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Foreword

Control, automation, robotics and measuring techniques have been paramount to the
development of industry in the last few decades. As currently the process of reindustri-
alization of European Union has gained importance, so have the mentioned disciplines.
For this reason, both theoretical and application oriented developments in automation,
robotics and measuring techniques are at the focus of interest of the scientific and engi-
neering community.

It should be underscored that automation, robotics and measuring techniques have
a significant innovative potential. In the case of automation and control, currently this
potential is mainly connected with discrete systems, emergence of new actuators and
sensors, new diagnostic methods, as well as modern design approaches exemplified by
fuzzy logic, evolutionary computation, neural networks, probabilistic methods etc.

Development of field and service robots is still the most important part of theoret-
ical and application development in widely perceived robotics. Crucial problems and
challenges are associated with control of mechatronic systems in general, perception,
navigation, manipulation and grasping, locomotion and reasoning.

Elements of measuring systems are recently developed on the base of such mod-
ern and advanced materials as graphene. Moreover, increase in computational power of
modern computers fosters new approaches to advanced signal processing and experi-
mental verification of sophisticated problems of the theory of metrology.

This book presents the recent progress in control, automation, robotics, and measur-
ing techniques that are jointly trying to meet those challenges and to fulfil technological,
economic and social needs of European Union. It presents the contributions of experts
in those fields. Their work is concerned both with theory and industrial practice. In-
dividual chapters present the theoretical analysis of specific technical problems, often
supplemented by numerical analysis and simulation and real experiments on prototypes.
The implementation of the research results in industrial practice is also reported.



VI Foreword

We hope that the presented progress in theoretical analysis and practical solutions
will be useful to both the researchers working in the area of engineering sciences and
to practitioners solving industrial problems.

Warsaw, January 2015 Roman Szewczyk
Cezary Zielifiski
Matgorzata Kaliczyniska
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Distributed Temperature and Humidity Measurement
System Utilizing IQMESH Wireless Routing Algorithms

Piotr Bazydto, Szymon Dabrowski, and Roman Szewczyk

Industrial Research Institute for Automation and Measurements PIAP
Al. Jerozolimskie 202, 02-486 Warsaw, Poland
(pbazydlo, sdabrowski, rszewczyk)@piap.pl

Abstract. The paper presents distributed temperature and humidity measure-
ment system. The base of the system are IQRF radio transmission modules. It is
assumed that system consists of one coordinator and multiple nodes. Data ex-
change is performed by IQMESH discovery routing algorithm. It divides mod-
ules into zones and assigns them Virtual Routing Number. Presented solution
has several main advantages: modular construction, low price and easy imple-
mentation. The paper presents system and its components, describes provided
solution (with main algorithms) and discusses usefulness of the application.
In addition, paper points out possibility of system modelling (on the basis of
example).

Keywords: IQRF, IQMESH, radio transmission, distributed measurement
system.

1 Introduction

Wireless measurement systems are more and more popular amongst many industrial
applications. Theirs advantages, such as wide range of operation or wireless connec-
tion between components are highly required in hazardous or inaccessible environ-
ments. One of the most popular solution, is to use ZigBee radio transmission modules
based on an IEEE 802.15.4 standard [1]. It utilizes mesh network for data transmis-
sion, with range between nodes reaching 100 m. This solution offers a wide range of
possibilities and reliability. However, it is likely that it will require substantial amount
of work to implement it in small or medium sized application. Another, less popular
solution is usage of IQRF transceiver modules. These constantly evolving radio
transmission modules are characterized by SIM card format. It is not certain that
IQRF modules are as reliable as ZigBee, due to small amount of articles concerning
this solution. First articles associated with IQRF were described as an example of
application [2, 3]. Mentioned papers describe case studies of different applications
based on IQRF modules. The general knowledge (including advantages and limita-
tions) connected with this solution was collected and presented in 2012 [4]. Recently,
one attempt to determine mathematical models of modules efficiency has been no-
ticed [5]. Such models can be useful for network planning and implementation into

© Springer International Publishing Switzerland 2015 1
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any model (for example [8]). These models were determined in the industrial envi-
ronment, on the basis of simple measuring system. In accordance to all of the availa-
ble data, it is hard to classify optimal application for each solution. However, IQRF
modules have some undeniable benefits such as: modular construction, low power
consumption or satisfying efficiency in industrial conditions [5]. In order to research
its possibilities in more advanced applications, distributed temperature and humidity
measurement system has been prototyped. For the data routing, IQMESH Discovery
algorithm has been implemented. The main aim of the system is creation of research
platform for radio transmission testing.

2 System Components
Presented system consists of three main components: IQRF transceiver RF (radio

frequency) modules, temperature and humidity sensors and end device (every device
with USB interface).

2.1 RF Transceiver Modules

First (and main) of the components are [QRF TR-52D series transceiver modules.

2
H|i . [ L] Ei I:
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] 05 b E EI )
EEPROM g
=er B
wngecare b oo | (o Tt
senzof L4 ' EE:: o
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Fig. 1. Schematics of IQRF TR-52D module [6]

Figure 1 presents structure of TR-52D transceiver modules with its primary ele-
ments: RF antenna, EEPROM and MCU (with in-built OS). Structure based on SIM
card format, provides modularity of the whole system. In case of breakdown, dam-
aged module can be easily replaced. That leads to another important factor — modules
variations. There are different antenna mountings available: on-board PCB antenna,
soldering pad-hole or coaxial connector for external antenna. In addition, depending
on the choice, RF modules can be selected between 868/916 MHz or 433 MHz bands.
Switching between node mode (transmitter) and coordinator mode (receiver) can be
performed by appropriate command.
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2.2  Temperature and Humidity Sensors

Second element of the system is Sensirion SHT 15, digital temperature and humidity
sensor (Fig. 2). Its main advantages are: small size, satisfying measurement properties
and low power consumption. All of these aforementioned pros are highly desirable for
wireless applications. In the presented case, sensor is connected directly to the single
node.

g I1.5 202 20s01 15200  sensoropening | 2.5s01
5
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3.3 a0 2.6 Max
493 s 0.8 01

Fig. 2. Sensirion SHT1x sensor [7]

2.3  End Device

In the prototype system, personal computer has been used as an end device. The entire
system is operated by C# application, which is responsible for fulfilling the following
tasks:

e command sending to the coordinator,
e measurements acquisition.

In general, application reacts to user actions (tasks selection) and forwards appropri-
ate command to the coordinator. When the task is completed, coordinator transmits
data back to the end device.

3 System Structure and Operation

This chapter presents system structure and algorithms used for its operation. For the
proper work, system requires one coordinator, one end device and at least one pair of
node and sensor. Example of the system structure is presented in Fig. 3. In this exam-
ple, system has 5 pairs of nodes and sensors. However, direct connection between
coordinator can be achieved only by nodes 1 and 3. This is caused by the too large
distance between receiver and another transmitters. In order to get measurements
from transmitter 2, 4 and 5, the routing algorithm should be implemented.
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©: ®.
p
)

Fig. 3. Example of the system structure, where: C — coordinator, N+S — node + sensor

3.1 IQMESH Discovery Routing Algorithm [6]

Routing algorithm implemented into the system is called IQMESH Discovery. The
algorithm will be discussed on the basis of example presented in Fig. 4. In the begin-
ning, coordinator looks for nodes in range. After sending the request, nodes numbered
as 2 and 5 replied. After each iteration of network creation, coordinator assigns VRN
(Virtual Routing Number) to nodes and creates zones. In the considered case, node 2
has VRN =1 and node 5 has VRN = 2. At this stage, zone 0 is created. Then, coordi-
nator passes control to node 2 (lowest node number always has priority). This particu-
lar node is searching for another nodes in range. It has discovered node 1 and then
assigned it VRN = 3. Node 5 has discovered node 3 and then assigned it VRN = 4. In
this way, the whole network is created (zones from Z0 to Z4). All of the mentioned
operations are repeated, until the last node. To perform discovery algorithm, nodes
and coordinator should be bonded [6].

5 3 7
” @ © @©
[ >(®) e ©

b)

RS-232 interface

Fig. 4. Example of discovery routing algorithm: a) before discovery b) after discovery
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3.2  System Operation — Main Algorithm

This chapter discusses the system operation. Default system task is defined as “meas-
urement task”. However, if during measurement user selects different task, system
finishes measurement and enters “user mode” (mode when system waits for user ac-
tion). Main algorithm is presented in Fig. 5.

START

v
. Amand Measurement

" selected? task

Enter
user mode

Exit command?

Recognize
task

v

—— Perform task

Fig. 5. Main algorithm of the system

Simplified measurement task algorithm is presented in Fig. 6. Firstly, coordinators
specifies n,,,x number (how many nodes are connected). After that, coordinator sends
request to every node to perform measurements. All of the nodes perform measure-
ment simultaneously. SHT15 conversion time takes 750 ms (for the 12 bit resolution).
Assuming that the system has for example 10 nodes, not simultaneous measurement
would extend procedure time by nearly 10 seconds. If every node collected measure-
ment data (temperature and humidity), coordinator request data from single nodes.
When the data from the node n is obtained, coordinator forwards data to the end de-
vice and requests data from the next node. Whole procedure is repeated, until node
number n reaches n,,,,. In the end, system returns to the beginning of the main algo-
rithm. Important is the fact that every transmitter sends data to receiver one hundred
times. This solution partially protects system from disturbances and efficiency decline
(caused by large distance between two modules). If coordinator receives measurement
from the selected node, additional packets are ignored.
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. Coordinator operations

Nodes operations

Fig. 6. Simplified measurement task algorithm

It was mentioned that user can interact with the system by the additional com-
mands. All of them are used for tests or system modification purposes. Main tasks
selected by the user are:

e Bond new node X.

Coordinator bonds new node and assign it logical address equal X. If X is O, first free
logical address is assigned.

e Remove node X.

Breaks connection between coordinator and node X. If X is 255, breaks connection
between coordinator and all nodes.

e Discovery.

Begins IQMESH Discovery algorithm. Used after changes in network topology.

e Identify node X

Tests connection between coordinator and node X. If X is 255, tests connection be-
tween all nodes.

e Manual measurement from node X

Manually requests measurement from node X. If X is 255, requests all nodes.

e System info

Prints information about the whole system (number of nodes, zones, VRN etc.).

e Reset X
Resets node X. If X is 255, resets all nodes.
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33 Coordinator and Node Realization

The last step of system prototyping was physical realization of nodes and coordinator.
Fig. 7 presents electrical schemes of these two components.

Fig. 7. Wiring diagrams of a) single node, b) coordinator, where: 1 - MCU, 2 — SHT15 sensor,
3 — TR52D module, 4 — RS-232 to USB converter, 5 — USB bus

4 System Modelling

The presented system allows to connect 240 nodes to one coordinator. Such a big
number of connections allows to create large networks. However, in such a complex
network, system modelling should be taken into consideration. Modelling of the net-
work has a crucial role at the system planning stage, as it allows to initially determine
coordinates of nodes. In addition, it simplifies task of maintaining efficiency at the
desired level. To create possibility of system modelling, mathematical models should
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be determined. Equation 1 presents mathematical model of efficiency in function of
distance (for TR52D 868 MHz module with on-board PCB antenna) [6].

E = —2.799 x 1075¢©12%) 4 100e(71871077%) » € < 0,120 > (1)

On the basis of equation 1, network model can be created. However, it is important
to not forget about two important matters. First of all, this model has been determined
for a single coordinator — single node system. There is a possibility that data routing
has influence on transmission efficiency. Secondly, model has been determined by
averaging multiple measurements. To avoid data loss, safe maximal efficiency level
should be established. Figure 8 presents simple example of network verification,
where safe efficiency has been determined at level 75%. Red color signalizes too big
distance between modules. Different antenna mounting types can be included at the
modelling stage. This approach can be also used for much bigger networks.

¥=60, E = 100%

x=70, E = 100%
%=90, E = 97%

x=75,E=199%
®=120, E = 48%

Fig. 8. Simple example of system modelling, where x — distance, E — efficiency

5 Summary

Presented prototype of the wireless temperature and humidity measurement system is
fulfilling its role. It allows to connect large amount of sensors to one coordinator and
perform measuring operations on wide-range area. System is characterized by its
modular structure, low power consumption and low price. Fast and easy modules
replacement allows to change RF parameters or replace damaged components.

The system was an attempt to create low budget wireless distributed measurement
system with satisfying transmission parameters. It will be basis for the future research
concerning transmission parameters with large-scale data routing (using IQRF mod-
ules). There is a possibility that accurate mathematical models of efficiency in func-
tion of distance will be determined. If so, it will create possibility of rapid distributed
wireless systems modelling with many advanced features.
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Abstract. The dynamic weighing is a constantly developing field of metrology.
The electronic weighing module is vulnerable to many sources of environmen-
tal disturbances. Some issues connected with dynamic weighing and the
necessity of implementation of signal processing methods are discussed. Im-
plementation of this feature is impossible in majority of SCADA systems. The
paper presents integration of three advanced software environments: MATLAB,
LabVIEW and iFIX SCADA in prototype dynamic weighing system. They
were used for advanced signal processing, data acquisition and visualiza-
tion/process control. The integration of the three above mentioned environ-
ments is an attempt to create the industrial system with capabilities to deal with
major dynamic weighing problems. It is innovative because it connects indus-
trial SCADA, laboratory/industrial LabVIEW and MATLAB. Algorithms
responsible for process control and data exchange are presented. The paper in-
cludes description of capabilities, performance tests, as well as benefits and
drawbacks of the system.

Keywords: checkweigher, SCADA, LabVIEW, digital filtering.

1 Introduction

The mass of the final product is one of the most important factors on modern produc-
tion lines. The dynamic weighing allows automation of the weighing process, which
leads to higher efficiency of production. The complete measuring system which com-
prises all components required for dynamic weighing is called the checkweigher [1,
2]. It selects objects that fulfill the strictly specified requirements connected with
mass, at the end of the production line. Commercial devices can, for example, detect
the absence of the mandatory leaflet inside a medicines package. The dynamic weigh-
ing is associated with several difficulties however, that should be carefully investigated.

Principle of operation of the checkweigher’s electronic weighing module is based
on the coil displacement. Therefore, it is vulnerable to external disturbances. The
sources of these disturbances are as follows: temperature or humidity change, electro-
static charges, constant and variable magnetic fields, air movements and vibrations.
Measurement errors are especially connected with vibrations, usually transmitted
from the floor [3]. In order to remove the influence of this error source, good quality
filters and signal processing algorithms have to be used [4].

© Springer International Publishing Switzerland 2015 11
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In this paper the universal dynamic weighing system is presented, integrating three
different environments: industrial iFIX SCADA, laboratory LabVIEW and computing
MATLAB. The utilization of three most advanced in their fields environments in a single
application is innovative. Engineering literature survey shows examples of LabVIEW
and SCADA integration [5, 6]. However, implementation of MATLAB, LabVIEW and
SCADA in one, scientific or industrial, application was not done recently.

The main purpose of the presented system is to allow for further works connected
with the modeling of device interaction with environmental disturbances, and filter
design. The system will be also tested during the design stage of the online digital
vibration filter. It’s main advantages are flexibility at the prototyping stage and rapid
implementation of modifications. Improvement in modifications implementation time
is particularly noticeable when compared with FPGA or microcontrollers. Further-
more, selected elements of the system can be easily integrated with existing industrial
solutions utilizing iFIX or LabVIEW.

2 Checkweigher Description

Dynamic weighing consists of weight measurements of objects in motion. To perform
such an operation, device called the checkweigher can be used (Fig. 1). This particu-
lar example is designed to weigh objects of masses up to 750 g with 0.1 g resolution.
It is equipped with three conveyor belts, each one driven by a separate BLDC motor
to minimize vibrations. The second conveyor belt is directly connected to the elec-
tromagnetic weighing module. It is mounted to the main construction frame with
vibration damping elements.

Fig. 1. Checkweigher design: 1 — control panel, 2 — control cabinet, 3 — conveyor belts,
4 — weighing module, 5 — optical sensor, 6 — vibration damping element, 7 — main structure
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The measurement procedure is triggered by the optical sensors mounted above the
conveyor belts. Just before the object reaches the second conveyor belt, the sensor
detects its presence and signals the data acquisition process to begin. The weighing
module generates voltage signal as the output. On the Fig. 2 the output voltage signal
of checkweigher during weighing is presented. Theoretically, by the selection of the
average voltage signal in the stable position (samples from the 5300 to 5400 in this
example), and fitting the appropriate mathematical function, it should be possible to
determine mass. In reality, the signal is distorted by many factors (such as gap be-
tween belts, environmental disturbances, etc.), and the stable position is unobtainable.
It should be highlighted that in accordance to a linear approximation model, 1 mV
change of the signal equals to 2.87 g. To guarantee high quality measurement and
repeatability of the results, advanced signal processing methods and filters have to be
implemented.

Output voltage signal (V)

Fig. 2. Measurement signal: 1 — unprocessed signal, 2 — theoretical mass indication, 3 — dis-
turbance

3 System Structure and Requirements

The requirements of the system concern three aspects: data acquisition, control and
visualization. The first one is strictly connected with the signal processing, which is
the most important part of dynamic weighing. In order to use adaptive processing
algorithms, the properly prepared data delivery to the MATLAB is necessary. Primary
goals for data acquisition in the investigated dynamic weighing system are:

e fast triggering,
e voltage signal acquisition with sampling frequency above ~10 kHz,
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e minimum 24 bit Analog-to-Digital Conversion (ADC),
e possibility of saving data into the measurement files and creating reports,
e data exchange with remote access applications (http, ftp, SMTP etc.).

All of these, except for the 24 bit ADC, can be achieved easily with the LabVIEW
software.
Control and visualization are connected with the HMI touch screen. Primary re-

quirements are:

e possibility for process parameters control,

e possibility for historical data check,

e alarms and errors management,

e remote access applications connection [7].

The industrial iFIX SCADA with Historian add-on can be used to meet all of the
above requirements. The system is complemented by the MATLAB utilization for
signal processing.

Raw data

UDP

-

OPC

a)

b)

Fig. 3. a) System structure b) System structure based on the OPC

Figure 3a presents the software architecture of the system. LabVIEW transfers data
to MATLAB by the UDP (User Data Protocol) after the data acquisition. MATLAB
transfers processed data back to the LabVIEW, which then forwards it to the OPC
(OLE for process control) server. The iFIX database can be easily connected with the
OPC server by the OPC Power Tool. This structure allows to transmit data between
all involved software environments. In this case, the LabVIEW is the connecting ele-
ment between iFIX and MATLAB. However, it is possible to change the system
structure to the one which is based on the OPC (Fig. 3b ). Both the UDP and OPC are
very popular in industrial applications, thus the proposed system architecture is open
for further developments.
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In the original system, the UDP protocol is included because of the lack of appro-
priate MATLAB toolbox for OPC connection. During design and testing stages of the
project, one can use the free UDP toolbox or transfer data in text files. In case of a
real application system, it is recommended to use the OPC Toolbox.

4 Algorithms and System Properties

The main system activity is the singular measurement procedure. It is frequently re-
peated, with the time between consecutive measurements dependent mainly on the
conveyor belts speed.

The measurement procedure can be divided into three consecutive stages: data ac-
quisition, signal processing and data transfer/visualization (Fig. 4). The system
switches between different sections on the basis of flags, set by all available environ-
ments. Flags are held on the OPC server or/and in the MATLAB variables database.

Data acquisition stage Signal processing acquisition stage Visualization stage . Data echange blocks

N

Are conveyor belts Trigger
triggered? "1 conveyor belts

r

START

L J

Start data
collection

Objed: within sensor

Data collected?
range?

r

Signal processing
algorithm

Measurement visualization
and statistical analysis

Data transmission
(definied by user)

Fy

Fig. 4. Simplified algorithm of the single measurement procedure, with three marked stages

4.1 Data Acquisition

Data acquisition operations are described by the simplified algorithm presented in
Fig. 5. The procedure starts after object detection. First, the system checks actual
parameters of acquisition, as they can be changed in every process iteration. The trig-
gering flag is set and reset. All of the flags in this section (excluding the signal pro-
cessing flag) are for visualization purpose only. When the voltage signal is acquired,
it is forwarded to the MATLAB in the form of a float array. With the array of unpro-
cessed data loaded into the MATLAB database, signal processing stage starts.
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Objed within
Sensor range?

A4 w| Update acquisition
parameters

Required number Start data
of samples collected? collection

Transfer aray of floats - Set flag
by UDP and OPCto iFIX "signal processing flag" (UDF)

Fig. 5. Simplified algorithm of the data acquisition stage

4.2  Signal Processing

Figure 6 presents the signal processing algorithm implemented in the system [4]. Ac-
quisition of the measurement is realized by parameterized step response function of
the first order inertial object fitting:

h(t) = —a* e_é +c (1)

Signal processing Data preparation

P Obtain controller model

flag set? procedures
N
.
>
h
Y
Removal of integrator | Integrator component - Integrator component
from model ™ recognized? il recognition
h
Sic:_:utf;t;:::jggfnd ert.;gn n) Selection of specific time series n) Fit step response
with precision reswstgr signal interval form filter output to filter output

!

Obtain measurement by
step response function (eq. 1)

F Y

Transfer data from
every step (UDP, OPC)

Fig. 6. Simplified algorithm of the data acquisition stage
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where c is the value of function as the time goes to infinity (the value of the integral
component of PID controller when the signal reaches stability). The outcome of the
algorithm is the stable part of the signal, converted from the filtered voltage signal
into mass indication (Fig. 7). The mass measurement is calculated as the average of
the highlighted samples.

520
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40

430 I ! ! ! !
0 2000 4000 6000 8000 10000 12000

Number of samples

Fig. 7. Final mass indication

Next, selected flags are modified and data arrays from every step of the signal pro-
cessing procedure are forwarded to the LabVIEW and iFIX.

4.3 Control and Visualization

The first part of the visualization stage is concerned with the final measurement and
the signal processing data. After each iteration, when the “final measurement flag” is
set, the system logs the data and visualizes it in form of numerical values. It allows
the user to track the signal path to its final form. In addition, it updates several statis-
tical parameters: average mass, maximum/minimum mass, etc.

The second part is connected with online visualization of the process. It means,
that system informs user about the actual state of the process variables and flags using
the appropriate graphical symbol.
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Fig. 8. Main menu of the system in the iFIX: 1 — process stage visualization, 2 — function but-
tons, 3 — main graphs, 4 — measurement selected statistical data, 5 — main taskbar

The user application main menu is presented in Fig. 8. It consists of buttons,
taskbar and visualization objects. The configuration taskbar provides the control panel
for both metrological and data transfer parameters. Examples of metrological parame-
ters are: motor speeds, upper and lower acceptable mass limits or filter choice. Motors
can be controlled individually with speeds ranging from 0.5 m/s to 1.5 m/s. For the
provided signal processing algorithm, 11 filters are currently available.

Data transfer can be specified in many ways. All of the measurement statistics are
logged into a text file. For the remote access, it is possible to connect to the OPC
server, which holds all of the actual data. The LabVIEW ‘Data communication’ sock-
et allows for use of different kinds of protocols, such as: HTTP, FTP, UDP, TCP and
SMTP. For example, the presented system stores the email list in its database, and
there is a button in the configuration menu responsible for sending text log file with
historical data to the emails from the list.

5 Prototype Evaluation

Evaluation of the system for its compliance with requirements of the dynamic weigh-
ing process, described in Section 3, was done on the prototyped example. All of the
advantages of the system were discussed in previous chapters. However, there are two
drawbacks which can be considered key factors, disqualifying the system from the
industrial use.

First of all, the system is composed of expensive environments. The operations
presented in the article can be performed by cheaper means like FPGA. Secondly, the
system showed to be slow. All of the process operations including (OPC flag setting,
signal processing, data acquisition), the whole single measurement procedure lasts
about 2 seconds. In accordance to the recent technical notes, where checkweighers are
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reported to be capable of weighing about 400-500 objects per minute, this system is
about 10 times too slow.

However, the lack of applicability of the complete system in the industry does not
exclude its usefulness elsewhere. The two benefits — fast implementation of changes
and open architecture — give two possibilities to the system. The first one is that the
components created can be used separately to implement the system in the existing
industrial application. This case is strictly connected with the use of LabVIEW and
iFIX. This will allow to have full control of dynamic weighing system at the produc-
tion line. The second and the most important one is the rapid implementation of
changes very desirable on the stage of prototyping. Designing digital filters and mak-
ing advanced operations on the signal is much easier with aid of computing environ-
ments like MATLAB as compared to programming in VHDL/Verilog or C (FPGA or
microcontrollers). Thus, the presented system integrating iFIX, MATLAB and
LabVIEW is a very efficient scientific tool.

6 Summary

The innovative system for checkweigher based on integration of the three software
environments: MATLAB, LabVIEW and iFIX SCADA was presented. The high de-
gree of flexibility of the system allows to create an application suitable for the specif-
ic user. However, its high cost and slow operation prevent complete implementation
in an industrial production line, although implementation of the control and visualiza-
tion modules is possible. On the other hand, the system had been found useful for
scientific research works. Its ability for data presentation at different stages of the
signal processing, and the visualization of the whole process allows to observe the
behavior of the investigated object. Furthermore, MATLAB is a highly advanced
computing tool, and can be successfully used for the signal processing. Its main ad-
vantage in comparison to the FPGA is the possibility to quickly change the algorithm.

The system turned out to be useful for the planned future checkweigher research,
such as mathematical modeling of the checkweigher and environment interaction, and
development of digital vibration filter.
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Abstract. A measurement setup is proposed for the displacement transducer
with a Hall-effect sensors. It is a differential system using “out of phase”
signals from two sensors. Nd-Fe-B miniature magnets and Hall-effect sensors
mounted in SM technique make possible design of very small size transducers.
Simulation studies were carried out upon such differential system, using the
curves of the sensor voltage signal obtained experimentally in special test stand.
Is possible to propose configuration which allows to obtain a linear signal with
a resolution of at least 0.3 um for the range of displacement of 1 mm.

Keywords: linear displacement measurement, Hall-effect sensor, micro sensor.

Introduction

A research carried out at the Institute of Micromechanics and Photonics, Warsaw
University of Technology, has indicated a necessity of elaborating miniature contact
transducers of linear displacements, in which low-cost matrixes for measuring surface
topography could be potentially applied.

As far as contact transducers of displacements/dimensions are concerned, usually

the following solutions are applied as their structural members [1-3, 9, 10]:

inductance displacements sensors (including LVDT) with differential system of
windings; it is a problem in this case to diminish their range down to ca. 1 mm
while keeping the accuracy at the level of ca. few micrometers (at the same time
the total length of the sensor is of ca. dozens of millimeters);

mechanical dial gauges, currently equipped with electric outputs — characterized by
considerable overall dimensions;

capacitive displacement sensors — ensuring e.g. resolution of 1 pum and uncertainty
of 2 pm at the measurement range of 20 mm; they are built both as differential
systems or not;

strain gauges — measuring strain at a surface of a mechanical element of special
shape, whose selected fragment is deformed;

incremental sensors (e.g. optoelectronic encoders);

© Springer International Publishing Switzerland 2015 21
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e optical sensors with an open optoelectronic coupling, in which a change of degree
of the coupling results from a displacement of the positioned element with respect
to the illuminator and the detector;

e optical sensors with a CCD detector, in which the positioned/measured element
masks the surface of the photo-array to various degrees or focuses.

At present, low-cost miniature Hall-effect devices are commercially available, whose
dimensions are ca. 2.1x2.1x1 mm (Fig. 1). They are designed for surface mounting.
Making use of such sensors, excited by a magnetic field generated by magnets as
miniature as the sensors, would make it possible to build transducers of small
displacements having small overall dimensions.

Hard magnetic materials have become more and more important in the modern
technology. Despite a great number of applications, the market of the hard magnetic
materials consists in essence of four groups of materials (rare earth metal magnets —
transition metal — RE-M — i.e. Nd-Fe-B and Sm-Co as well as ferrites and Alnico) [5].
As far as of miniaturization of magnets is concerned, advantages of Nd-Fe-B
materials are unquestionable. Various techniques of manufacturing them employing a
molding method are used, however so-called bonded magnets are an interesting
solution. Bonded Nd-Fe-B magnets, i.e. magnets created by binding particles of a
highly coercive Nd-Fe-B powder with a polymer binder have a considerable share of
the world market related to magnets. They are applied first of all in devices
converting electric energy into mechanical and vice versa (motors and generators).
Novel technologies of manufacturing bonded magnets have been elaborated over the
last years by the Faculty of Materials Science and Engineering, Warsaw University of
Technology [4].

2 Physically Experiments and Preparing of Mathematical
Model

At the first stage, a study of a dependency of the signal on the position of a micro-
magnet with respect to the sensor was carried out. Optimal values of the air gap were
determined as well. The results made it possible to create a mathematic model of the

3 2 1’

Fig. 1. Scheme of test stand for determination of the Hall-effect sensor characteristics
1, 2 — linear guide system elements, 3 — return spring, 4 — micrometric screw, 5 — micromagnet,
mounted in moveable element, 6 — sensor
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dependence of the signal generated by a HW 108A miniature Hall-effect sensor in
function of displacements of a selected Nd-Fe-B micro-magnet (cylinder, volume
about 1 mm?*). Configuration of test stand and results of experiments — signal from
sensor during changes of position micromagnet are presented on Fig. 1. and Fig. 2.
Central position (symmetry axis) of the sensor surface was located at circa 20.8 mm
position of the micrometric screw. The air gap dimension was circa 0.15 mm.

400

U, mV
300
200 \
100 - \
0 Ll

19 20 21 22 23
X. mm

Fig. 2. Physical experiments — signal generated by HW 108A sensor during displacement of
micromagnets, UH — Hall voltage, x — setting of micrometer screw

For the purposes of model parameterization process tabulated results of the
preliminary experimental test were estimated by using the polynomial function.

3 Transducer of Linear Displacement — Configuration and
Simulation Tests

A measurement configuration, which can be applied in the displacement transducer with
a sensor based on a Hall-effect device is a differential system using out of phase signals
from two sensors. The signals can be generated by a field of one or two magnets (Fig. 3).

An optimization of the system generating a differential signal was realized using static
characteristics of a signal generated by a sensor based on a Hall-effect device, presented
in Fig. 2. A mathematical model was created, which makes it possible to select a
fragment of the signal edge to be used for processing by the differential system.

Fig. 3. Two configurations of the differential transducer with Hall-effect sensors: 1) one
magnet system, 2) two magnets system M, M1, M2 — micromagnet, A and B — sensors, Ax —
distance between centers of magnetic fields, x, — phase shift of differential displacements
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The mathematical model was applied in a numerical environment of
MATLAB/Simulink (see Fig. 4 — scheme, Fig 5 — polynomial curve corresponded
signal of sensor), and a simulation study pertaining to operation of the system was
carried out introducing variation of its features. First of all were tested conditions of
operation of the differential system with various phase shift of signals from the two
sensors. The range of measured displacement of 1 mm (+0.5 mm) was taken into
consideration.

Difference

Data acquisition Difference

Sensor A signal
Asensor outt —4 9|

Constant in2

Slgnal A range limit

[e]

Sensor B signal

Translation mm With Translation  Saturation1 B sensor

Fig. 4. Scheme of the MATLAB/Simulink procedure

Analysis algorithm was like the following:

e change the value of xg;

e choice of displacement range Ax = +0.5 mm;

e check the behavior of the condition of linear regression R* > 0.9995 for the widest
possible range of AU (output signal).

Sensor B signal
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Fig. 5. Sensor signal determined from polynomial function

An example results for configuration sensors and magnets, fulfilling the conditions
— minimization of nonlinearity of the differential signal in wide range, is shown in
Fig. 6. There was selected solution to provide an output range with value R* = 0.9995
for range of the output differential signal AU = 443 mV.
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A sensor U, mv B sensor
|

Fig. 6. The signals obtained for selected configuration of sensors and magnets

Using for further signal processing DAQ card with input range of A/D converter
+250 mV and 12-bit resolution is obtained for a £0.5 mm (I mm) displacement
transducer resolution not worse than 0.3 pm. It is also possible to apply dedicated
compartment with AU = 0.440 V A/D converter having a greater number of bits
resolution.

4 Summary and Conclusions

The works reported in the paper pertain to selection of the operation conditions. One
proposed ranges of displacements of the micro-magnet, which are advantageous as far
as design of the differential system is concerned. Future works will be focused on
stability of indications at various disturbances (temperature first of all) [6, 7].

Results of the study provide a knowledge on detection of the magnetic field of Nd-
Fe-B micro-magnets by means of miniature Hall-effect devices as well as use of the
signals for measuring purposes, in differential systems first of all. Due to low unit-
prices of these elements, it would be possible to manufacture inexpensive and
accurate transducers of displacements of the order of tenths of millimeter. Application
capabilities of such transducers are considerable — they are related to the following
areas: fine and precision devices, miniature consumer products, microrobots,
automation and control/inspection system etc.

It should be emphasized that these possibilities do not refer to measurements of
linear displacements only. They can be adapted to measurements of angular
displacements, and also measurements of such mechanical quantities, in which a
measurement of a displacement of the element subjected to some other interaction
occurs (e.g. measurement of forces, torques, pressure). Systems of such sensors will
enable to build measuring arrays or matrixes of relatively high density of information.
That will create e.g. a possibility of building low-cost pressure mats for measuring
gait parameters in medicine, motion bioengineering — especially foot sensors for self
optimizing orthotic robots, which are designed in loM&P WUT [8].
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Abstract. The paper presents a hybrid system for vision diagnostics of
technical objects and processes simultaneously in the visible and infrared band.
The system consists of a hybrid vision head adapted for use in industrial
conditions, control and measurement system and the optional cooling system
using compressed air. In order to verify the concept of hybrid method the study
was performed on selected objects in the laboratory conditions using the
developed system. The next stage was to perform the vision diagnostics of
technical process in industrial conditions. By combining the analysis of the
images in the two spectral bands additional information about the examined
object or technical process can be obtained.

Keywords: hybrid vision system, passive and active thermography, diagnostics
of technical objects and processes, multi-spectral images.

1 Introduction

Technical diagnostics is a field of knowledge that covers all of theoretical and
practical issues relating to the identification and assessment of current, past and future
states of the technical object with regard to its surroundings. Technical diagnostics is
essential in all phases of an object existence (valuation, construction, manufacturing,
operation) and is a tool for improving the quality and reliability of technical objects
[1]. This article concerns the vision diagnostics of objects and technical processes at
the stage of production and operation. The aim of the diagnosis at the manufacturing
stage is to assess the quality of the products. In the production process systematic
measurements are performed and the results are compared to the requirements
included in the technical documentation. Depending on the outcome of that
comparison the following step of the production or corrections are performed [2].
Operational diagnostics uses the results of measurements carried out periodically or
continuously in order to determine the current state of the object and to detect
damage. To diagnose the state of the device in through the operational diagnostics the
state symptoms associated with process variables (e.g. pressure, temperature, power)
are used, as well as residual processes that inevitably accompany the operation of
each machine: thermal, electrical or vibroacoustical processes. They allow the
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diagnostics without stopping the system (non-invasive diagnostics) [3]. In [4] as one
of the most commonly used diagnostic methods vision inspection is listed. Among the
existing solutions visible band cameras are used for this purpose and infrared cameras
are used increasingly. Wherever any issue causes heat generation, thermal imaging
measurements become an indispensable tool for diagnostics [5]. Hybrid methods
combining the advantages of imaging in multiple spectral bands find their use in an
increasing number of applications.

2 The Concept of Hybrid Vision Method

The concept of a hybrid vision method involves the use of two vision tracks to allow
simultaneous inspection of the examined objects in the visible — VIS and infrared — IR
bands (Fig. 1) [6, 7]. In the presented method, the information from both vision tracks
are processed and analysed in order to increase the efficiency of vision inspection.

Fig. 1. The concept of the hybrid vision method: 1 - visible band camera, 2 - infrared camera,
3 - infrared radiator, 4 — panel LED lighting, 5 — tested object

Observation in the visible band allows detection and identification of defects in
surface structures, detection of the presence and orientation of the individual
elements. VIS images are used as auxiliarly in order to facilitate and accelerate the
localization and identification of controlled objects or to facilitate interpretation of the
results of the IR camera. Thermography is an imaging in infrared band that consists in
measuring the thermal radiation emitted by the object and on that basis determining
the temperature distribution on its surface. This allows the monitoring of the
temperature of objects, detection of areas of local temperature differences, e.g. heat
accumulation zones. In order to ensure proper illumination of the object in visible
band the system of two panels on either side of the target zone was proposed. Infrared
inspection can be carried out using the so-called passive infrared thermography or
active infrared thermography [5, 6, 8, 9]. In the method of passive infrared
thermography, the thermal energy is derived solely from the test object, which
remains under the influence of the environment or is in normal operating conditions,
without additional thermal stimulation. In the method of active infrared thermography
the response of the material subjected to stimulation by an external energy source is
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analysed. From the different techniques of active infrared thermography the pulse
thermography was selected [5, 6, 8-10]. In this method a stimulation is a heat pulse,
and the recording of thermograms usually takes place in the cooling phase. The
source of the heat pulse is a system of IR radiators located on both sides of the object.

3 Hybrid Vision System

Hardware structure of a hybrid vision inspection system consists of three main
modules:

e vision head with lighting system and thermal stimulation system using IR radiators,

e control and measurement system that allows control of inspection process and
acquisition, processing and analysis of measurement data,

e optional pneumatic system for cooling of the vision head with use of compressed
air.

Components of the individual modules are shown in the block diagram (Fig. 2).
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Fig. 2. Block diagram of the hybrid vision inspection system

3.1 Vision Head

The function of the developed vision head (Fig. 3) is to protect the camera module
from the adverse effects of raised temperatures of inspected process and possible
pollution, dust, moisture or mechanical shocks. In order to eliminate the negative
impact of external factors on the vision module, the housing head consist of two
bodies. Between the outer body and the inner is a free space, which is designed to
isolate the camera module and to protect against high temperatures.
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b)

Fig. 3. Hybrid vision head with visible band camera and infrared camera: a) general view,
b) view without the front cover: 1 — external body, 2 — internal body, 3 — front cover, 4 — camera
module for hybrid inspection, 5 — panel LED lighting module, 6 — infrared radiator module

The design of the vision head allows high flexibility and easy reconfiguration of
individual components [6]. The main modules of the developed structure of the head
are: camera module for hybrid inspection, LED illuminators, set of two infrared
radiators and cooling modules.

Fig. 4. Front cover with vision windows (view from the interior): 1 — quartz glass window
(optical track for visible band camera), 2 — germanium optical window (optical track for
infrared camera)

The head chassis is made of aluminium, due to the low specific weight and good
thermal conductivity, which in combination with the cooling system provides
effective heat dissipation. Reflecting outer surface of the body, however, limits the
absorption of energy brought by thermal radiation. The head is equipped with three
cooling modules for independent cooling of: the inner zone, where the two cameras
for vision tracks are located, the zone between the shells of the housing and the front
zone with optical windows. Each module can be independently controlled by
adjusting the pressure and air flow. Hybrid vision module allows inspection in two
spectral bands. The developed vision system uses a thermal imaging camera from
InfraTec with uncooled microbolometric sensor with a resolution of 640x480 pixels.
Camera sensor works in the long wave infrared band 7.5-14 um [11]. To register the
images in the visible band Basler camera was used with a monochrome CCD sensor
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with a resolution of 1626x1236 pixels [12]. The cameras are placed on the rotary
tables that allow precise manual change of the angular position depending on the
required viewing distance.

The front cover (Fig. 4), protects the camera module against adverse effects of
external factors and mechanical damage. The casing has an independent cooling
system, and the face of the optical window is offset to the centre of the housing
relative to the end face of the body, which further minimizes the possibility of damage
to the optical components. Due to the possibility of changing the angular position of
the camera optical windows are of an oval shape so as not to obstruct the viewing area
of the lens used.

Since the developed vision head uses two types of cameras that use different
spectral ranges of electromagnetic radiation, the optical windows are made of two
kinds of materials: quartz glass (for the camera of visible band ) and a single crystal
germanium (for optical path of the infrared camera). Also important is an application
of appropriate anti-reflective coatings, which in the case of germanium approximately
doubles the value of transmission of the optical window compared to the material
without the coating applied [6, 13].

In order to obtain the correct lighting of the inspected area, on the outer part of the
vision head, on both sides, white LED panel illuminators are mounted. Vision head
allows optical inspection using both passive thermography without additional thermal
stimulation, as well as active thermography pulse stimulation of the tested materials
using IR radiators. For this purpose, in the upper and lower parts of the head, modules
with infrared radiators are mounted. Each module is equipped with two IR emitters, of
a specific power of 500 W. LED illuminator and IR radiator modules can be removed
if not used in the selected method of measurement so as not to affect the process of
inspection. Vision head is positioned relative to the inspected objects with use of
Manfrotto photographic head, which is attached to a tripod-type stand.

3.2  Control and Measurement System
The main components of the control and measurement system are:

e computer system with software,
e console with integrated LCD screen and keyboard,
e components to provide the power and control of hybrid vision system.

All components have been placed in a table top rack cabinet (Fig. 5). In the lower
part of the housing there is a console with 19" LCD screen, keyboard and touchpad
produced by Austin Hughes. The console includes two drawers equipped with guides
to ensure independent ejecting of the LCD screen and keyboard. Over the console
there is an industrial PC from Advantech. The computer is equipped with a Core i7
processor, 4 GB of RAM and 1TB HDD. LCD console and computer housing are
made in standard 19" rack. The upper part of the housing holds components
responsible for the supply and control of hybrid vision system integrated on the
mounting plate.
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Fig. 5. View of the control and measurement system

The control and measurement system is designed based on input-output modules
from ADAM-6000 series. Digital outputs are used for hardware triggering for both
cameras. Analogue outputs are used for smooth adjustment, independently in the two
channels, of infrared radiators' power by means of a two phase regulators. To control
the LED illuminators the specialised driver is used from Latab. It allows independent
control of flux in the two channels. Lighting controller, as well as a series of modules
ADAM-6000 use the Ethernet interface to communicate with the computer. The
system uses three other separate power supplies for independent power lighting
controller, ADAM series modules and two cameras. The serial port server is used for
communication via RS-485 interface with ADAM-4000 modules, placed in the
optional cooling system and temperature sensors in the vision head. With this
solution, despite the use of an Ethernet interface and RS-485 communication the
computer is only using the Ethernet port.

As part of the project the application IrvisUTP has been developed for controlling
optical inspection process and ensuring the acquisition, processing and analysis of
images from both vision tracks.

4 Experimental Tests in Laboratory Conditions

In order to verify the concept of the hybrid method of vision inspection, tests were
performed on selected objects using the method of passive thermography and active
thermography. The possibility of using the hybrid diagnostic for the LED
illuminators, electronic components, monolithic and composite materials containing
surface and subsurface defects was investigated [6]. The article presents examples of
the results from testing the LED illuminator ring and fibreglass with subsurface
defects.

4.1  Testing the LED Illuminator

Testing the ring LED illuminator was performed using passive thermography method,
without the use of IR radiators. The use of passive thermography method is limited to
objects having a temperature different from the environment, which allows analysis
of the radiation coming from the object [9]. Tested LED illuminator has several
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damaged elements and several elements of reduced light emission with respect to the
nominal value. After heating lighting elements, as a result of the nominal current,
simultaneous recording of images for both vision tracks was performed (Fig. 6).
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Fig. 6. The results of tests performed on the LED ring illuminator: a) image from the visible
band camera, b) image from the infrared camera, c) temperature profiles along L.1 and L2 lines

Image obtained by the visible band camera allows the assessment of light emission
from individual LEDs. Image from the infrared camera allows analysis of the
temperature distribution on the surface of the illuminator and the finding areas of
excessive heat accumulation. The figure 6.c presents temperature profiles, taken along
the lines L1 and L2 on the thermogram, presenting local increase in temperature.
Based on the performed studies the effect of a defective component on the other
LEDs in the same line was observed. Defective LED will change the operating point
of other elements in the line leading to overheating.

4.2  Testing the Glass Composite with Subsurface Defects

The study on composite materials was performed using active pulse thermography.
For the samples made of fibreglass subsurface defects were simulated in the form of
blind holes with a diameter of 2, 3, 4 and 5 mm distant from the end surface by 1 mm
and 2 mm. Holes are not visible from the side that was observed by the camera.
Thermal pulse duration was 7 seconds with radiant power of 1000 W. Images were
recorded during the cooling phase after switching off the IR radiators (Fig. 7).

