GINX-IJPROJECT|

6-Channe

Temperature Monitor

& Logger

Measures from

—240 °C to +850 °C

By Clemens Valens (Elektor Labs) and Sunil Malekar

(India)

Temperature is an important parameter to

control in many industrial processes. At
home, too, the fridge, freezer, heater,

kitchen oven, and air conditioner all

measure and adjust the temperature

to get their job done. Weather
stations, cars, computers, tablets
and smartphones keep an eye on

temperature too. Come to think of it,
temperature may well be the world’s

most surveyed physical quantity.

Even my low-cost Bluetooth speaker
sounds an alarm when it gets too hot (as
I discovered after placing it on a heater).
Because humankind likes to measure
temperature so much, we decided to
design a device capable of measuring
up to six of them. Usually, thermometers
only measure one temperature — some
can do two, often labelled ‘inside’ and
‘outside’ — but for process control more
channels may be required. Range is also
important, which is why the device pre-
sented here can measure temperatures
across the massive range from —240 °C
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up to +850 °C. Note that these are soft-
ware limits; the real-world limits greatly
depend on the sensors being used.

Resistance thermometers

To measure temperature, we will use
so-called RTDs in the shape of Pt100
probes. RTD is short for Resistance
Temperature Detector, a device con-
sisting of a length of metal wire with a
known resistance/temperature relation-
ship spiralled on a suitable supporting
material. The metal typically

used is platinum, copper or

nickel. Sensor preci-

sion depends on the purity of the metal.
Platinum has the most stable resistance/
temperature relationship over the largest
temperature range.

A Pt100 probe is an RTD made from plat-
inum wire (‘Pt" in the Periodic Table). The
value ‘100’ indicates that its resistance
is 100 Q at 0 °C. Other val-

ues can be



had too, like 500, 1000 or even
2000. Pt100 sensors are widely
used and easy to find. They come
in different quality grades — classes —
that determine their price,
range,

accuracy

and precision. They also
come with a variable humber of con-
necting wires: 2, 3 or 4. The extra wires
are used to measure the resistance of
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Figure 1: The relationship (in blue) between resistance and temperature of a platinum (Pt) wire is
nonlinear. It may be approximated using a lookup table of short “straight” segments of the curve.

Figure 2: The Howland current source has a
very high output impedance. It is used here to
excite a 3-wire RTD.

the RTD’s connecting wires (more on that
later). As these wires — that can be rather
long — behave like inaccurate RTDs, it is
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important to compensate the sensor for
them to ensure reliable and repeatable
results. To avoid complicating our sys-
tem too much, we opted for 3-wire RTDs.
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One last but important thing to mention
about RTDs is their slightly non-linear

resistance/temperature relationship (see :: " ey
Figure 1). This implies that some calcu-
lations must be done to obtain the correct
temperature from the measured resis-
tance. The Callendar-Van Dusen equation
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Howland current source

As briefly mentioned above, an RTD
must be excited in some way to make
it usable. Either a constant voltage or
a constant current source can be used
for this. We preferred a constant current
source since it poses fewer problems
with long sensor wires. In this case the
voltage across the sensor depends on
the current only and, of course, the tem-
perature, and not on the resistance of
the connecting wires in addition.
Constant current source designs are
plentiful but a popular one for use with
RTDs is the Howland current source or
current pump (Figure 2). This kind of
source has the advantage of having a
very high output impedance compared to
other current source designs and it can
sink as well as source current. However,

to make it work as intended, resistors
R1 to R4 surrounding the opamp should
have a tolerance of 1% or better.
When the ratio R1/R2 is equal to the
ratio R3/R4, then the output current is
given by:

Iy, = (V¥ = V=) / R3 [A]

Compensating

for connecting wires

Figure 2 also shows how the RTD is
connected to the current source with
its three wires. Assuming that the three
wires are identical and that we can mea-
sure the voltages 'V’ and ‘V,,’ at a very
high input impedance (meaning that
there is no current flowing in the direc-
tions of V and VRW (properly: V), then
the voltage across the RTD is given as:

Vero =V =2V, [V]

This completes our theoretical introduc-
tion, and we can move on to studying the
actual schematic.

