal I>C [24] bus and vice versa,
which is realized by a simple control protocol. The latter also allows easy integration of the system
into existing measurement setups. The controller circuit is electrically isolated from the power part via
bidirectional insulator chips [25] (Figure 1-8), which prevent damage to the host in the event of a critial
error on the power side. Since the microcontroller draws its power from the USB bus (Figure 1-6),
it will not shut down in case of failure on the power side and will still be able to perform error reporting
to the user. For stable unsupervised operation over long time periods, high diagnostic coverage is
needed. Therefore, all voltages and currents in the system must be constantly monitored. The following
protection circuits and supervision (Figure 1-10) features are implemented: Vgys is protected against
undervoltage and overvoltage (5 V < Vgys < 12 V) as well as reverse voltage conditions down to
—40 V. These protections are realized using the circuit depicted in Figure 2.
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Figure 2. Schematic of the system’s overvoltage (OV)/undervoltage (UV) protection from Figure 1.

The supply protection chip LTC4365 [26] controls two external power MOSFETs to ensure that
Vsys stays within the user-defined safe operating range. The thresholds for overvoltage (OV) and
undervoltage (UV) are set by three external resistors (Rj, Ry, R3) shown in Figure 2. Overcurrent
protection (Isys > 16 A for more that 1 ms) is achieved by a replaceable fuse. The continuous
supervision of Vgyg and Igys is realized by the LTC2945 [27] power monitor, which measures current
with an external shunt resistor Rg and voltage up to 80 V. The measured values are digitized by an
internal 12-bit ADC and can be read out via the chip’s I?C interface. The shunt value has to be selected
so that the voltage drop over the shunt resistor at maximum system current (Isys__ ) is smaller than
Vapc,,,, = 102.4 mV. The shunt value in the design is selected according to the maximum expected
current: 16 x Iour,,, + Isys =16 x 0.75 A + 0.2 A = 12.2 A. Therefore, Rs < 19321V ~ 8.4 mQ) and
is implemented as a 7 m() resistor using a Kelvin connection with very short trace length (<2 mm).
The chip features programmable upper and lower limits for current, voltage and power and emits an
alert signal if one of these limits is exceeded. Because the ALERT pin of the LTC2945 is connected to
the SHDN pin of the LTC4365, main power can be automatically switched off without microcontroller
interaction. This allows the user to add dynamic programmable current and voltage limits within the
resistor-defined hard limits of the LTC4365.

3.2. Power Module

A power module implements the functionality for a single power channel and consists of three
main components along with their respective circuit components. To be able to power most commercial
sensors, the minimal voltage range for each channel has to be 0 V to 7 V with 50 mV resolution and
must be capable of sourcing up to 0.75 A of current (max. 5.25 W total power). The modules are
connected to the mainboard by PCle edge mount connectors (Figure 1-4).
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Although unfiltered PWM is the easiest step-down solution, voltage spikes introduced by rapid
switching can cause heavy crosstalk between the sensitive layer and integrated heater element.

A typical commercial MOX gas sensor with its layer is shown in Figure 3. Crosstalk is problematic
with sensors in which the isolation layer forms a capacitive coupling between the heater and the
interdigital structure. Such interference was observed during previous work with certain commercial
thin film sensors and is depicted in Figure 4. It shows the crosstalk of an unfiltered 65 kHz PWM
signal directly applied to an MLK-type sensor [28]. To avoid such problems, a very low output ripple
is required.

TO-39 Socket .
¢ SnO, gas-sensitive layer

Metal Oxide
Interdigital structure
Isolation layer

\ Pt-Heater
Ceramic substrate

Figure 3. Typical metal oxide (MOX) gas sensor mounted on a TO-39 socket with an enlarged view of

its sensitive layer and a schematic representation of its internal structure.
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Figure 4. Crosstalk introduced by unfiltered pulse-width modulated (PWM) with 65 kHz base
frequency on a commercial thin film MOX gas sensor in air at 2.3 V root mean square voltage applied
to the heater element.

Although the use of a low-dropout regulator (LDO) would solve the crosstalk problem, it is a
very inefficient way for voltage down conversion because the dropout voltage is simply dissipated
as heat. This is especially problematic when the input voltage is much larger than the required output.
In this case the overall efficiency will be very low and large heat sinks are necessary to spread the heat,
which would unnecessarily increase the system'’s size and weight.