On the observed thermograms of the cooling sample non-uniform temperature
distribution on its surface was observed. Areas under which were defects located, had
a higher surface temperature than the areas under which the material is homogeneous.
Studies have also shown that deeper defects manifest themselves later and with less
temperature contrast [8]. The resulting profile graphs (Fig. 7c) show the positions of
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the occurrence of defects in both test samples. A combined analysis of images from
both vision tracks allow detection of defects for both surface structures and
subsurface defects.
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Fig. 7. The results of tests performed on the glass composite: a) image from the visible band
camera, b) image from the infrared camera, c) temperature profiles along L1 and L2 lines

b)

5 Testing of the Bottle Cleaning Process in an Industrial Washer

The aim of the study was the vision diagnostics of a bottle cleaning process at
industrial washer. Due to the great total length of line, in order to maintain the
required resolution of recorded images, the study was performed independently for
three positions of the vision head (Fig. 8). For each position of the hybrid vision head
the simultaneous recording of images in two spectral bands was performed for about
45 minutes. For diagnostics of bottle cleaning process the passive thermography
method was used. To illuminate the field of observation in the visible band a system
of two halogen lamps was used.

Vlslon head N

Position No, 1 Vision head . -

Position No, 2 lSlon head -
Position No, 3

Fig. 8. The model of the stand for vision diagnostics of process of industrial washing of bottles

During the industrial bottle washing process the temperature is gradually raised.
Main lye bath is carried out at a temperature of about 80 °C. Then, after rinsing the
lye and as a result of successive water sprays, the temperature of bottles is gradually
decreased [14]. Monitoring the bottles' temperature after washing is important
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because of the danger of microbial growth. Thermal images allow evaluation of the
efficiency of the cooling process of the bottles, after washing, by analysing the
temperature distribution on their surface. The local temperature rise of bottles leaving
the corresponding slot of the washer can be systematic or short-term. The persistent
long-term higher temperature of bottles coming from the same slot may indicate
obstruction of the local cooling system [7]. Washer design allows the observation of
two rows of bottles. Rinsed bottles from the top row fall onto the conveyor (bottom
row), and are shifted to the right. The Fig. 9 shows a thermogram for a higher
temperature of bottles exiting the slot number 1 (start of line), which is also visible in
the bottom row by periodically occurring temperature increase of the bottles.

o 50 100 150 200 250 300 350 400 450 S00

a) A b) Index [px

Fig. 9. The result presenting the systematic rise of the temperature on the surface of bottles
(position no 1 of vision head): a) infrared image, b) profile diagram along line L2

Impaired cooling process could also show as a short-term temperature rise that is
limited to the single bottles (Fig. 10).

40
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Fig. 10. The result presenting the local rise of the temperature on the surface of single bottle
(position no 2 of vision head): a) infrared image, b) profile diagram along line L1

During testing there situations detected where high temperature rises occurred,
which likely reasoned from the hot water left in the bottles during washing process
[7].

Images from the visible band camera allow detection of the labels not removed
from the surface of the bottles. Sample images with marked areas comprising
fragments of labels is presented in Fig. 11.
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Fig. 11. Sample images obtained from the visible band camera with marked areas with parts of
not removed labels on the surface of bottles: a) position no 1 of vision head, b) position no 2 of
vision head

6 Summary

Presented hybrid vision system provides highly reconfigurable possibilities for
various components depending on the requirements of the target application.
Equipment of the vision head with additional external modules in the form of LED
lighting modules and infrared radiators allows both lighting inspection area in the
visible band as well as thermal stimulation of tested items. This makes it possible to
perform vision inspection both by the method of passive thermography and active
pulse thermography.

The big advantage of using vision methods for the diagnostics of technical objects
and processes is non-contact and non-destructive nature of measurement, the
possibility of simultaneous observation of the entire study area, high speed
measurement, the wide range of possible applications. Additional benefits are
obtained by combining image registration of two spectral bands. Hybrid method of
inspection in the visible and infrared band allows increase of the efficiency of the
process of vision inspection. By combining the analysis of correlated images of the
two spectral bands the additional information about the test object is obtained.

Diagnostics of LED lighting in the visible and infrared bands allows both
evaluation of emission of light sources (VIS track) and the detection areas of
excessive heat accumulation (IR track). The hybrid vision inspection of composite
materials provides detection of defects, both surface structures (VIS track) and
subsurface structures (IR track). Vision diagnostics of bottle washing process using a
hybrid system allows both assessment of the effectiveness of the bottles' cooling
process, by analysis of the temperature distribution on the surface (IR track), as well
as detection of not removed label fragments (VIS track).
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Abstract. This paper concerns performance testing of radio communication pa-
rameters using routing algorithm implemented in IQMESH protocol. It presents
description of research methods and measuring station used during the tests.
Three parameters of radio transmission have been checked: efficiency, RSSI
and capacity. Measurements were performed in two ways. First, for single
router in function of distance between router and coordinator. Second, for vari-
ety of routers to determine influence of number of packet jumps on communica-
tion parameters. In addition, this paper contains the results of the measurements
with the characteristics and mathematical models.

Keywords: IQMESH protocol, radio communication, ISM band, routing
parameters.

1 Introduction

Nowadays, communication and data transfer process play a key role in every industry.
First of all, link should provide stability of connection, guarantee of sent message
delivery and should not distort the transmitted data. There are hundreds of protocols
and interfaces designed for the particular applications. For example, some of them
allow wireless data exchange [10], other offer very fast bandwidth and another are
characterized by high resistance to interference [4]. Sample devices for wireless
data transfer could be instruments working in ISM band. It is a free-license band-
width, used for Industrial, Scientific and Medical purposes, operating in frequencies
from 6.75 MHz to 246 GHz [6]. Most commonly, devices based on ZigBee or
Wi-Fi standard are used (bandwidth: 868.915 MHz and 2.4 GHz or 5 GHz) [7, 8]. An
alternative for this type of systems might be IQRF radio modules which allow devel-
opment of any wireless radio communication device. In addition, the modules are
characterized by small sizes, variety of mechanical solutions and different antenna
parameters [3, 2].

The research described in this publication is related to three radio transmission pa-
rameters: efficiency as a ratio of received packets to the sent packets, signal strength
indicator and link capacity. Tests were performed in two ways. Paper presents the
results of measurements and mathematical models developed on the results basis.

© Springer International Publishing Switzerland 2015 39
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2 Research Methodology

Object of the research was a wireless communication link, established via TR52DA
radio module used as a router. Description of instruments (including chip) used during
the tests is presented in section 3. Measurements were executed in two ways:

e For single router to specify its performance parameters like range of operation and
data loss in function of distance between receiver and router.

e For several routing devices to determine influence of number of routers situated in
network, on radio data transfer.

The network had to be built from at least three elements, in both cases:

¢ One transmitter, responsible for sending radio packet.

e Determined number of routers, responsible for passing packets between transmitter
and receiver.

e Receiver, responsible for receiving and data analysis.

Network elements were deployed that the packets sent from the transmitter cannot
reach receiver directly. Such solution allows to perform tests only for router parame-
ters and routing algorithm. Symbolic network and data flow diagram, for single router
tests are presented in Fig. 1.

I~

Fig. 1. Network used during tests for single router diagram

Reduction of transmitter power allowed for a larger amount of measuring points.
The study consisted of gradual increase of the distance between the transmitter and
the router. Router parameters have been checked every 10 meters. Testing was per-
formed under standard conditions for wireless systems (in presence of other radio
signals, near electrical installations, with few obstacles in the signal path). Figure 2
presents network schematic used during tests for several routers.
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Fig. 2. Network used during tests for variety of routers diagram

Tests were carried out for 5 routing devices. Communication parameters were
checked consecutively for one device, then for two devices and so on. In this manner,
graph showing the impact of number of data packet hops on transmission parameters
was determined.

3 Measuring Setup

The most important element of measuring instruments was TR52DA radio module.
Chip allows establishment of radio communication link in band 868/916 MHz modu-
lated by FSK algorithm. Additionally, module allows IQMESH protocol implementa-
tion. Interface has software tools used for example in bonding receiver and transmit-
ter, network configuration, filtering and protection of the radio packets, data routing,
etc. Figure 4 presents transceiver module with its basic components marked.

Fig. 3. Structure of TR52DA chip, 1 — PCB antenna, 2 — EEPROM memory, 3 — voltage regu-
lator, 4 — MCU with OS, 5 — MRF49XA ISM Band RF Transceiver [4]

The heart of the chip is PIC16LF1938 microcontroller with IQRF operating sys-
tem, 28 KB flash memory and 8-bit core with 32 MHz clock. Microchip MRF49XA
RF transceiver enables ISM band communication controlled by commands from
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MCU. Whole platform has been constructed in the way, that the module can be
mounted using SIM card connector. Specified TR52DA and MRF49XA features [4, 5]:

e Supply voltage: 3.1-5.3V

e Maximum transmission speed: 86.2 kB/s

e Standard radio sensitivity: =110 dBm

e Standard radio output power: +7 dBm

Additional instruments used during the tests: CKUSB04 module programmer
(for communication with computer), evaluation kits DKEVALO4 (to supply router
devices and transmitter) and PC computer (for data acquisition). Each radio trans-
mission parameter has been tested with software, created especially for this pur-
pose. Individual application provides favorable conditions for specific transmission
parameter testing.

4 Results

This chapter includes the results of research presented in form of graphs with mathe-
matical models. As mentioned, three transmission parameters have been tested:

e Efficiency — specified graph point was determined as arithmetical mean of 10
measurements. Single measurement consisted of 100 radio packets sent to receiver.
Efficiency (E) is calculated as a ratio of received packets (P,) to the sent packets
(P,). Formula 1 illustrates method of calculation:

i
E = —=x100 [%] (D
P
e Capacity [b/s] — amount (n) of received data in time (t), minus time required for
data analysis (t,). Measurement was determined on the basis of time required to re-
ceive at least 1 Mb of data. Single packet size was 88b, thus Formula 2 used for a
measurement calculation, can be described by a following equation:

- n * 88[b] @
tls] — tals]
e RSSI - Received Signal Strength Indicator determining radio power of received
signal. Value was specified by arithmetical mean of at least 500 measurements.

5 Single Router Results

Results presented in this chapter, concern tests for single routing device. Described
models are introduced as a function of distance d. Chart of transmission effectiveness
is demonstrated in Fig. 4.
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Fig. 4. Transmission efficiency as a function of distance
Mathematical model of efficiency is described by equation 3:

E(d) = —0.1315¢%08954 4 98.37¢¢*107*d (3)

Efficiency is the most important parameter of the radio data transfer. The chart
shows, that for 80 meters of transmission, number of received packets fluctuated on
level of 100%. That proves connection stability. Thus, it can be assumed that, single
routing device usage, can improve network range by 80 meters. In addition, devel-
oped model may help with estimation of amount of packets received between 70 and
90 meter of transmission. Compared to results obtained from previous tests, differ-
ence between range of single transmitter and router is equal to 30 m [5]. This may be
due to the greater number of packets in network. Selected may conflict with each
other, what may lead to data loss.

Figure 5 shows chart of link capacity in function of distance. Similar to previous
characteristic, complete range loss occurred at 80 meter of transmission. The decrease
between graph points is more regular. It proves dependence between distance and
connection capacity, despite efficiency level. Mathematical model described by for-
mula 4, enables assessment of capacity value on specified distance. It might be useful
in radio systems where bandwidth is a range indicator. For transmission based on ISM
band, such systems are quite unique.
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Fig. 5. Change of capacity in function of distance

Model approximating chart shown at Fig. 5:
C(d) = —0.1562¢%0823d 4 278 6¢~0.0008d (5)

Next tested parameter was RSSI of received signal. Graph showing indicator value
in function of distance is presented in Fig. 6. Changes in the value of the parameter
are the most stable and monotonous from all presented results. Decrease is about 10%
every 10 meters. Similar to direct communication between transmitter and receiver,
the radio signal ceased to be received when the value of the RSSI dropped below
30%. Formula described by equation 6 might be used during the creation of network
based on tested modules. Estimation of RSSI value in specific location, allows to
determine expected signal power in receiver. In places where the value of the indica-
tor falls below 50%, communication can be easily disturbed or may cause data packet
loss. Approximation model of chart presented in Fig. 6:

RSSI(d) = —0.0124d? + 0.0806d + 82.21;d € < 10;90 > (6)

It can be assumed that RSSI level is above 95% at first 10 meters of the transmis-
sion. All presented results compared with previous studies, are characterized by de-
crease of 30 meters of transmission range [5]. It is hard to pinpoint the reason for this
phenomenon. It may be due to the greater number of devices in network, interference
in the signal path or even problems associated with routing algorithm.
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Fig. 6. Received Signal Strength Indicator in function of distance

6 Several Routers Results

Routers were arranged that RSSI value between devices was at the level from range
of 70-80%. Such a value of signal strength should prevent data loss and provide the
stability of the link. According to the assumption, RSSI tests have shown that, in-
crease of routers amount had no influence on indicator value. This is due to the fact
that value is measured between receiver and the nearest router, which did not change
its position during the tests. Hence, efficiency value in proper network setup should
not change as well. Hypothesis was confirmed by research. Average efficiency value
for all measurements was approximately 96%.

Amount of routers affected capacity value only. It is completely understandable.
Each device has specified period of time required for background further packet
transmission. Therefore, the results could be approximated by linear model. Graph
showing capacity changes and its mathematical model, is presented in Fig. 7 and
equation 7. It is worth noticing, that characteristics slope level can be configured in
software by user. The aim of the studies was to determine stability of networks that
use data routing algorithms. Model approximating graph shown in Fig. 7:

C(n) = —13.9n + 278.7 (7)
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7 Conclusion

To sum up, described tests focused on the issue of the wireless data exchange using
ISM band. The aim of the studies was to determine impact of network data routing on
radio transmission parameters. Tests allowed to estimate basic functional parameters
of routing devices. The research shows that usage of single router can provide 70 m
network range increase. Additionally results proved, that network parameters are not
dependent from number of used routers. Proper network setup, ensure stable transmis-
sion without data loss, but with decreased bandwidth. Each packet hop causes exten-
sion of time required for data reception. Results acquired from single router tests,
compared with previous studies, are characterized by decrease of 30 meters of trans-
mission range. Developed mathematical models allow quick estimation of network
parameters, on the stage of its design. All tests were performed with specially pre-
pared software and measuring setup.

References

1. Seflova, P., Sulc, V., Pos, J., Spinar, R.: IQRF Wireless Technology Uti-lizing IQMESH
Protocol. In: 2012 35th International Conference on Telecommunications and Signal Pro-
cessing (TSP), pp. 101-104 (2012)



oA W

10.

Functional Performance Testing of Routing Devices in Networks 47

Sule, V., Kuchta, R., Vrba, R.: IQMESH implementation in IQRF wireless communication
platform. In: Second International Conference on Advances in Mesh Networks, MESH
2009, pp. 62-65 (2009)

http://www.igrf.org

Scherer, R.: Radio zastgpuje kable. Pomiary, Automatyka, Robotyka 11, 7-8 (2007)
Microchip, MRF49XA Data Sheet ISM Band Sub-GHz RF Transceiver

Bazydlo, P., Dabrowski, S., Szewczyk, R.: Wireless temperature measurement system
based on the IQRF platform. In: Awrejcewicz, J., Szewczyk, R., Trojnacki, M.,
Kaliczynska, M. (eds.) Mechatronics: Ideas for Industrial Applications. AISC, vol. 317,
pp. 281-288. Springer, Heidelberg (2015)

Radio Regulations Resolutions and Recommendations, Edition of, ITU-R (2012)

Zheng, J., Lee, M.J.: A Comprehensive Performance Study of IEEE 802.15.4. IEEE Press
Book (2004)

Wireless, L.A.N.: Medium Access Control (MAC) and Physical Layer (PHY) Specifica-
tions. IEEE Computer Society (2012)

Goszezynski, T., Pilat, Z.: Considerations on Coverage and Navigation in Wireless Mobile
Sensor Network. Journal of Automation, Mobile Robotics & Intelligent Systems 1 (2011)



Influence of the Humidity on Signal of Strength
in Laboratory Weighing Scales

Szymon Dabrowski', Piotr Bazydto', and Roman Szewczyk®

! Industrial Research Institute for Automation and Measurements PIAP,
Al. Jerozolimskie 202, 02-486 Warsaw, Poland
{sdabrowski, pbazydlo}@piap.pl
Institute of Metrology and Biomedical Engineering,

Warsaw University of Technology, Warsaw, Poland
r.szewczyk @mchtr.pw.edu.pl

Abstract. This paper concerns impact of the humidity on the weighing result,
using ultra-precision laboratory balances. It presents description of research
methods and measuring station used during the tests. Measurements were made
for two mechanical weight solutions: without additional seals and with addi-
tional seals (of selected mechanical elements). In addition, this paper contains
the results of the measurements, together with the characteristics and mathe-
matical models illustrating the effect of humidity on the signal of strength.

Keywords: humidity influence, laboratory weighing scales, environmental
research.

1 Introduction

The process of mass measurement plays a key role in some industries, for example in
the: pharmaceutical, medical, food and chemical industry. It is crucial, because finding
the right proportion of mixed ingredients determines the quality of the product or com-
pany economics [9]. Usually, mixed substances reach the weight of 10 gram, what
significantly complicates the weighing process. To measure such a small magnitude, the
most common laboratory balances are used. They provide accurate measurement with
high resolution. In addition, the measurement of such order of magnitude is greatly
influenced by environmental conditions, such as: pressure, temperature and humidity
[10]. Previous studies have shown that the greatest effect on the measurement has
atmospheric pressure, which has strong influence on the air buoyancy inside the
weighing chamber [4, 6].Temperature primarily affects the laboratory balances elec-
tronics, what is reflected in the measurement error. The accumulated humidity
adversely affects the mechanical components [5]. Due to the fact that different condi-
tions occurs during the measurements in different laboratories, it is necessary to
provide adequate compensation of these conditions in the measuring device [8].
Compensation task can be realized by appropriate mechanical modifications or by
software, which integrates given electronic solutions. In the case of humidity, the
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easiest way is to change the construction of the elements that has the highest absorp-
tion, by usage of seals or material shifts.

The research described in this publication is related to the quantitative impact of
humidity on the measurement of the laboratory scales. This paper presents the results
of measurements and mathematical models developed on the results basis. The study
was conducted for two different solutions of RADWAG weighing scales.

2 Research Methodology

Object of the research is laboratory scale XA 82 / 220.3YA, which basic technical
parameters are presented below[7]:

e Maximum load: 82/220 g
Minimum load: 1 mg

Accuracy: 0,01/0,1 mg
Operating temperature: 10—40 °C
Operating humidity: 40% — 80%

The scales allow to measure mass 82 g with precision 0.01 mg, and 220 g with pre-
cision equal 0.1 mg. The average stabilization time is 5s, eccentric load deviation
0.2 mg and repeatability for measurement of 82 g is 0.015 mg when for 220 g it is
0.08 mg. Tested weighing scale is presented on Fig. 1.

Fig. 1. XA 82/ 220.3YA weighing balance, 1 — weighing chamber, 2 — measured weight, 3 —
device control cabin, 4 — weighing table, 5 — human interface, 6 — RS-232 cable
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The research was performed for two mechanical structures of scales. Firstly, in the
standard version without additional modifications limiting absorption of moisture, by
the key scales mechanical elements. Second structure concerns balance with addition-
al seals.

Humidity influence on the weighing result was obtained for a constant temperature
of 25°C, which equals half of the temperature range of operation. The moisture had
been changed every 10% starting from 40% and ending at 80%. In addition, prior to
the test, balance had to be running for 24 hours with the aim of thermal stabilization
of the device. Tests were performed using a service self-test feature that allows to
carry out a series of measurements of the internal weight of the 179.5496 g mass.
Activities executed during a self-test procedure are symbolically depicted at Fig. 2. A
single series of measurements consisted of at least 60 measurements recorded with 0.5
minute intervals. In addition, prior to the measurement series, weighing scale was in
stable environmental conditions for at least 6 hours. Individual measurements were
calculated as the arithmetic mean of a single series.

Fig. 2. Activities performed during a scale self-test procedure

3 Measuring Station

Measuring station used during the tests consisted of three main elements:

e Object of study — the weighing balance placed on a special anti-vibration table.
e PC computer for data acquisition.
e Climatic chamber for humidity and temperature control in scale environment.

Station allows to perform tests automatically, in order to elimination of influence
of person performing the tests. The connection between the computer and the weigh-
ing scale is established via the RS-232 interface. The main problem of the test station
was the impact of the vibration caused by the climate chamber. Despite the use of a
special weighing table, vibrations heavily influenced the result of the measurement.
Because of that, measurement stabilization during operation of the climate chamber
was unattainable.
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RS232

Recording computer

Fig. 3. Measuring station block diagram

For this reason, the climate chamber was switched off until end of measurement
test series. After reaching the mechanical stabilization of the device, series of meas-
urements were performed. Figure 4 presents measuring station.

Fig. 4. Real photography of measuring station, 1 — climatic chamber, 2 — control cabin, 3 —
HMI panel, 4 — PC computer

4 Results

This chapter presents the results of research presented in form of graphs with mathe-
matical models. Weather conditions prevailing outside the climatic chamber during
the tests has contained in the range of values presented in Table 1.
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Table 1. Environmental conditions during the tests

Environmental conditions

Temperature 5-21.8
[°cl

Humidity [%] 16,7 - 90

Pressure [hPa] 989.9 - 1015

Due to the pressure impact on the result returned by the weight, the results are pre-
sented with compensation of conditions prevailing in the device weighing chamber.
To properly estimate this impact, the first step is to calculate the density of the air
from the formula I [1].

0348444 » p — h(0.00252 ¢ — 0.020582) .
B 273.15 + t &y

Pa

where:
pa — air density [kg/m3],
p — atmospheric pressure [hPa],
h — air humidity [%],
t — temperature [°C].

Then, after substituting the calculated value to the II equation [2, 3], actual mass of
the sample can be calculated from the following formula:

{_Pa

me=m s —b- @)

Pe

where:
mc — final result,
p — calibration weight density [kg/m’],
p. — measured weight density [kg/m’],
m — result return by scale.

4.1 Measurements for Standard Construction of Weighing Scale

Standard design of the balance refers to construction without additional seals. Figure
5 presents graph of humidity in function of weight. Mathematical model that ap-
proximates the characteristics of Fig. 5 is described by the III equation

M[g] = —0.0002683 * h[%] + 179.6 (3)
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Fig. 5. Impact of humidity on weighting result returned by standard construction weighing scale

According to the assumption, the bigger humidity level in the weight environment,
the smaller measurement error. Low humidity causes the formation of electrostatic
charges that can disturb the measurement. Equation III describes the measurement
model of specific weight. To present the impact of humidity on the measurement of
the mass in more universal way, Fig. 6 had been presented. It illustrates the measure-
ment error in function of humidity.
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Fig. 6. Measurement error in function of humidity in standard construction scales
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Model approximating the characteristics presented in Fig. 6 has been described by
the equation I'V:

e[g] = —0.0002683 * h[%] — 0.02241 4)

Above mentioned error was calculated as the difference between the actual weight
and the arithmetic mean of weight measurement series. Due to the regular distribution
of the obtained results, the function is approximated by a linear model. That solution
may be advantageous because of the software implementation of moisture compensa-
tion procedure.

4.2  Measurements for Modified Construction of Weighing Scale

Modified construction of weighing scale means that the most important mechanical
elements had been sealed (for example coils or moving parts). Fig. 7 illustrates the
results of measurements of internal weight for the modified design of the device.
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Fig. 7. Impact of humidity on weighting result returned by modified construction weighing
scale

Equation V describes approximation model of characteristic presented in Fig. 7:

M[g] = —7.935e — 5 * h[%] + 179.6 (5)
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In accordance to the theoretical assumption, characteristic direction is the same as
in the previous instance. It is worth to notice that the results are more accurate, what
proves device performance improvement. Measurement error has strongly decreased,
what is easier to observe on the graph shown in Fig. 8.
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Fig. 8. Measurement error in function of humidity in modified construction scales

Model which approximates the characteristics shown in Fig. 8 is described by the
equation VI:

e[gl = —7.935e — 5 * h[%] — 0.004037 (6)

In accordance to the Fig. 8, it can be assumed than the higher relative humidity, the
higher measurement error. It proves the effectiveness of the seals, which eliminates
the influence of electrostatic charges. On the other hand, it shows penetration of mois-
ture through the seals, changing the weighing result thereby. Another parameter
which refers to the impact of humidity on the weight mechanism is the scale zero
drift. Zero drift comparative characteristic is shown in Fig. 9. Orientation of charac-
teristics in both cases are similar to the characteristics shown in Figures — from 5 to 8.
Thus, it can be assumed that the zero drift has strong impact on measurement result.
In addition, it can be noticed that the characteristics of the modified mechanism is
smoother and the results are five times better than in standard scale construction.
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Fig. 9. Comparative characteristic of scale zero drift

5 Conclusion

The aim of the study was to examine the impact of humidity on mass measurement
performed by laboratory scales. In addition, research helped to determine the effec-
tiveness of the sealing of balance mechanism. The presented graphs shows that in-
creasing humidity decreases measurement error. This behaviour is justified by the fact
that low moisture generates static electricity, which strongly disturbs the measure-
ment. In addition, after the tests it can be concluded that the used balance mechanism
modifications leads to almost five times operation improvement. The study was per-
formed using the measurement station, which allows fully automatic measurements.
The test results illustrates the applicability of the compensation of humidity in the
laboratory scales.

We would like to thank RADWAG Balances and Scales Company for providing us
research object XA 82/220.3YA analytical balance, their cooperation and knowledge
exchange on the static weighing field.
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Abstract. This publication refers to the research conducted in the field of the
analytical balances mechanical stability. In the publication there is a description
of research methodology and the measuring stand used during the test. The aim
of the study was to determine the heating time constant of the selected mechan-
ical components of the device. The tests made it possible to estimate the time
required to thermally stabilize the balance and to determine the effect of device
heating on the measurements. In addition, the publication contains the results
reflecting changes in the temperature of selected elements of the device. The
characteristics were approximated with the first-order inertial model, which al-
lowed for the determination of the mechanism warm-up time constant value.

Keywords: analytical balances, scale thermal stabilization, heating time
constant.

1 Introduction

The process of the mass measurement begins to play an increasingly important role in
industry and science [9]. Proper preparation of proportions of mixed ingredients, qual-
ity control of the production process, and laboratory testing are just some of the issues
in which the question of mass measurement is crucial [8]. Measurement errors or
incorrect equipment can lead to significant financial losses for the company (when the
high value components are mixed, for example in the chemical industry) or hazardous
situations (i.e. pharmaceutical industry) [1, 2]. Sometimes there is a situation that
requires a weighing process with a 0.00001 g resolution. Then, the measurement is
influenced by numerous factors, such as: the influence of the person performing the
measurement, environmental conditions or mechanical and thermal stability of the
device [3, 4]. The complexity of the equipment for measuring such small values im-
plies that they must work in a stable laboratory conditions. In addition, the heating of
the mechanical components of the device can lead to the zero drift of the unloaded
scale. Therefore, before proceeding with the measurements, proper thermal stabiliza-
tion of the measuring instrumentation must be ensured. To effectively estimate the
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time required to thermally stabilize the scales, the time constants of heating up the
most important elements must be determined.

The publication refers to studies which aim was to determine the time constants of
heating of selected mechanical components of the XA 82/220.3YA analytical balance
made by RADWAG company. In addition, the publication presents an overview of
the measuring stand used during the measurements.

2 Research Methodology

The investigation object is the XA 82/220.3YA analytical balance made by
RADWAG company. Basic technical parameters are as follows [6]:

Maximum load: 82/220 g,

Minimum load: 1 mg,

Accuracy: 0,01/0,1 mg,

Operating temperature: 10-40 °C,
Operating humidity: 40% — 80%,
Sensitivity temperature drift: 1x1076/°CxRt.

In addition, the weight is characterized by a 5 s mean time of measurement stabili-
zation, 0.2 mg eccentricity, and measurement repeatability of 0.015/0.08 mg. The
device is powered by a DC voltage in the range of 13.5-16 V and 600 mA current
consumption. The photo of the device is presented in the Fig. 1 [6].

Fig. 1. Object of the research, 1 — human interface, 2 — scale pan, 3 — weighing chamber,
4 — device control cabin
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The study consisted of recording the temperature of selected mechanical elements
of the scales during the 60 hours operation under 200 g load — 90% of the maximum.
Before the measurements, the scale was turned off for 24 hours. The measurement
was performed using a the Pt 100 sensors. Sensors have been placed in the body of
the device’s mechanism near the elements most likely to warm up, i.e. in the vicinity
of moving parts, near the optical sensor and in the actuator coil. In addition, for com-
parison, one of the sensors was placed near the weighing pan in the weighing chamber.

In addition, during the tests changes in temperature, humidity and pressure in the
environment, and the results of weighing given by the device were recorded.

The aim of the research was to determine the warm-up time constants of the scale’s
structural components. In addition, investigation allowed for verification of the
error associated with measurement performance of the thermally unstable analytical
balance.

3 Measuring Station

Measuring station must provide accurate and stable measurements with a resolution of
0.1 °C, because before the measurements temperature changes at the level of 1-2 °C
were expected. Therefore, for the construction of the measuring stand Pt 100 sensors
were used. As the transducer Keithley 2002 multimeter was used, its main technical
parameters for the temperature measurement are as follows [7]:

Temperature range: from —100 °C to +100 °C,
Measurement resolution: 0.001 °C,
Measurement accuracy: +/— 0.021 °C,
Temperature coefficient: +/— 0.001 °C.

LI5E

PC computer
with LabView

Keithley 2002

Measurement

Sensor 1

Sensor 2 g e i

XA 82/220.3YA Micro-switches  EERS_— DAQ 6009
system

Sensor 8

Fig. 2. Schematic block diagram of the measurement stand
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There were 8 sensors used in the measurement stand. For this reason, it was neces-
sary to develop and apply system used to switch between the sensors, so that at any
given moment multimeter was connected to only one of them. The problem during the
construction of the system was the error associated with switching element resistance.
For this reason, due to the low resistance it was decided to use a micro-switches. This
solution introduces a constant error to measurements, the value of which fluctuates
around 30 mOhm. Test stand schematic is shown in the Fig. 2.

The micro-switches system was controlled with the NI DAQ-6009 data acquisition
card and software written in LabVIEW environment. In addition, the software has
been used for the data acquisition from the multimeter, and to collect the results
returned by the scale at the specified frequency. The simplified algorithm of the ap-
plication controlling the data acquisition and the test station is shown in Fig. 3. It
allowed for the fully automated execution of the entire 60-hour measurement.
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Fig. 3. Schematic algorithm of the test stand control software

Switch change
in+=1)

Temperature measurement

The study was conducted under normal operating conditions of the analytical bal-
ances. No ambient temperature compensation was used. Additionally, during the
measurements, using a thermo-hygro-barometer ambient environmental changes were
recorded. Photo of the measuring stand is presented in Fig. 4.
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Fig. 4. Photo of the measuring stand: 1 — XA 82/220.3YA, 2 — micro-switches system,
3 — DAQ 6009, 4 — Keithley 2002, 5 — RS-232 cable, 6 — PC with LabVIEW software, 7 —
thermo-hygro-barometer

4 Results

The registered changes in environmental conditions during the measurement are
shown in Fig. 5. Because the sensors were closed in scale’s body and changes in am-
bient temperature fluctuated at +/— 0.5 °C, it can be assumed that environmental con-
ditions have not significantly affected the measurement.
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Fig. 5. Environmental conditions during the measurements
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The results were approximated with the first-order inertial model. The transmit-
tance of part representing the starting point for modeling is described in equation 1 [5]:

6(s) = = )

*s+1
Approximation allows for quick and efficient determination of the value of the
time constant T of the heating process. Table 1 shows the values of the time constants
estimated on the basis of the obtained results. Due to the length of the measurement,
results are shown in hours. In addition, because of the large number of sensors, some
of the results are presented as the mean value of the measurements from several sensors.

Table 1. A table containing the list of calculated time constants of selected elements

Sensor placement Time constant [h]
Actuator coil 3.61
Near weighing pan 3.03
Upper part of the weighing
mechanism 2.75
Lower part of the weighing 308

mechanism

The chart shows that the warm-up time of mechanical components enclosed in
scales is similar. The difference between the top and bottom of the body is about
0.5 h. This may be due to the fact that the lower part of the mechanism is constructed
from cast parts, of greater mass, which automatically causes the longer heating. Addi-
tionally, items that are in the vicinity of the pan and the bottom part of the body are
made of steel, which also increases the heating time. The upper part of the balance
mechanism heats up fastest, it may be due to the fact that it is close to the electronics
unit. The inner part of the actuator is the slowest part to warm up. Comparative char-
acteristic showing the temperature changes of individual components is shown in Fig. 6.

By definition, the time constant is the time needed to reach steady state output. It is
estimated that the standard system needs 3—5 time constants to achieve a steady state.

Thus, using the relationships 2, the average time heating up the weighing mecha-
nism (Z,,,) can be estimated:

tavg =4 * Topg = 130 2)

Thus, in theory, it is required to power on the balance for at least 13 hours prior to
the measurements. Taking measurements on thermally unstable weight can cause
significant measurement errors. The effect can be easily seen in Fig. 7, illustrating the
change in the weighing results during the tests.

The chart shows that the temperature distribution in the housing of the device is
regular. The graph clearly shows the scale power up period. After some time, the
temperature of all elements stabilized at about 3 degrees higher than the initial value.
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Fig. 6. Comparative temperature characteristics of individual elements, Sensor I — Lower part
of the weighing mechanism, Sensor II — Upper part of the weighing mechanism, Sensor III —
Near weighing pan, Sensor IV — Actuator coil

The lowest temperature was recorded in the vicinity of the pan. This indicates that
the heating of the elements in the body scales does not affect the conditions in
the weighing chamber. The highest temperature was recorded in the upper part to
the mechanism. As with time constants, such observation may be explained by the
influence of electronics unit temperature.
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Fig. 7. Changing the force signal as a function of time

Comparing the characteristics of Fig. 6 and Fig. 7 a strong correlation between the
force signal returned by the scale and the temperature of its components can be seen.
From this follows that the error associated with the measurements performance of ther-
mally unstable scale may even reach a value of 0.015 g, which for some measurements
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may prove unacceptable. Differences in the temperatures of the individual elements can
be explained by the fact that each element is made of a different material. Different
values of the thermal conductivity make every element heats up at different rates.

5 Conclusion

Research described related to the issues connected with time constant of heating of
selected mechanical elements of the analytical balances. Research results allowed to
determine the time required for thermal stabilization of the scale, and the error associ-
ated with the performance measurements on thermally unstable device. In addition,
the results presented are the starting point for the process of the mechanical modifica-
tions to limit the influence of devices heating. The research shows that the tempera-
ture inside scales during its work is about 3 °C higher than the temperature of its
environment. In addition, the characteristics presented prove a strong correlation be-
tween the signal returned by the scale and the temperature of its components. The
tests were performed using fully automatic measurement stand. The error of the
measuring stand was calculated during the measuring system calibration tests.
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Abstract. A modified Monte Carlo method for calculating the measurement
uncertainty is presented. The method is based on a random number generator
for drawing the possible values associated with the output quantity. The set of
the random values are represented by the Flatten-Gaussian distribution, which is
a convolution of rectangular and normal distributions. The model of measurand
must be defined a linear or linearized mathematical function. The numerical and
practical examples of the use of the proposed method are also presented.

Keywords: measurement uncertainty, propagation of distributions, Monte Car-
lo method.

1 Introduction

An approach of measurement uncertainty calculation is changed in the modern me-
trology. The traditional conception with the use of the law of uncertainty propagation,
presented in [1], is upgraded by the propagation of distributions using a Monte Carlo
method, recommended in [2]. The propagation of distributions is done through the
mathematical model of measurand. The measurement result is represented by proba-
bility distribution associated with the measurand.

2 Measurand

The measurand is treated as a random variable. The measurand is an output quantity
in mathematical model of measurement, and may be expressed by the measurement
function

y=flx...xy) (1)

where x; are an input quantities, also treated as a random variables. Any random vari-
able x; may be characterized by suitable distribution, such as a normal, rectangular,
triangular, trapezoidal or Student distributions. When the input quantities are inde-
pendent and the measurement function is linearized by a Taylor series approximation,
the output quantity may be defined
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y=2.6% @)

where c; is a sensitivity coefficient, as the partial derivative of first order. In this case
the distribution of measurand is a convolution of all distributions associated with
input quantities

g(n)=g(&)*...x gy (&x) 3

where g(77) is a probability density function of measurand, and g/ &) is a probability
density function of any input quantity. The expanded uncertainty U associated with
the measurand, as the output quantity y, satisfies an equation

F+U

[gl)dn=p )
-U

y

where y is an estimate of the measurand and p is a coverage probability (Fig. 1).
Usually, the p =95 %.

g(n)

pP=95%

Yiow y yhigh

Fig. 1. Distribution for measurand
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3 Modified Monte Carlo Method

The Monte Carlo method recommended by document [2] relies on drawing the values
associated with the measurand through the measurement model from the distributions
of any input quantities. The modified Monte Carlo method relies on drawing that
values directly from the distribution anticipated for the output quantity as the approx-
imation of the convoluted distributions. This approximated distribution for output
quantity is a Flatten-Gaussian distribution, which is a convolution of one normal and
one rectangular distributions. This approximation may be used for linearized meas-
urement functions, and for independent input quantities having distributions, such as
the normal, rectangular, triangular, trapezoidal or Student distributions.

The proposed method is based on sampling from the Flatten-Gaussian distribution.
This distribution is characterized by the parameter r, which is the ratio of the standard
deviation of the rectangular distribution to the standard deviation of the normal distri-
bution [3—4]. Thus, the random number generator of the Flatten-Gaussian distribution
can be created from two random number generators [5—-6]. One is based on drawing
from the rectangular distribution and the second is based on drawing from the normal
distribution. The drawing values links the formula

_rZR+ZN

(5)
\/r2 +1

where zg is a random variable having the rectangular distribution, and zy is a random
variable having the normal distribution. Formula (5) generates the Flatten-Gaussian
distribution with the expectation zero and the standard deviation equal one. Bases on
this formula we can derived the measurement equation for calculating of the expand-
ed uncertainty, represented by

(6)

y=u;zp +

where u; is a contribution of the largest input quantity having the rectangular distribu-
tion, u; are an other contributions of the input quantities, #(v) is the quantile of the
Student distribution having v degrees of freedom, and ky is the coverage factor asso-
ciated with the normal distribution. When the input quantities are characterized only
by the normal, rectangular, triangular and trapezoidal distributions, then #(v) = ky, and
the formula (6) takes on the simple form

y=u; zp +\/Mc2—“i2 N (7

where u, is the combined standard uncertainty. Selection of the largest component of
triangular and trapezoidal distributions can be done as in [3-4].

The formulas (6) and (7) present the measurement equations for possible values of
measurand when the standard uncertainties associated with the input quantities are
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known. The standard uncertainties can be calculate as in item 5, and set together with
associated them sensitivity coefficients and uncertainty contributions in the uncertain-
ty budget.

The expanded uncertainty may be calculated from equation

_ Yhigh ~ Yiow
2

U ®)

where ypigh and y, are the maximum and minimum values of measurand fixing an
endpoints of the coverage interval for prescribed coverage probability, usually the
p =95 % (see Fig. 1).

4 Numerical Example

The numerical example represents an additive model with four input quantities having
the Student, normal, triangular and rectangular distribution. We assume, that the Stu-
dent distribution has got four degrees of freedom, v = 4. The three input quantities
have the standard uncertainty equal to one, and the one quantity has the standard un-
certainty ten times larger. All the quantities have the expectation zero. Thus, we can
calculate the expanded uncertainty Uy cy using Monte Carlo method recommended by
document [2], and the expanded uncertainty Upmmcem using modified Monte Carlo
method proposed by the author. The calculation was performed with the numbers of
trials M = 10°, and the results are presented in the Table 1. The case A presents the
result of calculation when all input quantities have the same standard uncertainty,
equal one. The other cases present the result of calculation when one of the input
quantities has the standard uncertainty equal ten. The dominant input quantity is char-
acterized respectively by the Student’s distribution (case B), normal distribution (case
O), triangular distribution (case D) and rectangular distribution (case E).

Table 1. Expanded uncertainty calculated with the use of the recommended Monte Carlo
method (MCM) and the modified Monte Carlo method (MMCM) proposed by the author

Case Uniem Unnicm
A 4.33 4.36
B 27.96 27.84
C 19.93 19.92
D 19.40 19.58
E 17.14 17.20
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5 Practical Use of Method

The modified Monte Carlo method may be applied to evaluation of measurement
result in calibration. In calibration of measuring instrument is usually used a linear
measurement function as a model of measurand. Let, the measuring instrument is a
micrometer calibrated with the use of a gauge block. The measurement equation of
the indication error of micrometer, having four input quantities with different distri-
butions, is given as follow

e=1+8l—1, -0, ©9)

where: [ is an indication of micrometer, d/ is a resolution of micrometer, I, is a length
of gauge block, and Jl; is a temperature correction.
There are four input quantities in measurement equation:

1) Indication of micrometer — [

The five measurement of the gauge block length are done, which result is presented in
the Table 2. The estimate of this quantity is a average of n = 5 indications, and the
standard uncertainty, as a experimental standard deviation of the mean, is given by

u(l)=@=o.32 um (10)

NG

The probability distribution associated with this quantity is a Student distribution
with v =n — 1 = 4 degree of freedom.

Table 2. Measurement data in calibration of micrometer

20.001 mm

. 20.002 mm

Reading 20.001 mm

l 20.000 mm

20.001 mm

/ 20.001 mm
s() 0.71 um

2) Resolution of micrometer — 6/
The resolution of micrometer is 1 um. It should be take into consideration as well as
resolution of zero indication and resolution of indication on the gauge block. So, the
probability distribution associated with this input quantity is a triangular distribution.
Thus, the standard uncertainty is

u(&l):ium=o.41um (11

N
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3) Length of gauge block — [,

The length of gauge block is given in the calibration certificate: [, = (20.0002
+0.0001) mm. The expanded uncertainty (U = 0.1 pm) of the length is stated as the
standard uncertainty multiplied by the coverage factor k = 2, which for a normal dis-
tribution corresponds to a coverage probability of approximately 95 %. So, the stand-
ard uncertainty is

1
u(lw)z%umZO.OS um (12)
4) Temperature correction — o,

In progress of calibration the laboratory temperature varies between the limits of +1
°C, and the coefficient of expansion of gauge block material is 12-10° °C™". The
standard uncertainty is given as follow

1°C - 12-107° °¢’!

u(csl,): N 20.0002 mm =0.14 mm (13)
All the input quantities are presented in the uncertainty budget (Table 3).
Table 3. Uncertainty budget of calibrated micrometer
. . Standard Probability | Sensitivity Uncertainty
Quantity | Estimate uncertainty | distribution | coefficient | contribution
L 20.001 mm 0.32 um Student 1 0.32 ym
ol 0 mm 0.41 uym triangular 1 0.41 ym
ly 20.0002 mm | 0.05 pm normal -1 -0.05 pm
ol, 0 mm 0.14 uym rectangular -1 -0.14 pm
e 0.0008 mm 0.54 ym

The expanded uncertainty calculated with the use of the recommended Monte Car-
lo method is Uycy = 1.198 um, but the expanded uncertainty calculated with the use
of modified Monte Carlo method proposed by the author is Uyycem = 1.217 pm. The
calculation was performed with the numbers of trials M = 10°. If we present the ex-
panded uncertainty with recommended two significant digit the measuring result will
be e = (0,8 £1.2) pm.

The measuring result may be presented as the numerical distribution association
with the measurand. This distribution may be form the distribution function (Fig. 2) as
well as the histogram (Fig. 3).
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Fig. 2. Numerical distribution function for measurand
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Fig. 3. Histogram for measurand

6 Conclusion

In the case of the linear or linearized mathematical model of measurement, the proposed
modified Monte Carlo procedure enables calculation of the expanded uncertainty with
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the accuracy close to the accuracy of a Monte Carlo method, which is recommended in
[2]. The proposed method is based on the Flatten-Gaussian distribution, that approxi-
mates convolution of many random variables having the normal, rectangular, triangular,
trapezoidal or Student distributions. The procedure immediately provides the set of
possible values of the measurand. The method may be easily implemented with the use
of common computational tools, such as the spreadsheet, and the specialized software is
not required.
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Abstract. The influence of the wet and warm atmosphere on CVD graphene
was investigated. The CVD graphene grown on Cu foil and then transferred
onto the BK7 glass substrate was applied in the experiments. The
environmental conditions were established using designed environmental
chamber. The wet (RH = 80%) and warm (T = 32 °C) atmospheres were applied
for up to eight hours every day for nine days experiment. Rest of time the
sample was stored in room conditions. The small changes of the graphene
resistance were observed during experiment. SEM and EDS observations
demonstrated crystallization of the water impurities like chlorides and organics
on the graphene surface under applied conditions. The changes of the graphene
wettability caused by condensed contamination may cause the observed
resistance changes.