The input multiplexer

Looking at the left of Figure 3, we find
connectors K3—K8 for the six RTD chan-
nels. One wire of each RTD is connected
to GND, the two others to a Type 4051
CMOS multiplexer IC. IC7 forwards the
signal ‘V’ from Figure 2 to the rest of
the system; IC5 does the same for sig-
nal ‘“VRW’. The third multiplexer, IC9,
works the other way around and con-
nects the output of the current source
— constructed around IC10 — to the
selected RTD.
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Figure 3: Schematic of the multi-
node temperature logger. The
analogue input stage is on the
left, the digital part on the right.
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Figure 4: The assembled main board. Note: the board shown is version 1.0 that used the legacy FT232R BoB instead of the FT231X BoB.

Each multiplexer has eight channels, two
of which are used for reference signals
V.. (GND)and V__ (V.,). Now you finally
understand why there are six RTD chan-
nels and not seven or five. These refer-
ence signals follow the same paths as
the RTD signals (R3, a 0.01% tolerance
resistor, is even mounted close to the
RTD connectors to mimic an RTD as close
as possible). Because the values of these
signals are known, this allows the soft-
ware to calibrate the digitizer stage and
remove errors introduced by the multi-
plexer and current source.

The outputs of the input multiplexer are
individually amplified by a factor of 13
by IC6 and IC8. The signal ‘V’ from Fig-
ure 2 then arrives at the microcontrol-
ler’'s ADC input 3 (AINO.3), while signal
‘VRW'’ connects to AINO.5.

Current source, part two

The Howland current source in the proj-
ect comprises IC10, resistors R1, R20,
R21 and R22. V* from our description
above is connected to GND and therefore
has a value of 0 V. V- is equal to =2.5 V,
produced by voltage reference IC11. R21
corresponds to R3 from the description
above. The output current is:

(0 — —=2.5) /10,000 = +250 [pA].
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Power supply

Theoretically, the supply voltage for the
circuit connected to K1 can be up to
15 VDC, but this will put unnecessary
strain on the low-drop voltage regulators.
The minimum supply voltage is 7.5 VDC,
the recommended value is 9 VDC. The
total current consumption is around
70 mA including the 20 mA consumed
by the backlight in LCD1. (Note that the
latter has a built-in current limiting resis-
tor.) IC1 lowers the supply voltage to 5V
for most of the circuit except microcon-
troller IC4; IC2 creates a 3.3-volt supply
for this clever part.

The analogue input stage also requires
a —5 V supply voltage, and this is taken
care of by IC3.

The microcontroller

Over the past years, we have seen so
many Arduino-based circuits flashing
by that some have come to believe that
there exists only one type of 8-bit micro-
controller. That this is not true is proven
by our circuit with its pimped-up, 8051-
based brain! Now, before turning away
in disgust, be aware that almost forty
years after its introduction the 8051 is
still a widely used 8-bit processor. Manu-
factured by Silicon Labs, the C8051F350

MCU used here runs internally at 49 MHz
and executes most of its instructions in
one cycle, making it a pretty fast device.
The C8051F350 is part of a family of
four that differ only by package type and
ADC resolution. The ‘F350 is the largest
part with a 24-bit sigma-delta ADC, eight
dedicated analogue inputs, and 17 dig-
ital I/0O pins. It's an analogue-oriented
controller with built-in digital filters and
two 8-bit DACs. In this project we do
not use all its capabilities, but you may
want to study the MPU further for some
future project.

Although running from 3.3 volts, the
C8051F350's digital I/O pins are 5 V tol-
erant, which is why it interfaces nicely
with the 5-volt-powered peripheral cir-
cuitry (note the pull-up resistors R4 to
R8 and network RN1).

A quartz crystal or resonator is not called
for as the MCU has a calibrated oscilla-
tor on chip.

Four pushbuttons (S1—S4) and an LCD
provide the user interface. P1 sets the
display contrast level; if you forget to
adjust it when you power the board for
the first time, the display may not show
anything.

For communication with a computer,
we added the option to plug a USB-to-



TTL-serial converter onto the board. We
used our own breakout board, but it is
also possible to connect a functionally
equivalent interface. Please note that
the photographs in this article show a
prototype which used Elektor's (golden
oldie) FT232R BoB, no. 110553. Since
then it got replaced by our new FT231X
BoB no. 180537 which is compatible with
the de facto standard of 'FTDI' USB-to-
serial cables.

Software dealings

At the time of writing the kind people of
Silicon Labs still handed out free licenses
for Keil pVision5 so people who develop
software for the C8051 devices in C
can do this in a comfortable way. When
you request such a license it seems to
be valid for just one month, but once
installed in the IDE it becomes a perma-
nent license. Of course, we have explored
this avenue, and everything went fine —
yet you never know when they decide
to stop doing this and so we ported our
software to SDCC, the open source com-
piler for 8051 and PIC devices.