Therefore, a switching step-down solution with adequate filtering is the best solution for a small
and efficient system. In order to obtain a low output ripple while keeping the filter components small,
a high switching frequency is required. To obtain the highest possible degree of automation, the output
of the step-down regulator has to be programmable.

Consequently, the proposed design is based on a step-down converter for efficient voltage down
conversion and a remaining low output ripple with small filter components. Combined with the
previously mentioned power supervisor LTC2945, the module is able to provide an active output
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regulation and high diagnostic coverage. Both chips are coordinated by a central microcontroller.
The internal workings and dependencies of the module are described in the following section.

This design uses the LTC3600 [29] (Figure 1-2), a single-resistor-programmable step-down
regulator, with an output range from 0 V to 15 V at up to 1.5 A. The switching frequency of up
to 4 MHz allows the use of small filter components. In regular operating mode, the Iset pin of the IC
provides a current of 50 pA which, in combination with a user selectable resistor, is used to program
the desired output voltage. The circuit proposed in this work is depicted in Figure 5. It modifies the
regular operating circuit by replacing the resistor with a programmable voltage provided by a DAC.
Using this technique, the output of the LTC3600 can now be digitally controlled by a microcontroller.

To obtain a small output ripple while maintaining good efficiency, the output filter components
are calculated as follows: because efficiency is higher at low switching frequencies and small ripple
current, the LTC3600 is set to 1 MHz. A 47 pF ceramic capacitor with approximately 50 mQ) equivalent
series resistance (ESR) was selected as the output capacitor Coyyr. Using Equation (1), which is derived
from equations found in the applications information chapter of the LTC3600 datasheet [29], the highest
allowed ripple current Alj,, . for the chosen capacitor and switching frequency can be calculated.

AL AVouTye 8- fsw - Cour
Fuee ™ 7 1 Resr -8 fow - Cour |

Using the above specified values, the equation yields Alr,, = 0.95 A. This can be used in
Equation (2) to calculate the required coil size.

@
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Since Equation (2) yields its maximum at Vp,; = VINQ’IAX , this point specifies the minimal coil
value which guarantees a ripple smaller than 50 mV for all values of Vj,;. With a maximum input
voltage of Vin = 12 V the minimal coil value is 3.16 uH. Following the recommendations from the
LTC3600 datasheet, a 4.7 uH coil of type IHLP2020BZ [30] was chosen.
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Figure 5. Schematic of the power module, depicting the LTC3600 step-down converter with the
LTC2945 power monitor and the LM7321 operational amplifier. The microcontroller is omitted
for clarity.

The LTC3600 is combined with a microcontroller (Figure 1-1), which can be programmed to
perform supervision, active regulation of the output and support of different operating modes such
as TCO, constant current mode, constant voltage mode or user-defined ramp mode. Furthermore,
the use of a microcontroller offers the best flexibility in terms of automation.

The main tasks of the controller are, as mentioned above, the supervision and regulation of the
output and communication with the mainboard via I>C. To provide the SET voltage of up to 7 V for
the LTC3600 with a resolution of 50 mV, a DAC with at least 8-bit resolution is needed. The chosen



Electronics 2019, 8, 882 7 of 15

STM321.431 [31] offers two 12-bit DACs and two dedicated I>C interfaces in a small 5 mm x 5 mm
package with 32 pins. The DAC is used to convert a 12-bit digital value (0—4095) to a proportional
analog output voltage (0-2.5 V) which is buffered and amplified by a factor of 6 with an external
operational amplifier (LM7321) [32] in non-inverting mode. This voltage is then routed to the VSET
pin of the LTC3600. In this configuration, VSET can be as high as 15 V with a resolution of 3.67 mV.
Communication with the mainboard is realized by one of the controller’s I>C interface which is
connected to the system’s internal IC bus. Its bus-address is obtained by four general purpose
I/0 pins which serve as address configuration pins. The address is hardcoded by the socket on
the mainboard.

The output voltage and current from the step-down converter are continuously supervised by
the aforementioned power monitor LTC2945 (Figure 1-3). The chip and the microcontroller form a
closed control loop allowing for either current or voltage to be regulated to a user-selectable target
value. The shunt value of 0.1 () has been selected to measure a current of up to 1.0 A. The chip’s upper
and lower boundaries for current and voltage are automatically set by the microcontroller depending
on the user-selected target value. If a parameter is over the limit the LTC2945’s Alert pin is pulled low,
generating an interrupt on the microcontroller, which shuts down the LTC3600 by pulling its RUN pin

low. Then, the LTC2945’s error register is read and the contained information about what kind of error
occurred is relayed to the system’s operator as human readable error. Figure 5 shows the connection of
the LTC3600 to the power supervisor LTC2945 and DAC amplifier.