Keywords: graphene, resistance, thermal coefficient.

1 Motivation

Graphene (monolayer carbon sheet) has the potential for various technical
applications. Its electrical and thermal parameters, such as high electron mobility, low
resistivity at room temperature and high thermal conductivity are extremely
interesting. Devices such as Hall effect sensors [1], effective solar cells [2] or
graphene based transistors [3] are presenting possibility for common use.

Parameters measured under laboratory conditions may change, when graphene-
based device is set to operate in industrial environment. Therefore, basic tests of
graphene properties must be conducted before developing commonly used and
reliable device.
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Described tests were undertaken to observe graphene properties in environment
similar to potential applications (significant temperature gradient and variable
humidity).

2 Environmental Chamber

2.1 General Idea

Schematic block diagram of designed environmental chamber is presented in Fig. 1.

AC fan L 3
Resistance |
heater .
Tested material
Isolation
layer >
Humidifier |

Humidity Temperature
sensor sensor

| |
¥ ¥

Programable
Controller

Fig. 1. Schematic block diagram of the environmental chamber

Investigated material is placed inside the chamber. Environmental conditions are
measured by temperature and humidity sensors. Based on sensors signals and
controller set-points, proper actuators are switched.

Test chamber was designed to recreate typical industrial temperature range (from
15 °C to 45 °C) as well as wide humidity range (from 23% RH to 96% RH), and keep
them stable during long-time measurements.
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2.2  Implementation

CAD model of the implemented chamber is presented in Fig. 2.

Fig. 2. CAD model of the environmental chamber

Isolation layer was made from 5mm thick temperature-isolating polycarbonate
sheets. To achieve required constant temperature and humidity, ultrasound humidifier
was utilized. That way humidified air has room temperature (contrary to the air from
hot steam humidifiers), which allows easier and more stable regulation of temperature
inside the chamber.

To achieve variable temperature resistance heater was implemented. To minimalize
temperature and humidity gradient inside chamber AC circulating fan was used.

Environmental conditions inside the chamber are measured by integrated sensor
SHT11, which contains capacitive sensor for measuring relative humidity and band-
gap temperature sensor. Measurement accuracies are in the limit of +3 %RH and
+0.4 °C, which combined with controller hysteresis (x1 %RH, +0.5 °C) results in
+4 %RH and +1 °C reliability.

100

90
80 —2-00% 80840540060 —oggro—o—
<o O
L 7 10808 & 8§83
3
T 60 95
£ sl
Q
3 40§ ®ToC
T 30 ]'QM%S 008 000 ¢%¢ & oRH%
20
10
0 —

0:00 1:00 2:00 3:00 4:00 5:00 6:00 7:00 8:00 9:00
t[h]

Fig. 3. Aggregated data of the temperature and humidity measurements in the environmental
chamber during 9 stabilization tests. Temperature and humidity were set at 32 °C and 80%
respectively
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Stabilization efficiency was checked during few tests which lasted up to eight
hours each. Recorded data of temperature and humidity inside the chamber during
nine tests are presented in Fig. 3. The temperature and humidity was set at T = 32 °C
and RH = 80% respectively. After approximately half of hour conditions inside the
chamber became stable. Then the temperature inside the chamber varied between
31.5°C and 34 °C and humidity varied in the range from RH = 74% up to RH = 82%.
In both cases stabilization accuracy is close to the calculated limit however mean
temperature (32.7 °C) was slightly over and mean humidity (78.5%) was slightly
under the specified values.

3 Graphene Testing

3.1 Experiment Design

The tested sample was produced by CVD graphene growth on Cu foil and then
transfer of the graphene layer from the copper surface onto the BK7 glass substrate.
The graphene layer covers all the substrate surface of area 17”x1”. The Ti/Au
electrodes on the edges of the sample were deposited by using the e-beam vacuum
evaporation through the mechanical mask. The shape of the substrate and electrodes is
presented in the Fig. 4.

Fig. 4. Sample of CVD graphene layer deposited on the BK7 glass substrate. Sample
dimensions: 1”’x1”

The sample was subjected to the controlled environmental conditions in the
chamber for few hours day by day for nine days. The temperature and humidity in the
chamber was set at 32 °C and 80%, respectively. Rest of the time the sample was left
in room conditions at temperature 19-25 °C and humidity 40%-60%. The resistance
of the sample was monitored during the test in environmental chamber. Finally, the
sample was examined by Scanning Electron Microscopy (SEM) and Energy-
dispersive X-ray spectroscopy (EDS) methods.

3.2  Test Results

The sample resistance before test was stable in time and was about R = 1.95 kOhm.
Taking into account square geometry of the sample the measured resistance is close to
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resistivity per square. During test in environmental chamber the sample resistance
changed. Initially, at first day the resistance slightly diminished. Next three days
resistance became almost stable both in room and in chamber conditions. Finally, the
resistance increase was observed during the test in the chamber. The resistance of the
sample recovered after storing in the room conditions for the rest of day before the
next cycle in the environmental chamber. Evolution of the sample resistance during
tests in environmental chamber is presented in the Fig. 5.

23 ~
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Fig. 5. The graphene sample resistance changes during exposition on environmental conditions
T =32 °C and RH = 80% in the environmental chamber

Fig. 6. The SEM micrographs of the graphene sample: a) the graphene surface of the freshly
prepared sample, b) and c) The graphene surface after environmental test

The graphene sample was examined using SEM imaging before and after test.
SEM micrographs of the sample are presented in the Fig. 6. The big and dense
particles are visible on all over the surface of the sample after exposition on wet and
warm atmosphere in the environmental chamber. The composition of the new
particles was estimated using EDS method and results are presented in Fig. 7. The
elements like CI, Ca and Mg are typical for water contamination by metal chlorides.
However, presence of the sulfur (S) and carbon (C) suggests presence of organic
matter as well.
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Fig. 7. The EDS images of the graphene sample after environmental test: a) the view of the
graphene surface, b—f) EDS images of the same are in energies characteristic for following
elements: b) Cl, ¢) S, d) Ca, e) Mg, f) C

4 Conclusions

The environmental chamber confirmed its usability for simulation some
environmental conditions. Its stability was sufficient for practical use in presented
experiments. Graphene in simulated environment was stable however some changes
of the resistance were observed. The resistance evolution is probably caused by water
condensation on the graphene surface. The theoretical predictions of the thermal
dependence of graphene resistivity and experimental results presented in [4, 5]
suggest that increasing a temperature under the room conditions should cause the
diminishing of the graphene resistance. On the other hand, the investigation of water —
graphene interactions presented in [6] makes possible increasing of the graphene
resistance under water condensed on the graphene surface. Crystallization of the
water contaminants on the graphene surface may increase wettability of hydrophobic
graphene surface and increase of the water volume on the graphene surface in wet
environment.

The observed effect of crystallization of water contaminants on the graphene
surface in wet atmosphere and its effect on evolution of the graphene electric
parameters suggests possible mechanism of degradation of the graphene layer when
exposed on natural outdoor atmosphere. The observed crystallization of impurities
from the atmosphere on the graphene surface leads to general conclusion that
graphene protection or surface cleaning methods should be developed in case of
outdoor applications of the graphene.
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Abstract. This paper describes an original four arm single mesh resistance
circuit. It has the similar structure as the bridge circuit but is unconventionally
supplied by the current source which is switched over between opposite arms.
The two output signals of this circuit are sums of two voltages obtained after
switching on each bridge diagonal. The processing of this signals allows to find
two measured variables which differently influencing arm resistances. The two
dimensional (2D) converter of the resistance changes to voltages based on this
input circuit is build. It is described in detail and its dynamic properties are
examined. The achieved results confirm that this unconventional signal
conditioning circuit can be successfully used in continues measurements of two
parameters, e.g. two geometrical components of the strain or the strain and
temperature by a single differential sensor.

Keywords: sensor systems, two dimensional signal processing converter.

1 Introduction

Many different constructions of the strain, temperature, force or pressure transducers have
been in use in industry and laboratory measurements for many years. Usually sensors and
primary transducers are designed to measure a single physical quantity. Constructions of
transducers are typically based on applications of the properly configured imbalanced
Wheatstone bridge powered by a voltage or current source. The influence of temperature
changes on the measured quantity sensor is eliminated by use of a separate temperature
sensor located very near to this sensor or by temperature sensitive elements if the sensor
and its circuit are integrated. The problem is more complicated if there is a need to
measure a two-dimensional quantity or two different quantities in the same point and
simultaneously register their dynamic changes — as for example in medical measurement
devices described in [1, 2]. Some solutions of strain sensors with thermocouple or double-
bridged structures for pressure measurements are given in [3, 4].

In this paper the design details and dynamic properties of the model of primary
converter to measure two quantities (2D) simultaneously is described. The original idea
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of the unconventionally supplied bridge, proposed in previous Warsza works [5], [6],
under acronym 2x1J, has been applied. As alternative, the application of cascade bridge
for the single and double differential sensor has been also described in [6] and [7]. The
commonly known possibility of compensation the temperature influence on a strain
measurement by the second similar, but not stressed resistance strain gauge without
using additional temperature sensors, are presented in [8]. This is also possible to
achieve by an indirect method which relies on simultaneous measurement of voltages on
both diagonals of the unconventionally supplied a strain gauge bridge [6, 7, 9]. These
voltages depend differently on the gauge resistance changes from temperature and
strain. Then these voltages could be processed appropriately in a digital part of the
measurement system. Simultaneous measurement of bending force and temperature
changes in the measurement point by the single differential strain sensor with 2D bridge
supplied by two identical current sources was described in [9, 10].

The main aim of this work was to test the utility of this 2D circuit supplied by one
switched current source in dynamic measurements. This was done by analyzing the
parameters of voltage waveforms in its major test points.

2 Theory of Operation of the Unconventional Converter

The concept of the variant of unconventional 2D bridge circuit, given in Fig 1, relies
on the use of the single current source J and electronic switches Q1 and Q2.

ol

4
T
I

Digital 1/0

Fig. 1. The idea of unconventionally supplied bridge (2x1J) for 2D measurements, J —
switched current source; R, R, — sensors; Ri, R, — resistors; Q1, Q2 — synchronic electronic
switches

It works with a pair of separate sensors or the integrated differential sensor of
resistances R;, R,. These resistances depend on two physical quantities X;, X:

RIZRI()(1+81(X1’X2)) (1)

Ry =Ry (1+&,(X,X,)) ()

where R}y, Ry - initial resistances and ¢, &, their relative increments, respectively.



Unconventional Double R/U Converter for Measurement of Two Quantities 85

In general the relative increments ¢, &, of both above resistances are not equal, i.e.:
(X1, X,) 76,(X,,X,) . 3)

This is the two-output pre-conditioning circuit. As shown in Fig. 1, the electronic
switches work simultaneously in pairs. Two of them are switched on while the other
two - switched off. The measurement of output voltages is conducted subsequently:

U1 =V1-V3, Upci=V4-V,, 4)
Uppr=Vs-Vy, Upcr=Vs-Vs. (5)

Assuming that other resistances of the bridge are not changed, i.e.: R3=R,o, R4=Ry
(their relative increments are &;=g4=0). If modules of the values lg;l, le;l are small
enough [6] and all initial resistances are equal R;;=Ry=R3;0=R4 = Ry, equations (4)
and (5) are simplified to:

UDC =05(UDC1+UDC2)=0125‘]R0(81+82) (6)

If the sum g4+¢, of resistance increments depends only on quantity X; and
difference ¢,-¢, only on quantity X, then Upc and U,p depends separately on X; and
X;.

3 Electrical Circuit of Unconventional Converter

With the small varying relative increments ¢, &, the changes of voltages (6) and (7)
are too small. There is a need to add the proper signal conditioning module to amplify
the useful part of output voltages and to eliminate considerably higher DC offset. In
Fig. 2, the block diagram of the model of unconventional 2D converter is presented.

Usp
Preconditioning A
unconventional )
bridge circuit 21
\
structure ) UdB amp
b U, J/ s &
pC !
. Amplifier module | )
Ucomp based on premaplifier ‘;\
< W and amplifier " b
(T ——— - ~/
Vcomp Unc.amp
, "a
Compensation )
voltage module V4

Fig. 2. Block diagram of the unconventional converter for two-parameter X;, X, measurement
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It consists the three modules: the input circuit as pre-conditioning converter, a
compensation voltage module and an amplifier module.

The way of operation of the input circuit of 2D converter may be presented in two
cycles (Fig. 3). In the first cycle the electronic keys Q1 and Q3 are turned on, while
Q2 and Q4 are turned off. In the second cycle the states of Q1 — Q4 (low Rpg(on
MOSFET transistors) are opposite. After two cycles the arithmetic means (6), (7) of
the analog output voltages Uap and Upc are calculated. In this application direct
current (/=50 mA) is provided by the LT3092 [11]. Measured voltages can be
positive or negative. Then the amplifiers of the U,z and Upc voltages have to be
supplied in the bipolar way.

ACX ACX
O

Ucomp

RS R6

Q1,Q3 ON Q1,03 ON
ACX
ACK
Q2,04 ON Q2,04 ON

Fig. 3. Practical scheme and cycles of work of the input circuit of 2D converter

Additionally, the compensation voltage output U, is produced. The
compensation module is shown in Fig. 4. It consists of non-inverting preamplifiers
(OP727ARU) and an instrumental amplifier (AD8221AR). The main task of this
module is to create compensation voltage V., (single-ended). It is set up only once
by potentiometers P1-P3. This is used for making Ujg.gmp and Upc.qmp €qual to zero
(Fig. 5).

This module makes measurement independent from drifts of a current source (J).
The change of current causes the changes of U,p and Upc, which affects the change of
Uomp- However, the value subtracted in the final stage of the amplifier module
(Fig. 5) remains unaltered.
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OP727ARU

Fig. 4. The compensation voltage module

Improved resolution of measurement is the another advantage of compensation
module. This is caused by the amplifying module, connected to the bridge outputs,
shown in Fig. 5. Both channels consist of preamplifier and amplifier (AD8221AR).
The preamplifiers create single-ended voltages Uappreamp a0d  Upcopreamp- The
amplifiers amplify the differences (Veomp — Uag-preamp) a0d (Veomp — Ubc.preamp) With a
differential gain of 500 (setup by potentiometers P4, P5).

TPT
ue
{1 AN
1k

AD8221AR

<
;‘%;
!
$13 8¢
Ve B 3
g
gz
[ 8
"
'+ mv-
g
S
IW
H
wna g

BV 100R > AD8221AR
oI
+15v
-5V
us
Rz

-15v

R13 :‘. 8221AR
o—{ 1——~ #n
1k
+15V

Fig. 5. The amplifier module

4 Voltage-Time Characteristics in Test Points of the Converter

The waveforms in both channels of U,z and Upc are of square type. The frequency of
electronic keys was set to 1 Hz, in order to show the rise and fall part of the transient
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state characteristics. Synchronized voltages Usg and Upgg.preamy are shown in Fig. 6. In
this case, the rise time equals 90 ps. During this time the voltages reach the stable
state. Rise/fall times of the voltages V., Uap.preamy and their difference (equal zero)
are presented in Fig 7.
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Fig. 6. Rise time of the voltages Uz and Uyg_preamp
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Fig. 7. Rise/fall times of the voltages Uag_preamp Veomp and their difference

In test points Uyg.preamp and Upp.amp, the achieved rise/fall times were considerably
longer. Duration of the unsteady state of Uyg..mp Was even longer (> 318.4 ps, Fig. 8)
as a result of the incorrect grounding and shielding. It seems that this was caused by
the interference due to common-mode voltage [12].

The problems encountered with similar ac-excitation were described in [13]. They
occurred by settling time of the analog input signals after switching, especially in
applications where there are long leads from the bridge to the data acquisition system.
If processing signals are not fully settled, the converter could produce erroneous data.



Unconventional Double R/U Converter for Measurement of Two Quantities 89

DS0-X 20024, MY52447237: FriNew 07 01:08:02 2014
2.00v/ 5.00V/ -3.600% 100.08/ Stop E 1.90¥

) Agilem
/l" . Acquisition
Peak Detect
o 6.26MSa/s
F“B—””a"‘lﬂ [ Channels
}\ Cursors 3
 cm—— 1 AX
| U4B_dmp | | N +318.400000us
¥ M\ Yi(7)
4 +150.8mV
:; N ¥22) 4
i -3.1533v
AY
-3.3050V
Cursors Menu
Mode X1 Source X2 Source Cursors Units
Track g 7/ X1X2 -

Fig. 8. Settling times of the voltages Upg.preamp a0d Usp.amp

5 Conclusions

In this paper the new type of two quantities conditioner was presented. The tested
unconventional circuit has more complex construction than the imbalanced
Wheatstone bridge with the output voltage amplifier. It is so, because this conditioner
is dedicated for two dimensional (2D) measurements. Then it needs additional
elements, e.g. the stable current source switched by electronic switches for the
unconventional connections to opposite bridge arms.

In the tested preliminary circuit version, high amplitudes of voltages make signal
conditioning part of the circuit expanded. This is the reason of dedicated
compensation voltage module usage. It subtracts V,,,, from measured voltage and
amplifies it. High differential gain of instrumental amplifier, switching of electronic
keys, grounding and connecting with oscilloscope cause the unsteady state of output
voltage last much longer (more than 318.4 us). This fact limits the frequency of R/U
converter in the case of dynamic measurements. In the presented construction, the
maximal frequency of pulsing the electronic switches can not be higher than 100 Hz.
Depending on this value, the cut-off frequency of low-pass filter should be selected. It
should not disfigure the bipolar square wave.

The single pulsed current source supplying is the advantage of this unconventional
2D converter. Measuring two components of output voltages for both sensors currents
directions makes the possibility of using this kind of circuit for various purposes, e.g.
compensation of thermoelectric voltages. Moreover, the circuit works properly with
the sensors of low relative resistance increments (i.e. strain gauges).

This work is the first stage of research, and the results of its continuation will be
presented in further papers.
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Abstract. Paper presents new way of identification of temperature parameters
of precise resistors. Presented method allows removing heating system and
temperature measurement system from the test stand, and is suitable for resis-
tors with extremely low TCR. This approach is based on observation of resis-
tance variation caused by the flow of constant current of known value.
Presented method has high measurement accuracy. It is also suitable for process
automation, and allows for the simplification of the test stand and shortening of
the time required to perform the resistor TCR measurement.

Keywords: Resistance measurement, stable resistors, temperature coefficients,
TCR.

1 Introduction

Constant increase of precision of constructed devices requires application of more
accurate electronic elements. In some applications even the best elements available on
the market do not fulfil requested accuracy. Also cost of those elements can be deci-
sive in production profitability. In those applications selection of elements became
crucial. This solution not only provides elements with required parameters but also
allows selection from lower quality (cheaper) elements.

For the selection of elements proper test stand of high measurement accuracy is re-
quired. For industrial applications test stand with minimalized operator influence is
required. This allows for significant single-element cost reduction.

This paper presents modification of the test stand utilized for measurements of
temperature coefficient of ultra-precise resistors presented previously in [6]. Those
resistors are used as a current-voltage drop converter and are crucial part of analytical
scales. Presented method allows simplification of the test stand — no heating or tem-
perature measurement systems are required. It also provides reliable data about resis-
tors temperature coefficient in significantly lower time. Presented method allows for
conducting measurements of TCR for resistors of different type, initial accuracy and
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nominal value of TCR. Some initial time is required when different kind of resistors
are measured, or changed value of measurement current is used. Thus it is highly
recommended for usage in industrial production lines, where big numbers of the same
type resistors are measured.

2 Resistance Measurement Methods

Resistance is typically measured with DC methods. The most common ways are
ohmmeters, Wheatstone and Kelvin-Thompson bridges, and DC compensators [3].

Analogue ohmmeters typically achieve accuracy of few percent. Better measurement
accuracy can be achieved by the usage of DC bridges (Wheatstone or Kelvin-Thompson)
[2, 9]. Bridge methods require significant number of resistors and potentiometers, which
combined with low accuracy and stability of digital potentiometers [7, 8] makes them
significantly harder for automation.

Methods utilizing DC compensators have high measurement accuracy and are suit-
able for process automation. Base principle of DC compensation is presented in fig. 1

Fig. 1. Principle of DC compensation measurements. Uw — reference voltage source,
Ux — measured voltage, G — galvanometer [2]

If voltage sources Uw and Ux would be replaced by resistor of similar values Rx,
and Rw conducting the same current Ig, galvanometer measure difference of voltage
drop on resistors. This allows to calculate difference of resistances based on (1):

_ Ux_Uw

I,

R.—R

X w

D

Paper presents measurement method based on this principle. Though some modifi-
cations has been applied in order to increase measurement accuracy and for ease of
automation.

3 Test Stand

Measurements were conducted on test stand previously presented in [6]. New ap-
proach based on self-heating phenomena allowed to remove heating and temperature
measurement systems. Block diagram of modified test stand is presented in Fig. 2.
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The most important element of presented test stand is the measurement circuit, pre-
sented in Fig.3.

R1 . . .
tested Electronic circuit
stable 1 resistor b d n Pc-baSEd
currentC) - |:> .ase 0_ E> data aquisition
source £ ference differential system
f resistor amplifer

Fig. 3. Simplified electronic scheme of measurement circuit idea [5]

Circuit is based on differential measurement. Resistors are combined in twos and
are serially connected with constant current source. Due to current flow I1 voltage
drops on resistors based on Ohm’s law appear [4] (2):

U=RI @3

Voltage drops based on (2) equal: Ul = R1-11 and U2 = R2 - I1. Those drops
are proceeded by electronic circuit based on differential amplifier to output value
(Vou) described by (3):

Vour = (U1 = U2) -k 3)

where k — amplification of differential amplifier, in presented test stand k=100.
Thus value of output voltage (based on (2) and (3)) can be calculated as (4):

Voue = (U1 —=U2)-k=11-(R1—R2)-100 4)

Output voltage passes through analog multiplexer (which allows to connect up to 8
measurements circuits to one analog input of data acquisition card) and based on (4)
is processed in order to achieve data about resistance difference. Measurement proce-
dure is based on voltage measurement right after powering the circuit by the solid
state relay and begins automatically.

Presented method is based on self-heating phenomena, which is caused by current
flow. The initial value of the output voltage (V) is compared with value of output
voltage after the circuit stabilisation (V,,;). Based on that, temperature coefficient of
the tested resistor (R1) can be measured. Algorithm of TCR determination is de-
scribed in next paragraph.
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4 Measurement Methodology and Exemplary Test Results

Paragraph presents results achieved for metallized resistors. Measurements were con-
ducted to show possibility of utilizing presented method for selecting resistors with
high TCR. This chapter presents step by step algorithm of fast TCR determination.

Results achieved for ultra-stable UPR resistors are also presented. During those
tests influences such as shift caused by the test stand were analysed, which resulted in
high accuracy measurements. Measurement results are highly analogous to results
achieved in typical way [5, 6].

4.1 Metallized Resistors

Tests were conducted on typical low-cost metallized resistors with nominal value of
150 Q and 0,25 W power dissipation. Those resistors have average temperature pa-
rameters — better than cheapest carbon resistors but not as good as ultra-stable resis-
tors with extremely low TCR [10, 11].

Presented algorithm of TCR determination requires:

— determination of TCR of reference resistor with utilizing other method or usage of
resistor with already known temperature coefficient,

— comparison of output voltage (4) right after circuit supply (Vouo) with the value of
output voltage after circuit stabilisation (V ),

— calculation of temperature increase caused by self-heating. Calculation is based
on resistor with known TCR and must be conducted once for every resistor type
and measurement current,

— (optional) confirmation of temperature increase with the usage of another resistor
of the same type,

— fast measurements of TCR of new resistors

The following summarizes the characteristics and calculations in the algorithm or-
der.

Based on data presented in Fig. 4 AR/AT dependency was acquired. Slope of this
characteristic (automatically calculated with the usage of least square method [1]) is
the required TCR and equals -230 ppm/°C. Calculated value is adequate to value cal-
culated with two-point method:

TCR = A_R — Rstop—Rstart — —1950 (ppm) — _230(ppm) (5)
AT~ Tstop—Tstare  35:2(°0)—26,7(°C) oC

where: AR — resistance deviation during heating, AT — temperature increment during
heating.

Temperature coefficient of reference resistor equals 230 ppm/°C. In the next step
time characteristic of reference deviation caused by self-heating (right after powering
measurement circuit) is acquired.
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Fig. 5. Self-heating characteristic acquired right after supplying measurement circuit

Based on presented characteristic (Fig. 5) resistance deviation (-1220 ppm) can be
calculated. With the data about resistance deviation caused by self-heating and resis-
tor TCR, temperature increment can be calculated:

AR Rstop—Rstart _ —1220 (ppm) _
TCR TCR 230%™

53(°C) (6)

The same steps were conducted on two other resistors in order to confirm value of
temperature deviation caused by self-heating phenomena for this particular type of
resistors. Results of measurements are presented in the table below.

Table 1. Comparison of results of temperature deviation caused by self-heating phenomena for
three samples of metalized 150 Q resistors

Resistor TCR AR AT
no. (ppm/°C) (ppm) [°C]

1 -230 -1220 5,3

2 -226 -1125 5,0

3 -210 -1100 5,1

Results confirm consistent character of self-heating phenomena for all samples of
same type resistors — all temperature and resistance deviation have similar values.
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After value confirmation of temperature deviation caused by self-heating further
measurements for other samples can be conducted with high speed. Comparison of
resistance deviation right after circuit supply (ARy) with value after circuit stabilisa-
tion (AR,) can be easily automated and provide data about TCR values of resistors
in a short time. For presented type of resistors stabilisation is achieved after 40160 s
but this time may vary, depending mostly on resistors casing.

4.2  Resistors UPR

During previously described tests no variation of reference resistor (R2 on Fig. 3) was
assumed. Reference resistor had the same nominal value but it’s TCR was lower by
many orders of magnitude, thus influence of his self-heating was unnoticed. Due to
the same reasons temperature variation of the test stand and wires had no influence on
measurements. During measurements of extremely temperature-stable resistors those
factors had to be taken into account.

Tests were conducted on ultra-stable resistors UPR0.5 D10 of nominal value 200Q2
and values of TCR presented in table 2.

Table 2. Juxtaposition of tested pairs of resistors

Resistor Resistor 1 Resistor 2
no. Number TCR Number TCR
(ppm/°C) (ppm/°C)
1 B -0.21 D +0.71
B -0.21 C +0.09
3 A +0.35 E -0.36

Tests were conducted on each pair of resistors in two combinations (resistor 1 as a
R1 in Fig. 3 and resistor 2 as a R2 and resistor 1 as a R2 and resistor 2 as R1). Each
time shift caused by measurement circuit was noticed (results should be symmetrical
in opposite combinations but they vary). Results for first pair of resistors in both
combinations are presented in Fig. 6. Their mean value (shift caused by test stand) is
also presented.

The same measurements were conducted for other pairs of resistors. Based on their
previously measured TCR, value of temperature increment caused by self- heating
was calculated (based on (6)).

Table 3. Comparison of measurement results achieved for UPR resistors 200

Resistor . Differepce Resistance deviatign Temperature devia-
o, Resistors of their caused by self-heating | tion cau§ed by self-
TCR (ppm) (ppm) heating (°C)
1 B,.D 0.92 4.8 5.2
2 B,C 0.3 1.6 53
3 AE 0.71 3.65 5.15
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Fig. 6. Deviation generated by the test stand with measurement results for resistors B and D

Analogously knowledge about temperature increment caused by self-heating of
that type of resistors combined with data about shift caused by the test stand can be
effective way for TCR determination. In measurements of low-TCR resistors TCR of
reference resistor (R2 in Fig. 3) must be known and taken into account during calcula-
tions. Similar value of self-heating temperature increment, as well as constant shift
caused by test stand confirms high accuracy of new approach. Results acquired by
this method are converging with results acquired in classical [5, 6] way.

5 Conclusion

Presented measurements confirmed usefulness of new method of determination of
resistors thermal coefficients, based on self-heating phenomena. For resistors with
high TCR it can be used for selection of most stable resistors with average accuracy.
Higher accuracy is not needed due to instability of their thermal parameters. Determi-
nation of TCR of extremely stable resistors has increased accuracy due to taking more
factors into account. Similar accuracy to a classical method [5, 6] was reached, and in
shorter time. As a result presented method can be effectively used in industrial appli-
cations.
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Abstract. Paper presents the results of investigation of the influence of protec-
tive layer on the basic functional properties of experimental graphene Hall-
effect sensors. Both monolayer and bilayer type of graphene structure was
investigated under external magnetic field. Measurement system for obtaining
Uy(B) characteristics of Hall-effect sensors was developed using Helmholtz
coils as a source of magnetic field. Results of executed tests are presented in the
paper as charts, which were analyzed and discussed. Finally, the conclusions
were formulated, which are included in the last section of the paper.

Keywords: graphene, Hall-effect sensor, magnetic field measurement.

1 Introduction

The Hall effect is a physical phenomenon of generation of electric potential difference
(known as the Hall voltage) across an electric conductor, which is transverse to the
direction of electric current flowing through the conductor, when it is subjected to
magnetic field perpendicular to direction of the current flow [1]. The Hall effect is
applied in Hall-effect sensors of magnetic fields, where value of the Hall voltage is
proportional to the external magnetic field. The most important parameter of such
a sensor is its sensitivity, which is determined by the electron mobility in the material
of conductor [2].

Graphene is a crystalline allotrope of carbon. It is a 2-dimensional structure with
thickness of a single atomic layer, where atoms of carbon are organized in sp*~-bonded
hexagonal pattern [3]. Experimental results show, that graphene has a significantly
high electron mobility, about 15 000 cm*V™"-s', with the highest reported values over
200 000 cm*V™".s™ at a carrier concentration of 2x10'" cm™ (in suspended graphene
sheet) [4].
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Thus, graphene, with its high electron mobility, is a good material for high-
sensitivity Hall-effect sensors, but it is also susceptible to the environmental condi-
tions and pollutants from the air [5]. Therefore, there is a need to protect the graphene
Hall-effect structure from this influence. One method to achieve this purpose is to
apply the protective layer, separating graphene structure from the environment. In this
paper, the possibility of using the protective layer is discussed and its influence on the
properties of magnetic Hall-effect sensors is investigated.

2 Investigated Graphene Samples

During the investigation, several graphene samples with different protective layers
were tested, both monolayer and quasi-free-standing bilayer (QFS-bilayer) type. Both
types were grown using the Chemical Vapor Deposition (CVD) method on the Si face
of semi-insulating on-axis 4H-SiC(0001) substrates. The growth process was per-
formed in a standard hot-wall CVD Aixtron VP508 reactor [6]. After the growth pro-
cess was completed, the substrates were photolitographically patterned to form
graphene Hall structures in the shape of symmetrical, equal-arm crosses.

Monolayer graphene structure contains single layer of carbon atoms resting on the
buffer layer, also made of carbon atoms, which are covalently bound to the SiC sub-
strate [7]. The buffer layer is necessary to separate the active graphene layer from the
substrate. In monolayer graphene, dominant type of charge carriers are electrons.

QFS-bilayer graphene is formed from monolayer structure by decoupling buffer
layer from the substrate. It is obtained through in situ intercalation of hydrogen atoms
[8]. As the result, QFS-bilayer graphene structure is formed, partly screened from the
substrate, with domination of hole transport.

The basic transport properties of both types of investigated graphene structures are
presented in Table 1. As it can be seen, monolayer graphene has higher carrier mobili-
ty, even at a lower carrier concentration. Thus it is expected, that monolayer structure
should have higher sensitivity, than QFS-bilayer.

Table 1. Transport properties of graphene samples

Structure type Dominant Carrier mobility Carrier concentration
carriers (cm*V's™h) (cm?)

Monolayer electrons 1000 410"

QFS-bilayer holes 630 1.8-10"

3 Protective Layers

For the experiment, four different materials for protective layers were chosen and
applied to the graphene samples. All of them were popular adhesive materials com-
mercially available, providing high resistance against the environmental conditions
influence.
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e Epoxy resin — material with high chemical resistance, high environmental influ-
ence resistance, high mechanical strength and good electrical properties.

e Acrylic lacquer — transparent material often used for electronic devices with high
resistance for changes of temperature and humidity, providing good protection
against chemicals, but with low mechanical resistance.

e Polyurethane resin — material with high chemical resistance, high environmental
influence resistance, high wear resistance and good electrical properties.

e Cyanoacrylate adhesive — cheap and easily available adhesive material with high
resistance to a wide range of chemicals and high resistance for changing environ-
mental conditions.

All investigated materials were applied to the graphene samples, both monolayer
and QFS-bilayer type. In Fig. 1 QFS -bilayer graphene sample with five Hall-effect
structures is presented, with (b) and without (a) protective layers.

Fig. 1. Graphene sample before (a) and after (b) application of protective layers: 1 — epoxy
resin, 2 — acrylic lacquer, 3 — polyurethane resin, 4 — cyanoacrylate adhesive

Before application of protective layers, surface of the graphene sample was cleaned
with isopropyl alcohol. After that, protective layers were applied and so prepared
sample was resting three days to allow adhesives to harden.

4 Measurement System

Functional properties of the graphene Hall-effect sensors with protective layers ap-
plied were tested with the special computer controlled measurement system with the
Helmbholtz coils used as a source of reference magnetic field. The schematic diagram
of the measurement system is presented in Fig. 2.
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Fig. 2. Schematic bock diagram of the measurement system used for investigating functional
properties of graphene Hall-effect sensors

The Helmholtz coils were powered by KEPCO BOP 36-6M bipolar power supply
with current output, which was controlled by PC with Data Acquisition Card in-
stalled. The current in the Helmholtz coils was measured by multimeter APPA 207
working as an ammeter. Ammeter indications were transferred to the PC, where the
values of magnetic field acting upon the graphene structure were calculated according
to the formula [1]:

= ()

where u is vacuum magnetic permeability, n is number of the coils, [ is an electric
current in the coils and R is radius of the coil. DC current produced by KEPCO power
supply allowed to obtain magnetic field between the coils in range +6 mT.

The graphene structure was placed between the Helmholtz coils, perpendicular to
the direction of magnetic field. The structure was powered by the current of 1.20 mA
generated by INMEL 60 calibrator working as a DC current source. The current pow-
ering the graphene structure was measured by METROL DM 22 multimeter. With the
powering current and the perpendicular magnetic field, the Hall voltage was generat-
ed across the graphene structure, which was measured by precise voltmeter Fluke
8808A. Obtained values of Hall voltage Uy were send to the PC and used to deter-
mine the Uy(B) characteristic of the graphene Hall-effect structure. Based on this
characteristic, the basic functional properties of the structures were calculated: sensi-
tivity, offset voltage and coefficient of linear determination of the characteristic.

5 Experimental Results

Each investigated structure was measured before and after application of the protec-
tive layer. The resulting charts are divided into two groups. First, the results for
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monolayer graphene structures testing are presented for all four protective layers
types. Next, the same charts for QFS-bilayer structures are included. All structures
were tested before applying of protective layers and three days after application, when
protective materials hardened. All measurements were performed in normal room
temperature of 20 °C.

5.1 Monolayer Graphene Structure

Four monolayer structures were investigated, with different types of protective layers
applied. Uy(B) characteristics for each structure is presented in Fig. 3—-6 and calculat-
ed values of basic functional properties are presented in Table 2.

40803 4 protective layer i

2,003 ¢ pure graphene

=
< 0,0E400 |
= 8

-2,0E-03

-4,0E-03 -
B (mT)

Fig. 3. Uy(B) characteristic of monolayer structure with epoxy resin as protective layer

3,0e-03 4 protective layer i
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1,0E-03
0,0E+00
-1,0E-03 8
-2,0E-03

-3,0E-03

Uy (V)

B (mT)

Fig. 4. Uy(B) characteristic of monolayer structure with acrylic lacquer as protective layer
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Fig. 5. Uy(B) characteristic of monolayer structure with polyurethane resin as protective layer
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Table 2. Basic functional properties of monolayer graphene structures with different protective

m protective layer

+ pure graphene

-1,0E-03 -8

m protective layer

+ pure graphene

B (mT)

-8

B (mT)

layers applied
Protective Sample Sensitivity Offset voltage R’
material [mV/mT] [mV]

Epoxy resin Pure graphene 0.475 191.1 0.9958

Protective layer 0.507 397.2 0.9984
Acrylic lacquer Pure graphene 0.401 428.5 0.9998

Protective layer 0.421 310.8 0.9997
Polyurethane Pure graphene 0.332 176.1 0.9998
resin Protective layer 0.479 1.7 0.9980
Cyanoacrylate Pure graphene 0.257 180.2 0.9994
adhesive Protective layer 0.173 167.3 0.9982
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As it can be noticed in the charts, most of applied protective layers causes a slight
increase of monolayer graphene Hall-effect structure sensitivity. The only exception
is cyanoacrylate adhesive, which slightly reduces sensitivity. All investigated protec-
tive layers have significant influence on the value of offset voltage, especially epoxy
resin and polyurethane resin. Influence of the protective layers on the coefficient of

linear determination R is insignificant.

5.2  QFS-bilayer Graphene Structure

Four QFS-bilayer structures were investigated, with different types of protective lay-
ers applied. Uy(B) characteristics for each structure is presented in Fig. 7-10 and
calculated values of basic functional properties are presented in Table 3.
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Fig. 7. Uy(B) characteristic of QFS-bilayer structure with epoxy resin as protective layer
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Fig. 8. Uy(B) characteristic of QFS-bilayer structure with acrylic lacquer as protective layer
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Fig. 10. Uy(B) characteristic of QFS-bilayer structure with cyanoacrylate adhesive as protective

layer

Table 3. Basic functional properties
protective layers applied

of QFS-bilayer graphene structures with different

Protective Sample Sensitivity Offset voltage | R’
material [mV/mT] [mV]
Epoxy resin Pure graphene 0.056 65.5 0.9987
Protective layer 0.239 156.1 0.9988
Acrylic lacquer Pure graphene 0.054 72.2 0.9987
Protective layer 0.083 57.7 0.9980
Polyurethane Pure graphene 0.051 26.3 0.9992
resin Protective layer 0.055 28.7 0.9999
Cyanoacrylate Pure graphene 0.053 13.9 0.9990
adhesive Protective layer 0.065 7.0 0.9999
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All investigated protective layers causes less or more significant increase of the
sensitivity of QFS-bilayer structures. Influence on the value of offset voltage is
clearly visible, but some of the investigated protective layers increase the value of this
parameter, while the other decrease it. As in the case of monolayer structures, influ-
ence of the protective layers on the R coefficient is insignificant.

6 Conclusion

Performed investigation have shown, that all tested materials are good candidates for
protective layers of graphene Hall-effect sensors. None of them has worsen the sensi-
tivity and linearity of graphene sensor and some of them affect the reduction of offset
voltage, which is a desirable effect. It is also very important matter to find a way to
reduce he values of values of the offset voltage in graphene Hall-effect sensors. Very
promising method is to compensate offset voltage in the resistance bridge [9].
Obtained results are very promising and will help to improve resistance of Hall-
effect sensors made of graphene to changes of environmental conditions. But taking
into account high values of the thermal coefficients of investigated protective materi-
als, it is very important to study the influence of protective layers on thermal charac-
teristics of graphene Hall-effect sensor, so further investigations should be carried out.
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Abstract. Paper presents the results of investigation of the temperature influ-
ence on the basic functional properties of graphene Hall-effect sensors. The
measurement system utilizing Helmholtz coils as a source of external magnetic
field and environmental chamber for setting temperature was developed. Two
types of monolayer graphene structures grown on both Si and C face of SiC
substrate were investigated in the room temperature (about 20 °C) and their
functional properties were compared. Next, the temperature influence on func-
tional properties of both types of graphene structures was investigated using
environmental chamber. The results of measurements are presented as charts
and analyzed in the paper. On the basis of the results, conclusions were formu-
lated, which are included in the last section of the paper.

Keywords: graphene, Hall-effect sensor, magnetic field measurement, tempera-
ture influence.

1 Introduction

The Hall-effect sensors of magnetic field are utilizing the phenomenon of voltage
generation (known as Hall voltage) across an electric conductor subjected to the flow
of electric current under the influence of external magnetic field perpendicular to the
direction of the current flow, which is known as Hall effect [1]. They are used in
many industrial applications, being dominant type of sensors in the market of indus-
trial measurements of magnetic field with more than 70% of the market share [2].
Mani area of their implementation is DC current transformer, but they can also be
used in different applications, for example in magnetovision systems [3]. It is the
reason, why these sensors are intensively developed. The most attention is paid to
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increasing sensitivity of the sensors. It is obtained by searching new materials with
higher charge carriers mobility, which is determining the sensitivity of the Hall-effect
sensor [1].

With its high electron mobility graphene, 2-dimensional crystalline allotrope of
carbon is expected to be a good material for high-sensitivity Hall-effect sensors. Re-
sults of the performed experiments show, that electron mobility of the graphene
reaches the value of 15000 cm®V™".s™! at a carrier concentration of 2x10'" cm™ [4].
Conducted experiments indicate that Hall-effect sensors utilizing graphene have sig-
nificantly higher sensitivity than sensors made of other materials [5].

For possible industrial applications, it is very important mater to investigate the
influence of environmental conditions on graphene Hall-effect sensors. This paper
presents methodology and results of investigating of temperature influence on the
functional properties of monolayer graphene Hall-effect sensors grown on both Si and
C face of SiC substrate.

2 Measurement System

For performed measurements of temperature influence on the functional properties of
graphene Hall-effect sensors special computer controlled measurement system was
used, presented in Fig. 1.

Control panel

'

-
= |

— - Power He=  Ammeter e Helm.haltz 5
supply coils o

PC ; :
+ |- L
DAQ Graphene | %
l———  \oltmeter |- Hall-effect 2::-
Sensor 3

(s

5

!

He=  Ammeter

DC current
source

Fig. 1. Schematic bock diagram of the measurement system used for investigating temperature
dependence of functional properties of graphene Hall-effect sensors
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The investigated graphene structures were supplied by INMEL 60 calibrator work-
ing as precise DC current source with the current of 1.20 mA. The supply current was
measured by METROL DM 22 multimeter.

The graphene Hall-effect structures were placed between the Helmholtz coils, per-
pendicular to the direction of external magnetic field. The coils were powered by
KEPCO BOP 36-6M bipolar power supply with current output. The power supply
was controlled by PC with Data Acquisition Card (DAQ) installed. Values of current
I in the Helmbholtz coils were measured by APPA 207 multimeter and send to the PC,
where the values of magnetic field perpendicular to the graphene structure were cal-
culated according to the formula [6]:

p- (2) e

where p is vacuum magnetic permeability, z is number of the coils and R is radius of
the coil. The magnetic field acting upon the graphene structure reached values in the
range of +6 mT. For measurements of the output voltage Uy, precise Fluke 8808A
voltmeter was used. Voltmeter’s indications were sent to the PC, where Uy(B) charac-
teristic of the graphene Hall-effect structures were determined and basic functional
properties like sensitivity, offset voltage and coefficient of linear determination of the
characteristic were calculated.

The Helmbholtz coils with graphene Hall-effect structures between them were
placed inside of the digitally controlled environmental chamber Heraeus HCZ 3004E.
The temperature and humidity in the chamber could be determined by user’s settings
entered via the control panel. The control panel was also used to read the current val-
ues of environmental parameters in the chamber.

3 Investigated Graphene Structures

During the investigation, two monolayer graphene Hall-effect structures were tested.
One was grown on the Si face of semi-insulating on-axis 4H-SiC(0001) substrate and
the other one on the C face of the same substrate. Monolayer graphene structure is
a single layer of carbon atoms. This active layer is separated from the SiC substrate
by buffer layer, also made of carbon atoms, which are covalently bound to the sub-
strate [7].