SDCC does not work with projects and
does not make use of any other GCC-
based tool. Our project therefore is just
a bunch of files in a folder together with
a batch file to compile them.

As with every C program, the visible part
starts in the function main. The first thing
to do here is to switch off the watchdog
timer; you can always switch it back on
later when you are ready for it. (Note
that the Keil compiler does this in the
runtime (CRT) startup file so you don't
notice it. We found that out the

hard way.)

After initializing the MCU's

peripherals — 1 ms sys-

tem tick timer, UART run-

ning at 9600 baud, etc.

— the program per-

forms a cali-

bration

of the

ADC.

This is a

pretty neat fea-

ture of the MCU as

it allows us to calibrate

away many of the imper-

fections of our analogue front

end. After calibration, converting

V...« — the voltage over 0.01% resis-
tor R3 — will read as oxffffff (24-bit
maximum value) while V_, (GND) will
produce a reading of 6. The ADC applies

the corrections in hardware; nothing to
do for us in software.

A word on sampling

The rest of the time main will spin in an
endless loop, scanning for key presses
and updating the display when needed.
Every second a sample is taken from a
channel, converted to a value in degrees
Celsius or Fahrenheit and printed to the
screen. A second later the next channel
in line is updated. In the background
the ADC runs at a faster rate of nearly
18.7 Hz. This higher speed is necessary
for two reasons. First, to measure one
RTD two voltages (‘V' and ‘VRW') have
to be converted as the RTD value must
be compensated for the voltage over
the connecting wires. Second, the ADC
has a built-in low-pass filter that needs
three samples to calculate an output
value. Therefore, at least six samples
are required for one RTD measurement,
which corresponds to 320 ms. By reduc-
ing the display time to 1 Hz, the system
has enough slack to sample and filter
comfortably.

Lookup table
Samples must be converted to tempera-
ture values and this is done with the
help of a lookup table. Pt100 conver-
sion tables can be found on the Inter-
net and we compiled one from —240 °C
to +850 °C with a 10-degree step size.
Below —240 °C things become highly
inaccurate and so we limited the dis-
play to —260 °C (which actually
means Underflow). For sim-
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ilar reasons the upper limit was fixed at
+850 °C.

Of course, most ADC readings will be
in between two table values, hence lin-
ear interpolation is used to estimate the
temperature. If more precise conversions
are desired, it is possible to make the
lookup table’s step size smaller, as long
as it fits in memory (of which there is not
a lot). If the table becomes really large
and unwieldy, you might want to imple-
ment a more efficient search algorithm
than the linear search we used or use a
polynomial approximation.

Construction

Even though the project uses mostly SMT
parts, assembling the PCB should not be
too difficult. Start by mounting 2-ter-
minal parts like resistors and ceramic
capacitors and then continue with the
taller parts. Respect and verify the polar-
ity of polarized parts like diodes and elec-
trolytic capacitors.

It is always a good idea to build and
test the power supply (D2, IC1 and IC2
and the capacitors around them) before
mounting the other parts.

Make sure to use resistors with 1% toler-
ance in the input stage, except R3 which
must have a tolerance of 0.01%. To cre-
ate a real good current source, you might
want to use 0.1% tolerance resistors for
R1, R20, R21 & R22.

Depending on if and how you mount the
USB-serial interface, you may want to
use extra-tall connectors for the display
as it is mounted over the serial BoB.

Loading the firmware
Connector K2 is used for program-
ming the firmware into the MCU. This
connector follows the official Sil-
icon Labs 2-wire C2 Pro-
gramming/Debug-
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ging Interface Standard so connecting
a C2-compatible programmer should be
easy. Less easy, on the other hand, is
getting your hands on such a program-
mer, which is why we rolled our own. The
free download on the support page for
this article [3] includes an Arduino sketch
that transforms any Arduino-Uno-com-
patible board into a C2 programmer. You
can also find it on GitHub [2]. The MCU’s
5 V-tolerant pins allow us to do this with
impunity.

Connect Arduino pin A0 to K2 pin 7
(‘C2CK"), Arduino pin Al to K2 pin 4
(‘C2D"), and Arduino GND to K2 pin 2.