3.3. Firmware

The firmware of the power modules implements the before mentioned operating modes, active
output regulation and configures the dynamic protection limits for the power monitor.

The regulation is realized with a standard PID regulation algorithm. Current and voltage output
from the LTC3600 are obtained from the LTC2945 with a sampling frequency of 5 Hz (maximum
sampling speed of the LTC2945). An adjusted VSET value is calculated by the PID algorithm according
to the reference value (set by the user), the read back value and the regulation parameters for the
proportional, integral and differential parts (Kp, Ki and Kd). The experimentally chosen regulation
parameters for Kp, Ki and Kd are optimized to prevent voltage overshoots at the cost of a longer
rise time. The values can however easily be modified by the user if required. The PID regulation is
available in all modes and can be disabled if needed.

The actual heater temperature can only be regulated indirectly as a function of the heater element’s
resistance and material-specific parameters which are provided by most sensor manufacturers. If the
heater material parameters are known, the firmware calculates the actual temperature of the heater
and logs it as an additional parameter alongside voltage and current. Currently, this functionality is
only implemented for sensor types of the manufacturer UST (Umweltsensorik GmbH, Germany) [33]
but can be easily extended to other sensor types.

A non-volatile, programmable user page located in the microcontroller’s memory can hold
sensor-specific information (like recommended and maximum heater voltage, sensor production
date etc.) as well as board specific data e.g., the before mentioned parameters for the PID regulation.

3.4. Communication Protocol

The system is controlled by an easy-to-use byte-sequence protocol over a virtual serial port
provided via USB. This option provides the simplest way to integrate the system into existing software
solutions (e.g., LabView) and is natively supported by many operating systems. The structure of
the protocol is shown in Table 1. Instructions to the system and the responses from the system are
transmitted as a sequence of bytes. Such byte-sequences are also known as a packet. Each packet has a
fixed number of bytes which is determined by the command.
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Every command starts with a fixed start byte followed by the address of the target. The protocol
supports individual addressing as well as broadcasts. The address is followed by the command
itself and an optional command-specific payload (e.g., voltage in mV). After the payload, a fixed
trailer sequence indicates the end of a packet. To make the protocol more robust against random
transmission errors, the user can enable a 32-bit cyclic redundancy check (CRC). The CRC32 algorithm
computes a checksum over the data bytes. The additional bytes are added between the payload and
the termination sequence.

All functions of the system can be controlled using the protocol. For standalone testing a simple
graphical user interface that generates the required byte sequences and interprets the system’s response
has been implemented.

Table 1. Structure of the communication protocol.

Head I’C Address Command Data CRC Trail

Bytes 1 1 1 0:10 4 3
Value 0 xFO0 0 x 00:0 x OF Variable Variable Variable O0xFF 0x0D 0 x 0A

4. System Validation

In order to evaluate the functionality and efficiency of the developed system, a single channel of
the system was tested against reference implementations of the most common heater power circuits:
an adjustable low-dropout regulator (TS317) in a standard application circuit ([34] p. 1), an emitter
follower circuit ([35] p. 899) with a Darlington pair transistor (D209L) and a high-power operational
amplifier (OPA548F) in non-inverting configuration as described in ([35] p. 496).

The output voltage was increased in steps of 0.1 V up to the maximum achievable output for
each respective circuit. Input and output voltages and currents were measured on all circuits and the
conversion efficiency calculated according to: y = % = % -100 %.

Since most commercial sensors employ heater elements in the range from 10 () to 100 (), a load
resistor Ry, = 10 () with a power rating of 20 W acts as a suitable replacement in all test circuits.
Furthermore, choosing a small resistive value (i.e., bigger load) helps to evaluate the system under
more demanding conditions. The results from the efficiency measurements of all evaluated circuits are

combined in Figure 6.

Ref. LDO — Ref. Transistor —
This Work — Ref. OpAmp

100 T T T |

Efficiency (%)

Output-Voltage (V)

Figure 6. Measured efficiency of the evaluated circuits.