Both structures were grown using the Chemical Vapor Deposition (CVD) in a
standard hot-wall CVD Aixtron VP508 reactor [8]. After completion of the growth
process, the substrates with graphene layer were photolitographically formed into
graphene Hall-effect structures in the shape of symmetrical, equal-arm crosses pre-
sented in Fig. 2. Each structure has four electrodes. Two opposite horizontal elec-
trodes are used to power the structure and under the influence of external magnetic
field perpendicular to the surface of the structure Hall voltage is generated between
vertical electrodes.
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Fig. 2. Outline of the cross-shaped graphene Hall-effect structure, in both investigated struc-
tures a = 800 um

All graphene Hall-effect structures are characterized by some basic transport prop-
erties, like dominant charge carriers, carrier mobility and carrier concentration. The
most important is the carrier mobility, which determines sensitivity of Hall-effect
structure. In Table 1, the basic transport properties of investigated graphene Hall-
effect structures grown on Si and C face of SiC substrate are presented. Both investi-
gated structures were monolayer type, so dominant type of charge carriers in each of
them are electrons. As it can be seen, structure grown on the Si face of SiC substrate
has over two times higher carrier mobility even at lower carrier concentration.

Table 1. Basic transport properties of investigated graphene structures

Substrate Dominant Carrier mobility Carrier concentration
carriers (cm*V's™h) (cm?)

Si face of SiC electrons 1300 410"

C face of SiC electrons 620 1.2-10"

First, both investigated structures were measured in normal room temperature of
20 °C, to compare their functional properties. Obtained Uy(B) characteristics are pre-
sented in Fig. 3, while calculated values of sensitivity, offset voltage and coefficient
of linear determination of the characteristic R* for each structure are compared in
Table 2.
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Fig. 3. Uy(B) characteristic of graphene Hall-effect structures grown on Si and C face of SiC
substrate

Table 2. Basic transport properties of investigated graphene structures

Substrate Sensitivity Offset voltage R’
(mV/mT) (mV)

Si face of SiC 0,0912 518,3 0,9915

C face of SiC 0,0625 12,2 0,9999

Presented characteristics and functional properties indicates that graphene structure
grown on Si face of SiC substrate has slightly higher sensitivity than structure grown
on C face. It is connected with higher carrier mobility of Si face structure. This struc-
ture has also much higher value of offset voltage, which is probably the result of some
imperfections in the investigated structure.

4 Experimental Results

Both investigated structures together with Helmholtz coils were placed inside the
environmental chamber. The temperature values were set within the range of —20 °C
to 40 °C with the step of 10 °C. Obtained results are presented as charts which are
showing changes of Uy(B) characteristics under the influence of temperature and
temperature dependence of sensitivity and offset voltage of the investigated struc-
tures. Two sets of charts are presented — one for Si face and other for C face structure.

4.1 Graphene Structure Grown on Si Face of SiC Substrate

For graphene structure grown on Si face of SiC substrate Uy(B) characteristics for
each investigated temperature were drawn in one common hart in order to show tem-
perature influence on the characteristics. This chart is presented in Fig. 4. Figure 5
presents temperature dependence of sensitivity of investigated structure and Fig. 6
shows temperature influence on the values of offset voltage.
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Fig. 6. Temperature dependence of offset voltage of graphene Hall-effect structure grown on Si
face of SiC substrate with a linear fit

As it can be noticed in the charts, values of offset voltage are growing with the
temperature increase. Fig. 6 indicates that this growth is linear, which is confirmed by
high value of R? coefficient of linear fit of temperature dependence of offset voltage.
Temperature dependence of sensitivity for investigated structure is nonlinear. For low
temperatures sensitivity is rising to reach its maximum value somewhere between
10 °C and 20 °C. Then sensitivity starts to decrease with temperature growth. Tem-
perature influence on the sensitivity is rather small but noticeable.

4.2  Graphene Structure Grown on C Face of SiC Substrate

For graphene structure grown on C face of SiC substrate the same set of charts is
presented. Uy(B) characteristics for each investigated temperature are presented in
Fig. 7. Temperature dependence of sensitivity and offset voltage are shown in Fig. 8
and Fig. 9.

The charts indicates that temperature has less influence on the functional properties
of C face graphene structure than on the same parameters of structure grown on Si
face. Both sensitivity and offset voltage are linear dependent on the temperature and
are decreasing with the temperature growth. Temperature characteristic of sensitivity
has slightly lower value of R* coefficient, but it is high enough to observe linear de-
pendence. As in the Si face structure case, temperature dependence of sensitivity is
small.
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Fig. 9. Temperature dependence of offset voltage of graphene Hall-effect structure grown on
C face of SiC substrate with a linear fit

5 Conclusion

Performed measurements have shown that temperature has significant influence on
the functional properties of graphene Hall-effect structure irrespective of the type of
substrate. Temperature dependence of sensitivity in both structures is rather small but
noticeable. Nonlinear temperature characteristic of Si face structure could be the re-
sult of some imperfections in the graphene structures which seems to be confirmed by
high values of the offset voltage in this structure. Temperature influence on the offset
voltage is in both structures noticeable and in both cases is linear.

Obtained results indicate that there is a need to consider the temperature influence
on the functional properties of graphene Hall-effect sensors in possible industrial
applications. Linear dependence of the offset voltage could be easily compensated.
Nonlinear character of temperature dependence of sensitivity in graphene structure
grown on Si face of the SiC substrate is little disturbing and could be hard to compen-
sate, but it can just be the result of imperfections in the structure, especially consider-
ing linear temperature characteristic of sensitivity in the other structure.

Presented results proofs, that graphene Hall-effect structure are very promising.
There is a need to find a way to reduce the influence of temperature on their function-
al properties, but considering in most cases linear character of this influence it should
not be a problem in their possible industrial applications. Nonetheless, further studies
in this matter should be carried out.
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Abstract. The subject of this paper was to investigate the temperature influence
on the magnetic characteristics B-H of crystalline soft magnetic materials. Four
different Mn-Zn ferrite material were investigated. The investigated ferrites
were formed into ring-shaped cores with closed magnetic circuit and magnetiz-
ing and sensing windings were coiled on them. All cores were placed in the
cryostat which was used to set temperature. Magnetic B-H characteristics was
measured by computer controlled hysteresis graph. The results of the investiga-
tions were presented in the paper and analyzed. On the basis of presented re-
sults, the conclusions were formulated, which are also included in the paper.

Keywords: ferrite, temperature influence, magnetic characteristics, ferromag-
netic material.

1 Introduction

Researches on magnetic properties and characteristics of magnetic materials are very
important from the point of view of modern electronic, where inductive components
play very significant role. One of the most important materials for technical applica-
tions are ferrites, which are widely used as magnetic cores for inductive components
as chokes, filters and transformers [1].

Ferrites are ceramic materials composed of iron oxide (Fe,O;) chemically com-
posed with one or more metallic elements [2]. They are ferrimagnetic materials and
due to their magnetic properties they can be classified into two groups: soft ferrites,
which are used as magnetic cores of transformers and other inductive elements and
hard ferrites, which are the materials for permanent magnets. One of the most popular
groups of soft ferrites for technical applications are Mn-Zn ferrites, containing mag-
nesium and zinc as additive metallic elements.

The most complete description of magnetic properties of the magnetic material is
its B-H characteristic [3]. It presents all changes in the structure of magnetic material
and its magnetic properties due to changes of external magnetizing field.

© Springer International Publishing Switzerland 2015 121
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For the technical applications it is very important to determine the influence of en-
vironmental conditions on magnetic characteristics of ferrite. It is commonly known,
that environmental conditions, especially temperature, is more or less affecting mag-
netic properties of magnetic materials [4-7]. This paper presents the methodology and
results of investigation of temperature influence on magnetic characteristics of Mn-Zn
ferrite materials.

2 Investigated Samples

During the investigation, four Mn-Zn ferrite material samples of different chemical
compositin were tested. Chemical composition of all materials can be described by
the general formula Mn; Zn,Fe,O4. The difference between the materials was the
content ratio of magnesium and zinc (value of the x parameter). Two of them
(F-3001, F-807) were fabricated by POLFER (Poland) and the other two (T38, N41)
by TDK-EPC Epcos (Germany).

All investigated samples were formed into ring-shaped magnetic cores, as present-
ed in Fig. 1. Based on the geometrical dimensions of the core, basic geometrical
parameters: the flow path of the magnetic flux in the magnetic circuit /, and cross-
sectional area of the core S,, were calculated. They were necessary to correctly desig-
nate the values of magnetic field strength H and magnetic flux density B.

e

Fig. 1. Shape and geometrical dimensions of investigated Mn-Zn ferrite cores, D — outer diame-
ter, d — inner diameter, d, — average diameter, 4 — thickness

On each investigated core magnetizing and sensing windings were made. Sensing
winding was located under magnetizing winding in order to decrease influence of
demagnetization effects. Geometrical parameters and numbers of coils in each wind-
ing for all samples are presented in Table 1.
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Table 1. Geometrical parameters and numbers of magnetizing (&,,) and sensing (N;) coils of
investigated Mn-Zn ferrite cores

Sample F-3001 F-807 N41 T38
[, (mm) 62.8 82.0 92.3 62.8
S, (mm?) 60 60 99 39
N,, 5 5 10 5

N, 25 25 50 25

3 Measurement System

Temperature influence on the magnetic characteristics of Mn-Zn ferrite materials was
tested with the special computer controlled measurement system with cryostat for
temperature stabilization. The block diagram of the measurement system is presented

Thermometer

in Fig. 2.
M tizi Voltage-
agnetizing oltage Magnetizing
waveform |  current | -
winding
generator converter
PC o
+ Ferrite =
sample i
DAQ P oy
f !
Sensing
Voltmeter - Integrator |- .
winding

Fig. 2. Schematic block diagram of the measurement system

To control the measurement system, PC with Data Acquisition Card (DAQ) and
special control software installed was used. Magnetizing waveform was generated as
voltage waveform and then converted into current magnetizing waveform by voltage-
current converter. The parameters of the waveform, such as frequency and amplitude,
were set in the control program. Magnetizing waveform was sent to magnetizing
winding, changing magnetizing field H acting on the investigated sample in time ac-
cording to the formula:

H() =

Nimi(t)
lo ~’

ey
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where i() is function describing changes of magnetizing current in time. Changes of
magnetizing field H caused changes of the voltage induced in sensing winding. The
induced voltage waveform was integrated over time by integrator to obtain values
proportional to the values of magnetic flux density B in the investigated sample. Inte-
grated values of voltage were measured by voltmeter and sent to the PC, where values
of the flux density B were calculated in control program. Changes of B in time de-
pending on the induced voltage can be described by the formula:

le(;e [u(®)dt, )

B(t) =

where u(f) is function describing changes of induced voltage in time and K, is the
constant of the integrator. Having the values of both H(#) and B(f), B-H magnetic
characteristic could be determined.

The investigated samples were placed in the cryostat chamber filled with thermally
conductive fluid. The chamber was built as Dewar flask. The cryostat was able to
both cool and warm the objects placed in the chamber. The temperature inside the
chamber was measured by digital multimeter with K-type thermocouple connected.

4 Experimental Results

For all four investigated samples B-H magnetic characteristics were measured within
the temperature range of —20 °C to 60 °C. For each investigated core maximum value
of magnetizing field was equal or close to the saturation value. In Fig. 3-6 hysteresis
loops of investigated ferrites are presented. For each sample, three hysteresis loops
are shown: in minimum temperature of —20 °C, in normal room temperature of 20 °C
and in the maximum temperature of 60 °C.

400

-400 -

Fig. 3.The temperature dependence of B-H magnetic characteristics of F-3001 Mn-Zn ferrite
material, H,, = 160 A/m



Temperature Influence on the Magnetic Characteristics of Mn-Zn Ferrite Materials 125

400

Fig. 4. The temperature dependence of B-H magnetic characteristics of F-807 Mn-Zn ferrite
material, H,, = 120 A/m
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Fig. 5. The temperature dependence of B-H magnetic characteristics of N41 Mn-Zn ferrite
material, H,, =215 A/m
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Fig. 6. The temperature dependence of B-H magnetic characteristics of T38 Mn-Zn ferrite
material, H,, = 55 A/m
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As in can be seen in the presented charts, temperature influence on the magnetic
B-H characteristics of Mn-Zn ferrite materials is clearly noticeable. With increasing
temperature, the area of the hysteresis loop of Mn-Zn ferrite is decreasing. For the
maximum temperature the area of hysteresis loop is the smallest. It means, that with
increasing temperature, values of all parameters of the hysteresis loop, such as coer-
cive field, remanence and maximum flux density, are decreasing. Changes of
remanence are clearly seen especially for F-807 material. Decreasing values of coer-
cive field can be observed in all investigated materials.

The most noticeable effect of temperature influence on the magnetic B-H charac-
teristics of Mn-Zn ferrite materials is a decline in the values of maximum flux density
with increasing temperature. It is presented in Fig. 7, which shows temperature char-
acteristics of maximum value of flux density B,,. Presented results were obtained for
the amplitude of magnetizing field H,, = 120 A/m for all investigated samples.

500 Hm II‘HT]
%
350 -
——F-3007 300 -
—&—F-807
—k— N4l 250
T Tl
T T LA T T T 1
40 -20 0 20 40 60 80

Fig. 7. Temperature dependence of maximum flux density B,, for investigated Mn-Zn ferrite
materials, H,, = 120 A/m

The temperature dependence of maximum value of flux density B,, in all investi-
gated cores is monotonic. For low temperatures, under 0 °C, maximum flux density
reaches the highest values. With increasing temperature, maximum flux density val-
ues are decreasing. For the highest investigated temperature (60 °C), B,, takes a mini-
mum value. The most significant difference between the highest and the lowest value
of B,, occurs in T38 material. In other samples temperature dependence of maximum
flux density is slightly smaller. This may be due to chemical composition of T38 ma-
terial, which could be significantly different from the other investigated materials.
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5 Conclusion

Presented results are consisted with the Weiss theory of molecular field [8] and show
that there is a significant temperature dependence of magnetic properties of Mn-Zn
ferrite materials. It is caused by processes occurring in the atomic structure of the
material. If ferrite material is placed in the magnetizing field, magnetic moments of
the ferrite’s atoms are setting according to the direction of the field. When tempera-
ture is increasing, the thermal energy of atoms in the crystalline structure is also
rising. Thermal vibrations of atoms become stronger, so it is easier for magnetic mo-
ments to change their directions in the direction of external field. This causes a de-
crease in the values of coercive field and remanence of the material in higher
temperatures. But strongly vibrating atoms also makes it harder to achieve full ar-
rangement of magnetic moments when external magnetizing field is reaching satura-
tion values, so maximum flux density of material is lower for high temperatures. So in
high temperatures it is easier to demagnetize the material but magnetic moments of
atoms cannot reach full arrangement in saturation area of the hysteresis loop.

Results of the research shows, that there is a strong correlation between the tempera-
ture and magnetic properties of Mn-Zn ferrite materials. This connection is so significant,
that it cannot be neglected in technical applications. It is very important matter when
designing electronics containing inductive components with Mn-Zn ferrite cores to take
into account the operating temperature range of the device and to assess whether the
inductive components will work properly in such thermal conditions.
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Abstract. The paper presents results of Joule heating measurements in
graphene samples performed in a specially designed environmental chamber.
The experimental stand was designed and described in the paper, paying partic-
ular attention to the project of the environmental chamber. The graphene
samples preparation process was also discussed. Results of the testing were pre-
sented and analyzed and the conclusions are formulated, which are also includ-
ed in the paper.

Keywords: Graphene, Joule heating, environmental chamber.

1 Introduction

Graphene is a crystalline allotrope of carbon with thickness of a single atomic layer
that can be considered as 2-dimensional structure. Carbon atoms in graphene are
densely packed in a regular sp’-bonded hexagonal pattern. As an electronic material,
graphene is a semiconductor with closed energy gap. The most important parameters
of graphene are high electron mobility, about 15 000 cm>V™"-s™', with potential limit
of 200 000 cm2~V'1~s'l, electron concentration in the range of 2x102 to 9x10"? cm?
and excellent thermal conductivity in room temperature which reaches the values of
(4.84 £0.44) x 10° to (5.30 £0.48) x 10> W-m™-K™". This properties makes graphene
the best conductor of heat and electricity ever known.

Joule heating (also known as resistive heating) is the process of releasing heat
when electric current passes through the electric conductor. The amount of heat re-
leased in the process is described by Joule’s Law of Heating and is proportional to the
square of the electric current, the electrical resistance of conductor and time of current
flow. In microscopic description, this phenomenon is caused by interactions between
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charge carriers and ions of conductor material. Each time, when the charge carrier
collides with the ion of conductor, its kinetic energy is transformed into thermal ener-
gy emitted by the conductor as Joule heat.

Infrared imaging was successfully used for investigations of thermal phenomena in
various electronic systems and devices such as integrated circuits and diode lasers
[1-3]. In the case of graphene transistors the method allowed to obtain the tempera-
ture distributions as well as carrier densities [4, 5]. The deterioration of temperature
distribution uniformity due to various mechanical defects of the graphene layers was
demonstrated [6]. The results indicated the need of graphene protection, especially in
transparent heater applications. One of possible solutions to this problem is proposed
in this work.

With high electron mobility and thermal conductivity of graphene, it is very inter-
esting matter to study the phenomenon of Joule heating in graphene sample. In this
work specially prepared bonded sample is investigated and infrared imaging is im-
plemented to register temperature distributions during Joule-heating of the device.
The use of environmental chamber allowed gathering of thermal maps in controllable
conditions. Obtained results give interesting indications for further studies on
graphene application in electronic devices.

2 Sample under Test

Graphene was synthesized by chemical vapor deposition (CVD) on Cu foil and trans-
ferred on glass substrate. Ohmic contacts to graphene were formed by using silver
conductive paste. Graphene coated optical glass (rectangle) bonded with counter-
specimen by NOAG61 adhesive and then UV cured. The photograph of the specimen is
shown in Fig. 1.

Fig. 1. A photograph of a sample under test

3 Environmental Chamber

For the purposes of performed investigation, special environmental chamber with
stabilization system for temperature and humidity was designed. The schematic block
diagram of the chamber is presented in Fig. 2. The chamber was made of poly(methyl
methacrylate) commonly known as Plexiglas. The door of the chamber was sealed
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with rubber seal. In the walls several holes were made for the wires of control system,
which were sealed with silicone resin. For the performed experiment, special window
made of polished silicon plate was created in the door of the chamber, which trans-
mits the infrared emission from the sample. Investigated graphene samples were
placed inside the chamber.

T . T
Heater - Environmental -~ Temperature
chamber SEensor
Fog H Graphene H Humidity
et sample el
generator SEensor

A

Control system

A

User settings

Fig. 2. Schematic block diagram of the environmental chamber, T — temperature, H — humidity

To control the process of stabilization of temperature and humidity, programmable
PID controller APAR AR247 was used. The device includes PID controller module
and both temperature and humidity sensors placed in one probe. The probe was
placed inside the chamber, while controller module was placed outside, fixed to the
wall of the chamber. The probe was connected to the module by wire running through
the hole in one of the chamber’s walls. Controller module allows user to set required
values of temperature and humidity and shows actual values of these parameters in
LCD display. For the temperature setting, resistive heater with fan was used and fog
generator was used for changing humidity in the chamber. Both heater and fog gener-
ator were connected to the PID module.

Designed environmental chamber allows to obtain temperatures up to 80 °C with
the accuracy of 0,5 °C and humidity in the range of 20-80 %RH with the accuracy
of £3 %RH (outside this range the accuracy of humidity setting is +5 %RH).

4 Experimental Technique

Experimental technique used in this work is infrared imaging. It is based on the analy-
sis of the thermal radiation emitted by an object according to the Planck’s blackbody
radiation law. One of the radiometric quantities derived from this law is a spectral
intensity M., which gives the power irradiated by a unit area of blackbody into a half
space at the wavelength A:
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Me(/i,T)z[Z”/’gz J{exp(ﬁ;)—l}_l 1)

where k is the Boltzmann’s constant, and 7 is absolute temperature. The radiation of a
real object is usually lower than M, and depends on the object’s emissivity, &(A). In
the case of single graphene layer the emissivity value € = (1.6 £0.8)% can be expected
[4]. In our experiment, however, the object under test is more complex than a single
layer graphene on a glass substrate and the precise temperature calibration is needed
in order to obtain quantitative temperature data.

Thermographic experiments have been performed using InSb 640 M camera
(Thermosensorik/DCG Systems). Camera detection range 1.1-4.9 pm was restricted
to 3.0-4.9 pm using filters. A wide-field lens with the focal length of 28 mm was
used. The sample was placed in the environmental chamber during the experiments
and supplied with power using voltage source. The schematic of electrical connec-
tions provided to the sample is shown in Fig. 3.

a) b)
Graphene layer ¥ ¥ | T -
on glass substrate ——— \ (

L
Bonded glass T
counterspecimen ]
Silver paste contacts -—...&
[ |

Fig. 3. Schematic view of the electrical connections of the graphene sample during the experi-
ment

Temperature calibration was performed for a non-biased device at environmental
chamber’s temperature stabilized in the range 22-50 °C. For each temperature setting
a thermal image of the device was captured with the camera. The calibration data
approximated by third-order polynomial was used to recalculate the camera counts to
temperature.

5 Results

The results of thermographic characterization for a Joule heated bonded sample are
shown in Fig. 4. The electrical connections to the sample are in this case configured
as in Fig. 3a. The thermal map (Fig. 4a) reveals quite uniform hot areas without sig-
nificant hot-spots. The horizontal and vertical cross-sections through the middle of the
sample recalculated to temperature are presented in Fig. 4b and c. The temperature of
the glass cover plate exceeds 30 °C for I =8 mA and V = 45 V. The results show
that the graphene layer operates well as transparent heater in the bonded sample
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configuration. The obtained temperature distribution is a result of a current flow in
graphene layer with contacts deposited at the corners of the sample.

a)
b) c)
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Fig. 4. (a) Thermal image for a bonded graphene sample biased with [ = 8.0 mA and U=45V
biased according to the schematic shown in Fig. 3a; horizontal (b) and vertical (c) cross-
sections for two supply power levels

In order to better elucidate this effect the electrical connections were provided to
another electrode pair, as shown in Fig. 3b. Resulting thermal map and temperature
cross-sections are shown in Fig. 5. Most possibly, non symmetrical silver paste con-
tacts shape made contribution to stronger Joule-heating at one-side of the sample.
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Fig. 5. (a) Thermal image for a bonded graphene sample biased with I = 8.0 mA and U=45V
according to the schematic shown in Fig. 3b; horizontal (b) and vertical (c) cross-sections for
two supply power levels

6 Conclusions

Analysis of thermal properties of Joule-heated sample with graphene layer was pre-
sented. Specially designed environmental chamber allowed to perform the experi-
ments in stabilized conditions. Thanks to the use of the chamber an uniform external
heating of the sample was possible allowing the precise temperature calibration for
infrared imaging method. The temperature distributions of Joule-heated sample in
various bias conditions were obtained. Presented results demonstrate how heat emis-
sion from graphene can be influenced by the complex electrode shape.
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Abstract. In this paper design of a miniature, low cost surface elec-
tromyography amplifier is proposed. Presented device can be considered
to be resistant to common environmental interferences. Proposed de-
sign consists of main amplifier board and second board containing DRL
circuit and reference voltage source. Major disturbance is provided by
mains (50/60 Hz) - most emphasized interference in this paper. Design
includes appropriate set of filtration circuits. Moreover comparison with
four commercial and hobbyist devices is provided.

Keywords: sEMG, amplifier, electromyography, DRL, interference.

1 Introduction

1.1 Problem Statement

Design of an EMG/ECG amplifier is an interest of many researchers, has very
long history and is considered to be well researched and described. However every
constructor takes a slightly different approach to protecting measured signals
from environmental interferences.

E.M.Spinelli et. al [19] put emphasis on proper AC-coupling of the design, lev-
eling out electrode offset potentials and leading to an increase in common mode
rejection ratio. Y.Shimomura et. al. [18] used double differential technique to
minimize crosstalk and raise CMRR. All these approaches cause boost in inter-
ference resistance, providing that it occurs in both differential channels. Hao Li
et. al [10] suggest active filtering using a notch filter targeted at mains frequency.
This approach, however, affects acquired signal and can lead to misinterpretation
in further signal analysis.

In this paper design of an environmental interference resistant surface elec-
tromyography (sEMG) amplifier, further called ”CIE-sEMG”, is described
(section 2). Presented module is a part of a multi-channel, portable sSEMG ac-
quisition system intended as human-machine interface device. Properly prepared
set of amplifiers provides wide spectrum of possibilities in EMG signal analy-
sis and interpretation. This can lead to development of a flexible controller for
computer, games and even tasks of driving prosthetic limbs or mobile robots.
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The possibility of using the module to control electromechanical devices out-
side the laboratory environment requires resistance to environmental interfer-
ence including mains interference. In the present paper the amplifier’s mains
interference resistance is investigated and the results are compared with other
commercial and hobbyist’s devices available at Poznan University of Technology
(section 3.2).

1.2 Physiological Background

Electromyography (EMG) is a technique of measuring and assessment of skele-
tal muscles activity. Nowadays intramuscular and surface electromyography is
successfully used in evaluation of human muscle activity and its disorders [2].
The EMG is generated by electrical activity of muscle fibers associated with
muscle contraction process [4]. Electrical activation of muscle fiber is an effect of
subsequent depolarization and repolarization of its membrane which propagate
along muscle fiber. This phenomenon is called action potential (AP) and it is
a trigger signal generating a fiber contraction [12]. Action potentials have dis-
crete character and evoke a fiber contraction lasting 30-100 ms. AP is generated
by neuronal or electrical stimulation of motor end-plate. Increase of contraction
force is caused by recruitment of subsequent motor units (MUs - synchronously
activated group of muscle fibers) or increase of activation frequency of particular
MUs [16]. This phenomenon, can be measured using differential bipolar pair of
surface electrodes located along muscle fibers. In fact recorded EMG is a super-
position of many asynchronously activated MUs[8]. sSEMG frequency range falls
between 6 to 400 Hz, whereas maximum power is recorded in band of 20-150 Hz
[15].

1.3 Environmental Interferences in Electromyography

Recorded signal quality can be degraded by several factors. The contamination
may come from imperfections of used measurement method or from shortcomings
of equipment used to perform recordings. Contaminants caused by measurement
method itself can be further classified into several main categories including
electrocardiogram (ECQG) crosstalk, general muscle crosstalk, and movement ar-
tifacts [6].

ECG crosstalk may occur when recording muscle activity from torso, with
electrodes placed near heart, due to relatively high electric activity of heart
muscles [7], [17].

Due to skin conductivity, voltage measured at skin surface is a superposition
of several muscles activity, which introduces muscle crosstalk, further influenced
by size of the electrodes. Movement artifact is generated when muscles move
underneath skin surface or when force generated by the muscle causes movement
at the electrode-skin contact point|[3].

Shortcomings of used equipment include varying impedance at electrode-skin
barrier, causing a drop in measured signal levels. Amplifiers used in EMG mea-
surement also introduce a number of artifacts, due to their non-flat frequency
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response and non-linear phase shift, together with susceptibility to EMF inter-
ference generated by appliances operating nearby.

The most significant contaminant is mains frequency (50 or 60 Hz, depending
on country) [3], [5], which falls into the middle of EMG frequency range, thus
cannot be simply filtered out. Therefore, the minimization of mains inference
should be considered as one of the crucial goals in EMG amplifier design process.

Mains interference resistance can be increased in several ways. One of them is
using a Driven-Right-Leg (DRL) circuit. Basic EMG amplifiers drive reference
electrode with constant voltage, which positions the instrumentation amplifier in
proper operating point. Properly implemented DRL circuit feeds the reference
electrode with amplified, inverted common mode signal from the differential
electrodes. This method has been long used in electromyography, and while
efficient in eliminating common mode interference, it can produce unpredictable
results during exposure to differential interference [9]. Other important factors
include electrical design properties such as proper device and cable shielding and
optimal PCB layout.

Higher frequency interference, coming from voltage converters or radio com-
munication, although does not affect the EMG signal directly, may cause other
negative effects such as amplifier saturation.

Perfecting the measurement equipment may minimize errors caused by its
shortcomings. Eliminating artifacts caused by the measurement method itself,
however, can only be done using techniques that would filter out the artifacts,
leaving desirable signal possibly unaffected. This can be accomplished by using
either hardware filters or further, post-acquisition signal processing.

2 CIE-sEMG Amplifier Design

Proposed design of a bipolar sSEMG amplifier consists of a two stage miniature
amplifier board intended to be used as a part of multichannel acquisition system
and a DRL&Ref board used as reference voltage source and DRL signal driver.
In multichannel system the DRL&Ref module is shared among all amplifiers.

The amplifier module has undergone miniaturization process sufficient to place
it directly over one of the electrodes, while the second one is connected with a
short, shielded cable. Various researchers have shown designs with driven shield,
where signal from each of the electrodes is buffered and returned to their respec-
tive shielding [14], [13] or where common mode signal is applied to both shields
[1]. However, with proposed design, no signal quality improvement was observed
in comparison to ground shielding, probably due to exceptionally low length of
electrode cables. Because of this, driven shielding has been dropped.

The first amplification stage consists of Texas Instruments INA326 precision
instrumentation amplifier (Fig. 1). Using this integrated circuit helps minimize
susceptibility to EMF interference, while retaining ability to extract common
mode signal, necessary to feed the DRL electrode. Inputs of the amplifier are
protected against electrostatic discharge using ESD suppressor diodes. Input sig-
nals are passed through a first order low-pass passive filter with cutoff frequency
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Fig. 1. Surface electromyography amplifier - proposed circuit

392 Hz, to suppress high-frequency interferences above useful EMG bandwidth.
Amplifier gain is set to 2. Output reference terminal (REF) is used to create
a negative low pass feedback with cutoff frequency 3.12 Hz. Subtracting low
frequencies from signal helps prevent saturation of the instrumentation ampli-
fier. This configuration effectively creates a high pass filter, which additionally
eliminates majority of movement artifacts.
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Fig. 2. Surface electromyography amplifier outlook; Left - DRL&Ref module; Righ -
main amplifier board

The second stage of CIE-sEMG module is based on Texas Instruments
OPA2379 operational amplifier, with gain adjustable from 100 to 300, result-
ing in 200 to 600 total amplifier gain. Output DC offset is set at Vrgp using a
passive high-pass filter with cutoff frequency 0.16 Hz.

A separate DRL&Ref module consists of a reference voltage source, which
sets operating point of all amplifiers at a common level Vrgpr = 1.5 V, and the
second stage of DRL circuit. Common mode signals coming from all connected
CIE-sEMG modules are summed and fed into the DRL electrode.
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3 Environmental Interference Resistance Performance

3.1 Methods

In order to evaluate CIE-sSEMG’s resistance to interference, several commercially
available EMG acquisition solutions were taken into account in the course of per-
formed tests. As a reference, MEBA amplifier manufactured by OT Bioelettron-
ica was used. MEBA is a 32-channel professional desktop amplifier, allowing for
acquisition of various bioelectrical signals. The tests also included single chan-
nel uEMG, a portable EMG acquisition device with integrated memory card
storage interface, also manufactured by OT Bioelettronica. For additional com-
parison, a low-cost hobbyist’s solution by Olimex, EKG-EMG-SHIELD (EES)
was tested. EES is designed to operate as an Arduino add-on, allowing hobbyists
to incorporate EKG or EMG activity measurement into their designs.

Table 1. Comparision of EMG amplifiers’ parameters; “commercial product;
*advanced DRL with input and output DRL; ¢12-bit ADC was used; %sampling fre-
quency of 5 kHz was used; “user-adjustable sampling frequency

CIE-sEMG MEBA pEMG EKG-EMG-SHIELD

Channels max tested up to 7 32 1 stackable up to 6

Type portable desktop® portable® portable

DRL + +° - -

Case type no metal plastic  no

Cable shield + + + -

Instrumental Amplifier INA326 - INA333 INA321
CMRR [dB] 100 - 100 90
Noise at 1kHz[nV /rt(Hz)] 33 - 50 100
Bandwidth(-3dB)[kHz] 1 - 3.5 50

ADC [bits] 12 8 -

Mains noise notch filter - - - -

Sampling frequency [kHz] -¢ 5¢ 1 -

All signals were acquired using a set of adhesive disposable Ag/AgCl elec-
trodes. The differential electrodes were placed over extensor carpi radialis longus
muscle. The DRL electrode was placed under the wrist, over wrist flexor ten-
dons. During tests performed with MEBA amplifier, two additional wet strap
electrodes were used, providing connection for 'Reference’ and 'DRL in’ signals.
The electrodes were placed beside the DRL electrode and on the opposite wrist,
respectively. All tested amplifiers were placed as close to the electrodes as possi-
ble, except for MEBA amplifier, where only the first active stage of signal path
could be placed near the electrodes.

Signals amplified by EES and CIE-sEMG were recorded using auxiliary inputs
of MEBA amplifier. All signals were sampled at 5 kHz. Due to lack of analog
output in yuEMG, its results were captured to a memory card, sampled at 1 kHz.
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To evaluate amplifiers’ susceptibility to interference, an AC motor was used as
the source of EMF field. Throughout the tests, periods of idle noise were captured
during muscle relaxation at various distances from interference source. At each
distance, EMF field intensity was measured using a triaxial ELF magnetic field
meter TM-192 sensitive to frequencies ranging from 30 to 2000 Hz [20]. The
resultant magnitude was used as a measured value of EMF intensity. The tests
were performed for EMF values ranged from 0.04 to 120 uT, where reference
levels for general public exposure to electric and magnetic fields in frequency
range 25-400 Hz recommended by ICNIRP is 200 pT [11].

The EMG amplifiers’ performances were compared with respect to signal-to-
noise ratio (SNR). First, a desired EMG signal power was evaluated for each
amplifier during stress ball squeezing exercise. The tests were performed with
interference source turned off. Then, for each amplifier and set of selected EMF
intensities background noise was recorded and SNR values were calculated.

3.2 Results

Frequency Response. As mentioned in section 1.3, easiest to reject are those
interferences which can be cut out by means of simple analog filtration. Proposed
amplifier design incorporates a few filters which band pass only frequencies of
highest EMG activity. Adequate test was performed to confirm theoretical values
of rejection.

Amplifier’s response to a series of sinusoidal inputs was captured in order to
obtain Bode magnitude plot - Fig. 3. The input frequency ranged between 0.5 Hz
and 2.2 kHz.

Band pass of proposed amplifier is between 3.3 Hz and 330 Hz which covers
most of the EMG signal frequency range. Although the design performs properly
in rejecting muscle/electrode movement and high frequency interferences, mains,
the most significant source of interference remains unfiltered.
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Fig. 3. Proposed design’s Bode magnitude plot
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Mains Interference Resistance. Achieved results are shown in Fig. 4. It can
be seen that when interference source was turned off the best performance was
obtained with yEMG which is 8.7 dB higher than MEBA device, while CIE-
sEMG had SNR ratio 12.7 dB lower than the referenced value.

For intermediate noise level of 48 uT, a rapid SNR value decrease was observed
in case of MEBA (a fall of 20.9 dB), pEMG (31.6 dB) and EES (28.3 dB), while
for CIE-sEMG the change was significantly lower - 5.2 dB. The SNR level is
slightly higher for CIE-sEMG, and similar to those estimated for MEBA and
#EMG (CIE-sEMG 3.0 dB higher, gEMG 2.1 dB lower than MEBA). The SNR
for EES is the lowest among the tested devices (21.3 dB lower than reference).

g0 T T T T

: 5 E —— MEBA

Y 5 B —— Olimex EMG SHIELD
70 froe e i X S S i CIE-sEMG

SHR [dB]
[4)]
o

40

» : a a : ;
[} 20 40 &0 80 ioo 1z0
EMF [uT]

Fig. 4. Signal-to-noise ratios as function of EMF intensity in mains interference resis-
tance test

In case of strong interference (120 uT), the SNR levels for CIE-sEMG and
MEBA are similar to those recorded during intermediate interference, while the
SNR for kEMG and EES decreased greatly (respectively 21.4 and 29.5 dB lower
than MEBA’s SNR value).

It can be observed that the relative change of SNR inducted by increase of
EMF interference is the lowest for CIE-sSEMG device (7.7 dB) and is the highest
for yEMG(48.3 dB decrease).

4 Discussion and Conclusions

In low-EMF conditions, worse performance of CIE-sEMG and EES designs is
probably determined mostly by ADC converter properties. It should be stressed
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that although all devices use high quality instrumental amplifiers, they can be a
potential source of background noise. However, their parameters (such as ampli-
fier noise and CMNR) which could strongly influence the SNR level have similar
values (table 1). Thus obtained SNR values can not be explained by difference
in amplifier parameters. In case of CIE-sEMG and EES amplifiers the EMG
signal was digitized using general purpose multiplexed 12-bit ADC available in
the MEBA device, which is dedicated to record the auxiliary analog inputs. To
record EMG signal, the MEBA amplifier has set of separate high quality, not
multiplexed, 12-bit ADCs, while the pEEMG has an integrated 8-bit ADC. It is
very likely that the 8-bit ACD converter has a lower quantization noise than
12-bit one of similar class. Thus the absolute SNR values obtained for yEMG
cannot be strictly compared with the other devices. Moreover in this case the
higher SNR for 8-bit ADC does not denote the better signal quality compared
to 12-bit ADC.

With proposed design, signal-to-noise ratios have similar values to reference
desktop amplifier for medium and high level of mains interference. Moreover,
for these devices SNR decrease with increase of EMF intensity is significantly
lower than for the other amplifiers. Most likely this is due to DRL circuit which
compensates the common mode noise of the input signal. The DRL is used by
CIE-sEMG and MEBA devices, while the others use constant-voltage reference
signal. The worst parameters of EES device can be credited to long, unshielded
wires between the module and all electrodes. In contrast, yEMG was located
directly over the reference electrode and the CIE-sEMG was placed directly over
one of EMG electrodes, providing signal paths as short as possible.

Proposed design offers a promising solution in various myopotential acqui-
sition applications. In terms of electromagnetic field interference resistance, it
performs comparably to a reference desktop, commercial amplifier design, which
utilizes two additional electrodes for improved noise removal. Filters used in
the design proved to be effective in basic elimination of movement artifacts and
protecting the amplifier against saturation, while maintaining necessary EMG
bandwidth. Active DRL system, not available in open-source EES and fEMG,
has proven its worth as the best method of mains interference elimination.

Provided guidelines of amplifier design can be successfully used in developing
a trustworthy sEMG acquisition system. This set of rules, while seemingly ba-
sic and easy to implement, proved to be crucial in achieving desired amplifier
performance.
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Abstract. The effective protection against electromagnetic influences in the
measuring circuit of thermometric AC bridges is discussed. The equivalent AC
circuit of the SPRT sensor when connected to the bridge is discussed. The ca-
pacitance C of the connection cable and output capacitance of the bridge induc-
tive divider can change impedance of this circuit from the serial RL to parallel
RC one. The tangent of the impedance phase angle as a criterion of the type of
equivalent circuit is proposed. The precision AC thermometric bridge with the
double shielding technique is designed. Bifilar connections by two-axial con-
centric cables with two shields and equipotential protection is used. Circuit is
automatically balanced and has advantages of the coaxial bridges and the equi-
potential protection. The term tri-axial bridge is proposed for it. The detail
analysis of this automatically balanced circuit resulted on its high immunity to
interferences and over 100 times smaller impact of the capacitive leakage.
The efficiency of solution is verified experimentally in a few high accuracy
(107-10%) AC bridges.

Keywords: standard platinum resistance thermometer SPRT, equivalent circuit,
coaxial bridge, double shielding technique, tri-axial bridge.

1 Introduction

The laboratory posts of standard temperature control points, maintained by NMI and
other metrological and research laboratories, as the rule, are now equipped with a 6-8
decades AC automatic transformer bridges and standard platinum resistance ther-
mometers (SPRT). High precise measurements of temperature in a wide range (-260 —
1100) °C are obtained. To measure the relative changes of the SPRT resistance these
AC bridges should have the relative error of the order of 0.1-0.01 ppm - see e.g. data
of some actually offered the high precision thermometric bridges in [8].

The main unit of the AC bridge is a inductive coupling voltage divider IVD). It
defines the metrological characteristics of the AC bridge and also its errors and non-
linearity. When a multi-stage transformer is used we can get the large input imped-
ance of IVD operating on the low frequency. As a result the non-linearity (integral
and differential error) of the AC bridge measurement circuit becomes comparable to
the value of LSB or less. Analysis of the properties of the basic schemes of bridges
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has been reported in [1-5, 8—10]. Further improvement of the accuracy and resolution
of bridges is associated with a reduction of the influence of the noise and parasitic
shunting admittances. To solve this problem, there are solutions associated with the
narrowing of the bandwidth, the stabilization of the environment temperature and use
of operational amplifiers with optimal noise parameters of voltage and current. The
capabilities of these methods are now practically exhausted. Another option is the
structural and constructive methods. The design of modern high-precision instrument
should provide high noise immunity and protect from the impact of spurious signals
due to electric and magnetic fields, as well as from leakage currents.

To reduce the magnetic coupling in circuit of any measuring device it is necessary
to minimize the effective area of signal loops. Structurally, this is achieved through
the use of twisted-pair wires and coaxial cables. Then magnetic fields of the forward
and reverse current compensate each other. Bridges of circuits with coaxial elements
are called coaxial bridges. Their theory and use is described in detail in [2, 3].

However in the most precision AC bridges the normal shielding method is not sat-
isfactory enough. The equipotential protection and a special coaxial cable, called the
tri-axial cable is used [5, Fig. 3.16]. This cable connects the bridge measuring circuit
and the detector of its balance. Its second internal shield is connected to a source of
the protective voltage. In the monograph [5] only the principle of such protection in
the most general form is given. Methods for the formation of protective voltage and
modes of operation are not specified.

The main purpose of this paper is to identify in detail circuit operating and shield-
ing problems of the automatic AC bridge. The thermometric precision AC bridge with
the inductive voltage divider (IVD) was the object of this study. The option, how to
generate the voltage protection for inner shield of the tri-axial cable, is also described.

2 AC Equivalent Circuit of SPRT Sensor

Tested temperatures are obtained indirectly through measurement the resistance of the
SPRT sensor. To understand the AC bridge circuit balancing process and its protec-
tion from electromagnetic influences, the equivalent circuit of SPRT sensor is needed.
In AC circuit it is a complex impedance Z with four leads of resistances rj-r4 and
parallel equivalent capacitances C;, C, of the bridge circuit and connection cables, all
shown together in Fig. la. Parameters of this scheme depend on many factors. This
complicates the automation of the balancing process and calibration procedure of the
bridge. The detail knowledge about that is very useful for designers and users.

Overall analysis of the circuit from Fig. 1a is made in [6] and [7]. It was found that
with an acceptable error (0.1-0.01) ppm it is possible to use successfully the simpli-
fied model of the equivalent circuit given in Figure 1b. The total parasitic capacitance
C = C, + G, takes into account capacities on both the current and voltage bridge
terminals. Stray capacitance is determined by the length of the cable and by the capac-
itance between the turns of the IVD. In some laboratories, the distance between the
bridge and thermostats of temperature reference points is 5-30 m long. Therefore, the
capacity of the cable can be in the range of 500 pF to (3-5) nF. Output capacity of
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IVD with the strong inductive coupling can reach (1.5-2) nF. It is determined by the
density of twisting the wirings from which IVD is made.
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Fig. 1. Equivalent AC circuits of SPRT sensor connected to the bridge: a — full circuit, b —
simplified version; R(w) and L elements takes into account the skin effect [6] and inductance of
the SPRT, Rs, Cs— lumped shunting resistance and capacitance at high temperatures [7]; rj-r, —
lead resistances; Cj, C, — capacitances of cable and bridge in current and voltage circuits

The problem: how capacitances C effect the measurement result should be ana-
lyzed. The simplified model of the circuit of SPRT sensor, when is connected to the
bridge terminals, given in fig.1b will be used. The equivalent impedance Z, of that
circuit can be expressed as

R . L-R*C-0*I*C

Z, = +jo
Y 1=0?LO) + R Cr T (1—w*LO)? +w?R2C?

=R, +joL, (1)

Components of this formula with the parameter o’ are much less than unity and
can be neglected. After this simplification we obtain Z, expressed as

Z. ~R+jo (L—RZC) )
The ratio of the active and reactive components of Z, is tangent of its phase angle ¢

_Im(Z,)_o (L - RZC)

Re(Zx) R @

189

From formula (3) and Fig. 1b two such conclusions follow:

- for L>R*C we have tgg > 0, i.e. the reactive component of Z, is inductive and
the equivalent circuit can be of the structure of two R L elements in series;

- for L<R’C, 1gp < 0, i.e. the reactive component is capacitive and the equiva-
lent circuit can be better represented by two parallely connected R C elements.

Therefore, the change of #gg sign is the criterion of the equivalent scheme transition.