) COMPONENT LIST

Resistors (0805, 1%)

R4,R5,R6,R7,R8 = 10kQ

R1,R20,R21,R22 = 10kQ 0.1%

R2,R14 =10Q

R3 = 4700 0.01%
R9,R10,R11,R12,R13,R15,R17,R18,R23 = 1kQ
R16,R19 = 12kQ

P1 = trimmer 10kQ

RN1 = resistor network, 6x10kQ

Capacitors (0805)

C1,C19 = 1pF

C2,C5,C9,C14,C16,C28 = 10pF, 16V, Case-A

C3,C4,£6,C8,C10,CN,C12,C17,L20,C21,L22,C
24,C25,C26,C27,£29,C30,C31,C32,C33,C3
4,C35,C36,C38,C39,C40,C41 = 0.1pF

C7 = 47yF, 25V, 6.3mm diam.

(C)Elektor
‘ 130548-1
ut.1

Connect the Arduino to the computer
before powering the board and all should
be fine.

A Python 3 script, also included in the
download, permits uploading Intel HEX
files to the home-brew programmer. This
script requires pySerial.

Using the system

There are two firmwares for this project,
one with debugging options (‘d’ suffix)
and one with fewer options. The main UI
functions are the same for both.

e ‘Menu’ (S1): press this button to

C13,C15 = 100pF, 16V, Case-C
C18,C23,C37 = 1InF

Semiconductors

D1,D2 = MBR140SFT1G

IC1 = LDI117DT50TR

IC2 = LD1M7DT33TR

IC3 = TC7660EQCA

IC4 = C8051F350-GQ, LQFP32
IC5,IC7,|C9 = 4051, SOIC16
IC6,IC8,IC10 = OPQ7CD

IC11 = LM336M-2.5

Miscellaneous

K1 = 2-way wire-to-board terminal block,
3.5mm pitch

K2 =10-pin, 2-row pinheader, 2.54mm pitch

enter the settings “page”. On this
page you can toggle the temperature
unit between Celsius and Fahrenheit
by pressing S1 again. With the keys
‘Decr’ (S2) and ‘Incr’ (S3) you can
adjust the display refresh value from
one second to one minute. When
done, you can either press ‘Save’
(S4) to store the new settings in
non-volatile memory or let the page
time out. When the page times out
the new settings will be used until
the next change or a power cycle.

e ‘Save’ (S4): press to recalibrate the
system.

K3-K8 = 3-way wire-to-board terminal block,
3.5mm pitch

LCD1 = Alphanumeric LCD, 2 lines, 16 charac-
ters, SV with backlight

S1-S4 = Tactile switch, 6x6.2mm, SMD

BOB1 = USB/Serial Bridge/BOB with suitable
connectors

16-way pin socket + pinheader, 2.54mm pitch
for LCD1

Elektor PCB # 130548-1
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The debug firmware adds to this:

e ‘Decr’ (S2): pressing this key during
startup and keeping it pressed until
the splash screens have passed will
skip ADC calibration at startup. Use
‘Save’ (S4) to calibrate when you
want to.

e 'Decr’ (S2) and ‘Incr’ (S3): press-
ing these keys at the same time will
open the debug page where you
can see raw 16-bit ADC values for
both the signals ‘V’' (RTD) and ‘VRW'
(Wire). Pressing ‘Incr’ will select the
next channel. Press ‘Save’ (S54) to
return to normal mode.

Data logging

Plug BOB1 on the board (or use another
USB-to-serial converter, the connections
are compatible with an 'FTDI' cable) and
connect it to a free USB port on a PC. The
latter should detect it as a serial port.
Launch a terminal program and config-
ure it for 9600 baud, eight data bits, no
parity and one stop bit (9600n81). As
soon as the board is powered, it will start
sending comma-separated values (CSV)
in human-readable ASCII format. Most

Web Links

[1] Project at Elektor Labs:

(2]
(3]

www.elektormagazine.com/labs/6-channel-temperature-monitor-logger
C2 Programmer at GitHub: https://github.com/ElektorLabs/ElektorLabs_Tools

Web page for this project: www.elektormagazine.com/190118-01
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www.elektor.com/130548-91
www.elektor.com/130548-1
www.elektor.com/120061-77

— FT231X USB/Serial Bridge/BoB
www.elektor.com/180537-91

= LCD 2x16 characters w. blue backlight

= 6-Channel Temperature Monitor & Logger, bare PCB

= 6-Channel Temperature Monitor & Logger, partly assembled module

serial port terminal programs will allow
you to record the data to a file so it can
be processed further in for instance a
spreadsheet. I«
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