The output ripple of the system and the reference circuits was also measured during the efficiency
tests. The results are depicted in Figure 7. The measured ripple never surpassed 32 mV.
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In addition to the efficiency measurements, the temperature of each circuit was monitored with
a thermal-imaging camera (optris PI 400). Figure 8 shows an exemplary thermal image of a single
power module of the developed system supplying 10 V to the load resistor. The dropout-regulator,
voltage-follower and operational-amplifier circuits quickly reached the point of thermal shutdown
(~ 2V, see Figure 9) and therefore required large external heat sinks in order to function correctly at
higher output voltages. All measurements were performed with heat sinks attached to the components.
Figure 9 summarizes the results of all temperature measurements and clearly shows that the step-down
converter exhibits considerably lower heat dissipation compared to the non-switching alternatives.

Ref. LDO —— Ref. Transistor
This Work Ref. OpAmp
40 | | | |
> L i
E 32
)
P 24f .
S
> 16 F R
2
g
2 80 ]
o & 1 1 1
0 2 4 6 8 10

Output-Voltage (V)

Figure 7. Measured output ripple of a power module with 10 () load resistor in the voltage range from
05Vtol12 V.

Resistor:
1 164.0°C

Controller:
1 41.9°C

Figure 8. Thermal image of a single power module with 10 () load resistor at 10 V output voltage.
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Ref. LDO —— Ref. Transistor
This Work Ref OpAmp
125 T T T |
& 100 .
o 75 L Heatsink needed — —
=5
el L/
= 25 F—] n
0 | | | |
0 2 4 6 8 10

Output-Voltage (V)

Figure 9. Temperature comparison of the evaluated circuits.

A special set of tests was dedicated to the evaluation of the diagnostic coverage. For these tests
the output of the step-down converter was short-circuited in order to create an over-current alert.
The main power lines were then also short-circuited in order to test the fuse as well as the error
reporting performed by the mainboard’s microcontroller. Failure or misbehavior of single power
modules were also simulated by manipulating firmware parameters (e.g., by overriding the target
output voltage without adjusting the protection limits) with an external debugger. All the performed
tests were completed successfully and the system always behaved as intended by design.

After the completion of the application example (216 h) for this work, the prototypical system was
in use for about 6 more months in different measurement applications. During this time the system
performed without errors.

5. Application Example

In order to test the system in the previously mentioned screening process, it was integrated
into an existing gas-mixing unit (GMU) and a basic parallel sensor screening was performed on
15 custom-built metal oxide semiconductor gas sensors.

For the evaluation a GMU consisting of five mass flow controllers (MFC) (Model 1179C MKS
Instruments Deutschland GmbH, Munich, Germany) as depicted in Figure 10 was used. A flow of
synthetic air (20.5 % O,, rest Ny, hydrocarbon-free, Westfalen AG, Miinster, Germany) can be controlled
up to 1000 scem (MFC 1) while the humidity can be adjusted by bubbling the synthetic air through two
flasks filled with water (MFC 2). The remaining three MFCs (MFC 3-5 max. flow 20 sccm) are connected
to the test gases. For the evaluation, carbon monoxide (500 ppm in synthetic air, Westfalen AG, Miinster,
Germany), nitrogen dioxide (1000 ppm in synthetic air, Westfalen AG, Miinster,Germany) and acetone
(500 ppm in synthetic air, Westfalen AG, Miinster, Germany) were chosen as typical representatives of
volatile organic compounds (VOC). The individual sensor resistances were measured using a Keithley
model 2700 multimeter equipped with 20-channel differential multiplexer module type 7700 (Keithley
Instruments, Cleveland, Ohio, US).
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Figure 10. Scheme of the gas mixing unit connected to the presented system, measurement equipment
and PC. Mass flow controllers (MFC) 1-5 regulate the gas flows and ratios between test gases, synthetic
air and humidity for concentration adjustment. The valve system allows the generation of complex gas
mixtures for the sensor tests.

A total of 15 custom sensors were manufactured to evaluate the performance of different metal
oxides and their reaction to the target gases. Commercially available sensor substrates of type x33x
by UST were applied with a simple drop-coating of tin dioxide, tungsten trioxide, zinc oxide, indium
oxide and copper (II) oxide. All oxides were procured from Sigma Aldrich, Munich, Germany and
are nanopowders < 100 nm. 10 mg of each oxide was mixed with 100 pL ultra-pure water supported
by an ultrasonic bath. 3 pL of the suspension was drop-coated on the substrate using a pipette. After
drying the sensors at room temperature for 24 h, they were heated up to 800 °C for 1 h. For each metal
oxide three test sensors were produced. A single reference sensor (TGS 2620 Figaro, Osaka, Japan)
completes the test set of 16 sensors. The reference sensor is operated at constant temperature (5 V
heater voltage) in all experiments.