3 Experimental Data of SPRT Sensor

The main AC characteristics of the platinum thermal resistance sensors were meas-
ured. In experiment the precision SPRT sensor and industrial sensors are tested. Some
obtained parameters of the serial RL equivalent circuit are given in Table 1.
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Table 1. Measured parameters of three temperature sensors at f = 100 Hz
Type of SPRT'
Parameters TCPH-5V (TCITH-5B) | PTS-10M (IITC-10M) VTS (Rus. BTC)
R,((0°C) 100 ohm 10 ohm 0.6 ohm
tgp 0.00052 0.00034 0.0013
Lc 90 pH 29 nH/ 19 nF 1.3 pH

In the second experiment to current terminals of each sensor the additional parallel
capacitor Cg was connected — see Fig. 2. Values of #gg at different capacitances Cg
were measured. For all above sensors the common general trend is existing. If the
additional capacity is increased then the parameter 7gp will decrease. Change in the
sign of 7gp for all types of temperature sensors is observed, which occurs in the range
of parasitic capacitance (500-2000) pF. Experimental results confirmed theoretical
considerations.

SPRT Meter

Fig. 2. Simplified circuit of 7gp measurements

4 Selecting the Structure of AC Bridge Circuit

Figure 3 shows a generalized diagram of the AC bridge measuring circuit.

Fig. 3. Generalized block diagram of the bridge

The block diagram in Fig. 3 consists the AC generator G, two branches: the branch
of the variable reference measures Zg and of the object Zy and the balance detector D.

" All tested types of SPRT sensors are made by company "Etalon" in Vladimir, Russia, i.e.:

- High temperature resistance thermometer WTS (BTC): range (692.73-1358) K, length 675 mm, outer
diameter 8 mm, sensing element — platinum PLO wire diameter 4 mm, weight 110 g

- Model PTS-10M (Rus. IITC-10M): range (90-273.15) K — type A, range (273.15-903.9) K — type B,
length 658 mm, outer diameter 6.3 mm, the sensing element — platinum PLO wire diameter 0.1 mm,
weight 150 g.

- Low-temperature model TCPH-5V (Rus. TCITH-5B): range (3.81-273.15) K, length 39 mm, an outer
diameter of 3.7 mm, weight 2 g.
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Both branches are presented as two-ports and their inputs and outputs are connected
in series. The detector D controls the difference of output voltages. Its output signal is
used for automatic adjustment of the value of Zg components to obtain the balance of
the bridge: Us— Ux= 0. Then in the balance voltages on branch outputs have opposite
signs. Branches have the following coefficients of transmission (transmittances):

Zs =Ug /I = Z,5%(ps.qs) )
Zy =Ux [1=Z,x"(px.qx) 5

where: Z,,s and Z,x — the normalized parameters of the object and measure branches;
¥, and ¥, — characteristic functions in complex numbers of both above branches; pg,
gs, and py, gx — normalized values of two adjustable and two measured parameters.

To get the best performance of AC bridges a number of requirements is necessary
to satisfied [7, 8], i.e.:

A) Ability to obtain the circuit balance separately for active and reactive component.
B) The sensitivity of the measuring circuit should be constant.
C) Lack of mutual influence of control loops for active and reactive parameters.

This is possible when the characteristic functions ¥ of the branch of measures and
¥, of the object branch will be isomorphic with respect to each other. The simplest
form of these functions is preferable, for example:

¥(p.q)=p+i—q. ©6)
Wy
where: w=2xf, f— operating frequency ; w, — coefficient dependent on the ratio of the
normalized parameters of active and reactive components of Zg or Zy.

However, each type of SPRT input equivalent circuit requires the bridge measuring cir-
cuit of the different structure. A two simplified versions of this circuits for Zy of the posi-
tive and negative reactance component are shown in Fig. 4a and Fig. 4b. Both schemes are
only partly similar. The circuit of Fig. 4b must possess additional properties, i. e.:

- to avoid the loading of coil m; by resistance R,, the operation amplifier OP was
used to establish the open circuit mode of work,

- transmitter U performs two functions: shifting the phase by 90° (as on Fig. 4a)
and summarizing the real and reactive components of the balancing signal.
Methods of the precision calibration of the phase quadrature shifter are known.
However, a calibration methods of block U on Fig. 4b are not yet established
and approved.

- Ratio of resistances Ry/R; is included in the measurement result of the bridge.
This ratio should be as accurate as a voltage divider T,.

- For the comparison of voltages and effective minimization of the leads' re-
sistances influence, the additional transformer T, has to be used.

Errors of T, transformation ratio are included in the measurement result.

Thus, it is necessary to establish conditions for which only the bridge circuit struc-
ture given in Fig.4a should be satisfied enough. Also to work with short measuring
cables it is necessary, but this not always can be done. Some realizations of reference
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temperatures (in induction furnaces, cryostats) need a considerable distance. Other
solution is to provide the equipotential protection of bridge measuring circuit.

Fig. 4b. Bridge measuring circuit for the parallel capacitive equivalent circuit of SPRT

5 Equipotential Protection and Its Implementation

The AC equivalent circuit of the SPRT sensor connected to bridge terminals may
changed from the serial inductive to parallel capacitive circuit. It depends from the
sum C of leakage capacitances of cables and inductive divider. In such measurements
of the SPRT resistance in automatic mode require the quick switching of the bridge
measurement circuit structure from the scheme of Fig. 4a to scheme of Fig. 4b. The
implementation of these possibility in AC bridges of the accuracy 0.1-0.01 ppm is the
serious technical problem. In this case to provide the calibration of bridge internal
modules is almost impossible and such transition of the circuit must be avoided.

It is impossible to reduce the leakage capacitance C, but the effect of its impact can
be minimized. The portion of cable in which the operating current flows to the meas-
uring object Z,, is shown on Fig. 5. It has a cylindrical shield. Normally, the shield is
connected to ground (common). To provide an equipotential protection the shield is
connected to the output of the voltage follower F. Then the primary leakage current
I;, through the parasitic capacitance C (switch in position S1) with the equipotential
protection by amplifier F falls down to the current I;,. Let us calculate them.
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Fig. 5. Scheme of the equipotential protection
Leakage currents I, , I}, are determined by expressions:

I;1=U,joC, I, =U,-Up)joC=U, joCyg (7a,b)
where: Cr — the virtual equivalent capacitance.
If there is an equipotential protection, the leakage current decreases by ratio
I/ 1= U,/ (U, Up) = C/CE ()

It is proportional to ratio of capacitances Cr/C. Theoretically, this gain is limited only
by the amplification of the open circuit operational amplifier F. It is important for the
real bridge, as the small equivalent capacitance Cr do not change the sign of 7g¢ in
(3) and the change of serial equivalent circuit to parallel one is not necessary.

Ry

Fig. 6. a) Measurement circuit of coaxial bridge with three types
of equipotential protection; b) other variant of protection type 2:
G — voltage generator of the operating frequency f; T, — two-stage
voltage transformer with close inductive coupling between wind-
ings (acts as voltage divider); T, — a two-stage intermediate trans-
former; Aj, Ay, A; — voltage followers (buffer amplifiers); Ry —
resistance of the standard measure; D — detector of the bridge
balance; Z, — impedance of the SPRT sensor
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In Fig. 6a diagram of the measuring circuit of thermometric bridge is given. This
circuit has two multi-coil transformers T;, T,. Also three types of the equipotential
protection (marked on Fig. 6a as 1-3) and bifilar winding are implemented. The addi-
tional two-step transformer T, is a very important feature of this scheme. Secondary
windings my; and mp, of T, use the shielded wire. Winding m,; with the operating
current is winded on the single core of transformer T, (the coarse channel). The volt-
age from coil m,, is taken for compensation.

Connections of the measurement object and secondary windings of the transformer
T, is made by tri-axial cable (the center conductor and two isolated shields) [3]. For
the equipotential protection of center conductor the internal shield is used. The "re-
verse" current is flowing back in the external shield. On Figures 6a,b all internal
shields are marked by dotted lines and the outer shields — by solid lines, respectively.

The shields of both secondary windings of the transformer T, are connected to the
internal shield of the tri-axial cable. Central wire of communication line from the
standard R, to the winding m,; of the transformer T,, central wire of winding m,; and
the central wire of communication line from winding m,; to the measurement object
Zx constituted the path of the operating current in forward direction.

The external shield of communication line between the measured object and wind-
ing as well as an external shield of communication line between the coil m,; and the
standard measure R, constituted a path of the reverse current. Such flow path of for-
ward and reverse current, as used for the particular circuit in Fig. 6a, created the type
of construction known under name coaxial bridge [2, 3]. The standard measure and
SPRT sensor are considered as a four-terminal two-port elements.

The internal shield of the communication line from the measure R, to the winding
my3 of transformer T,, central conductor of the secondary winding m,; and of the
communication line from winding m,3 to the measurement object Z,, forms the equi-
potential protection circuit. It is used to reduce the influence of capacitive leakage
currents. The protection circuit is located between the loops of forward and reverse
current (Fig. 6a). This is a new configuration of the measuring circuit. In analogy to
the term "tri-axial cable" [3], such measuring circuit as can be call "tri-axial bridge".

It is necessary to pay attention on several aspects of this new type scheme, i.e.:

- Series connection of two transformers T and T, on Fig. 6a may cause the bridge
nonlinearity. This is the deterministic (systematic) component of the error. It can
be evaluated and used to correction purposes. Causes of the non-linearity and the
original method of its control are considered in [8, 9].

- Shield E of the measurement object is connected in Fig. 6a to the second exter-
nal shield of current loop. Potential of the shield and potential of the circuit
"common" point will close each other. It is typical for coaxial bridges. But the
shield E can be also connected to the portion of the chain at the points 1, 2, or 3
in Fig. 6a. In each case potentials of the shield are different. the alternative of
point 2 connection is shown in Fig. 6b. For the complete equipotential protection
(when resistances 7, — r4 cannot be neglected) the proper protective potentials
should be find inside the measured object. Then a new type of the measurement
object has to be design for that. This can be called e.g. as a four-terminal-triple
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element. A rigorous approach of that subject needs description in a separate pub-
lication.
- Levels of equipotential protection in a potential and in current loop are different.

Let us consider the latter aspect. In the potential loop is implemented almost the
complete equipotential protection. In the center conductor coil m,; and the shield the
same voltage will be induced. At balance the potentials of the circuit inner conductor
and shield are equal. Capacity Cg in a potential loop can be reduced by 5-6 orders.
Therefore, the leakage currents are practically absent.

In the current loop the equipotential protection is difficult to implement, see Fig. 7.
Parasitic resistances roy, roy, 71, 12, Fr are distributed parameters. Operating current
creates a voltage drops across these resistors.

Fig. 7. Current loop of the bridge measurement circuit: ry;, 7o, — resistances of standard R,
leads; ry, r, — resistances of the connection line; U, — voltage source (voltage of the transformer
T, windings n,,); U’ — a similar source in the shield circuit; ry— resistance of windings n,,

Obviously, the leakage current [, will depend on the voltage between the central
conductor and its surroundings (see Fig. 5). In the absence of the inner shield the cen-
tral wire is surrounded only by the outer shield (conductor with reverse current). The
maximum voltage between them is defined as:

AUIZI(RX+r1+r2+r02+rT) (6)

When using the inner shield with the corresponding potential (see Fig. 7), this volt-
age will be considerably less: AU, = I'(rj+ryp+rr). Hence using equipotential protec-
tion a leakage current decreases approximately K times:

AU, Ry+r+tntr,+i
AU, K+ + 1

K=

(N

The presence of the insulation on the wire shield 2 (Fig. 6) allows to twist the
winding m,;3 (i.e. reduce the inductive coupling) and eliminate galvanic contact be-
tween the shields. As a rule, values of resistances (Fig. 7) are in the following ranges:
ro1 = rp = (5-10) mQ, rr = (30-50) mQ, r; = r, = (0,1-1) Q. With these values we
obtained reduction of the equivalent capacitance C to Cg above 100 times. This allows
for the measurement of the SPRT resistance with connection cables up to 100 m long.
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6 Conclusions

The sum of capacitances of cables and of the bridge inductive divider output, of value
1-3 nF, connected parallely to the SPRT sensor, can change the AC equivalent circuit
from the serial inductive circuit to the parallel capacitive circuit. It happens as well for
high precision SPRT sensors as for industrial sensors.

Such change of the equivalent circuit complicates the calibration of internal nodes
of the AC bridges, reduce their accuracy and complicates automation of the balancing
process. Equipotential protection of the current and voltage bridge loops eliminates
these drawbacks.

In the proposed scheme of AC bridge the structural and constructive techniques are
used to reduce influences of electrical and magnetic fields on properties of the meas-
uring circuit. These methods are based on an additional transformer application. The
secondary windings of this transformer are made from the shielded wire. Such scheme
unified advantages of the coaxial bridge balanced circuit and the equipotential protec-
tion. The AC bridge with such scheme implemented is proposed to call as tri-axial
bridge.
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Abstract. Determination of the accuracy of AC bridges with the high precision
adjustable transformer voltage dividers based on the strongly magnetic coupling
coils is referred in this paper. Metrological model of the temperature measure-
ments by resistive sensors connected to these bridges is presented. The additive,
multiplicative and linearity components of error in temperature measurement
are considered. Method for determining the zero of the bridge error is devel-
oped. It is based on the non standard connection mode of the equipotential pairs
of current and voltage terminals of standard resistance to the bridge. It is esti-
mated that up to 1 MQ of this resistance, the effective resistance obtained on
the bridge input is less than 10"'° Q. Four-terminal standard resistors of 0.1 Q up
to 1 MQ are used in experiments to find bridge zero readings. Results indicate
that the additive error of the tested precision bridge is about 0.5 LSB and is in-
dependent from the nominal standard resistance value. The conditions under
which in temperature measurements remains only the linearity bridge error are
formulated. Proposed is the unconventional method of measure and estimating
the bridge nonlinearity named as dichotomy method. It applies algorithm based
on the division of the measurement range and then obtained subsequent inter-
vals always in half. Graphical interpretation and the analytical expression for
the nonlinearity error are given. Sets of paired four terminal reference standard
resistors are proposed for use in control. The resistance of each of them
separately and of the given serial physical connection of them both has to be
measured by tested bridge. The reasons affecting the accuracy of the physical
realization of resistance summation is discussed. By calculations and experi-
mental verification is find that in measurements by dichotomy method the
bridge linearity error of 0.1 ppm or less can be discovered. Conclusions and
final remarks are included. Both methods are simply and can be easily imple-
mented in any metrology lab and be used also in automatic calibrators.

Keywords: Precision AC thermometric bridge, resistance standard, additive er-
ror, modeling of zero resistance, nonlinearity, dichotomy method.

Introduction

In roadmap for electrical and magnetic measurements for the years from 2012 [1]
provided as a priority the development of commercial metrology systems based on
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quantum phenomena. This will lead to a significant, more than 10-time reduction of
uncertainty of the highest precision temperature measurements. Already the develop-
ment of impedance-based quantum bridge, which allows to compare two resistance
with the uncertainty of 0.2 ppm has been reported [2]. Some financial limitations of
many national metrology institutes (NMI) make that transition to this new measure-
ment technology will follow gradually. However, the temperature measurements in
the international environmental monitoring and in controlling environmental condi-
tions extensively are used. The basis of the credibility of these studies requires that
high precise temperature standard measurements consequently must be also devel-
oped. It is after the opinion given in [3]: "Better monitoring of Global Warming
would be effected through strengthening traceability links to national standards."
Control and the continuous monitoring of basic metrological parameters of these
measuring systems is required.

Already the temperature standards, which are maintained by NMI and some other
metrological laboratories, in the most cases are equipped with a 6-8 decade AC trans-
former bridges. The first such AC bridges have been developed in the 60-70 of the
last century. Technology continuously was improved and measurement process is
now automated by the use of digital electronics. Metrological parameters of precision
thermometric bridges are subject to periodic verification and certification. It is an
important task in metrological practice. Technical data of AC impedance bridges and
of the current quantum bridge are now very near each other but bridges need external
calibration. However it is anticipated that in the near future in stands for the reproduc-
ing of standards of a various quantity, quantum instruments will be applied [2] and
external calibration not be required.

Measurements of the temperature by the high precision thermometric bridges have
its own specific features, which includes:

1. Level of the precision of AC bridges is so high that the limited relative measure-
ment error is very small. It is unit of the lowest decade (1 LSB) and is
0.5-0.01 ppm. Random errors or uncertainties are smaller on the order than the de-
termined systematic errors. The adjustable standard resistors to check the AC
bridge with this level of accuracy are not available, so special methods and equip-
ment was created.

2. For the calculation of the temperature of the MTS90 scale the W coefficient is
measured. It is the ratio of two resistances of the standard platinum sensor — at the
tested and at reference standard temperature.

3. Model of the measurement error of the AC bridges contains three components:
additive, multiplicative and linearity error. The analysis shows that in such as
above relative measurements the influence of the component multiplicative can be
eliminated. The necessary condition is that the additive component of error was ei-
ther zero or have to be removed by the calculation after the bridge calibration.

One of the basic metrological parameters of thermometric bridge is the value of
their linearity error. In few of IMEKO or TEMPMEKO conferences presented are
works on reducing the uncertainty of the reference temperature measurement by mon-
itoring and taking into account the bridge non-linearity [4, 5]. The work of recent
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years is addressed on the automation of the calibration procedure and the possibility
of integration the bridge and the standard temperature system equipment used for this
purpose. These tasks are important for the companies producing temperature bridges,
but mainly for users as temperature measurements can be easily performed. T. Quinn
wrote in [6] «They do not, however, absolve users from the need to have calibrations
from a national metrology institute or properly accredited calibration laboratory to
provide formal traceability to ITS-90 and the World’s measurement system ».

In the manual of temperature measurements [7], two types of non-linearity are
defined: the integral and differential. To designate both types of nonlinearities the
special methods are developed [8]. However, its implementation requires highly spe-
cialized equipment — unique 30-bit inductive voltage divider and special high sensitiv-
ity detector of the circuit balance. The calibration method also been proposed [9, 10].
Essential to this is the low contact resistance commutator used to a series-parallel
connection of four standard resistors. The explanation of this switch operation is de-
scribed in [11]. It has been shown empirically that in connecting stage of the
commutator its resistance is less than 1 nQ2. However, information, what is the geome-
try of electrodes, what the spatial symmetry is needed, what is the influence of surface
phenomena and proximity to current and voltage circuits, is not given. For the self-
realization of this control instrument additional purchase of a license of "know how"
is required.

Methods to control the linearity of precise bridges, which are based on the use of
stable resistors connected in series/parallel [9, 10], may be subject to systematic er-
rors. These errors are negligible for the two simple original methods presented below.
This paper is an expanded and enriched synthesis of authors' partial works. It may be
of interest to professionals in the field of high accuracy thermometry.

2 Method of Rescaled Median Deviation

In the Fig. 1 shows the equivalent circuit of the precision AC bridge.

Fig. 1. Equivalent circuit of the AC measurement bridge
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From the condition of the bridge equilibrium (which occurs at detector D indicat-
ing zero), the equation of measurement is:

R, = Rymy /my (1)
y=x ()

where: x=R/R, — the ratio of the measured resistance R, of a platinum thermometer
and of the bridge standard resistance R, y = m;/m, — the equivalent ratio of the num-
bers of turns of the divider T coils.

Eq. (2) is an ideal relative transfer function of the bridge and is a straight line with
the slope equal to 1. Results of the resistance measurement are affected by the bridge
error of components: additive (zero error), multiplicative and nonlinearity error. The
actual characteristic is therefore the non-linear function expanding in a series

y :iaixi =x(1+J

i=0

Y(1+6,)+A, 3)

m

where: a; — expansion coefficients, A, =a, — additive component (zero error),

0,, =a; —1 multiplicative error and J, — linearity error described by series terms as

L& in
Oy =—>a;x'".
a4y i=2

The coefficients a; are complex and usually unknown functions of the deterministic
(for systematic errors) and random components. They depend on a variety of influenc-
ing factors such as: leakage field of signal circuits, transformers and of measurement
network inside the bridge, inaccurate value of the reference resistance Ryand bypass-
ing of it by the input impedance of transformer T (Fig. 1), non-ideal characteristics of
the magnetic core, the impact of the supply source and of the output and load re-
sistance of decades, etc. Further discussion of the accuracy of precision bridges is
applied only to systematic errors, because the random errors are much smaller.

The technical data of precision thermometric bridges usually do not contain the
multiplicative error. This is due to the algorithm (4) used for calculation of the tem-
perature, which is measured in sub-ranges between control points of ITS 90 scale.
This temperature is determined from the value of the W parameter. It is the ratio of
bridge readings y/yy for resistances of the standard sensor Pt immersed in the meas-
ured and reference temperature, e.g. the triple point of water. On the basis of Eq. (3)
from such two measurements ratio W is obtained

y  x(+6,)1+8)+A,

W= - 4
Yy xV(1+5m)(l+5lV)+Aa ( )

Eq. (4) shows that the multiplicative component J,, of the systematic error does not
affect the coefficient W, when the additive error component A, is equal to zero. In
such case the greater accuracy can be achieved. So, there are two possibilities:
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- error A, is less than 0.5 LSB of the bridge indication and can be omitted,
- A, must be known and taken into account when measurement results are calculated.

The additive and linearity errors are the basic metrological parameters of precision
thermometric bridges. Simple methods of their determination will be considered.

3 Method of Measurement of the Bridge Zero Error

The circuit for modeling the value of measured resistance equal to zero can be ob-
tained by connecting the standard resistance R, to the bridge input in unconventional
way given in Fig. 2.

Fig. 2. Connection of the standard resistor Ry when zero value of resistance is measured

Almost any four-terminal standard resistor can be used for that. In the circuit of
Fig. 2 it is connected to bridge terminals after rotation of resistor leads on 90° with
respect to the classical connection given in Fig. 1. The equipotential leads U, I; of
this resistor are connected to current terminals Iy, I of the bridge input, and the se-
cond pair U,, I, — to its voltage terminals Uy, U.. Then the bridge current [, flows
only through the lead resistances r,, r;. The resistance R, acts as the jumper connect-
ing voltage and current circuits of the bridge. In this case the bridge display should be
zero. However, in the real bridge that may not occur.

The AC bridge measures the resistive component Ry of the ratio of voltage on the
bridge voltage terminals to a current flowing through bridge current terminals. Value
Ry, which should be indicated on the bridge display, can be estimated from the
equivalent scheme given in Fig. 3.

Fig. 3. Circuit for calculation the equivalent resistance Ry in zero calibration mode
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The influence of resistances: of the lead wires ry, ... ry, of the detector input re-
sistance Rp and the impedance Z; of the leakage through insulation to the common
circuit mass have been considered. In this circuit, the following relationships occur

I()=11+12, 12=13+14 N 13r3=14(r4+RD) (5'7)

which gives:

nr-
RX: 1'3 (8)
Ry+Z, +1 + (141 /Rp) 1453
o T 1+(r3+r4)/RD (RD+”4)

Eq. (8) can be simplified by assuming that all lead resistances r; are the same and
equal to r. The unknown leakage isolation impedance Z; can be substituted by a isola-
tion resistance R; as parameter given usually in the technical data of electrical devices.
Due to the security of service should be IZ;| > R; > 100 MQ. If r/Rp< 107, then

}’2

S— €))
Ry +R; +2r

Ry

After taking into account the resistances of the real measuring devices, the Eq. (9)
shows that for a four-lead resistances r < 0.1 Q with a nominal value of standard re-
sistance of R, < R; the equivalent resistance Ry does not exceed 10 Q.

4 Reasons for Nonlinearity of AC Bridge Characteristics

These reasons will be discussed on the example of the typical AC multi-decade ther-
mometric bridge. Figure 4a shows the simplified main part of the bridge circuit with
12-bit inductive voltage divider (IVD) including T, and T, transformers.

Ty
mio 2\, Ry
2 m
11
M3 U, 4 (12 bit)
mis maz\v

a) b)

Fig. 4. a) Simplified circuit of the 12 bit IVD (equivalent to transformer T on Fig. 1), b) source
of the bridge integral nonlinearity
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To reduce the quantization error two-stage transformer voltage dividers with a
strong magnetic coupling are used. The secondary winding m; of the inductive divider
T, has several coils. To create the desired ratio of voltages it can be of the decimal or
binary format. In binary format, as a rule, the adjustable coils with eight (triadic sys-
tem) or sixteen (tetriadic system) leads is used. Transformers T, and T, are made on
core ring of the amorphous cobalt. Few such transformers are connected in series as
cascade. This results in adding of voltage settings of all decades. However, there is
also the negative effect of a mutual cooperation of the connected decades. Leakage
coil inductances are negligible, but resistance of wires — not. For example, the output
resistance r, of my3, my4 winding and input resistance R;, of transformer T, form a
voltage divider (Fig. 4b). Output resistance r,, of the decade T depends on number of
turns m,3, my4and is changed when its setting is switched, i.e. roy = f (13, my4). If the
transformer cores are made from modern magnetic materials with relative permeabil-
ity u = (1-2)x10°, then the input impedance

Ry, = (joL)* IR (10)

where: R — primary coil resistance for DC current, L — inductivity of that coil,
o = 2xnf — pulsation of AC current of frequency f.

Input resistance Ry, is (10-20) MQ, and r,,, may change in the range 0 to (3—4) Q.

The linearity errors are usually defined as the distance between the real bridge
transfer function y = f(x) and the straight line through points 0, f,, of the bridge range.

In general, the nonlinearity of transfer characteristics of the transformer divider
may be described similarly as for other analog-to-digital converters, by integral and
differential linearity errors. If transfer coefficients of the decades are changed because
of their loadings then the smoothed transfer characteristics of the bridge will be a con-
vex monotonic function, as shown in Fig. 5a. Non-linearity of this function was inten-
tionally exaggerated. For given input and output resistances of the oldest decades of
the AC bridge the integral linearity error can reach values (0.1-0.2) ppm.

Differential non-linearity (called DLN) of the transformer bridge is existing due to
differences of inducing electromotive force in each coil winding of the regulated in-
ductive divider. It manifests itself as a non-uniformity of quantization. Differential
non-linearity is observed, for example, when replacing all turns set on the lower order
decade by one coil of the earlier decade (decade replacement effect). Examples of
such differential non-linearity of the binary induction divider are given in Fig. 5b. The
second type of differential non-linearity is manifested in unequal voltages of winding
section of a the same decade — Fig 5c. In particular, the greatest impact have such
differences in the oldest decade. Differential nonlinearity arises mainly due to the
heterogeneity of the parameters of magnetic cores and other performance imperfec-
tions. This type of nonlinearity is checked in the process of production of transformer
dividers using the standard winding or reference divider [8] according to the procedure
generally unavailable to users. Differential non-linearity of AC bridges is at least on
order lower than the integral non-linearity and for high precision bridges it does not
exceed 0.25 LSB.
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Fig. 5. Nonlinearities of the transformer divider: a) Graphical interpretation of the integral
nonlinearity and the idea of the dichotomy method. Examples of differential transformer non-
linearities of binary divider: b) dy, # dy, — from exchange of decades (8FF — 9FF) during
regulation: c) dy;-var — from difference of weight coefficients of the steps of single decade, e.g.
of the older one (9FF the FFF) of above divider.

Direct testing the integral linearity error of the precision AC bridges with the high-
est resolution of 7-8 digits needs of the same level of accuracy set of the standard
resistances, including values other than 10 nQ. Such standards resistors are not yet
available. It is the accuracy level of the cryogenic Hall Effect resistance standard.
This difficulty can be avoided in method used for a temperature measurements by AC
bridge. These measurements are relative and based on the coefficient W as the ratio of
the sensor resistance at two temperatures.

5 Numerical Example

The method here presented is used to determine the integral linearity errors of the
bridge characteristics. Its idea is based on the verification that the characteristics ful-
fills the principle of additively
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SO+ f(x) = f(x+x;) (11)

If the bridge function is nonlinear, the relation (10) for measuring the resistance
does not occur. The difference between the right and left side of (11) can be taken as
integral nonlinearity. For monotonic functions a univocal result is obtained. Under-
standing the algorithm of method proposed here should be easier if explanation of the
Fig. 5a is used.

The values x; of the measured resistance are on x axis and the measurement results
are y; ordinates laying on the curve y = f(x), i.e. of points O, f}, f, ..., f,,. As an ideal,
a linear transfer function of the bridge (excluding the additive and multiplicative error
component) has to be taken. The easiest way is to take the straight line connecting the
end points 0 and f,, of the range. Then all integral linearity errors will be of the same
sign. On such virtually adopted the perfectly linear bridge curve are lying points O,
Oy, O,, .., f. The essence of the linearity test is to measure the differences between
the corresponding values of y coordinates of points on the curve y = f (x) and points of
the same ordinate x of the ideal characteristics of the bridge span. Then all integral
linearity errors will be of the same sign. Other ideal characteristics, such as optimum
straight line with slope calculated by accepted criteria as minimum square error,
Chebyshev criterion and others could be also used. But such characteristics would
have had the individual character for any bridge and can be find if linearity errors are
known or a priori estimated.

The accuracy of determining the values of the linearity error does not need to be
too large (1 or 2 digits only). For this purpose the course of nonlinear characteristics
of the bridge in the relevant range can be roughly described as piece of a parabola.
Then the greatest linearity error occurs in the middle of this range.

To determine the non-linearity in the middle of the range, i.e. in the point x,,/2, two
resistors of the equal resistances R;; and R;, are used. The measurement results of
both resistance bridges should be the ordinate of point f. It is also assumed that these
resistors are connected so that their resistances add up perfectly (reasons of non-ideal
summation are examined below). From the additivity of summation given by the Eq.
10, follows that for measurement of the resistance R;; + R = Rjc, their intercept
point A, should lay on the line passing through the points 0 and f;. From the similari-
ty of the triangles 0 A, f,, and 0 £50; is, that length of f30; segment is equal to the
linearity error of the bridge characteristics and is half the length of the A,f,. The
point corresponding to the mid-range value of the linearity error related to the measur-
ing range R, is described by the expression

Ric =Ry +Ry,)

s =—c— T ) (12)
2R

max
where: R|c — measured resistance of R, R}, physically connected in series.

Similarly, the linearity error at the point x,,/4 corresponding to 0.25 range, is equal
to the length of the f,0,, consisting of sections f,A, and A,O,. Based on the similarity
of the respective triangles, the sections are equal to half the sections Bsf; and f30;.
Since the ordinate of point f, is determined by the resistances Ry, Ry, and the ordi-
nate of the B; by their sum, the error at the point x,,/4 is the sum of the two segments
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and for x,/8 will be a total of three sections. In general, for the k-fold division of the
range, linearity error of (1/k) part of the range is:
I &R —(Ry +Ryy)
G = 2 k=it (13)

Rmax i=1

The presented algorithm of the determination of the maximum integral linearity er-
ror of each range is related to the division of the whole range of measurement and
subsequently received subranges in half. In the mathematics this algorithm is called
the dichotomy method.

6 Double Resistance Standard for the Dichotomy Method

The implementation of the dichotomy method in the measuring practice needs to cre-
ate a set of several standard resistors of connected two equal resistances. Resistance
of each pair should be precisely their sum. The accuracy of the resistance value is not
too critical, but only its stability. Structurally, each double standard resistor consists
of two identical four-terminal standard resistors connected in one system with the
scheme shown in Fig. 6.

Fig. 6. Circuit of resistances of the standard double resistor

It presents the resistances R, and Ry, and leads resistances ryy, ..., 75 and ryy, ..., 2.
Equipotential current r;; and voltage r|, lead resistances and as well r,;, 7y, are con-
nected respectively to terminals Iy, U; and I,, U,. Lead resistances rs, 7,5 are connect-
ed to the additional voltage terminals labeled as Uy, and U,;. These terminals are
shorted with a jumper with a total resistance 7, + r,, At about the middle of it the pin is
made (with resistance ;) to terminal U;. Cable from the voltage point of standard
resistance Ry, has resistance r4 + rys. It is divided roughly in half and from its center
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connection is made with a resistance ry4, to be attached to the terminal I;5. The same is
applied to the voltage lead of standard resistance Ry, which has resistance r,4 + 155,

The results of measurement Ry, and Ry, depend on their lead wire resistance ryq,
Tis, I, 25 and the jumper resistance ry, 1y, i.e.

Ry =Ry +rs +ns+n, (14 a)
Ry =Ry +hy+ns+n (14 b)

And the measured resistance of the double R
Ric =Ry +Rp +rs+hs+hs+ths+n+n (15)

A comparison of sums of Eq. (14a), (14b), and Eq. (15) shows that the method
based on the assumption of a linear function additivity given by Eq. (11) works in full
for a double standard resistance. It remains to examine the accuracy of the resistance
of the resistor R c double as the physical implementation of the summation of R +R,
components. The accuracy depends on the stability of all resistances included in Eq.
(15) and is determined by the influence of several factors indicated below.

1. Effect of the finite dimensions of the connection points indicated in Fig. 4 as a, b,
¢ and heterogeneity of the electric field therein. The strict approach would need
to be based on Maxwell's equations and solving the electric field distribution. The
practical experience shows that when measuring resistances Ry, Ry, Ric, non-
linear distribution of the electric field at these points does not change if the
lengths of the resistors 1s, 155, 1, T, are much larger than their diameters.

2. Effect of time instability of standard resistance R, and Ry,. The stability of resis-
tors depends on their technology. Among types used in Ukraine the best perfor-
mance have resistors MR3000 produced by ZIP Krasnodar — Russian factory of
measuring instruments with rich experience. The specification contains the annu-
al relative variation of resistance of 5x10°. Studies have shown that daily vola-
tility is about two orders of magnitude less than the annual. Therefore, at the time
of checking the bridge linearity error by the presented method (including averag-
ing) their time instability is below the threshold sensitivity of the bridge. An al-
ternative to the resistors MR3000 are standard resistors made by companies:
Vishay (S102C, VHP 4, 247 VPR) and Powertron (UNR4-T220, USR4-3425).

3. Effect of temperature instability resistance value involved in the measurement.
Jumper and cables are made of copper wire of the resistance temperature coeffi-
cient a, ~ 4x10” Q/deg. The combined effect of temperature coefficients of
standard resistance and jumper resistance shows the maximum permissible jump-
er resistance:

n+ng+ s <Ry (ogfa,) (16)

For example, for the standard resistance 10 Q from Eq. (16) is obtained that the
copper jumper resistance should not exceed 2.5 mQ.
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Effect of thermal instability can be eliminated satisfactorily by other ways. Sim-
plest one is to place a double standard in passive air thermostat. However, much bet-
ter is to use an active thermostat with temperature control within +0.01 °C. In this
case the effect of temperature instability fall down below the sensitivity of the bridge
AC highest resolution.

The presented dichotomy method does not include points of the upper half of the
range and of each upper successively obtained sub-ranges. In most cases, however it
is enough to find the maximum linearity errors occurring in their centre. Only in some
of the most accurate temperature measurements values of errors are need to make
corrections in some other points. Now we are developing a method for measuring the
linearity error of AC bridges that allows control over the whole measuring range. It is
a upgrading of the dichotomy method described herein for measurements in the upper
half of each tested range and sub-range. It is a development of the methods described
herein dichotomy measurements in the upper half of each test range and sub-range.

7 Experimental Verification of Both Methods

The object of this study was one of the high precise thermometric AC bridges type
CA 300 developed by A. Mikhal and others. They have been produced individually
by company "Specavtomatika" Kyiv, Ukraine. Simplified its circuit and principle of
its work was in short described in [13]. Views of the instrument and of double re-
sistance standard is also given there. The double-shielding technique applied in this
AC bridge is analyzed in details in [14].

Bridge CA 300 has a measuring range of 0-125 Q, LSB 10 Q and noise band-
width for a single measurement — 1 Hz. The measurement process was automated. Its
metrological parameters are nearly similar as the previous version of the precision AC
bridge of ASL of symbol F18. Few copies of the bridges CA 300 runs in metrology
labs on Ukraine and few other countries of the former Soviet Union.

Readings of the bridge at the measured resistance unconventional connection equal
to zero mode (Fig. 2) and the bridge integral linearity of to dichotomy method, are
experimentally verified. To check zero of the bridge CA 300, standard resistors with
nominal value of 0.1 Q to 1 MQ has been used. The measurements were made in a
bridge-enabled mode averaging. Measuring samples of at least 10 observations,
whose corresponds to the noise band width of 0.1 Hz have been used. Fig. 7 shows
the measurement results obtained for several standard resistors of different nominal
values.

Each series of about 25 measuring observations has almost the same average value
+5.5 pQ. It is equal to half of the decade with the lowest indicated resistance value
(1 LSB) and is an additive component of the bridge systematic error. Obtained value
can be used for correction of measured temperature.

Therefore obtained is the experimental confirmation that after joining four-lead re-
sistance Ry by an unconventional way the bridge display will show value correspond-
ing to zero resistance. In such a simple, fast and effective way is identified one of the
main metrological parameters of the precision thermometric bridges — an additive
component of the systematic error. Its determined value is independent in a wide
range on value of the standard resistance Rjused in testing, i.e. from 0.1 to 1 M Q.
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Fig. 7. Experimental results obtained for bridge CA 300 with different nominal values of four-
terminal standard resistors connected to modeling the resistance equal to zero

Integral non-linearity of the CA 300 bridge was examined by the dichotomy meth-
od [13]. For the measuring range 0—125 Q it is enough (in practice) to use only three
standard double resistors (62+62) Q, (31+31) Q, (15.5+15.5) Q. Tested are several
units of the precision AC thermometric bridges of the smallest 1 LSB relative resolu-
tion is less than 6.2-10°" Integral linearity errors related to measurement ranges were
within the range of (0.5-2.1)-107 with a standard deviation not exceeding 3 x 10 at
0.05 Hz band noise.

The resulting experimentally obtained error values almost coincide with estimated
ones based on metrological parameters of bridges listed in their technical data. Meas-
ured biases of any bridge can be eliminated by corrections — automatically or in calcu-
lations.

Determination of the type B standard uncertainty in the measurement of standard
temperatures by bridges, of the estimated, but not possible to delete components of
systematic errors are discussed in [7].

8 Summary

1. This paper presents two original methods for testing bridges used in the precision
temperature measurements. First one is for measurement the additive component
of the bridge error. It allows to test with the highest precision the bridge reading
for resistance equal to zero. The method how to test the integral bridge nonlinear-
ity by use the original dichotomy is also given.
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It has been shown theoretically and experimentally verified that using any of the
four-terminal resistor having a value below the standard 100 MQ unconventional
attached to the bridge as shown in Fig. 2, may implement a value of resistance
less than 10'° Q for controlling the bridge zero.

It was also confirmed experimentally that by the proposed dichotomy method for
measuring the total non-linearity (called also integral nonlinearity), you can de-
tect a very small non-linearity of high precision AC bridges, i.e. at level 0.1 ppm
and below.

Both methods are simple and inexpensive to implement for almost any control
metrology lab having precision AC bridges and are also suitable for automated
procedures of measurement.
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Abstract. The paper presents the aim, way of proceeding and results obtained
during the research made in the project GRAPHTRIB to determine the metallic
substrates, other than copper, to realize graphene growth process. The various
silicon and silicon free bronzes were the objects of investigations. The obtained
results presented in the paper aren’t encouraging.

Keywords: graphene, graphene growth process, substrates for graphene.

1 Introduction

There are instruments and drives in which components made of steel or other ferro-
magnetic metals or alloys cannot be used, because they should be unsusceptible to
strong magnetic fields. One may point to a compass as an example of instrument like
that. Unfortunately, bearings and gears made of metals other than steel are not suffi-
ciently resistant to wear and tear and represent poor tribological performance.

The first information on graphene mechanical properties [1-3] has created an op-
portunity to improve tribological performance of the non-steel components. To verify
if this possibility is real or not, the project GRAPHTRIB — graphene-based coating of
special gear-wheels and bearings has been founded [4].

2 Research Aim and Parameters

The assumed research aim of the project was to find such a metallic substrate for the
graphene layer deposition, that suitably formed would enable introduction of the
graphene into other applications such as electronics and measuring elements, using
graphene layers deposited on copper or monocrystalline silicon carbide.
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The assumed investigation parameters are:

e substrate material that, enforced by the graphene layer, could be an interesting
alternative in mechanism building, especially for elements sensitive to magnetic
fields — therefore testing of various metals was planned;

e smoothness and state of the substrate surface — therefore various kinds of manufac-
turing processes were applied (milling, grinding, polishing and surface galvanic
coating) followed by appropriate measurements.

3 Planned Research Activities and Logistic Procedure

To fulfill the project objectives, the following research activities were planned:

experiment of graphene layer deposition on specimens of silicon bronzes;
experiment of graphene layer deposition on specimens of other bronzes;
experiment of graphene layer deposition on specimens of copper covered steel;
experiment of graphene layer deposition on selected machine elements.

To conduct the experiments the logistic procedure as shown in Fig. 1 was adopted.

Specimen surface

. measurements
Workmanship bef 1 Graphene layer
erore

of specimens deposition

graphene layer

deposition

Results re-

Measurements cording and

) evaluation.
after graphene

Specimens

layer deposition

safe-keeping.

Fig. 1. Logistic procedure

4 Methodology of Specimen Surface Microgeometry
Measurements before Graphene Deposition

Measurements were made of surface microgeometry of all specimens intended to
have a graphene coating put on. The preliminary measurements were performed in
order to evaluate surface texture and, as a result, choose a proper number of meas-
urements to be carried out for each specimen. Then, representative measurements of
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standard parameters: amplitudes (Ra, Rz, Rv, Rp) and material ratios (Mrl, Mr2),
were conducted using the sampling lengths which were chosen in the preceding step.
The peak and valley parameters mentioned above are perceived to be crucial for out-
lining differences between surface texture properties before and after application of
the graphene coating. In addition, values of those parameters were calculated as a
mean value of three measurement results obtained for each specimen. Then, the un-
certainties of all measurement results were estimated with influence of calibration
artefacts from deviations and repeatability of measuring instruments indications
taken into account. It is also worth mentioning that a comparative research of
measurement results was carried out as two different metrological devices were used:
Form Talysurf PGI 830 profilometer (tactile method) and CCI SunStar (non-contact
method).

5 Graphene Layer Deposition on Silicon Bronzes

In all experiments concerning graphene layer deposition the epitaxial method of
graphene grow, elaborated in the Institute of Electronic Materials Technology, was
used. The manufacturing process of graphene has been performed under carefully
arranged conditions, taking into account the physical properties of silicon bronze.
Graphene films were synthesized in a 6-inch Black Magic system by the CVD meth-
od. The process is divided into few steps. At first, the samples were pretreated under
an Ar gas flow and then H, gas flow at the pressure of 100 mbar. The purpose of this
step was to improve the quality of substrates. Afterwards, both CH, and H, gas were
introduced into the reactor for few minutes. Finally, the substrates were cooled down
to room temperature in an Ar atmosphere. To ensure optimal temperature conditions,
thus preventing bronze substrates from melting, the temperature was chosen in the
range between 960 °C and 980 °C. During the process of graphene deposition the
pressure of 20 mbar was sustained.

Various silicon bronzes presented in Table 1 were used as substrates. Because the
first experiments with use of standard bronzes gave negative results, some special
bronzes were melted to determine the impact of silicon content on graphene deposition.

Table 1. Silicon bronzes used in experiments

Item | Alloy Chemical Melting Tem- Reference Standard
composition [ %] perature [°C] (w/ alloy identifier) [5]
1 15[1;5113 Si—3; Mn - I; Cu - rest 971 EN ézvlvﬁéon;
Si - 1.00; Zn — <0.01;
2 CuSil Mn - 0.10; Pb — <0.01; 1032 EN12166:2011; CW115C
Fe — <0.01; Cu —rest
3 CuSi05 Si—0.45; Cu —rest 1032-1083 Special
4 CuSi03 Si—0.35; Cu —rest 1032-1083 Special
5 CuSi01 Si—0.12; Cu —rest 1032-1083 Special
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The results of experiments are presented in Figs. 2—6.

3, Ay

Fig. 2. Images of surfaces of specimens of bronze CuSi3Mnl: a) before the epitaxial process,
after the epitaxial process b) in 950 °C, ¢) in 970 °C, d) in 980 °C
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Fig. 3. Raman spectra of CuSi3Mn1 specimen after processes of graphene layer deposition in
temperature, a) 950 °C, b) 970 °C, ¢) 980 °C
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Fig. 4. Image of CuSil specimen surface after epitaxial process in temperature 1000 °C and
duration of 10 minutes
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Fig. 5. Raman spectra of layers deposited on copper with various silicon contents



176 T. Missala et al.

o
~
@
=3
~
®

Intensity (10‘l au.)
Intensity (10“ a.u.)

1.0
T T T T T T T T J
1400 1800 1800 2000 2200 2400 2600 2800 3000

Raman shift (cm ')

T T T T T T T T 1
1400 1600 1800 2000 2200 2400 2600 2800 3000

Raman shift (cm")

Fig. 6. Raman spectra after graphene deposition process a) 0.1% Si, b) 0.01% Si

The figures presented above clearly show that graphene layer was grown on the
copper with silicon content 0.01%, that is, only on the copper with a very small ad-
mixture of silicon. The following conclusion can be stated: any significant content
of silicon prevents graphene layer from deposition.

6 Graphene Layer Deposition on Other Bronzes

As in previous experiments the epitaxial method of graphene grow, elaborated in the
Institute of Electronic Materials Technology, was used. In these experiments, we
expanded the range of applied temperatures between 950 °C and 1000 °C.

As shown in Table 2, this time various bronzes, other than silicon bronzes, were
used as substrates. Apart from the standardized bronzes, additionally some special
bronzes were included, to extend the scope of experiments. The results of experiments
are presented in Figs. 7-12.

Table 2. Bronzes, other than the silicon bronzes, used in the experiments

Ttem Allo Chemical Reference Standard
y composition [%] (w/ alloy identifier) [5]
| CuAllOFe3 | Al-10;Fe—3; Mn-2; EN 12166:2011 —
Mn2 Cu —rest CW306G
2 CuAl6Si2 Al - 6; Si—2; Cu —rest Special
EN 12166:2011 —
3 CuSnl10P Sn—-10; P-1; Cu—rest CW305G
4 CuAl5 Al —-5; Cu —rest Special
5 CuSn2 Sn—2; Cu-98 Special
. . EN 12166:2011 —
6 CuNi2Be Ni-2; Be-1; Cu-rest CW110C
EN 12166:2011 —
7 CuBe2 Be - 2; Cu —rest CW101C
8 CuCol0 Co —10; Cu —rest Special
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Fig. 7. Images of the surface of CuAl6Si2 bronze specimen: a) before the process, b) after the
process, ¢) Raman spectra — absence of the graphene layer
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Fig. 8. Images of the surface of CuNi2Be bronze specimen: a) before the process, b) after the
process, ¢) Raman spectra — absence of the graphene layer
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Fig. 9. Images of the surface of CuBe2 bronze specimen: a) before the process, b) after the
process, ¢) Raman spectra — absence of the graphene layer
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Fig. 10. Images of the surface of CuCol0 bronze specimen: a) before the process, b) after the
process, ¢) Raman spectra — absence of the graphene layer
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Fig. 11. Images of the surface of the CuAllS specimen: a) before the process, b) after the pro-
cess, ¢) Raman spectra — absence of the graphene layer
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Fig. 12. Images of the surface of CuSn2 bronze specimen: a) before the process, b) after the
process, ¢) Raman spectra — presence of the graphene layer

7 Graphene Layer Deposition on Steel Substrates Covered with
Copper

To secure a possibility of conducting investigations of tribology properties and envi-
ronment immunity of the graphene layer planned in the project [4], in case of failure
of experiments with bronzes, the experiments of graphene layer deposition on steel
substrates covered with copper layer were foreseen. Parameters of steels used for the
substrates are presented in Table 3. Summary of the obtained results is given in Ta-
ble 4 and the detailed results are shown in Figs. 13—15.

Table 3. Steels used for substrates

Item Type of Chemical composition [%]
steel
1 45 C-0.42+0.50; Mn - 0.50 +0.80; Si — 0.17 + 0.37
C-0.38; Mn - 0.40; Si - 0.17; Cr - 0.90;
z2 | 40HM Ni — <0.30; Mo — 0.15
3 35HGS C-0.32; Mn - 0.80; Si — 1.10; Cr — 1.10; Ni — <0.30
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Table 4. Summary of results

Specimen Type of | Kind of surface ) Presence of the

i i Coating

identifier steel process used graphene layer

G11-G14 45 Grinding Electrolysis YES
copper layer

AA11-AA14 | 40HM-T Grinding Electrolysis YES
copper layer

BB11-BB14 | 35HGS Grinding Electrolysis YES
copper layer
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Fig. 13. Images of the surface of steel specimen covered with “acid copper”: a) before the pro-
cess, b) after the process, c) Raman spectra — absence of the graphene layer
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Fig. 14. Images of the surface of steel specimen covered with “electrolytic copper”: a) before
the process, b) after the process, c) Raman spectra — presence of the graphene layer
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Fig. 15. Images of the surface of steel specimen covered with “cyanide copper”: a) before the
process, b) after the process, ¢) Raman spectra — presence of the graphene layer
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8 Alternative Experiments

To complete the investigations, additional experiments of graphene layer deposition
on bronzes plated with copper layer are planned. The bronzes without silicon, alumi-
num, cobalt and nickel are selected for those experiments. In case of positive results,
the way to obtain non-magnetic mechanical elements covered with graphene layer
will be open.

9 Conclusions

The presented results indicate that deposition of the graphene layer on substrates other
than copper or monocrystalline silicon carbide is practically impossible. Only the
experiments of graphene layer deposition on specimens made of steel plated with
copper were successful.
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Abstract. This paper presents results of study on coefficient of friction of sur-
faces in case of lubrication with use of lubricating grease with 2% graphene ad-
ditive, same grease without graphene additive and in case of no lubrication. Be-
sides differences in coefficient of friction there are also shown differences in
wear of specimens used in experiment. Results indicate that additive of
graphene in lubricating grease decreases coefficient of friction as well as wear
of friction pairs.

Keywords: graphene, tribology, grease.

1 Introduction

It is estimated that more than 30% of generated energy is wasted because of phenom-
ena related to friction of interacting surfaces [1]. These phenomena cause additionally
wear of these surfaces and in consequence lead to loose of functional properties of
kinematic pairs and to damage them. A way to limit these very adverse effects is ap-
plication of lubricating substance between cooperating surfaces which results in
replacing external friction of these surfaces with internal friction of lubricating sub-
stance. Depending on thickness of lubricant film friction can be fluid (when this
thickness is much higher than roughness of surfaces) or mixed (thickness is lower
than roughness or both are close to each other — besides fluid friction there are also
places on interacting surfaces where friction is boundary or even dry). It means that
only first case (fluid friction) ensures full separation of surfaces. Thickness of lubri-
cant film depends not only on viscosity of base oil (which is function of temperature)
but also (most of all) on relative velocity and press between surfaces. Increasing of
load causes decreasing of lubricant film thickness while increasing of speed means its
increasing. It is not always possible to fulfill requirements to get fluid friction. Higher
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level of viscosity results in higher internal friction which is disadvantage especially
by high speeds. Working mode of machine can also be too slow or generate too big
load and in practice mixed friction often occurs (especially by starting up). In this
case decrease of wear and coefficient of friction depends on ability of base oil to cre-
ate boundary layers which prevent surfaces from direct contact. Similar effect can be
achieved by use of extreme pressure (EP), anti-wear (AW) and/or solid greases
(graphite, molybdenum disulfide) additives. Application of these additives lets de-
crease base oil viscosity and in result increases performance of lubricated kinematic
pair and whole machine.

Graphene consists of one atomic carbon layer with hexagonal layout. That’s why it
is considered as a two dimensional structure. Besides very good properties from the
point of view of application in electronics, graphene has also high mechanical
strength (approximately 100 times better strength tensile than by hardened steel) and
thermal conductivity on a level of 5000 W/mK [2]. These properties as well as results
of previous studies on influence of graphene on tribological properties of various
lubricating fluids (see [3-5]) result in described in this paper experiment of adding
graphene to lubricating grease, which potentially can improve its lubricity.

As a base to create lubricating grease with additive of graphene a commercially
available lithium grease was chosen. Basic parameters of that grease were: mineral
base oil with kinematic viscosity of 100 mm*s (at 40 °C) and NLGI consistency
number of 2 [6]. It didn’t have any extreme pressure, anti-wear etc. additives in order
to get grease where the only lubricity additives are graphene platelets (in described
case 2% of weight of prepared grease).

2 Measuring Stand and Research Process

Main goal of research described in this paper was to examine the influence of
graphene additive in lubricating grease on coefficient of friction and wear of interact-
ing surfaces. For this purpose a measuring stand was built. It provides relative move-
ment between surfaces forming a friction pair as well as measurement of coefficient
of friction of this pair. Main part of this stand is shown on Fig. 1.

The stand (Fig. 1) consists of rotating in vertical axis replaceable track (1) which is
ring-shaped. There are also three holders (2) to keep specimens (3) to be tested. Spec-
imens are pressed to track (1) by the gravity with use of shield (4), pin (5) and loads
(6). In order to have equal press on each one specimen there are two rotational de-
grees of freedom (in X and Y axis) between holders (2) and shield (4) and between
shield (4) and pin (5). Thank to these there is parallelism between specimens (3) and
track (1). Third degree of freedom (in vertical axis) between shield (4) and pin (5) is
taken by force sensor (7). Force measured by this device is reaction to friction forces
between track (1) and specimens (3). This force is recorded with numbers of pulses
from rotation sensor (8) and after a few basic computations coefficient of friction
characteristics can be shown.
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Kinematics of the above described stand was formed in a way to get mixed friction
with domination of boundary friction between interacting surfaces of track (1) and
specimens (3). It is because the aim of the experiment was to test the influence of
graphene on tribological properties of grease and not to test influence of base oil.

6

Fig. 1. Main part of the stand for tribological properties of graphene grease testing

Main parameters of the experiments carried out on the above described stand are:
sort of grease, press, linear velocity, distance, materials of friction pairs and rough-
ness of their surfaces. Three of the experiments are described in this paper. Since their
goal was to determine influence of graphene on tribological properties of grease, only
sort of grease was changed during these experiments: (a) described in p. 2 lithium
grease with additive of graphene, (b) same grease without graphene additive, (c) no
grease — experiment with (technical) dry friction. Values of other parameters of exper-
iments are shown in the table 1.
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Table 1. Common values of parameters of tests

Parameter Value
Press [MPa] 2.2
Velocity [m/s] 0.53
Distance [m] 40 000

Specimen material

Bronze CW306G (CuAll0Fe3Mn2)

Track material

Steel 41Cr4

Specimen surface roughness [um]

~0.4 (see tab. 3)

Track surface roughness [um]

~0.3 (see tab. 3)

Although working of the built stand causes wear of specimens, quantity description

of this wear was determined on the other stands in two ways: by measurement of mass

of specimens before and after experiment (scales RADWAG PS 600.R2) and as a
result of measurement of roughness of surfaces before and after experiment

(profilometer Taylor-Hobson Talysurf PGI830) with application of guidelines de-

scribed in [7].

3 Results

Results of the experiments described in section 3 are shown for better clearness on the
Fig. 2 as diagrams of coefficients of friction u versus distance s.
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Fig. 2. Diagrams of coefficients of friction p versus distance s
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According to expectations the highest value of coefficient of friction occured in
experiment with no use of lubrication (Fig. 2, grey diagram) and it generally laid in
range of 0.25-0.3. Described investigation was finished after approximately 27 000 m
because of too high wear of specimens and related to this increase of coefficient of
friction which caused that reaction force on force sensor ((7) on Fig. 1) exceeded its
limit. Application of lubricating grease without any EP/AW additives (Fig. 2, orange
diagram) decreased coefficient of friction in first 5 000 m below 0.1. In remaining
part of experiment (5 000 m to 40 000 m) coefficient was about 0.15-0.2, but this
value was very unstable. It can be connected with variable conditions of lubrication,
appearing on areas with dry lubrication and tear particles of surfaces. Enhancing
grease with 2% of graphene platelets additive brought an expected result (see Fig. 2,
blue diagram). Although at the beginning of the experiment coefficient of friction laid
on level of 0.1, after short distance it reached stable value of 0.4, which didn’t change
during the whole experiment. Initial higher value was probably consequence of run-
ning in of surfaces and of their warming up. Further results indicate that after remove
highest peaks layer of graphene was durable enough to prevent surfaces from appear-
ance of dry friction areas and as a result from adhesion and removing particles of
surfaces.

Table no. 2 shows mean values of mass of specimens before and after experiments.

Table 2. Mean mass loss of specimens as a result of experiments

Mean mass be-
.. . Mean mass after Mean mass loss
Lubrication fore experiment .
2] experiment [g] [g]
Grease with
graphene addi- 12.6068 12.6053 0.0015
tives
Grease without
graphene addi- 12.6167 12.6049 0.0118
tives
No lubrication 12.6008 8.8721 3.7287

Results of mass loss measurements shown in table no. 2 can be explained in a quite
similar way as results of measurement of coefficient of friction. The least mass loss in
case of lubrication with graphene additive grease is effect of acting of graphene which
creates a layer that limits direct contact between track and specimens. Boundary layer
created by same grease without graphene platelets is much weaker and that’s why
adhesion is more intensive and material loss is bigger. Lack of boundary layer (from
technical point of view) in case where no lubrication is applied causes catastrophic
wear of surfaces. These phenomena can also be confirmed by the measurement of
roughness of specimens layer before and after experiments (Tab. 3). It is worth
noticing that in case of use of graphene grease roughness after the experiment is much
lower than before. It is the result of running in the surfaces at the beginning of
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experiment. By use of grease without graphene platelets there also can be seen im-
provement of surface quality but it is not as big because of bigger adhesion between
specimens and track.

Table 3. Changes in roughness of surfaces as a result of frictional experiments

Specimens Track
Mean rough- | Mean rough- | Mean rough- | Mean rough-
Lubrication | ness R, before | ness R, after | ness R, before | ness R, after
experiment experiment experiment experiment
[nm] [nm] [nm] [nm]
Grease with
graphene 0.4159 0.1685 0.3549 0.2657
additives
Grease with-
out graphene 0.4006 0.3192 0.2709 0.3051
additives
No lubrication 0.4093 5.1003 0.2273 4.0319

4 Conclusion

Results of studies presented in this paper confirm usefulness of graphene platelets as
additives decreasing coefficient of friction and wear of friction pairs. Two percent of
this ingredient caused four-time-decrease of coefficient of friction in conditions of
mixed lubrication and almost eight-time-decrease of wear (weight). Results like these
induce to expand studies on this kind of greases on searching for optimal content of
graphene additive. Durability of graphene platelets layer as well as their influence on
coefficient of friction in conditions of fluid lubrication should also be investigated.
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Abstract. The article presents the problem of the Zener diode based reference
voltage sources resistance to changes in operating temperature. The test stand,
measurement methodology and results are presented. Reference voltage sources
are crucial elements of analog-to-digital systems. They set the standard to
which the measured voltage is compared to. Therefore, the stability of their
work is critical for many areas of precision metrology.

Keywords: voltage references, temperature coefficients, electrical measure-
ments, FPGA, ADC.

1 Introduction

Many industrial systems are based on precision measurements. High-tech production
lines require reliable and high-resolution measurements systems. The highest accura-
cy is achieved in electrical measurements, so even the non-electric values (like strain,
pressure or temperature) are measured by transforming them to voltage, and measur-
ing them [9, 10]. All precise analog to digital converters operate on the principle of
differential measurement [8]. Measured voltage is compared with the standard, which
is the reference voltage source. The stability of this standard is crucial for the stability
and accuracy of measurements. The greatest impact on the standard stability have:
supply voltage change (line regulation) [4], variation of the output current (load regu-
lation) and variation of operating temperature. Measurement systems are supposed to
work and being reliable in variable environmental conditions, therefore the standards
should be resistant to temperature change in the operating temperature range.

2 Temperature Drift of the Reference Sources Utilizing Zener
Diodes

Temperature drift is described as average value of small changes in reference’s output
voltage, caused by changes in temperature (AV,,/AT), and is expressed in ppm/°C.
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In precise applications temperature drift is considered as the second (after initial accura-
cy) most important specification. In some solutions (for example in balances) initial
accuracy can be compensated, which makes thermal resistance even more crucial. Ideal-
ly, the output voltage should not change by any measurable value in the whole operating
temperature range. In reality, the output voltage will change in a way depending on
reference quality. References based on buried-Zener technology have the lowest tem-
perature coefficients in range from between 0.5 to 8 ppm/°C. [1] Highest thermal stabil-
ity is achieved by temperature-compensation circuits in reference designs. The elements
are also measured during the production, and some crucial elements (like thin-film resis-
tors) are precisely trimmed with laser.

Temperature coefficients are commonly given in datasheets as single value, which
assumes and suggests that temperature drift is linear. In most cases the AV/T function
is described by 2™ or even 3™ degree function which are presented on graphs.
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Fig. 1. Thermal characteristic of voltage reference [1]
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Fig. 2. MAX 6325 normalized output voltage in temperature function [2]

As presented in Fig. 1 and Fig. 2, manufacturers are using two methods for provid-
ing high stability references. First one (presented in Fig. 1) is to achieve constant
temperature coefficient in typical operating range (in laboratory equipment it’s typi-
cally 15-35 °C). This method is extremely useful when device utilizing reference has
internal temperature measurement system — continuous corrections can be easily im-
plemented in device software. Second method (as presented in Fig. 2) is to achieve
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minimal output variation in operating temperature range. This method provides higher
reference stability around operating point (typically 25 °C), but can be source of seri-
ous measurement errors, when device/circuit is operating in extremal temperatures.

3 Test Stand

3.1 General Idea

Schematic block diagram of designed test stand is presented in figure 3.

Temperature " Controll
controll - program
¢ A

Temperature

.| Tested measurement
reference
L Variable Data acqusition
Stable power temperature Measurement card
supply circuit >

» Reference —
voltage source

Constant
temperature

Fig. 3. Schematic block diagram of the test stand

The main idea of the utilized test stand is based on high accuracy differential voltage
measurement. The tested source is operating in changing environmental conditions. The
output voltage is compared with a reference voltage source operating in constant tem-
perature. The difference of these voltages is amplified and then measured by a data
acquisition card and stored along with operating temperature of the tested reference.

3.2  Variable Operating Temperature System

Change of operating conditions was achieved, by placing tested reference to copper
block. Block was drilled, so liquid (water) could flow through. Due to the copper
thermal conjunction, temperature of the liquid is transferred on tested reference
source. Thus by controlling liquid temperature (by heating water with immersion
heater), temperature variation was achieved.
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3.3  Voltage Variation Measurement Circuit

To acquire highest accuracy of measurement, it was decided to design differential
measurement circuit. The wiring diagram of measurement circuit is presented in
Fig. 4.

R1 R2
A A% J_
u3 =
I u2 Vout
+ R3 R4

g
|

Fig. 4. Wiring diagram of measurement circuit

Both references, tested (US) and standard (U4), are powered by the constant volt-
age from stabilized power source. Operational amplifiers (U1l and U2) work as a volt-
age followers. Their main function is to provide high and constant impedance for
voltage references. The next element of circuit is a differential amplifier built on U3
and R1, R2, R3, R4 highly accurate resistors. As it can be proven [4-6], when follow-
ing requirement I;—j = I;—: = k is fulfilled, voltage held on the output of U3 is given by
following dependency:

Vour = (V1 = V) - k (1)

Where V1 and V2 are output voltages held on operational amplifiers Ul and U2.
Output voltage of measurement circuit is measured by the data acquisition card, and
processed by software using (1) in order to give information about tested voltage ref-
erence output change.

3.4 Temperature Measurement System

The measurement of temperature is conducted with K-type thermocouple placed in
between the copper block and the tested reference. Thermocouple is connected to the
programmable temperature-voltage converter with internal cold junction compensa-
tion, based on Pt 100 resistor [3]. On converter’s output, voltage proportional to hot
junction temperature, is held. This voltage is measured by data acquisition card and
calculated by software to temperature value. The value of temperature is used for
creation of AV (T) dependency.
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4 Measurement Methodology

Test were performed on three different sources. Operating temperature of the tested
source was changing in the 10-38 °C range, with approximated speed of 10 K per
hour. Standard reference, as well as measurement circuit was held in stabilized
temperature 25 °C.

5 Measurement Results

On the following figures the results of the measurements conducted according to the
methodology described above are presented. Additionally, on each characteristic there
is a black line marking the maximum allowable deviation according to [2].

The results obtained have significant repeatability. In addition, all of the results are
below the curve created on the basis of catalog data [2]. Individual disorders are
caused by noise in the measurement system. The second degree nature of the voltage
deviation change in function of temperature is clearly seen. In order to better deter-
mine the nature of the changes, a second degree curve fit was carried out:

f(T)=aT?+bT + ¢ (D

Fitted (using the least squares method) curves are presented on figures 5, 6 and 7
and are marked in red. The parameters of curves, together with R* match coefficients
and parameters of maximal allowable deviation curve are shown in following table.
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Table 1. Comparisons of fitting parameters

Number of tested Parameters
source a b C R?
1 0.0183 -0.9362 12.6224 0.966
2 0.0213 -0.9673 15.2382 0.952
3 0.0147 -0.7482 10.0495 0.965
Maximal allowable 0.0279 -1.4319 18.3237 0.998
Deviation

Due to the high (between 0.95 and 0.99) R* coefficient it was decided not to carry
out further statistical tests [7] in order to confirm the nature of the temperature chang-
es impact on the reference sources characteristics.

Results of measurements are beneath the maximum allowable deviation curve,
which is also confirmed by the comparison of parameters of fitted curves.

Thermal coefficient of tested reference can be calculated as a derivative of V(T)
function. With assumption of second order nature of characteristics, it can be calculated
as:

Te(r) = L0 = 247 + b )

Analyzing (2) leads to simple conclusion, that thermal coefficient varies depending
on the temperature. Table 2 presents calculated coefficients for boundary test temper-
atures, and in recommended operating temperature.

Table 2. Comparisons of calculated thermal coefficients

Number of tested TC [ppny/ °C]
source Temperature [°C] 10 25 38
1 -0.5702 | -0.0212 0.4546
2 -0.5413 0.0977 0.6515
3 -0.4542 | -0.0132 0.369
Maximal allowable -0.8739 -0.0368 0.6885
deviation

All calculated thermal coefficients are in the range declared by manufacturer
(1 ppm/°C) [2]. All tested sources have minimum of temperature characteristic
around 25 °C. This result with high stability in typical operating temperature.

In typical laboratory environment temperature changes does not affect voltage out-
put significantly. On the other hand, they depend on temperature and may increase
outside declared limit while operating in extreme temperature.
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6 Conclusion

Test stand for measuring temperature characteristics of reference voltage sources is
presented. Methodology and the results are shown, and they confirm both the litera-
ture and sheet data. Second degree polynomial curve fit of test results is presented.

Results preset high repeatability of thermal characteristics of tested reference volt-
age sources. All characteristics have minimum around 25 °C, which should be rec-
ommended operating temperature. Measurements confirmed, that all

Effective way of calculating thermal coefficient in operating temperature is de-
scribed, and data from reference voltage source manufacturer are confirmed in wide
temperature range.
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Abstract. In the paper the investigation of the temperature dependent magnetic
weight change of the CuygCo,, x = [10, 15, 20] and the CugyFe;, amorphous
alloys is presented. The idea and the test stand of the magnetic
thermogravimetry analysis is described. The results of the measurements for in-
vestigated CuCo and CuFe amorphous alloys, as well as discussion of the re-
sults are given.

Keywords: TGA, amorphous alloys, CuCo, GMR.

1 Introduction

The thermogravimetric analysis is a widely used method of materials investigation. It
is used as a technique to characterize materials used in various environmental, food,
pharmaceutical, and petrochemical applications. The definition of the method states
that it is a technique in which the mass of a substance is monitored as a function of
temperature or time as the sample specimen is subjected to a controlled temperature
program in a controlled atmosphere. An alternate definition: it is a technique in
which, upon heating a material, its weight increases or decreases [1].

The thermogravimetric analyzer is an essential laboratory tool used for material
characterization. An TGA consists of a sample pan that is supported by a precision
balance. That pan resides in a furnace and is heated or cooled. The mass of the sample
is monitored during the experiment. A sample purge gas controls the sample envi-
ronment. This gas may be inert or a reactive gas, that flows over the sample and exits
through an exhaust. These instruments can quantify loss of water, loss of solvent, loss
of plasticizer, decarboxylation, pyrolysis, oxidation, decomposition, weight % filler,
and weight % ash. All these quantifiable applications are usually done upon heating,
but there are some experiments where information may be obtained upon cooling.
The analyzers are controlled by proprietary thermal software, and have autosampler
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accessories for unattended operation. The basic instrumental requirements for TGA
are a precision balance, usually of the magnetomechanical type, with a pan loaded
with the sample, and a programmable electric furnace [2].

Magnetic TGA is the method in which the magnetic field gradient is acting upon
the sample, introducing the magnetic weight :

F= (ma - mb)g =mng (D

where: F — force of magnetic attraction between the sample and magnetic field gradi-
ent source, m, — sample mass reading without the magnetic field, m, — sample mass
reading with the magnetic field gradient applied, m,, — magnetic weight.

The force F is called the Faraday Force. It is the force of magnetic attraction (or
repulsion), dependent upon the sample magnetic susceptibility, shape, mass and the
magnetic field gradient dH/dy. The sample of the volume V is subjected to the force
depending on the magnetic dipole moment j = uom or susceptibility y = p-1 [3]:

. dH dH
F = ] E = VXH E (2)

In situation where the magnetic field value and gradient are kept constant, the sam-
ple mass, shape and volume are constant, the resulting force and thus magnetic
weight, will be directly proportional to the volume susceptibility x (or magnetic dipole
moment) of the sample. Various processes during the heating and cooling phases
affect the magnetic susceptibility of the material, and are detected as the changes in
the magnetic weight.

The magnetic TGA method is most often used for measurement of Curie tempera-
ture of investigated materials — it is the temperature at which rapid decrease of the
magnetic weight is recorded, due to the rapid transition from the ferromagnetic (or
antiferromagnetic) to the paramagnetic state. In fact, the Curie temperatures of several
reference alloys (alumel, pure nickel, pure iron) are used for temperature calibration
of TGA furnaces. Furthermore, the relative changes of the magnetic weight can give
important clues about the temperature dependence of various phase transitions in the
materials tested [2].

2 Test Stand

The test stand used for the investigation was the Perkin-Elmer TGA7
Thermogravimetric Analyzer with the magnetic field gradient source allowing for the
magnetic TGA measurements. The samples can be heated in a specified atmosphere,
the gas being selectable via data system control. The furnace can heat samples from
room temperature to 1000 °C, at a selectable rate of 0.1 °C/min to 200 °C/min. The
analytical balance of the null design is sensitive to 0.1 microgram. The amount of
current needed to maintain the system in the "null" state is directly proportional to the
weight change of the sample. System is controlled by the Pyris software, which allow
for data logging and analysis. The schematic block diagram of the test stand is pre-
sented in Fig. 1.
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The magnetic field gradient is provided by the two permanent magnets located to
the sides of the furnace, below the sample. The magnets position is adjustable, to
obtain vertical pulling force of certain initial value, acting upon the sample. The
method itself, using the gradient fields and the analytical balance, is very similar to
the Faraday balance, or the Faraday Force magnetometry [4]. On the other hand, us-
age of the permanent magnets with constant (during the experiment) field gradient of
relatively small value make this method alike the Evans balance [5] and Gouy balance
[6] methods , used primarily for the measurement of very small magnetic susceptibil-
ity values of paramagnetic and diamagnetic materials.

Analytical
Scale .
Graphical
PC User Interface
7~
Sample
I+
M M
Furnace
Gas flow
== (33@s source
regulator

Fig. 1. Schematic block diagram of the test stand. M — permanent magnets

The apparent change in weight of the sample (the magnetic weight) is dependent
upon the relative change of the magnetic susceptibility. The value of the magnetic
susceptibility y could then be calculated, knowing its initial value before the experi-
ment. It is however irrelevant for the observation of temperature dependence of the
various phase transitions in the material tested — the information can be derived from
the relative change of the magnetic weight itself.

3 Investigated Materials

There were four materials investigated using the magnetic TGA method. Three of
them were composed of copper and cobalt in 90-10%, 85-15% and 80-20% ratios.
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The fourth, for comparison, was the CugyFe;, alloy. They were fabricated using the
rapid quenching in the melt spun process, on specially provided wheels (as normally
the casting equipment has wheels made of copper, due to its superior heat conductivi-
ty). Melt spinning is a technique used for rapid cooling of molten metals. A wheel is
cooled internally, usually by water or liquid nitrogen, and fast rotated. A thin stream
of liquid metal is then poured onto the wheel and instantly cooled, causing rapid so-
lidification. This technique is used to develop materials that require extremely high
cooling rates in order to form, such as metallic glasses [7]. The cooling rates achieva-
ble by melt-spinning are on the order of 10*~10" K/s. The technique was used to cast
ribbons of the CuCo and CuFe amorphous alloys. The Cu;y.<Cox amorphous alloys
are especially interesting because of their magnetic and magnetoresistive properties.
The unprocessed material behaves as almost superparamagnetic cobalt particles sus-
pended in the diamagnetic copper medium [8, 9]. However, during the heating pro-
cess, the cobalt lattices are beginning to form, changing the magnetic hysteresis of the
material [10], and causing the occurrence of giant magnetoresistive effect (GMR) and
giant magnetoimpedance effect (GMI) [11]. The GMI effect is typical for cobalt-rich
amorphous alloys [12]. The highest reported GMR values were obtained for annealing
in the 500 °C range [11, 13]. Annealing of the amorphous alloys have to be done in
precisely controlled temperature and time conditions, to achieve replicable results
[14]. Another interesting feature of these alloys is the remarkable complexity and
non-linear behavior of the material phase transitions [15].

4 Results of Measurement

The samples were independently loaded into the measuring pan of the TGA in the
absence of the magnetic field. The furnace was preheated to the 50 °C for stable
measurements start point, and the balance readings were zeroed. Then the magnetic
field gradient was introduced by means of the permanent magnets to achieve
proper starting magnetic weight value. The samples were heated to the 800 °C at a 10
°C/min rate, and then cooled from 800 °C to 50 °C at the same 10 °C/min rate. The
furnace was constantly purged with inert gas (argon), to avoid any oxidation-related
readings.

In the following figures the obtained results are presented. In the Fig. 2 the magnet-
ic weight/temperature characteristic of the CugyCojy amorphous alloy sample is
shown. The first, heating part of the characteristic is colored in red. There is an initial
slight decrease of the magnetic susceptibility up to around 218 °C, then there is a
plateau up to 325 °C, where rapid increase of the magnetic weight occurs. This hint of
the developing cobalt crystals in previously homogenous amorphous alloy. Then there
is slight inflection point around 480 °C, and higher rate of magnetic weight increase —
interesting because this is the region where highest reported GMR values were ob-
tained (for annealing in around 500 °C, and cooling the material).
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From 630 °C to 725 °C there is an curious dented region with two maximum
points. Then the susceptibility starts to decrease rapidly, most probably due to reach-
ing the Curie temperature, which was above the heating range during the experiment.
The blue line represents the cooling phase of the experiment — the substantial increase
in the magnetic weight of the cooled sample versus the initial state is due to the fer-
romagnetic cobalt crystals formation.

In the Fig. 3 the characteristics of the CugsCo;s amorphous alloy are shown. The
most obvious difference to the previous characteristic is the lack of the “double max-
imum” in the heating phase. Additionally, the highest GMR ratio for this alloy ratio
was reported to occur for annealing in 525 °C [12]. One can observe slight inflection
point on the characteristic in this temperature region. In the Fig. 4 the characteristics
of the CugyCo, are given. The overall shape is similar to CugsCo;s, the most notable
difference is the much higher magnetic weight in the cooled state relative to the heat-
ing maximum.

In the Fig. 5 one can observe the characteristics of the CugoFe o amorphous alloy. It
is obviously different from the previous ones, even though the similarities between Fe
and Co elements. The most interesting is the final part of the curve, from around
750 °C to 800 °C, during both heating and cooling phase. The overall relative perme-
ability change was much higher than for CuCo alloys. The initial y; absolute value was
also noticed to be exceptionally small (however it was not measured directly), as the
applied magnetic field gave unexpectedly small magnetic weight value.

5 Conclusion

The idea of the magnetic thermogravimetric analysis of magnetic materials was de-
scribed. Previously unpublished results of the TGA of Cuygo.,Coy, x =[10, 15, 20] and
the CugoFe |y amorphous alloys are presented. Those alloys play important role in the
research on the Giant Magnetoresistance (GMR) and Giant Magnetoimpedance
(GMI) effects, which can be potentially utilized in design and development of novel
magnetic field sensors. The results indicate at complex temperature dependent phase
behavior of the CuCo and CuFe systems. Most importantly, the inflection points on
the characteristics indicate the area for further, more advanced investigations of the
material structure, such as the X-ray spectroscopy. Thus, the Magnetic
Thermogravimetric Analysis is recommended as starting point in novel magnetic
materials investigations.
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Abstract. This article describes the research, development and tests of
prototype graphene flow sensors. The prototype sensors were checked for
impact of different parameters on value of electric charge generated on the
graphene’s surface, such as volume flow value, flowing liquid ions
concentration and liquid temperature. The information about developed
transducers which convert signals from graphene sensor is presented.

Keywords: graphene, flow sensor, measurement, converter.

1 Introduction

In studies conducted in various laboratories worldwide it was shown, that the ions
containing water flow in the vicinity of graphene structure causes the generation of
electrical charge on the surface of graphene [1, 3-5]. The resulting potential
difference is dependent on the fluid flow rate, fluid temperature and the concentration
and type of ions present in the solution [2, 6].

Within the project "Graphene based, active flow sensors" studies to develop a
method of graphene flow sensors manufacture were conducted. The conducted works
aimed at constructing a graphene-based flowmeter. There were several demo versions
of graphene sensors produced. The transducer demonstrator cooperating with the
sensor was also developed.

Environmental examination of the developed demonstrator were performed, to
determine what is the effect of temperature and humidity on a processing error of the
device. In addition, tests were carried out to optimize the geometric construction of
sensors and process of their preparation. The research aims to develop a prototype
sensor, to check its work on various conditions, and possibly to investigate the
parameters of the final product.
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2 Methodology of Measurement

Tests of the graphene sensors were performed, among others, at the Department of
Physics, University of Warsaw, and on the PIAP developed flow test stand. The test
stand allows to generate fluid flow with a precise adjustment of its value. The
concentration of the solution (the working fluid) and its temperature can regulated.
Control of the test stand is implemented using iFIX SCADA software. In addition, for
the recording and archiving of the test results Proficy Historian for SCADA software
was used. The position can be operated in automatic mode, in which the predefined,
fixed cycle operation is carried out. Semi-automatic mode is also possible. It is more
flexible and the course of the test cycles can be freely defined.

Fig. 1. Measuring station for the graphene flow sensors testing

The above test station is working with the demo graphene flowmeter, developed in
,,Graphene based, active flow sensors” project. Communication between devices is
via RS-232 interface. The test stand can register the measurement results from the
graphene flow sensor. The developed demo flowmeter is composed of the graphene
flow sensor and the signal transducer.
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Fig. 2. The schematic block diagram of the measuring system for testing of the graphene flow
sensors

For the study of the graphene sensors properties, measuring circuit has been
extended by the system of direct signals measurement from the sensor. This solution
was necessary to verify the operation of the developed sensor. For this purpose,
Keithley 2002 multimeter was used. The source of voltage on the polarization
electrode was MICRO CAL Time Electronics 1030 calibrator.

Acquisition and registration of measurement signals from the graphene sensor was
carried out using NI LabVIEW environment and USB-3488A GPIB Interface card. In
addition, measurements were coupled with adjustable volume flow implemented by
NI DAQ USB-6341card.

3 Graphene Sensors Demonstrators

Graphene sensor is composed of a plate made of silicon carbide with 10 mm x 10 mm
dimensions, to which a layer of graphene was applied. Then on a layer of graphene
gold electrodes were applied.

For the flow test, the sensor attachment system with visual observation of the flow
channel has been designed and manufactured. The sensor is placed centrally in the
flow channel cross-section, with a diameter of 26 mm. Polarization electrodes are also
located in the flow channel. The exact electrode placement was optimized on the base
of proper studies.
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Fig. 3. Laboratory flow sensor demonstrator

Computer CFD flow simulations were performed for the graphene flowmeter
demonstrator. On that basis the optimal shape of the flow channel and adequate
sensor arrangement was determined. Computer simulations were performed using
flow modeling software ANSYS Fluent. On the basis of the simulation results and
experimental results, demonstrator transmitter housing was made. The sensor is
placed against the wall of the flow channel. Channel is shaped to minimize the
formation of flow disturbances.

FDM additive manufacturing technology (3D printing) was used for the housing
manufacture, because it can be used to build the surfaces of any shape. The material
used for the housing was acrylonitrile butadiene styrene.

Fig. 4. Compact flow sensor demonstrator

For the research purposes, polarizing electrodes positioned parallel to, and
perpendicular to the plane of the graphene was used. In addition, a possibility to
adjust the length of the electrode was implemented. Housing design also allowed the
use of electrodes made of other materials. The electrodes made of Pt, Ag, Cu, Sn, and
316L corrosion-resistant steel were investigated. It turned out, that the Ag electrode
gave best results. The optimal electrode position was the parallel one.
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Fig. 5. Compact flow sensor demonstrator (transparent 3D view)

In the next step, work has focused on miniaturization of the sensor. The resulting
housing has the input channel diameter of 6 mm that passes monotonically into the
channel of 10 mm x 3 mm rectangular cross section. The sensor is located on the wall
surface of the flow channel. The polarizing electrode is placed parallel to the sensor
surface.

Fig. 6. Flow sensor demonstrator

4 Transducer Flow Sensor Demonstrator

In the demonstrator graphene flowmeter, liquid flow is calculated on the basis of a
precise measurement of the differential voltage from the graphene sensor, and liquid
conductance and temperature sensors.

The designed graphene flowmeter demonstrator contains:

e galvanically isolated analog-to-digital converter with a measuring amplifier
to measure the sensor signal,

e galvanically isolated analog-to-digital converter circuit, for measuring the
conductivity or concentration of the acid or salt in a liquid,

e DSI18B20 digital thermometer with 1-Wire interface,

e LCD alphanumeric display.

The flowmeter demonstrator is an independent measuring device. It uses the
characteristics of the graphene flow measurement sensor which were obtained in the
laboratory from the flow test stand using the SCADA software.



210 M. Safinowski et al.

The device enables the measurement of the volume flow taking into account the
effect of temperature and concentration of the acid or salt on the characteristics of the
sensor. The device indicates on the display incorrect connection of the thermometer
and /or conductivity meter. The measured volume flow, temperature and solution
concentration are presented on the display. They can also be read out via the
demonstrator RS-232 port connected to the computer, using a "terminal” software.

The device has a service mode. After entering the service mode it is possible to
read the parameters used in the calculations, and to change their value.

Display flowrate range is 0-500 I/h with a resolution of 0.1 I/h. The temperature
measurement is possible in the range 1-600 °C with a resolution of 0.10 °C.

Fig. 7. Graphene flowmeter demonstrator
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Fig. 8. Schematic block diagram of the demonstrator electronic circuit
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Fig. 9. Top view of the demonstrator circuit board

The signal from the flow sensor is filtered on the input and output of the measuring
amplifier. Measuring amplifier is designed to measure the sensor signal, with positive
and negative polarization.

Additionally, adjustment of the measuring range of the sensor signal amplitude is
possible by changing the resistance in the measuring amplifier circuit.

The flowmeter demonstrator allows the output outside the sensor housing of the
electrode bias voltage with the regulated value of 0 ~ 2.5 V.

Static characteristics of the AD620R measuring amplifier with 100.1 amplification
were collected. Diagram of the measurement system is shown in Fig. 10.

) Voltage

Callibrator Divider
1/100

3

Fig. 10. Diagram of the amplifier measurement system

| T

L

Tests were carried out at 22 °C and a relative humidity of 40%. Resting operating
point of the measuring amplifier is 2.5 V relative to the system ground. Output
voltage range was determined experimentally and is in the range of 3.9 V to 1.1 V
relative to the system ground.
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Figure 11 show the resulting static characteristics of the AD620R measuring
amplifier. Characteristics were collected for amplification equal to 100, which
has been determined using the resistor with a resistance of 499 Q and a tolerance
of +0.1%. The actual gain (slope approximating characteristics based on the results

of measurements) was calculated as 100.1, with the coefficient of determination R?
of 1.
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Fig. 11. AD620R measuring amp

The algorithm for flow rate and volume calculation takes into account the
dependence of the flow rate on the change of temperature, solution concentration and
the diameter of the pipeline.

Time base At for integrating the volume is 0.1 s.

5 Tests of the Graphene Flow Sensors Demonstrators

Study of the graphene flowmeter demonstrator resistance to environmental conditions
was carried out. The device has been subjected to the following conditions:

- air temperature of 0 °C to 50 °C and a humidity of 40% to 50%,
- humidity of 40% to 85% at an air temperature of 25 °C.
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The aim of the study was to test the stability of the flowmeter demonstrator, and to
determine the effect of environmental conditions on the measurement of the following
values:

e  Fluid conductance/salt or acid concentration in the solution,
e  Graphene flow sensor signal,
e Temperature.

The study was conducted on the test bench, the block diagram is shown in Fig. 1.
During the measurements, the air temperature in the laboratory was 19-21°C and the
humidity was 40—-45%.
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Fig. 12. Measurement test stand schematic
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Fig. 13. LTC1 transducer relative error for temperatures 0-50 °C
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Fig. 14. LTC1 transducer relative error for humidity 40-85%
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LTC2 - The Influence of Humidity - Relative Error

0.18%

0.16%

0.14%

0.12%

Relative Error %

0 0.2 0.4 0.6 0.8 1 1.2
Voltage V
—8—40% —8—60% 85%

Fig. 16. LTC2 transducer relative error for humidity 40-85%

During the measurements, the temperature measurement results obtained from the
flowmeter demonstrator were compared with the reference thermometer. The results
are presented below in Table 1.

Table 1. The results of temperature measurement by the graphene flowmeter demonstrator

The temperature
measured by the The temperature Standard deviation
reference measured by the °C Error °C
thermometer °C demonstrator °C
0.5 0.50227 0.01887 -0.00227
5.2 5.3 0 -0.1
10 10.1 0 -0.1
19.8 19.89935 0.00804 -0.09935
29.8 29.92249 0.04176 -0.12249
40.1 39.89703 0.08663 0.20297
49.8 49.57371 0.04812 0.22629
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Fig. 17. Temperature indication error of the flowmeter

Examples of flow test results performed on the test bench are shown below.
A block diagram of the position is shown in Fig. 2. The study was based on the
measurement of the voltage on the electrodes of the graphene sensor, depending on
the speed of flowing water. The measuring system uses the reference voltage sources.
The polarizing electrode made of Ag wire was used. Polarization voltage was
U, = -0.2 V. The reference voltage source was connected to the sensor via two
R =4.7 MQ resistors. Voltage was U= 1.25 V.

Sensor 2473-CVD-4H-31 Up=-0,2V; Ag w=8,3mm; R=4,7MQ; Uref =1,25V;
0,75
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Voltage mv

V=0,0 mm/s £0,1 mm/s

Fig. 18. Typical sensor voltage signal response on the water flow velocity
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6 Conclusion

Graphene flowmeter demonstrator successfully passed the test of resistance for
temperature in the range of 0-50 °C and humidity of 40-85%. During testing device
worked properly. The correctness of the measured values of the input signals and the
correct delivering them to the display was verified. Conductance measuring circuit
showed the impact of changes in temperature and humidity at the level of 0.1% of
indicated value. The voltage signal from the graphene sensor measuring circuit,
including the measuring amplifier, showed the impact of temperature changes at the
level of 0.18% of indicated value and the impact of changes in humidity at 0.14% of
indicated value.

Given that changes in the input signal was at 40 uV, this should be considered
a very good result. Demonstrator communication with a PC via RS-232 runs
smoothly.

For the processing of the measurement results statistical methods were used.

The problem to solve is the repeatability of the graphene sensor signals. To solve
the above problem work is underway on other graphene sensors solutions, which
needs further study.
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Research and Development (NCBiR) within the GRAF-TECH programme (no.
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Abstract. Paper presents the results of application of Whitney elements based
method for performing the forward transformation in eddy current tomography.
Accuracy and the noise level of such a forward transformation is the most
important factor determining efficiency and metrological properties of eddy
current tomography. Comparison of the experimental results of measurements
on eddy current tomography test stand, and results of modelling utilizing Whit-
ney elements indicated high accuracy of modelling. However, results of model-
ling present unacceptable noise level. Sources of this noise are analysed in the
paper, indicating the guidelines to overcome this barrier.