The 15 custom sensors were varied in the range of 200 °C (2.46 V) to 550 °C (5.68 V) with an
increment of 50 °C per step. At each temperature, the sensors were exposed to each test gas for 10 min
followed by a recovery time of 1 h, repeating the process three times. After modifying the heater
voltage, a settling time of 1 h was given to allow the sensor to reach its new temperature. The sensitivity
S was calculated from the raw data as shown in Equation (3). Ry and Ry represent the mean value of
the measured resistance over a time period of 2 min prior to and after analyte exposition at the end of
each timestep.

o RO — Ry
=R
Figure 11 shows the results of these experiments. For clarity and since some of the used sensors,
due to manufacturing tolerances, can exhibit resistances exceeding the measuring range of the used
multimeter (120 MQ)), the data from only one sensor per metal oxide is presented in the graphs.
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Figure 11. Temperature dependence of the sensor’s sensitivity (S) to (left) acetone (50 ppm),
(middle) CO (50 ppm), (right) NO, (5 ppm). Relative humidity at 50 %.

The results represent a typical sensor screening experiment. Different metal oxides show different
local minima/maxima in their reaction at different temperatures. Based on these results a suitable
selection of sensors and their respective parameters could now be chosen to solve the problem of
distinguishing between these three substances, for example in fire detectors.

Figure 12 depicts the efficiency of the system with 16 sensors attached and main power set
to 12 V. The parabolic shape of the curve is explained by the uneven number of sensors and the
measurement program, which powers all odd-numbered (8 modules) sensors in upwards fashion
while the even-numbered (7 modules) sensors are powered in the reverse order. Therefore the most
power is drawn when all sensors are at the same heater voltage (halfway through the measurement
program), in this case the systems averaged output (including the static reference sensor’s 5 V) is 4.13 V.
The system maintains an average efficiency of 83.3 %. The highest module temperature observed by
thermal imaging camera was 43.9 °C with an average temperature of 37.8 °C.

Efficiency —+
85 |
~ + +
> 84 : .
2 :
' '
Q
= 83 .
& + et
]2 | | |
2 3 4 5 6
Output voltage (V)

Figure 12. The efficiency of the complete system with 16 sensors attached, measured during the
screening experiment. The output voltage is derived as the average over all channels.

6. Conclusions

The average system efficiency measured during the application example from Section 5 was
approximately 80 %, which is, compared to the best non-switching solution (power-OP-amp circuit
with 30 % efficiency at 4.13 V output voltage), an improvement of 50 %. The measured efficiency can
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be further improved, e.g., by taking advantage of currently unused energy saving features of the used
microcontrollers and by disabling all active (up to 40) LEDs used for signaling purposes.

The presented system is able to independently power the heater elements of up to 16 MOX gas
sensors from a single common power supply. Central protections against overvoltage, undervoltage
and overcurrent conditions are implemented. With an output range of 0 V to 15 V with up to 1 A per
channel, the system easily satisfies the power requirements of most commercial and custom made
MOX sensors. Each channel performs an active PID regulation to obtain a stable output voltage.
Regulation parameters can be easily changed by the user if necessary. The remaining ripple voltage
on the output is sufficiently low (max. 32 mV) to power thin film sensors without injecting crosstalk
between heater element and sensitive layer. All currents and voltages in the system are constantly
monitored. As a result, the system attains a high level of diagnostic coverage which is essential for
reliability, stability and best possible measurement quality over long periods of time. The use of
microcontrollers provides a high level of automation supporting unsupervised long term operation
and multiple operation modes. Additional functionality can be implemented by firmware, providing
good extensibility. An easy-to-use control protocol and USB interface allow quick integration into
existing measurement setups. All aspects of the system can be controlled and supervised using the
protocol. The dimensions of the realized system are 100 mm x 100 mm x 35 mm at a weight of
193 g. Its modular structure allows for easy repair and maintenance in case of a hardware failure e.g.,
by replacing or modifying only a single channel module. No cooling equipment e.g., heat sinks is
required. As mentioned above, the system performed without errors over a period of 6 month, which
can be seen as a passed long-term test for the systems reliability.

It can be concluded that the system presented in this paper meets all of the requirements to power
up to 16 MOX sensors at different voltages and different operating modes, is very stable and efficient
over a long period of time and thus provides a highly flexible and versatile platform for future research.
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