Keywords: eddy current tomography, finite elements method.

1 Introduction

Eddy current tomography (ECT) is an important alternative of X-ray tomography,
especially when elements have to be tested in the industrial conditions. Eddy current
tomography is safe and user friendly [1]. Moreover, hardware for such tomography is
not complicated, affordable, and scalable from small to quite large tested elements.
On the other side, the main barrier connected with industrial application are nu-
merical problems connected with processing of the eddy current tomography signal
and data [2, 3]. These problems are caused by the lack of sufficient theoretical back-
ground for magnetodynamics analyses utilizing finite element methods (FEM). One
of the possibilities to overcome these limitations is application of Whitney edge ele-
ments methods for solving Maxwell equations in finite elements methods [4].
Recently Whitney edge elements method was implemented in the open-source
ELMER FEM software [5] developed by CSC — IT Center for Science in Finland. Paper
presents the results of investigation of this software usability for implementation of
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forward eddy current tomographic transformation, which is the base of data processing
algorithms in eddy current tomography. Such algorithm may be significant step forward
concerning the recent state of the art in eddy current tomography [6-10].

2 Experimental Test Stand

To enable practical verification of proposed algorithms, experimental test stand for
high resolution eddy current tomography was developed [11]. This measuring stand is
suitable for spindle-shaped elements with inclusions or groves simulating defects in
the material.

General view of proposed measuring test stand is presented in Fig. 1. This stand is
based on two coils (2): exciting coil and detection coil. Tested, spindle-shaped object
(1) is moved between the coils. Moreover, during the movement controlled by the
linear actuator (3), the rotation is provided by stepper motor (4). As a result, tomo-
graphic measurements may be done with rotation resolution during the measurements
of up to 1°. Simultaneously, the resolution of linear movement is up to 0.1 mm.

Due to the fact, that proposed eddy currents tomographic system test stand is con-
trolled by the embedded microcontroller, spatial resolution of measurements may be
increased or decreased accordingly to required resolution as well as requirements of
tomographic data processing algorithm.

Fig. 1. Mechanical setup of eddy current tomography test stand for measurements of reference
signal: 1 — element under investigation, 2 — driving and sensing coils, 3 — rotationnal actuator,
4 — linear actuator

The cross-section of the spindle-shaped element used for tests is presented in the
Fig. 2. In the ST3 steel spindle with 30 mm diameter, the rectangular groove was
made. This groove was 8 mm wide and 13 mm deep.
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®30

Fig. 2. Dimensions of the cylinder with the grove used as testing element

3 Principles of Eddy Current Tomography Data Processing

Schematic block diagram of data processing in the eddy current tomograph is pre-
sented in Fig. 1. The fundamental part of data processing algorithm is forward trans-
formation. On the base of finite element model of tested element, forward transforma-
tion generates the simulated value of output signal from eddy current tomograph.
Then results of modelling are compared with results of measurements in eddy current
tomography test stand. Indicator of conformability between results of simulation and
results of measurements is the input for optimisation algorithm, which is changing the
FEM model of tested object to achieve agreement between results of experimental
measurements and results of modelling. If such agreement is reached, FEM model of
tested object reflects the shape of the real object.

— FEM model
Optimisation of tested object
algorithm l
N

Results of
experimental
measurements

Forward transformation
(model of object -> ECT signal)

Indicator

<

of conformability >

Results of modelling

Fig. 3. Schematic block diagram of data processing in eddy current tomography

In presented investigation forward transformation for eddy current tomography
was implemented as it is presented in Fig. 2. Tested object description was generated
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from the OCTAVE software [12] in the form of .geo text file. Then the tetrahedral
mesh was generated using NETGEN software [13]. O the base of this mesh, the finite
element model was calculated on the base of the Maxwell equations, using Whitney
edge element method by ELMER FEM software [4]. Then, the value of the output
signal in the detecting coil of eddy current tomography was calculated by the integra-
tion of simulated distribution of flux density B in detection coil. As a result, both
amplitude and phase shift of eddy current tomography signal can be calculated during
the forward transformation.

- .geo file

Description of geometry of the sample

!

Mesh generation
NETGEN software

OCTAVE 1
process - :
control Solving the Maxwell equation

using Whitney edge elements
ELMER software

Calculation of output signal
Numerical integration using OCTAVE

Fig. 4. Schematic block diagram of data flow during the proposed forward transformation im-
plementation

It should be indicated, that all calculations for eddy current forward transformation
were made using the open-source software. This creates the possibility of verification
of achieved results by other researchers. Moreover, the improvements of proposed
algorithm may be easily implemented.

4 Results of Calculation

Comparison between the results of measurements of spindle with groove presented in
the Fig. 2 and results of simulation based on algorithms presented in Fig. 3 and Fig. 4
are presented in Fig. 5.
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Fig. 5. The results of measurements on presented EC tomograph of sample spindle with groove
(left side) and results of simulation of output signal from EC tomograph (right side). Scales are
presented in arbitrary units.

It should be highlighted, that very good agreement between the results of meas-
urements and the results of simulation was reached. This confirms the correctness of
forward transformation method and opens the possibility of development of high reso-
lution eddy current transformation based on open-source software.

However, as it is presented in Fig. 5, results of simulation exhibit higher noise
level than the results of measurements. This noise will decrease the efficiency of eddy
current transformation as well as will reduce the quality of tomography image.

Analysis of the source of the noise in simulation results leads to the conclusion,
that is can be reduced by:

- better description of the borders of tested element,

- increasing the number of elements in FEM mesh,

- increasing quality of Whitney edge element to Cartesian space transforma-
tion,

- increasing of quality of FEM solver optimisation algorithm.

In addition it was proven, that the noise level may be reduced during the numerical
filtering. However, it requires larger number of samples in the neighbourhood of each
point, which increases the calculation time.
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5 Conclusions

Results presented in the paper confirms that forward transformation necessary for
high resolution eddy current tomography is feasible on the base of open-source soft-
ware. Moreover, computing time requirements for such transformation are moderate,
what makes tomographic transformation feasible on available shared memory, 48
core, computer RX900S1. Fujitsu RX900 is a rare shared memory configuration and
consists of eight Xeon X7542 processors with six cores each.

On the other hand, unacceptable noise level was observed in the results of simula-
tions. To reduce this noise, the method of forward tomographic transformation have
to be developed considering increasing the mesh density, changes of tested element
border definition as well as increasing of quality of FEM solver algorithm.

Acknowledgments. Calculations for the modelling were made in the Institute of Me-
trology and Biomedical Engineering, Warsaw University of Technology.
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Abstract. In this article a few selected constant false alarm rate (CFAR)
detection procedures has been presented. The various behavior of these al-
gorithms for specific scenarios of local clutter or multiple target situations
has been analyzed. Among presented algorithms one have been selected by
author in order to implement it in the module of Radar Target Detector.
Operations of algorithms have been simulated in Matlab.

Keywords: radar detection, constant false alarm rate, CFAR.

1 Introduction

Techniques of detection false alarm (CFAR stands. Constant False Alarm Rate)
allow for detection of object which is surrounded by various disturbances. In real
radar applications may appear all sorts of noises and echoes from fixed objects.
Generally speaking, detection could to be an easy task if the echoing object
would be located in front of a clear or empty background. In this case, the echo
of objects would be located on a homogeneous background noise.

In real situations, however , the target is always in front of clutter. Usually
the location of the clutter is dependent on the change in time and location. This
fact requires an adaptive signal processing techniques operating with variable
threshold detection in order to be adapted to the level of local clutter. In order
to obtain the necessary information about the local constant echo, certain envi-
ronment defined by the window around the radar test cell must be analysed. The
design of signal processing systems is assumed that clutter is evenly distributed
throughout the entire environment. The signal processing is designed in a way
to obtain the detection of useful targets not the background reflections.

For the objects that are appearing on the plan of a constant echoes a complete
picture of the situation encountered at the observation site must be created. In
existing CFAR systems decision is usually made based on the technique of slid-
ing windows. The algorithm of the decision threshold consists of data available
in the reference windows. These procedures are nearly the same in all systems
CFAR and they are depicted in figure 1. It shows two reference window and
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signal processing structure for detection techniques. In order to avoid energy
leakage signal from the test cell to the adjacent cells, which may consequently
have an impact on the estimate of the noise power level of the reference windows.
Therefore, shown in Figure guard cells are ignored. [3]

Guard cells

v 3
b TTTTTTI IXMLJ;I_IXMU—l [TTT1T11d

[

I neighborhood 1 I I neighborhood 2 I

| |
!

Estimating the value of the
estimate Z based on the data in
the reference window

v
Scaling factor T @Th hold d s=12 - target
caling factor reshol etermination S = Y >< S { argei
no target
HO

Fig. 1. The general scheme of the CFAR algorithm

The first step is to measure the mean power level of background Z. Then Z
value is multiplied by a scaling factor T selected depending on the version of the
algorithm and the assumed probability of false alarm. The result of multiplication
S = TZ is directly used as the threshold value. [3]

Common CFAR systems usually used in estimation techniques, which are
mainly based on the arithmetic averaging. There is also another procedure, which
is based on ordered statistics (ordered- statistic - OS [3]). The rest of the signal
processing algorithm remains almost unchanged. The next sections present a
comparison of different versions of the CFAR algorithms for non-stationary noise.

2 Analysis of Selected Detection Techniques

2.1 Cell Averaging Techniques

Firstly, two methods of detection will be discussed: by averaging cells called cell
averaging CFAR (CA CFAR) and cell averaging with greatest of CFAR (CAGO
CFAR). Differences in the processing of these algorithms are shown schematically
in figure 2.
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Fig. 2. Comparison of the block diagrams CA CFAR and CAGO CFAR algorithms

Arithmetic averages of amplitudes are calculated from each of the two adjacent
areas. Two values of the constant echo are estimated and then combined into a
single value by subsequent averaging them or selecting the greatest of numbers.
The main difference between the CA CFAR and CAGO CFAR is that the first
one is clearly based on the establishment of a single clutter situation, and the
second takes into account the edges of the clutter appearing in the reference
area.

In situations where edges of clutter occur, this structure creates a temporarily
better behavior of CAGO CFAR than CA CFAR, although it is known that the
first performance is only slightly worse than the latter in the case where it has
a sensitivity of only 0.3dB loss in signal to noise ratio (SNR).
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Fig.3. CA CFAR algorithm behavior in the various situations

In this paragraph, the simulation results are described some techniques of
target detection CA and CAGO CFAR. For a discussion on the pros and cons
two different situations have been taken into account: uniform (stationary) and
heterogeneous (edges) in the clutter reference. These are two selected, idealized
examples of the many various situations that may occur in practice, and they
are not sufficient for a comprehensive assessment of adaptive procedures in the
processing of the radar signal. In this context, the analysis of the behavior of
both CFAR methods is focused on situations of a multiple targets.

The amplitude spectrum of the simulated signal from transceiver module is
shown in figures 3 and 4. It is assumed that within the radar range there are two
objects with known distance and velocity: 120 m, 10 m/s and 180 m, 25 m/s, re-
spectively. Three different situations are depicted: a signal without interference,
with additional noise and clutter. The noise vector consists of pseudo-random
numbers from Gaussian distribution function and it is added to the vector com-
prised of the signal samples. In each situation, the chosen detection technique is
based on 16-element a reference window and one cell protection on both sides of
the test cell.

The behavior of the detection threshold with four fixed values of the scaling
factor T has been presented on a discussed figure. The figure 3(c) indicates that
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certain values of the scaling factor T algorithm detects the edges of the clutter.
There are objects that are not really there. The width or the size of the reference
windows or value of the scaling factor T could be manipulated, but as it is shown
in figure 3(c) does not always can improve the quality of the whole algorithm.

The behavior of the detection threshold for CAGO CFAR technique is shown
in the next set of figures 4. In this case, the procedure methodology is similar
to the previous one. Figures 4(c) and 4(d) shows the situation with a clutter
and two stripes. One peak is located in the background noise and the other
in the vicinity of the clutter edge. The difference between graphs is the size
of the sliding window. The second peak has been found, but with a very low
T coefficient. By comparing these results with the previous figures ( 4(a) and
4(b)) it can be concluded that unwanted stripes are selected in noised signal
for a small scaling factor T. Even when the signal is noise-free (fig. 4(a)) are
found adjacent bands.To obtain the best results the proposed solution is to
reduce the sensitivity of the threshold and to reduce the number of cells in the
reference window. Nevertheless, it can’t be guaranteed that this algorithm will
be successful with different situations.

CAGO CFAR, Size =16 CAGO CFAR, Size =16

VA VAN

200 » 0| ) \

s e T J]

, | J AN AN Ny

" RS A AN

50 1 10) AN ]

I f ﬂ A
samples samples
(a) The amplitude spectrum without in- (b) The amplitude spectrum with added
terference noise
CAGO CFAR, Size =16 CAGO CFAR, Size =8

|

0 /\V/\ /u 4 ) /’\ ”{
S AN g Aa AR F

K 750 o 50 100 150 20 250
samples samples

(c¢) The amplitude spectrum with clutter (d) The amplitude spectrum with clutter
with different reference window size

Fig. 4. CAGO CFAR algorithm behavior in the various situations
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2.2 Ordered Statistic Techniques

Secondly, another methods of detection will be discussed. They are based on
ranking elements in the array. The main idea of the OS CFAR process is the
selection of a value of X Xy, k € {1,2,..., N} from the series and it is used to
estimate the Z value. The adverse result is a longer processing time of this kind
of algorithm, but it has some valuable advantages.

Xy sXgs...sXmw 1)

The general diagram of the operation of these algorithms is depicted in figure 5.
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Fig. 5. The general scheme of the CFAR algorithm

In each of the two adjacent areas are serialized elements from the smallest
the largest value. Then, the selected n-th value of both series and the Z value is
estimated depending on the method has been used. In the considered cases, the
value of n will be i the width of the reference window. The next steps are the
same as in these previous techniques ( 2.1).

The first type of algorithm is GOSSO CFAR (Generalized order statistics
smallest of CFAR).The method is based on the selection of a smaller value
between values indicated from reference windows (Z = min (X, Y)).

Another technique for detecting objects, GOSGO CFAR (generalized order
statistics greatest of CFAR), is shown in figure 7. The Z value is a higher value
of previously selected X and Y (figure 5). This technique works best in those
situations as compared to the previously discussed methods. It does not detect
the edge of the clutter and detects only the peaks containing information about
the targets. Similarly behaves another algorithm, GOSCA CFAR (Generalized
order statistics averaging cell CFAR), where the value of the parameter Z is
the sum of the selected values of X and Y. The different situations for GOSGA
CFAR algorithm are shown in figure .
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Fig. 6. GOSSO CFAR algorithm behavior in the various situations

The selected variants of the test signal are shown in figure 6. Just as in section
2.1, figures present three situations where different values of scaling factor T were
considered. The algorithm does not work well in situations the appearance of an
object on a background of clutter (figures 6(c) and 6(d)). Detection detects not
only the two objects, but also the edges of the interference. Despite the reduction
in the number of cells in the reference window (fig. 6(d)), the problem does not

go away.
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Fig. 7. GOSGO CFAR algorithm behavior in the various situations
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3 The Measurement Results

Laboratory tests of the Radar Target Detector (RDP) module system have static
nature(no RDP movement and obstacles). It was necessary for selecting the
parameters when comes to choosing a correct peak in the amplitude spectrum
of the signal. Moreover, it was mandatory to verify the accuracy of the distance
measurement to the static obstacles. Laboratory experiments were carried out
in various environments. In this paper would be presented two of them. In figure
9(b) and table 1 show the simple situation. The algorithm correctly detects
peaks responsible for the information storage on detected objects.

- ul 3 e Faw 193]

1] 125 228 354 512 540 7

(6, 171.837) (6, 169.509) MagBuffer / MagBuffer2

Hassd =

(a) The detector surroundings (b) The amplitude spectrum

Fig. 9. Static measurements

Table 1. Signal analysis

Target number Peak number R [m] Vv [7]
1 2 05.8 0.1
2 6 18.3 -0.5

The table 1 summarizes the results of the experiment. The figure 9(b) shows
the course of the amplitude spectrum of the signal. You can see two characteristic
peaks. These peaks has indexes 2 and 6 and they have been correctly selected
by the algorithm. Based on peaks it has been obtained information about the
distances and velocities of detected obstacles. The table shows the results of
these measurements. They are consistent with the actual measurement results.

Another experiment, that was conducted, is shown in figure 10. In this case,
the algorithm also correctly detected targets. The results of measured distance
and velocity referred to obstacles are correct.
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Fig. 10. Static measurements

Table 2. Signal analysis

Target number Peak number R [m)] vV [7]
1 10 33.3802 -0.1304
2 18 51.7361 1.3659
3 24 73.7747 0.9021

4 Summary

The comparison of different techniques of stabilization of a false alarm in various
situational models clearly demonstrated OS CFAR superiority over standard
methods of CA CFAR and CAGO CFAR. The main advantage of the algorithm
with the orderly elements is its behavior in the case of heterogeneous and multi
target situation. Whereas, a large disadvantage is a longer processing time, due
to the sorting algorithms of samples values in the reference windows. The proper
work of chosen technique was presented in this paper.
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Abstract. This paper presents environmental and functional tests to determine
the areas for graphene coated element application. The researches were held for
the following environmental testing of samples with graphene: cold, dry heat,
rapid temperature changes and sinusoidal vibrations.

Keywords: graphene, graphene coating, environmental testing.

1 Introduction

Graphene is a new material created in the field of nanotechnology, discovered in 2004
by Andre Geim and Konstantin Novoselov-Kon (awarded the Nobel Prize in 2010). It
consists of single layer of carbon atoms [1].

This material is shaped like a honeycomb, and because it has a monoatomic thick-
ness it is considered as a two-dimensional structure. Graphene is the object of interest
of the industry, due to various characteristics, including electrical and mechanical
properties. Many of these properties have not been verified by laboratory tests, so
now all over the world intensive studies on the properties of graphene are being carried
out [2, 3].

Industrial Research Institute for Automation and Measurements PIAP
(Przemystowy Instytut Automatyki i Pomiar6w PIAP) is the coordinator of the re-
search project Graphene — based coatings of special gear-wheels and bearings (acro-
nym Graphtrib) for the applicability of graphene plating on gears. Such plating is
intended to provide much higher mechanical strength and better tribological proper-
ties of gears.

One of the stages of the Graphtrib project is to perform environmental testing of
samples made of graphene covered material. The tests were performed on samples of
graphene-coated copper to identify possible areas of application in industry, which is
the topic of discussion in this article [4-6].
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2 The Preparation of the Samples for Research

The graphene covered samples for environmental research were prepared in the
Institute of Electronic Materials Technology ITME (Instytut Technologii Materiatéw
Elektronicznych ITME). The samples are made of copper foil having a 35 um thick
graphene layer applied on one side. For each type of environmental testing 10 pieces
of the foil samples with graphene cover, 30 mm x 30 mm each, were prepared.

2.1  Process of Graphene Coating

Graphene films were synthesized by the CVD method in a prototype system made by
Seco-Warwick. 35 um thick copper foils with the size of 30 mm x 30 mm were used
as substrates. The capacity of the chamber of the coating system is 50 cm x 50 cm, as
a result of which more than one hundred samples at one run were able to be prepared.
The process of graphene manufacturing was divided into a few steps. At first, the
samples were pretreated under Ar gas flow and then H, gas flow at the pressure of
100 mbar. The purpose of this step was to improve the quality of substrates and in-
crease the size of copper grains. Afterwards, both CH, and H, gases were introduced
into the reactor for a few minutes. Finally, the substrates were cooled down to room
temperature in an Ar atmosphere. To ensure optimal temperature conditions, the cho-
sen temperature was in the range between 1020 °C and 1040 °C. During the process of
graphene deposition the pressure of 20 mbar was sustained [7].

3 Environmental Research of Graphene Covered Samples

Environmental tests were carried out in the Industrial Research Institute for Automa-
tion and Measurements PIAP. The main purpose of the environmental research car-
ried out on samples of graphene coated cooper was to test the durability of graphene
layers on copper obtained in a variety of environmental conditions, simulated in the
laboratory. Parameters which were considered during the tests are temperature and
sinusoidal vibration. The effect of temperature on the metal causes the formation of
expansion stresses which might cause damage to the connection between the metal
and graphene, resulting in risk of graphene coating damage.

The vibrations from the rotating machines are sinusoidal, which can have a nega-
tive effect on the graphene plating, and may result in loss of graphene adhesion to the
material subjected to vibration.

The choice of environmental conditions was made on the grounds of the document
standards PN-EN 60654-1:1996 [8], according to the specified exposure occurring at
specific locations, e.g. indoor and outdoor. This will help to identify possible areas of
application of graphene for industrial applications. Graphene plating may improve
metallic materials properties, such as increasing the mechanical strength, increasing
the resistance to corrosion or oxidation.

The study was divided into two main stages. In the first stage of the environmental
conditions which can be typically met in the spaces within the industrial buildings, for
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example in warehouses, office space or factory production spaces were simulated.
These conditions are characterized in a following way:

- Temperature range of + 5 °C to +40 °C,

- Humidity up to 85%,

- Sinusoidal vibration parameters: the amplitude of the displacement was
0.035 mm, 4.9 m/s” acceleration, the vibration frequency range was from
10 Hz to 150 Hz.

In the second stage environmental conditions which are typical in industrial spaces
outside buildings were simulated that were characterized in following way:

- Temperature range from -25 °C to +55 °C,

- Humidity up to 100%,

- Sinusoidal vibration parameters: the amplitude of the displacement of
0.075 mm, the acceleration of 9.8 m/s” and the vibration frequency range
from 10 Hz to 150 Hz.

This article does not include the results of the research for humidity changes.

Additional environmental tests were made, with more extreme exposures compared
to the test in the first stage and the second, which to some way are characteristic for
the aerospace industry. Each series of samples were subjected to one of the environ-
mental tests, after which they were subjected to a specialized laboratory analysis.

The first stage of the environmental studies were performed in following research
[9-12]:

- Test A — cold: temperature +5 °C, time 16 h,

- Test B —dry heat: temperature +40 °C, time 16 h,

- Test Fc — sinusoidal vibration, displacement A = 0.035 mm, acceleration
a = 4.9 m/s?, with frequency changes from 10 Hz to 150 Hz, 5 cycles.

In the second step research with more stringent exposures were made:

- Test A — cold: temperature -25 °C, time 16 h,

- Test B —dry heat: temperature +55 °C, time 16 h,

- Test Fc — sinusoidal vibration, displacement A = 0.075 mm, acceleration
a = 9.8 m/s’, with frequency changes from 10 Hz to 150 Hz, 5 cycles.

Additional research of characteristic environmental exposure for application in the
aerospace industry:

- Test A — cold: temperature -50 °C, time 16h,
- Test N —rapid temperature changes [13]: a) from -25 °C to +55 °C,
b) from -50 °C to +55 °C,
- Test Fc — sinusoidal vibration, displacement A = 0.075 mm, acceleration
a=9.8 m/s’, with frequency changes from 10 Hz to 2000 Hz, 5 cycles.
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4 Research of Graphene Coating after Environmental
Exposure

The samples were examined before and after the environmental exposures by optical
microscopy and Raman spectroscopy. The optical analysis revealed no changes on the
graphene/copper surfaces. We did not observe any spots which could suggest cracked
graphene layers or show oxidized copper substrates.

Fig. 1. Optical image of selected graphene/copper surface — reference sample

Fig. 2. Optical image of selected graphene/copper surface after test +40 °C, 16 h
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Fig. 3. Optical image of selected graphene/copper surface after test -50 °C, 16 h

The microstructural characterization of the properties of graphene just after its fab-
rication on reference samples as well as after having performed the investigation
was done by Raman spectroscopy using a Renishaw system with a 532 nm Nd:YAG
laser as an excitation source. The laser spot diameter on the sample surface was
approximately 0.3 um.

Figures 4, 5, 6 and 7 present the Raman spectra of graphene films after being ex-
posed to 4 groups of environmental test conditions, cold, dry heat, rapid temperature
changes and sinusoidal vibration in relation to the reference sample respectively.

+5°C, 16h

——-25°C, 16h
——-50°C, 16h
—— reference sample

Intensity [a.u.]

T T T T T T T T T T T T T T T
1400 1600 1800 2000 2200 2400 2600 2800
Raman shift [cm™]

Fig. 4. Raman spectra of graphene films after cold tests
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One can observe the presence of G and 2D peaks, characteristic for graphene lay-
ers, in the case of all spectra. Moreover, it is clearly visible that these peaks did not
change their positions or widths after the performed treatments. This suggests no
changes in the graphene structure. The curved shape of the spectra is caused by strong

copper luminescence and is usually observed in graphene/Cu Raman spectra.

Intensity

Intensity [a.u.]

reference sample
+55°C, 16h
+40°C, 16h

T T T T T T T T T T T T T T I
1400 1600 1800 2000 2200 2400 2600 2800
Raman shift [cm']

Fig. 5. Raman spectra of graphene films after dry heat tests

——reference sample
——-25°C to +55°C
——-50°C to +55°C

T T T 7 T T T T T T L T
1400 1600 1800 2000 2200 2400 2600 2800

Raman shift [cm™]

Fig. 6. Raman spectra of graphene films after rapid temperature changes
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Fig. 7. Raman spectra of graphene films after vibration tests: test I — acceleration of 4,9 m/s?,
frequency range from 10 Hz to 150 Hz, test Il — acceleration of 9,8 m/s’, frequency range from
10 Hz to 2000 Hz, test III — acceleration of 9,8 m/s?, frequency range from 10 Hz to 150 Hz

5 Conclusions

Positive results of environmental exposure of graphene samples mean that the adhe-
sion between copper and graphene is very strong and is not damaged as a result of the
influence of temperature and sinusoidal vibration. The samples covered with graphene
are resistant to temperatures down to -50 °C and up to +55 °C, rapid temperature
changes from -50 °C to +55 °C, and sinusoidal vibrations with frequency range up to
2000 Hz, which is a very important information for industrial applications. Knowing
the target application, one will need to do more research on other levels of exposure.
In summary, we proved that graphene films on copper foils are stable during envi-
ronmental exposure. Graphene layers withstood different treatments, which means
that we did not notice any changes on their surface and in their micro-composition.
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Abstract. This paper presents the results of the research on electromagnetic
pulse disturbances impact on the performance of the 31 bit resolution analog-to-
digital converter. The research was held for the following operating conditions
of the AD converter: with and without the galvanic isolation through the signal
lines. The results of measurements were calculated as the standard deviation in
the number of the ADC’s elementary divisions. Standard deviation was used to
quantify the impact on the accuracy of the AD converter measurements.

Keywords: analog to digital converter, ultra-high resolution, EMC, pulse dis-
turbance.

1 Introduction

Analog to digital converters are used to convert the analog signal to a digital form. By
converting the analog signal by the ADC to its digital form it is possible to form a
digital signal processing using microprocessor systems. The advantage of digital sig-
nals is that they can be very easily processed using advanced methods and algorithms,
one can filter, record, analyze and transmit them over long distances [1-2].

Wide availability of analog-to-digital converters of high resolution makes it possi-
ble for measuring systems of high precision to be built more often. Precise measuring
instruments can work not only in the laboratory environment, sometimes they need to
be installed in industrial environments [3-5]. And industrial environment is character-
ized by, for example, difficult electromagnetic conditions.

For this reason, the design and implementation process for the production of
equipment resistant to industrial conditions is very difficult. This requires a lot of
experience and knowledge from the constructors in the field of design and software
solutions, providing immunity to electromagnetic interference [6—9]. For example, the
general requirements of resistance to the disturbances of EMC for operating devices
in industrial conditions are described in the PN-EN 61000-6-2 [10].

This paper describes the impact of disturbances of nanosecond pulses (Electrical
Fast Transient Burst) [11] on the work of the most important element of a measuring
device, which is the analog-to-digital converter, using galvanic isolation in the data
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line, and without it. Galvanic separation is one of the examples of design solutions
which increase the level of immunity to the electromagnetic pulse disturbances. For
this purpose an electronic circuit with ADS1281 analog-to-digital converter was de-
signed and manufactured. Its block diagram is shown below in Fig. 1 on the left side.
The latest products from Texas Instruments, which appeared on the market recently,
were considered. This includes the ADS1281 analog-to-digital delta-sigma converter,
specified by the manufacturer to have a 31-bit resolution. ADCs with such a high
resolution are new to the market, so it was decided to examine the quantitative impact
of impulse disturbances on the deterioration of effective resolution (ENOB) for the
ADS1281 converter, which is the issue of the presented work.

2 Electronic System with Analog-to-Digital Converter ADS1281
for Testing

2.1 PCB with ADS 1281 (ADC 31bit)

In Fig. 1 on the left side, indicated by the dashed line, a block diagram of the elec-
tronic circuit with ADS1281 analog-to-digital converter designed for testing is pre-
sented. On the analog input of the ADC, a very stable and precise voltage VTEST
(2.048 V) was given. Power supply of the whole electronic system with the ADC was
carried out using a 9 V battery to exclude the impact of disturbances coming from the
power source. Data lines (SPI) from the converter to the microprocessor were con-
nected through the galvanic isolation system with the possibility of omission (short
circuit).

2.2 PCB with Microprocessor

The microprocessor which supports the ADC was built on separate printed circuit
board. It was powered by a separate power supply which was a switching-mode pow-
er supply connected to the mains. The microprocessor circuit is equipped with a LED
diode, which during the work of the ADC flashes at a constant rate. LED’s actuation
is performed in a loop of the program that supports the ADC, a flash in the LED’s
work is a simplified information of a proper operation of the microprocessor and the
implemented program.

2.3  Coupling Disturbances

Pulse disturbances EFT/B were given on the 230 V switching mode power supply
input [3], where through the microprocessor circuit and then via the data lines, dis-
turbances enter the ADC. The best place to easily filter disturbances in the test system
shown in fig. 1 is the input and output of the switching-mode power supply. However,
to examine the effect of the disturbances on the ADC, no filtration in the power sup-
ply circuit was used. It was assumed that the disturbances were limited (separated) in
the data transmission circuit (SPI), through the use of a galvanic isolation.
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2.4  Registration and Processing of Data

The results of measurements were recorded on a computer connected to the micropro-
cessor system using a RS-232 to USB converter with galvanic isolation. In addition,
in order to protect the computer from EFT/B disturbances, on both ends of the cable
connecting the computer to the microprocessor, ferrite cores were installed.

The information of the measured voltage on the analog input of the ADC was set to
the smallest possible frequency of 250 samples per second (250SPS). Each case con-
sisted of about 20,000 measurements, then the data were subjected to analysis and
filtering using MATLAB software.

. PeBwithADC3TBR

Digital supply
+3,3VDD Y
Anal ) Isolation
al su| !
-1-5\.',0'\Jg PPl —l Barrer Switching Power
Battery 9V o upply EFT/B
ADC 31bit S 4o croproces tavae 7]
I Micropr
DATA %4“”“‘ DATA 30Vac Supply
2049 | Analog Galvanic 230V, 50Hz
input 5V Isolation
V_reference
4@_‘ > Ferrites

RS -23; Adapter with
USB | Galvanic Isolation

R S—

PC
Computer

J———

Fig. 1. Block diagram of electronic system with ADS1281, a 31 bit analog-to-digital converter

2.5 System Parameters

Below are shown the most important parameters of the electronic systems with the
ADS1281 converter. To efficiently exploit the resolution of an ADC, any electronic
part should be carefully selected.

Parameters of analog-to-digital converter ADS 1281, 31 bits sigma-delta [12]:
Resolution (Bits) : 31,
Interface: Serial SPI
Output data rate : selectable 250SPS to 4kSPS,
Signal-to-noise ratio SNR: 130 dB (fDATA = 250SPS)
Analog input (£Vref/2): 25V,
Offset error after calibration: 1 pV
Offset drift: 0,06 uV/°C,
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Gain drift: 0,4 ppm/°C
Temperature range: -40 °C to +125 °C,
24-lead TSSOP package.

Parameters of reference voltage source ADR445 — Vref_1 [13]:
Input Voltage: 5,5-18 V
Output Voltage, Vout: 5V
Voltage noise (0,1 Hz — 10 Hz): 2,25 uVp-p
Temperature coefficient: 3 ppm/°C
Temperature range: -40 °C to +125 °C
Precision: 0.04%

Parameters of researched voltage sources LTC6655 - VTEST [14]:
Input Voltage: 3-13,2 V
Output Voltage, Vout: 2,048 V
Voltage noise (0,1 Hz — 10 Hz): 512nVp-p
Temperature coefficient: 2 ppm/°C
Temperature range: -40 °C to +125 °C
Precision: 0.025%

Parameters of galvanic isolation barrier HCPL091] [15]:
Propagation delay: 15 ns max.
High speed: 100 MBd
Barrier Impedance 10" QIl 7 pF
Common mode rejection: 15 kV/us min.
Isolation: 2500 V RMS

3 Impact of Electromagnetic Pulse Disturbances

EFT/B (Electrical Fast Transient Burst) pulse disturbances were chosen for testing the
converter, because in practice they are the most common disturbances in the mains.
The characteristic features of this test are: high amplitude pulses, short rise time, high
repetition rate and low energy transients. EFT/B test is designed to demonstrate the
immunity of electrical and electronic equipment when they are exposed to transient
disturbances, which are formed during switching transients, such as disconnecting
inductive loads and the effect of the relay contact bounce, etc. Figure 2 presents a
series of EFT/B pulses. A characteristic attribute of these disturbances is that they are
a ‘packs’ of pulses with burst duration of 15 ms (pulse frequency 5 kHz) repeated
every 300 ms (see Fig. 2).
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Fig. 2. Electrical Fast Transient Burst (EFT/B) [11]

EFT/B disturbances were introduced to the ADC system through the power supply
of the microprocessor to the data lines (SPI). The results are presented in Table 1,
where the standard deviation in elementary plots of the AD converter is given.

Table 1. The results of the measurements as the standard deviation in the ADC plots,
dependant on the EFT/B disturbances level

6 — standard deviation for
EFT/B Level analog-to-digital converter
disturbances ADC without ADC with
galvanic isolation | galvanic isolation
None 769.73 752.6
+200 V 1091 765.5
200 V 47148 758.56
+300 V 177350 806.87
-300 V 8.7221 x 10’ 754.4
+400 V 9.885 x 107 752.71
-400 V 1.1955 x 108 9.6878 x 10*
+500 V 9.6219 x 10’ 1.1156 x 10°
-500 V 1.7186 x 10° 4.2336 x 10’
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A dissection of the results was required to identify how different are the results
from the mean value. For this purpose, measurements were divided into ranges of
values and it was studied how many measurements belonged in a given interval. De-
tailed results of the measurements presented for the configuration without electrical
isolation can be found in Table 2, and the configuration with galvanic isolation in
Table 3. Fig. 3 and Fig. 4 show these results graphically, with the results of the ranges
modified in accordance with the signatures of the drawings.

Table 2. The number of measurements for the selected range values dependant on the level of
EFT/B disturbances (system work without galvanic isolation)

. . Occurrences of measurements in given range for

Range in which are the disturbance levels

measurements of results

(the difference from the — — — — — — — —

average results of the 2. e 2. e 2. . 2. .

measurement series) = 2 S 8 8 8 S S
O S R N A B

Higher than mean

values in the range of 0 8 2 9 17 32 135 | 473

10 000 + 100 000

Lower than mean values in

the range of 0 6 10 20 22 276 | 214 | 826

10 000 +100 000

Higher than mean

values in the range of 0 0 0 0 11 29 17 34

100 001 + 1000 000

Lower than mean values in

the range of 0 0 0 0 1 12 12 52

100 001 + 1000 000

Higher than mean

values by at least 0 0 7 5 3 15 8 118

1 000 001

Lower than mean values

by at least 1 000 001 0 1 11 71 86 147 | 107 | 276

Table 1 and 2 shows that for the operation of the AD converter without electrical
isolation for all levels of disturbances EFT/B of £200 V to +500 V, negative effect of
disturbances on the measurement results were observed. With the increase of the dis-
turbance voltage, the standard deviation of measurement results also increases.

Negative polarity of disturbance voltage causes more problems for the system un-
der study, resulting in higher values of the standard deviation of measurements than
for positive polarity of the disturbances. Only for +200 V results are satisfactory, the
standard deviation is 1091 plots and is higher by 41% than when the ADC is working
without problems. In contrast to -500 V obtained standard deviation was about 1,72 x
10® which covers 80% of the measuring range of the ADC.
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Table 3. The number of measurements for the selected range values dependant on the level of
EFT/B disturbances (system with galvanic isolation)

R . hich h Occurrences of measurements in given range for
ange In which ‘are the disturbance levels

measurements of results

(difference from the — — — — — — — —

average results of the 2. 2 2. 2 2. - 2 2

measurement series) S S S S g S S S
B A N A

Higher than mean values in

the range of 0 0 2 0 0 0 0 4

10 000 + 100 000

Lower than mean values in
the range of 5 0 3 0 0 0 0 28
10 000 +100 000

Higher than mean values in
the range of 0 0 0 0 0 1 0 5
100 001 + 1000 000

Lower than mean values in
the range of 0 0 0 0 0 1 0 11
100 001 + 1000 000
Higher than mean values

by at least 0 0 0 0 0 0 1 0
1 000 001
Lower than mean values 0 0 0 0 0 3 4 33

by at least 1 000 001

2,000
1,648
1,500
w
(@]
=
&
< 1,000
3 509
© 34
500 25
14 41 0 o53l> 594
0 —_—
1 2 3

N 200V m+300V m+400V m+500V

Fig. 3. The number of measurement results in data numerical ranges depending on the level of
EFT/B disturbances in the system without electrical isolation: 1 — the results of measurements
in the range + (10 000 to 100 000) from the mean value, 2 — the results of measurements in the
range of + (100 001 to 1000 000) from the mean value, 3 — the results of measurements in the
range + (1 000 001 to ) from the mean value



252 K. Trzcinka and R. Szewczyk

38
40

35 32

30

25

20 16

OCCURENCE

15
10 5 g

(9]
o
o
o

N 200V m+300V m+400V m+500V

Fig. 4. The number of measurement results in data numerical ranges depending on the level of
EFT/B disturbances in the system with galvanic isolation: 1 — the results of measurements in
the range + (10 000 to 100 000) from the mean value, 2 — the results of measurements in the
range of + (100 001 to 1000 000) from the mean value, 3 — the results of measurements in the
range =+ (1 000 001 to ) from the mean value

Fig. 5 presents a graph of the recorded measurement data in which pulses of EFT/B
disturbances of +300 V level are visible (in the operation without galvanic isolation).
Fig. 6 zooms on the effect of one of the packs of EFT/B pulses.
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Fig. 5. The measurement results of the level of disturbance pulse exposures of +300 V in the
system work without galvanic isolation



Influence of Electromagnetic Pulse Disturbance on the Functional Properties 253

21402210

code
mean value

2.1402

code

21401 : ; : _

1 1 1 | 1 | 1 1
2'14010 50 100 150 200 250 300 350 400 450

Number of samples

Fig. 6. The measurement results of the level of disturbance pulse exposures of +300 V (en-
larged) in the system work without galvanic isolation

For the AD converter with galvanic isolation, the negative polarity of the pulses al-
so causes interference in its work, though the system works correctly for the levels of
EFT/B disturbances of £200 V to +400 V. The standard deviation of results in this
case increases, but this increase does not exceed 10% compared to results without
EFT/B disturbances. At voltages of -400 V and =500 V the results contain a big
measurement error, the standard deviation of the results increases more than 100-
times for -400 V and much more for £500 V.

According to the results presented in Table 3, for the worst case being converter’s
work with EFT/B disturbances on the level of -500 V for the system work with gal-
vanic isolation, about 0.4% of the results were classified as bad. For the work without
electrical isolation (see Table 2) at disturbances level of -500 V approximately 9% of
the results were classified as bad. The criterion of describing a measurement as bad
was defined as when the difference between the mean value of all measurements and
the measurement result exceed 10,000 plots of AD converter.

4 Conclusions

Research described in this paper clearly show that the use of galvanic isolation in the
analog-to-digital converter’s system increases the level of immunity to electromag-
netic pulse disturbances. This is a very important practical information. Galvanic
isolation systems should be applied to electronic circuits with AD converters which
are connected to the mains.
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In practice, the filtration of disturbances should primarily be used close to the pow-
er connection as to reduce the disturbances that can engage with the circuit board
sensitive measuring devices to a minimum level. Knowing the characteristics of pulse
disturbances and the response of the measuring system under their effect, as a com-
plementary solution one can digitally filter the pulse disturbances.
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Abstract. This paper presents the results of measuring the impact of disturb-
ances on the properties of a 31 bit resolution analog-to-digital converter. The
researches were held for the following AD converter operating conditions: with
battery supply or with switching power supply, for different ambient tempera-
tures, with the galvanic isolation of the signal lines. The results of the
measurements were calculated using standard deviation in the number of scale
intervals. Standard deviation was used to quantify the impact on the accuracy of
the measurements of an AD converter.

Keywords: analog to digital converter, ultra-high resolution, operating
conditions.

1 Introduction

Analog-to-digital converters are fundamental elements of electronic measurement
systems, as they are the link between analog and digital signals. Thanks to the conver-
sion of an analog signal by an ADC to its digital form, it is possible to reshape a digi-
tal signal through the usage of a microprocessor system. The advantage of digital
signals is that they are very easily converted through the usage of advanced methods
and algorithms. One can filter, monitor, analyze and transmit them through great dis-
tances [1-2].

Common availability of high resolution analog-to-digital converters contributes to
creation of measurement systems of increasing accuracy. The need of high accuracy
measurement causes a constant work on improving the architecture of existing ADCs
that are already on the market (on the manufacturer’s side), and minimizing the exist-
ing measurement error sources — disturbances (on the user’s side), as to obtain maxi-
mal ADC resolution. From the user’s point of view the essential error sources are the
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environmental and electromagnetic conditions during the work of an ADC, as well as
the schematic of the electronic system [3].

Delta-sigma type analog-to-digital converters offer high resolution signal pro-
cessing, reaching up to 24 bits. Among others, Analog Devices, Texas Instruments,
Linear Technology and Maxim Integrated have such devices in their offers. One of
the newest Texas Instruments products that has appeared on the market recently is a
delta-sigma ADC named ADS1281 that, as the manufacturer declares, achieves 31 bit
accuracy. Analog-to-digital converters of such high resolution are new on the market,
so a study of the impact of external factors on the decrease of effective number of bits
(ENOB) of the ADS1281 was made. This is the thesis of the paper.

In practice, the declared resolution presented in the manual of an ADC is very rare-
ly or never reached. It is related to the signal-to-noise ratio (SNR), which describes
the level of noise in the electric circuit of the converter. The noise causes reduction in
the achieved resolution, it renders the least significant bits (LSB) of the result useless.
To efficiently exploit the resolution of an ADC, one should minimize noise level,
which is a huge challenge on the level of high resolution measurements [4—6]. This
paper studies the impact on decrease of the resolution of the ADC caused by external
factors like:

— the occurrence of disturbances emerging in the supply lines,
— the occurrence of disturbances transferred through signal lines,
— ambient temperature changes.

For this purpose an electric system including ADS1281 ADC was designed and
build. Fig. 1 presents the block diagram of the said system.

PCB with ADC-31 bit

Battery or Digital suppl
Schitching +3g,3VDD Y Y
power supply !
| Analog supply mﬁ
na
T -
. uP
ADC 31bit |-~ +° —3<==>{ ARM®
DATA O~ —© DATA
Battery 9V O-y-»VTEST*25 (050 5V iiton |
| V_reference
A 4
‘ . Rs-23
| ! USB
PC
Computer
I——I—‘—I

Fig. 1. Block diagram of electronic system with 31 bits analog-to-digital converter ADS1281
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2 Electronic System with ADS1281 Analog-to-Digital Converter

Figure 1 presents block diagram of the electronic system with ADS1281, a 31 bit
analog-to-digital converter. The analog input of the converter was supplied with
VTEST voltage (2.048 V), which was measured and converted by the ADC to digital
signal, which then was recorded on a PC. Reference voltage source V_refl (5 V) and
measured voltage source VTEST were both powered by a battery, as to minimize the
noise coming from the power source. The microcontroller handling the ADC was
installed on a separate circuit board and powered by a separate battery. The SPI data
lines linking the microcontroller to the ADC were connected through a galvanic isola-
tion, with the option to bypass it. The information regarding the measured voltage
from the analog input of the ADC was read with the least possible sampling rate of
250 SPS, which ensured maximum resolution. The recording on the PC consisted of
approx. 100,000 measured samples for each case. The data were analyzed and filtered
using MATLAB software.

2.1  System Parameters

Below are shown the most important parameters of the electronic systems with the
ADS1281 converter. To efficiently exploit the resolution of an ADC, any electronic
part should be carefully selected.

Parameters of analog-to-digital converter ADS 1281, 31 bits sigma-delta [7]:
Resolution (Bits) : 31,
Interface: Serial SPI,
Output data rate : selectable 250SPS to 4kSPS,
Signal-to-noise ratio SNR: 130 dB (fDATA=250SPS)
Analog input (£Vref/2): 25V,
Offset error after calibration: 1 pV
Offset drift: 0,06 uV/°C,
Gain drift: 0,4 ppm/°C
Temperature range: -40 °C to +125 °C,
24-lead TSSOP package.

Parameters of reference voltage source ADR445 — Vref 1 [8]:
Input Voltage: 5,5-18 V
Output Voltage, Vout: 5V
Voltage noise (0,1Hz — 10Hz): 2,25 pVp-p
Temperature coefficient: 3 ppm/°C
Temperature range: -40 °C to +125 °C
Precision: 0.04%
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Parameters of researched voltage sources LTC6655 - VTEST [9]:
Input Voltage: 3-13,2 V
Output Voltage, Vout: 2,048 V
Voltage noise (0,1 Hz — 10 Hz): 512nVp-p
Temperature coefficient: 2 ppm/°C
Temperature range: -40 °C to +125 °C
Precision: 0.025%

Parameters of galvanic isolation barrier HCPL091] [10]:
Propagation delay: 15 ns max.
High speed: 100 MBd
Common mode rejection: 15 kV/us min.
Isolation: 2500 V RMS

3 Research of Efficiency of Ultra-high Resolution
Analog-to-Digital Converter

The measurements results were converted to decimal system value, so that in the
result was the number of elementary divisions. The results were subjected to filtration
in MATLAB software using third order digital Butterworth filter with 25 Hz cut-off
frequency. From the obtained (filtered) signal values the standard deviation was
determined, which showed the dispersion of the results from mean value. The calcu-
lated standard deviation is used to qualify the impacts on measurements made by AD
converter.

3.1 Impact of Disturbances from the Power Supply

To measure the impact of the disturbances coming from the power sources, the ADC
circuit has been powered with three different power sources, that is a battery and two
different switching-mode power supplies.

A battery is a stable source of voltage that has little to no output voltage ripple and
very low impedance, while switching-mode power supplies have noticeable voltage
ripple and characteristic frequency of switching, that produces disturbances of har-
monic frequencies which negatively influence the work of powered electrical system.
[11] In this study particularly, they could worsen the conditions of work of the ADC,
which would decrease its effective resolution.

Power supply no. 1 has 12 V output voltage, 450 Hz switching frequency and
output voltage ripple of 100 mV_,. Figure 2 presents the level of conducted dis-
turbances in the low voltage circuit of the supply, with the ADS1281 circuit board
as a load.
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Fig. 2. Level of conducted disturbances measured in the output circuit of power supply
no. 1

Table 1. Maximum levels of conducted disturbances in the output voltage of power supply
no. 1

Frequency Level

[MHz] [dBuV]
1 0.3 40.06
2 0.435 40.78
3 0.475 45.61
4 0.925 36.95
5 2.555 35.63
6 3.8 38.26
7 4 42.17
8 12 43.50
9 20 45.34
10 28 36.81

Power supply no. 2 has 9 V output voltage, 52,5 kHz switching frequency and
output voltage ripple of 350 mV,_,. Figure 3 presents the level of conducted dis-
turbances in the low voltage circuit of the supply, with the ADS1281 circuit board
as a load.
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Fig. 3. Level of conducted disturbances measured in the output circuit of power supply no. 2

Table 2. Maximum levels of conducted disturbances in the output voltage of power supply
no. 2

Frequency Level

[MHz] [dBuV]
1 0.155 61.93
2 0.205 56.46
3 3.22 52.41
4 3.27 53.44
5 3.32 54.56
6 3.375 54.65
7 3.415 54.26
8 3.515 52.74
9 3.57 51.62
10 7.74 52.11

From Fig. 2 & 3, and Tables 1 & 2, one can conclude, that the switching-mode
power supply no. 2 is a power supply of much worse quality parameters, as it has
bigger output voltage ripple and emits greater conducted disturbances than power
supply no. 1. To ensure the repeatability of the research, each time the power supply
was connected to the mains, it was bypassed by a mains filter (EMI filter 1-phase type
2010). During every measurement the environmental conditions existing in the lab
were recorded. The measurement results are presented in Table 3.
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3.2  Impact of Interference of the Signal Lines, Galvanic Isolation

The connection of the ADS1281 converter with the microcontroller system was made
through a galvanic isolation system using a magnetic coupling barrier. The galvanic
isolation on the data lines causes a restrain on the disturbances transmitted through the
signal lines of the microprocessor, which is a source of noise on high frequency level.

Research was made for two configurations: with and without the magnetic decou-
pling barrier in the data lines. As the ADC’s power supply three options were meas-
ured: battery power supply and two different switching-mode power supplies. Table 3
presents the measurement results.

Table 3. Standard deviation of the AD converter measurement results depending on the
application of galvanic isolation of the signal line

6 — standard deviation for analog-to-digital con-
verter
Configuration Switched-mode Switched-
Battery mode power sup-
owered power supply ply powered type
p powered type 1 )
Galvanic isolation (1) 751.14 796.97 933.45
Absence of galvanic 753.85 864.13 1297.8
isolation (2)
Difference between 1st 271 67.16 364.35
and 2nd

As expected, minimal standard deviation was obtained for the battery power supply
configuration with galvanic isolation on the data lines. In this case the result being
751.14 ADC nodes. It is the most precise acquired result (with the least dispersion of
the results).

While supplying the ADC with the switching-mode power supplies, the obtained
dispersion of the results was bigger than with the battery operation, which means a
decrease in the measurement precision. While using the galvanic isolation barrier on
data lines, the results of using switching-mode power supply no.l as opposed to bat-
tery power supply show a 45.83 node standard deviation increase, while using switch-
ing-mode power supply no. 2 as opposed to battery power supply show a 182.31 node
standard deviation increase. However, while working without the galvanic isolation,
using switching-mode power supply no. 2 show a 543.95 node standard deviation
increase as opposed to battery power supply operation.

The use of galvanic isolation in the data lines for every case of power supply (bat-
tery and switching-mode power supplies) causes a decrease in the dispersion of meas-
urement results, as opposed to operation without the galvanic isolation. In the case of
using battery power supply, the use of galvanic isolation causes a decrease in the
standard deviation of the measurement by 2.71 nodes as opposed to operation without
the galvanic isolation. In the case of using switching-mode power supply no. 1 the
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difference in standard deviation of the measurement amounts to 67.16 less nodes,
while for the switching-mode power supply no. 2 it is 364.35 nodes less than in the
case of not having galvanic isolation.

3.3 Impact of Ambient Temperature

The circuit with the ADC was subjected to an ambient temperature change in the
range of 0-50 °C. It is the working temperature range for measurement devices used
indoors. Table 4 and Fig. 4 present the results of the research. The results can be very
useful in practice for correcting the impact of the temperature on the results of an
ADC converter measurements.

Table 4. The standard deviation of the AD converter measurement results depending on the
temperature

Temp. [°C] 6- standérq deviation for
analog-to-digital converter
0 719,68
10 730,11
20 747.3
30 748
40 759
>0 781

Impact of ambient temperature
800
780
760
740
720

700
0 10 20 30 40 50 60

Standard Deviation

Temperature [°C]

Fig. 4. The standard deviation of the AD converter measurement results depending on the tem-
perature
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The results of the research presented in Table 4 show, that ambient temperature
significantly influence the measurement results obtained from the ADS1281 analog-
to-digital converter in the configuration presented on Fig. 1. The measurements were
held while supplying the ADC with a battery and using the galvanic isolation in the
data lines. The least obtained standard deviation was for the ambient temperature of
0 °C, while the biggest for the ambient temperature of 50 °C. The difference between
0 °C and 50 °C was 61.32 ADC’s nodes.

4 Conclusions

Research done in this paper covers only a part of the factors that have influence on the
work of a 31-bit analog-to-digital converter. The impact of the power source type, the
usage of a galvanic barrier and the changes in ambient temperature on the ADC’s
resolution has been shown. Obtained results prove, that the factors mentioned above
are very significant and affect the useful resolution of the tested ADS1281 converter.
A conclusion that the biggest influence on the standard deviation of measurement
results comes from the power supply type has been shown. That’s why, the power
supplies for measurement applications should be carefully selected in terms of gener-
ated disturbances.

In the case of switching-mode power supply no. 2 (the worst case scenario, biggest
transmitted disturbances) the worst results (biggest standard deviation of results) have
been obtained. The standard deviation of the measurement of the ADC with galvanic
isolation and battery power supply, as opposed to switching-mode power supply no. 1
is 110.28 nodes smaller and opposed to switching-mode power supply no. 2 is 543.95
nodes smaller. This is a very meaningful difference.

If possible, for high accuracy measurements one should use batteries as power
supply. It is also important to use galvanic isolation on the data lines, especially while
supplying the ADC circuit with switching-mode power supply. Obtained results
show, that while using switching-mode power supply no. 2 to supply the ADC circuit,
the standard deviation difference of results between using and not using the galvanic
isolation reach 364.35 nodes.

Ambient temperature change also has a big influence, the difference in standard
deviation of measurement results between temperatures of 0 °C and 50 °C amounts to
61.32 ADC’s nodes. Knowing the characteristics of the results of measurements of
temperature change, one can compensate its influence.

It is worth mentioning, that obtained results should be related to the measuring
range of the ADS1281, which is 2*' = 2 147 483 648 nodes at maximum input voltage
level.
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Abstract. This paper presents results of research on the Hall effect sensor as a
converter for single- and multi-jet water meters. The research was carried out
on industrial single- and multi-jet water meter. The analysis of magnetic field
simulations based on finite elements method and studies of magnetic field
distribution provide guidelines for utilization of Hall effect sensor in
flowmeters applications in order to improve sensing abilities, such as resolution
and sensitivity.

Keywords: Hall effect sensor, single-jet, multi-jet, water meter, magnetic field
converter.

1 Introduction

The two most common approaches to measurement of flow are displacement and
velocity, each using a variety of technologies. Velocity type meters measure the ve-
locity of flowing liquid through a determined internal capacity. The speed of the flow
is then converted into the flow volume. Designs based on velocity measurement in-
clude single- and multi-jet meters and turbine flowmeters. The basic problem with
velocity measurement lies in providing an output signal from sensor.

The current solutions of multi-jet meters apply either mechanical coupling (gear-
box) or magnetic coupling with registers, which generates a friction of sensing ele-
ment such as turbine or impeller. This creates a problem in measuring very low flow
rates , as the kinetic energy of the flow is not able to cause rotation of sensing ele-
ment, causing underflow of measurement. In addition, in common water meters
applications, rotating magnet generates 1 impulse per revolution, which results in low
resolution at lower flow rates [1, 2].

The aim of this paper is to present alternative method for detecting rotation of sens-
ing element, which will not be affected by listed problems, providing high resolution
measures at low flow rates.
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2 Working Principle of the Investigated Single- and Multi-jet
Water Meter

For the research purpose a WSK-NKP Vane-Wheel Multi-Jet Dry Water Meter
(DN20) and JS SMART+ — Vane-Wheel Single-Jet Dry Water Meter (DN20) pro-
duced by APATOR POWOGAZ has been chosen. Both of the flow meters are mag-
netic coupled through a gearbox to flow register. The cases of given flow meters are
made from bronze. The impellers, and elements if internal chamber are made from
non-magnetic plastic.

Fig. 1. a) JS SMART+ - Vane-Wheel Single-Jet Dry Water Meter (DN20); b) WSK-NKP
Vane-Wheel Multi-Jet Dry Water Meter (DN20)

Researched flowmeters are based on the flow velocity measurement , which is de-
termined by rotational speed of sensing element — turbine or impeller. The velocity of
the flow is then converted to the volume of the flow. Conversion factor is determined in
the process of calibration, and is mainly related to the internal capacity of the meter.

Single-jet flowmeter design are most commonly used in small residential applica-
tions. Single inflow port into chamber creates single jet of water against the impeller.

Single jet/
Flow meter

_Flow

Single jet

Fig. 2. Schematic design of a single-jet meter [1]
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Single-jet water meter is less accurate than multi-jet. On the other hand, the flow of
water is not obstructed, which results in possibility of measuring higher flow rates.

Fig. 3. JS SMART+ - Vane-Wheel Single-Jet Dry Water Meter with visible inflow port

Multi-jet flow meters (Fig. 4) are most commonly used for residential and small
commercial application. In the researched most common multi-jet flowmeter design
multiple ports surround an internal chamber in order to create multiple jets of water
against the impeller.

Multijet
Flow meter

!

l... "I: I Gw \i r r
P Multiple fluid jets

Fig. 4. Schematic design of a multi-jet meter [1]

Multi-jet meters work accurately at low flow rates, but their usage is restricted to
diameter of flow path — high rate flows require higher straight-through path.
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Fig. 5. Multiple ports of multi-jet water meter internal chamber

‘Starting flow rate’ parameter presented in Table 1. is a result of friction present in
bearings as well as gearshift. For overcoming resistance forces, minimal value of flow
has to be reached to initiate rotation of sensing element. This problem concerns me-
ters with magnetic coupling as well.

Table 1. Parameters of researched water meters

Parameter JS SMART+ WSK-NKP
Single-Jet Multi-Jet
Nominal diameter mm 20 20
Continuous flow rate m’/h 4 4
Max flow rate m’/h 5 -
Minimum flow rate dm’/h 40 (cold water) —
Starting flow rate dm’/h 15 -

The idea behind this paper is to present the possibility of unnecessary elements
elimination in measurement processing chain, that may prevent free rotation of sens-
ing element. In addition, this paper may provide a guideline for increasing resolution
of tachometric measurement [3], by integrating small-size magnets into paddles of
impeller as well as turbine.
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3 Hall Effect Sensor

Hall effect sensor is an analog transducer in which output voltage varies in response
to the magnetic field strength. Hall sensors are most commonly used for proximity
switching, positioning and current sensing applications [5].

The principle of the Hall effect is that current flowing through the conductor, in the
presence of magnetic field perpendicular to direction of current, deflects to the side of
the conductor, due to the Lorentz law. The asymmetric distribution of charge density
in conductor generates an electrical potential. The measured voltage is corresponding
to the strength of the magnetic field. [4]

For the purpose of research a Toshiba THS119 hall effect sensor (Table 2.) was
used. It is most commonly used as a high stability crank shaft position detector.

Table 2. Parameters of Toshiba THS119 Hall effect sensor

CHARACTERISTIC SYMBOL TEST CONDITION MIN. | TYP. |MAX.| UNIT
Internal Resistance (Tnput) Rd Ig=5mA 450 | — 900 0
Residual Voltage Ratio Vo /VH | Ig=5mA, B=0/B=0.1T — — | £10 %
Hall Voltage (Note 1) va Ip=5mA, B=0.1T 55 | — 140 mV

Temperature Coefficient Ic=5mA, B=0.1T

(Note 2) | VHT | T1=95°C, Ta=125°C — | — [0 %/°C
Linearity (Note 3) AKH Ig=5mA, B1=0.1T, B2=0.5T | — —_ 2 %
Specific Sensitivity (Note 4) K* Ig=5mA, B=0.1T — 27 | — |[X10-2/T
Internal Resistance (Output) Royur |Ig=5mA 580 | — |1350 0

4 Simulation Model

The idea behind increasing resolution and eliminating of unnecessary elements in
measurement processing chain is to integrate small-size neodymium magnets into
paddles of the impeller. For this paper a neodymium 3 mm X1 mm magnet was at-
tached to each paddle of the impeller, with parameters showed in Table 3.

Table 3. Parameters of neodymium magnet

. Neodymium Iron Boron (NdFeB)
Material Nickel plated
Distance (mm) at which magnets
4.1
measure 1000 gauss
Surface flux measurement (gauss) 1500
Grade N30H,
Grade/Energy density max. energy density 30 MGOe
(2387 - 10° A/m)

To simulate distribution of magnetic field in single- and mulit-jet water meters
ElmerFEM software was used. ElmerFEM is free and open-source Finite Element
Method software, subject to the requirements of the GNU General Public License
(GPL), developed by Finnish IT Center for Science.
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Fig. 6. Geometry of: a) single-jet impeller, b) multi-jet impeller

For the purpose of magnetic field simulation an Elmer Magneto Dynamics proce-
dure was used, along with WhitneyAVSolver [6]. Meshes (Fig. 7) for simulation were
created in NETGEN 5.3 open-source software, based on the LGPL, based on geome-
try shown on Fig. 6.

Fig. 7. Meshes of: a) single-jet impeller, b) multi-jet impeller

The aim of the simulation is to determine the distribution of the magnetic field on
the external surface of water meter’s cases. Given the results it is possible to confirm
if each of magnet peaks would be detectable, as well as to choose optimal placement
point for Hall sensor.
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Magnetic.field.sirengih_z.
000

Fig. 8. Distribution of magnetic field on XY plane in WSK-NKP Multi-Jet Water Meter

L

Magnefic.field.sirengifiLy:
0,200 U000

Fig. 9. Distribution of magnetic field on side of case in WSK-NKP Multi-Jet Water Meter
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Magnetic.field.strengfh_z
LO00!

Fig. 10. Distribution of magnetic field on XY plane in JS+ Single-Jet Water Meter

Magnetic.field.strengfhLy
U000

Fig. 11. Distribution of magnetic field on side of case in JS+ Single-Jet Water Meter

As presented on Figures 8—11 it is possible both to install Hall effect sensor on the
outer case of the flow meter, as well inside the water meter — between the internal
flow chamber and the register mechanism. In the investigated Multi-Jet Water Meter
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the optimal position is inside — because of the internal multiport chamber the distance
between the impeller paddle and outside case is significantly longer then between the
impeller paddle and field strength, as seen of Fig. 8 and Fig. 9.

On the contrary, in the investigated Single-Jet Water Meter the better position of
hall effect sensor would be on the side of case. Again, it depend on the distances be-
tween possible positions, what is presented on Fig. 10 and Fig. 11.

5 Measurements

In order to confirm simulation results, and give them exact values of magnetic field
density measurements with Toshiba THS119 Hall Effect sensor were performed for
both of given water meters. The results are presented on Figures 12—-14.
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Fig. 12. Magnetic flux density measurement on the side of Single-Jet Water Meter

In the case of investigated Single-Jet Water Meter the difference between signal
acquired on the side (Fig. 12) and above the internal chamber, or XY plane (Fig. 13)
is relatively small. It results from the geometry of given Water meter, especially from
the lack of internal multi-port chamber, as is the case of Mutli-Jet Water Meter.
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Fig. 13. Magnetic flux density measurement on XY plane of Single-Jet Water Meter
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Fig. 14. Magnetic flux density measurement on the side of Multi-Jet Water Meter
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In the case of investigated Multi-Jet Water Meter there is more significant discrep-
ancy of signal between measurements on the side case (Fig. 14) and on XY plane
(Fig. 15) It confirms the simulation model presented before.

0.15 T T

0.1 """ (I il """ 7

Iagnetic flux density (,T)

rotation of impeller (%)

Fig. 15. Magnetic flux density measurement on the XY plane of Multi-Jet Water Meter

6 Conclusion

As presented in the paper, it is possible to utilize a Hall effect sensor as converter for
both single- and multi-jet flowmeters. The magnetic field provided by low-size neo-
dymium magnet is strong enough to be detected outside of the internal chamber. It
gives the possibility of enhancing sensing resolution by installing magnet on each of
impellers paddles. Hall sensor, being magnetically neutral does not provide additional
friction in measurement chain, which results in wider sensing range. It allows also for
the digital output from water meter, with data ready to be postprocessed without addi-
tional converting steps.

The research opens the possibility for graphene Hall sensor to be utilized, enhanc-
ing the sensitivity, thus allowing more arbitrary placement of sensor, and even con-
tactless measurements of the flow [7].

Acknowledgments. This work has been supported by the National Centre for Re-
search and Development (NCBiR) within the GRAF-TECH programme (no. GRAF-
TECH/NCBR/02/19/2012). Project " Graphene based, active flow sensors " (acronym
FlowGraf).
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Abstract. The aim of this paper is analysis of NDIR carbon dioxide sensor re-
sponse time. The NDIR sensor is part of chemical sensor system designed for
mobile robot PIAP-GRYF made by Industrial Research Institute for Automa-
tion and Measurement PIAP. This paper presents analysis of response time of
an CO, Engine K30 NDIR sensor, manufactured by SenseAir, both as the ana-
log voltage signal and digital text output. This will help to determine the time
inertia of sensor in presence of a rapid concentration increase of carbon dioxide.

Keywords: CBRN defense, NDIR, carbon dioxide, mobile robot.

1 Introduction

With the increasing risk of chemical, biological, radiological and nuclear threats
(CBRN) there is a need to ensure safety of uniformed service workers on their place
of operation. With that in mind, a system of chemical sensors for detecting
such threats for mobile recon robot PIAP — GRYF was designed. The system is de-
veloped as a support for analyzing the scene of operations in presence of CBRN
threats [1, 2].

One of the sensors implemented on platform of chemical sensor is Carbon Diox-
ide sensor. Carbon Dioxide (CO,) is scentless, colorless gas dissolvable in water. It
is a product of complete combustion of carbon and all organic compounds. In fresh
air, the concentration of Carbon dioxide is 400 ppm (parts per million) what equals
to 0.04%. In low concentration carbon dioxide is safe for human. In contradiction to
other gases like, carbon monoxide (CO) or hydrogen sulfide (H,S), carbon dioxide
poisoning is a simultaneous stat of hypoxia and hypercapnia (increased partial pres-
sure in blood). It results in shortness of breath and feeling of anxiety. Further in-
crease of concentration of carbon dioxide in air results in headache and dizziness,
perceptual distortions and increased heart rate. Concentrations above 10% may
result in death in few minutes. Effects of carbon dioxide concentration in air are
shown in Table 1.
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Table 1. Carbon Dioxide — Physiological effects [3]

Ci(zza\i’ro?(l%ﬂ)le Likely effects
1-15 Slight effect on chemical metabolism after exposures of several
hours
The gas is weakly narcotic at this level, giving rise to deeper breath-
3 ing, reduced hearing ability, coupled with headache, an increase in

blood pressure and pulse rate.

Stimulation of the respiratory centre occurs resulting in deeper and
4-5 more rapid breathing. Signs of intoxication will become more evi-
dent after 30 minutes exposure.

Breathing becomes more laborious with dizziness, headache, visual

5-10 . .
and hearing dysfunction.
When the carbon dioxide concentration increases above 10%, un-
10-100 consciousness will occur in under one minute and unless prompt

action is taken, further exposure to these high levels will eventually
result in death.

Carbon dioxide also indicates of oxidation processes (especially combustion), as
well as fermentation processes. Monitoring of carbon dioxide concentration in air
allows to detect such threats in advance, and prepare an adequate response.

In this paper a testing platform for NDIR K30 carbon dioxide sensor is prepared.
The response time proposed by the manufacturer, SenseAir, is a value of 20 s, and is
restricted by diffusion time of air into chamber. Sensor measures concentration every
2 seconds. Proposed research method aim to confirm this information in different
cases.

2 System of Chemical Sensors

The system of chemical sensors is designed for mobile recon robot PIAP-GRYF. It is
developed by Industrial Research Institute for Automation an Measurement, and
shown on Fig. 1. The system of chemical sensors, shown on Fig. 2 consists of follow-
ing sensors:

1. Radiological
2. Hazardous gases (chloride, chlorine, hydrogen sulfide)
3. Carbon dioxide

Given sensor work under the control of ARM NXP LPC11C24 microprocessor, that
collects and processes measurement data. During measurements for purpose of this
paper digital data collected by microprocessor were processed to a Desktop Computer
through RS-232 interface. Simultaneously analog measurement data was collected
directly from sensor through a National Instruments USB 6341 Data Acquisition
Device.
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Fig. 2. Chemical sensor platform — sensors: 1) Radiological, 2) CO,, 3) Hazardous gasses
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Carbon dioxide K30 Engine is a NonDispersive InfraRed sensor (NDIR). It is a sim-
ple spectroscopic sensor. Infrared light is directed through the sampling chamber of
sensor. According to Beer-Lambert law (1) [4], the gas in the chambers absorb specific
wavelengths. Infrared filter present before the detector narrows down detected wave-
lengths to a single value, proper for detected gas. The detector measures the intensity of
passing wavelength, and on that basis the concentration of gas in sample chamber is

M. Urbanski and R. Szewczyk

determined (Fig. 3). The parameters of this sensor are presented in Table 2.

©

IR Source

N

shutter

sampling chamber

IR filter
IR Detector

Fig. 3. Schematic NDIR sensor [4]

where: I — intensity of light striking the NDIR detector, I, — intensity calibrated for

I = Ioekp

zero point, k — proportionality factor, P — concentration of measured gas.

Sampling in chosen sensor is based on diffusion, hence the necessity to measure
response time. Digital signal from sensor is acquired through UART interface with

MODBUS protocol.

2
X

Fig. 4. Engine K30 Carbon Dioxide sensor by SenseAir

Table 2. Parameters of Engine K30 Carbon Dioxide sensor

Input Voltage 45V -14V DC
Average current consumption ~40 mA
Start-up time <1 min

Analog output

0-4 V-0...2000 ppm
1-5 V—0...2000 ppm

Digital Interface

UART Interface
MODBUS open protocol
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3 Measurement Method

For purpose of this paper a testing system was designed in order to acquire measure-
ments in digital (text) and analog (voltage) form (Fig. 5).

FC
fll "| Kh23e
IPC11024
MIUS3 6341 mizroprocessor
Yoltage YMODBLIS
JART
Z02 Sensor |

Fig. 5. Flowchart of data acquisition

The increase of carbon dioxide concentration was triggered with a compressed gas
from tank. After each measurement the testing chamber was ventilated and calibrated
to fresh air value of 400 ppm/ The measurements were made for two cases:

1. Increasing the concentration of CO, around the sensor
2. Placing sensor inside the area of high CO, concentration

The testing conditions were set to near normal:

e Temperature: 20 °C
e Pressure: 101.3 Pa
e Humidity: 50%

4 Results

The results of measurement are presented on Figures 6—8. Sampling rate for analog
signal was set to 100 Hz, and the digital signal was acquired every 2 s (sensor own
measurement time and conversion/transmission time to PC was accounted for).

On Fig. 6 a response for increasing concentration of investigated sensor is presented.
Red line marks the moment of applying Carbon Dioxide inside testing chamber, black
dotted line presents the when the value of concentration has stabilized. The difference
in response between the analog and digital output is negligibly small in that case.
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Fig. 6. Analog and digital response of sensor at increase of CO, concentration

The time span between applying Carbon Dioxide and first reaction of sensor is
12 seconds, and another 10 seconds till stabilizing, sums up to 22 seconds of time
response for analog signal. For digital output it took another 2 seconds to set down at
given value. The difference may result from software part of measuring setup and
slow communication between controller and PC.

The decrease of concentration of Carbon dioxide seen on Fig. 7 is triggered by
ventilation of testing chamber. That results in much slower change of analog and
digital output. The indication of digital and analog signal stabilized in ~110 seconds.
There is a significant difference in response time of digital and analog signal at the
sloping part of waveform, but stabilizing time is approximately the same. The dis-
crepancy may be a result asynchronous sampling of the microcontroller and sensor.
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Fig. 7. Analog and digital response of sensor at increase of CO, concentration
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Fig. 8. Analog and digital response of sensor at placing sensor in high concentration CO,
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In second case, sensor was placed inside testing chamber with already high con-
centration of Carbon Dioxide. The red line on Fig. 8 marks the approximate moment
of placing sensor inside testing chamber. While the reaction time of sensor was simi-
lar to case investigated before (~10 seconds), the time it for acquiring stable digital
and analog output was shorter — 14 seconds. This may be the result of more precise
control of CO, concentration, than in the case given before. The digital signal received
by microcontroller tends to fall behind on rapid changes of gas concentration, as it
may be the case of trying to read a frequently updated value register. It may even
result in data loss, when the read-out and write-in procedures come simultaneously.

5 Conclusion

Time constant of the sensor was measured to a value of approximately 20 seconds, as
declared by the manufacturer. The reason for that is the method for gas sampling used
in given sensor, as well as time between measures which for this sensor is equal to 2s.
Given that the role of K30 Engine SenseAir CO, sensor in chemical sensor system
as level indicator for of carbon dioxide, the nature of the gas itself measurements were
conducted under worst-case scenario conditions, the chosen sensor is sufficient for
given application.

Acknowledgments. This work was supported by Polish National Centre for Research
and Development (No. 0015/R/ID1/2011/01).
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Abstract. Two robust methods of assessing the value and the uncertainty of the
measurand from the samples of small number of experimental data are present-
ed. Those methods should be used when some measurements results contain
outliers, i.e. when the values of certain measurement significantly differ from
the others. They allow to set a credible statistical parameters of the measure-
ments with the use of all experimental data. The following considerations are il-
lustrated by the numerical example of the interlaboratory measurement data key
comparison. Compared are the results obtained by a classical method with re-
jection of outliers with two robust methods: a rescaled median absolute devia-
tion MADg and an iterative two-criteria method.

Keywords: robust statistics, outliers, uncertainty of measurements, inter-
laboratory comparisons.

1 Introduction

In many experimental studies in various fields, including the technical and scientific
research, interlaboratory comparison and laboratory proficiency testing the measure-
ment samples can contain few number of elements only. This occurs because of the
high costs of measurements, the use of destructive methods, the poor availability of
objects for testing, or the inability of multiple tests due to long or limited time of their
execution. For small samples the measurement result and its uncertainty u, evaluated
by the GUM recommendations [1], significantly depends on the outliers. Therefore
the obtained values sometimes may be even unreliable or unrealistic. Removing one
observation only from a small sample significantly reduces the credibility of the eval-
uation results. For example for a very small sample of 4 elements the relative standard
deviation of uncertainty s(u4)/u, is as high as 42%, and for n=3 it will increase even
up to 52% (GUM [1], Table E.1 in Appendix E.1). The removal of only one observa-
tion from a such small sample increases the relative standard deviation of uncertainty
approximately on 24%. So the general tendency for small samples with outliers is to
use the robust statistical methods, which applying all data obtained experimentally,
including outliers. These methods are developed and to be used from the late 70's of
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the twentieth century. They are highly resistant to the influence of outliers. Such data
considered before in conventional methods as to be "bad" can be successfully used
now. Literature on these methods is quite rich. An overview of the basic items are in
the bibliography of [5] - [8]. Robust methods provide less than conventional methods
the impact of too high errors caused by different usually unrecognized sources. The
term robust means resistance immunity to irregularities and inhomogeneities of the
sample data.

In the robust statistics the outlier data are not removed, but are used different ways
to modify their values, or their participation in procedures to estimate the statistical
parameters of the sample. A number of robust statistical methods, (among others) are
programmed in MatLab. Two of them are recommended in ISO 13528-2 [3] for profi-
ciency testing by interlaboratory comparisons. These methods should be added in the
new upgraded GUM. Various data processing tasks appear constantly in the new ap-
plications of robust statistical methods including such one as calibration of multi-
parameter measurements in chemometrics. One of the areas where robust methods
could also be usefully applied is estimation of accuracy of results obtained by the
some measurement method in inter-laboratory comparison experiments [6] - [8].

2 Method of Rescaled Median Deviation

In the simplest robust method for a sample of n elements used is the Median Abso-
lute Deviation

MAD, = med{ x;—M,|} 1)

where: x,- i-th element of the sample, M =med{x,}- the median.

This simple robust procedure is as follows:

— for all n data x; ordered by values determined is the median med and considered to
be the estimate of the measurement result value,

— the deviations of the sample data sets from this median the median absolute devia-
tion MAD is calculated,

— standard uncertainty s(x) of the measurand is considered the rescaled median de-
viation MADg

s(x) = MAD, = x(n) MAD 2)

For a normal distribution the value of x.=1,483 is the asymptotic limit of the ratio of
s(x)/MAD when n — oo, i.e. for the general population. Use of k., for samples with a
finite number n of measurements gives too low the assessment of uncertainty, as s(x,,)
> s(x,,). Then for the more accurate estimation coefficient x(n) as dependent on the
number of elements # in the data sample has to be applied. Randa of NIST published
values of the coefficient x(n) in internet [4].



Examples of Robust Estimation with Small Number of Measurements 287

3 The Robust Iterative Method

More reliable statistical parameters than by above method can be obtained by an itera-
tive robust methods. In the method of robust statistics considered here the outlier data
is downloading to positions closer to the center of the distribution. This operation is
called winsoryzation after the name of American mathematician Winsor. Samples
with the outlier data should not be simulated by a model of single normal distribution
and the least squares method (LSM) is not useful, as shares of single data in it in-
creases with the square of its distance from the center of concentration. More resistant
to large deviations is the criterion of minimum modules (LMM) given by Laplace. So,
in robust methods many ways of both criteria "symbiosis" are used. It is assumed that
only the central part of the PDF (Probability Density Function) of sample data distri-
bution, i.e. for small deviations from the estimate of measurand value, does not differ
from the normal distribution. Only for them the least-squares criterion LSM can be
used. Beyond the limits of this range the criterion of minimum module LMM is used
to reduce the impact of outliers. After Tukay and Huber [5] works it is possible to
apply for data processing the iterative robust method under acronym IRLS (iteratively
reweighted least squares). In this method the following functional is used for the sen-
sitivity

2P(x; = 1) 3
i=l1
where: p(x, - ) - function depended on the selected parameter c.
For observations of the deviation values of Ie¢I<co (where o is the standard de-

viation, ¢ - factor) a square function is used and for larger deviations the modules
le[=lx, —u1 are minimized. So the function p(e) is "more mild" for data outliers with

values |e1>co from the center of the sample distribution. Constant ¢ determines the

degree of "robustness". The value of the constant ¢ depends on the percentage of
"contamination" of the sample distribution. For 1% ¢=2, and for the 5% c=1.4.
Commonly c=1.5 is used. Experimental data are modified in accordance with the
selected criterion as follows

=

; for |x,—f|<co

f -
x; %=

fil—co for x;< fl—-co
f+co for x;> fi+co

“

where /1= med( x} from data x; ranked in ascending order.
"Treatment" of the data by (4) is one of the ways of winsoryzation. As resistant to
outliers the estimate of the sample data grouping center 2 the median med{x} shall

be preliminary adopted. Huber [5] finds that the best assessment of the distribution
center is the midrange between the lower first (p=1/4) and the higher third (p=3/4) of
the sample quartiles (inter-quartile midrange) - Fig 1.
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Fig. 1. Definition of inter-quartile mid-range: dotted lines — ordinates of first and third quartile
a=u-0.6745,b = + 0.6745

The iterative procedure starts after arranging the elements of the sample according
to their values x;,x,, ... x,, . Then the center of grouping data is

x =med{x},i=1,..,n 5)
In this case the standard deviation is

s =1483 MAD, (6)

Then for ¢=1,5 with ¢=15s" can be determined boundaries of the range x +¢ to

which are compared the original data x;. Data protruding beyond this range are pulled
on this boundaries and whole procedure is repeated. In any step (j) of an iterative
procedure, after the modified value from the step (j-1) according to the conditions (4),
is in turn fined a new mean value and new standard deviation of the sample

— noo
X =2 xi @)
il

s =134 S5, =700 - ®)

Factor 1.134 is used when ¢ = 1.5.
The resulting value s; is used to calculate a new distance ¢, =1.5s to bounda-

ries of inter-quartile interval and again data coming off as outliers are pulled on them,
and the procedure as above is continued. Convergence of the algorithm is determined

by comparing the calculated values )_cj and )_";4 of the current and the previous itera-
tion step. The procedure is repeated until changes of X, ands; between successive
steps will be minimal. The procedure is stopped after j=m steps, where the difference

of standard deviations s, — s, ,, for two successive steps is acceptably small.
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Robust iterative double-criteria method IRLS has no defects of the median meth-
od. It allows in the calculation of the standard deviation of the sample also to include
the outliers, i.e., data of the maximum absolute deviation, bringing them to the bor-
ders of the inter-quartile diapason of normal probability distribution of the data. An
example of use this procedure in the inter-comparison measurements are presented in
section 4. Numerical example of the data homogeneity conditions test and determina-
tion of limits of extreme deviations for small samples are given in [8].

4 Numerical Example

In this example, the mean value of measurement results of nine laboratories and its
estimated uncertainty are calculated by two classic and two above robust methods.
Results will be compared. Measurement data is taken from [2]. Nine laboratories
conducted a joint experiment involving comparative measurements by a tested meth-
od to assess its accuracy. It was assumed initially that the credibility of all laboratory
measurements are the same. From measurements made by tested method in n = 9
laboratories received are mean values x; _xo ordered below
17.570 19.500 20.100 20.155 20.300 20.705 20.940 21.185 24.140.

Two underlined results x; and xy are the significant outliers. Results obtained by

various methods are shown in Table 1

Table 1. Comparison of the results obtained by four methods

Rejected xy, x9 Robust Robust

Method For all data by Grabbs crit. MAD, iterative
Result value X, =20.511 m=20.4 med=20.3 X5 =20.412
Std. uncertainty so =1.727 s =0.501 5(x9)=1.045 s =1.039

For the all 9 initial data x;_x;, the mean value X, =20,511 and the sample standard
deviation 5, =1,727 . In the traditional model (cross-contamination) it is assumed that

only valid observations are derived from a normal distribution. A consequence of that
is to use the proper test, e.g. Grubbs test to find the outliers

G’I max = (x" - E)/ s (9)

After rejection outliers x,, =17570 i xy =24.140, for the remaining data is ob-

tained the average value x = 20,41 and much lower than previous the standard devia-
tion s = 0.50 as results common to the whole experiment. Both are calculated from
measurements in 7 laboratories only. These assessments are of the lower statistical
reliability.

In the classical approach the average values X,, m calculated by both methods
differ relatively little. Standard uncertainty s, of the data of all nine laboratories is
very high. After elimination of two outliers by the Grabbs criterion, the uncertainty
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calculated for seven laboratories is almost 3.5 times lower. However, measurements
are unreasonably idealized here. The reliability of the averaged data for 7 labs is de-
creasing as the formula s(u,)/u, :1/ [2(n—-1) (Table E.1 GUM [1]) showed that the

relative standard deviation of the measurement uncertainty will increase from 25% to
29%.

For both robust methods values of the data grouping center are nearly similar.

Their uncertainties differ each other only by 9% and are between these two of the
classical method. For the iterative method achieved is s*= 1.039 > s. The mean value
and standard deviation determined by this method is based on the data of all laborato-
ries and seems to be as closer to the data which would be for a larger number of inde-
pendent measurements treated as general population.

5 Summary

The rescaled median deviation method given in section 2, is very simple but it does
not give correct results when the outlier is far from the rest of the data.

Iterative method of section 3 is more complicated, but easier to automate the algo-
rithm. With the introduction of the threshold +co decreasing sensitivity to data outli-
ers, oriented is mainly to determine robust assessment of uncertainty.

Carried out in section 4 results of calculation showed the usefulness of the applica-
tion of two criteria iterative robust method resistant to determine the statistical param-
eters of samples with a small number of data when they are taken from the general
population of the assumed normal distribution, but include the results significantly
different from the others. It allows you to more objectively assess the value of the
result and the accuracy of the test methods.

The analysis shows that for the evaluation of results presented in controlled labor-
atories, should take into account the number of samples » obtained for the investigat-
ed objects. When a sample is of a small number of items, to evaluate the perfor-
mance of results you can use the robust method of an iterative process of data with
winsoryzation of outliers. In this case received is a much smaller variance and great-
er credibility than by the standard methods.
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Abstract. Statistics of skewness and kurtosis distributions and their basic pa-
rameters for a set of samples of certain small numbers of elements are find.
These distributions were determined using the Monte Carlo method. The sam-
ples were repeatedly taken at random from a normally distributed population
and for comparison from the population of a two other simple distributions.
Knowledge about statistics of skewness and kurtosis should allow to obtain a
more reliable estimate of the standard deviation and the uncertainty of the
measurand value estimator from samples of a small number of measurement
observations, when range of their value distribution is known.

Keywords: handling of samples, skewness, kurtosis, data modelling.

1 Introduction

The experimental data collected for further handling might be symmetrically or
asymmetrically and in many ways distributed. They may contain trends or be without
trends and each observation carries with it imperfection of used instrumentation. For
instrument or measuring system with sensors of different quantities a collection of
readings or output value in the form of samples in time. The uneven spreading con-
cerns not only the samples from a population of non-symmetrical probability distribu-
tions. However, in many cases it occurred in practice, that we can collect only a small
number of measurement observations for various reasons. Then also samples from a
normally distributed population and other symmetric distributions can be asymmetric.
The asymmetry of these samples increases with decreasing the number of elements in
collected samples. A reason of small measurement sample might be:

- The lack of a larger number of objects to be tested (eg. for the validation of the
method used in only a few accredited laboratories),

- High cost of measurements or limited time of their execution,

- The inability to re-perform the measurements, eg. in the study of a distant terrain
and in medicine.

- The limited number of collected data might be while object under investigation
might be destroyed or its properties after test are changing irreversibly.

© Springer International Publishing Switzerland 2015 293
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In all above mentioned cases, only a small sample might be available for further
data handling. According to GUM Guide [2], in determining the result and uncer-
tainty of measurement any sample of the data is considered as it comes from a
normally distributed population. The best estimator is regarded as a mean value of
collected data, and the uncertainty of type A as a parameter, which characterize data
scattering, basing on calculated of the variance of the sample. It was necessary to
examine to what extent it can also be a significant knowledge of other statistical pa-
rameters of small and very small samples, including skewness and kurtosis of the
cases where the type of distribution of the population is a priori not known. Here, as
the first step of this research will appoint the skewness and kurtosis statistics of small
and very small samples taken at random from a normally distributed population and,
for comparison — from a two other simple distributions: uniform and triangle. Monte
Carlo simulation method was applied to analyze small samples.

2 Pearson’s Skewness Coefficients of Population and Sample

The probability density distribution (pdf) of the asymmetry of the right tail, with me-
dian, mean and mode marked, as an example is presented in Fig. 1.

Probability density
function, pdf

1 2 3 4 5 6 7

Fig. 1. Parameters of the right-asymmetric distribution function (pdf)

For asymmetric distributions of the mean value u, mode and median do not overlap
with each other. Unified description of various distributions allows asymmetry is
given by Pearson’s coefficient of skewness y,

yE{(w”ﬂE[(xm] 0

o )| o (elx-up]”

The Pearson’s coefficient of skewness y; given by Eq. (1) is based on the central
moment of x; and a standard deviation o of the data population. The coefficient equals
to zero for a symmetric distribution, and is positive for right-tailed asymmetry distri-
butions (extended right tail). Also other non-classical skewness coefficients are used.

Pearson’s skewness coefficient g; for a n-element sample of x; < X population is
determined by this sample central moments: m, = s* and ms as estimators of o, us.
Skewness coefficient of sample g;is given by formula
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The skewness coefficient g according (2) is biased, so that is unbiased if driven in [1]
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The software supporting statistical calculation for skewness coefficient of the sample
use a bit different form then given by (2) i (3) [3], like given by (4)

K= )

n
nY (x—%)
-

“

and use also a standardised skewness coefficient

SSKE = SKE\/g 5)

For symmetric population and n > 150 SSKE coefficient is of Normal distribution [3].
The differences between the values of the coefficient of skewness given by differ-
ent definitions are not significant but for the very small samples should be considered.

3 Standard Deviation of the Skewness Coefficient

Variation of the skewness coefficient of g for a sample of n elements from Normal
population, according to [2] is

6n(n - 1)
n-— 2)(n + 1)(n + 3)

D(g)= ( (6)

To estimate variance of D(g) of small samples the Smirnov formula [4] is also used:

6(n-2) 6 12 1
D(g)=—+—"—=—|1- +0| — 7
(8) (n+1)(n+3) n{ 2n+7 (,ﬁﬂ @
where: O(-) — is a residual part 1n’

Equation (7) refers to samples of n > 25 elements. For larger number of n a re-
sidua part in (7) becomes neglected and variance is tending to: D(g) — 6/n.
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4 Kurtosis of Small Samples

Kurtosis of the population is given by the ratio: u,/c*. It serves as a measure of flatten-
ing (slenderness) of distribution, which indicates the concentration of its data. For a
Normal distribution (Gaussian) kurtosis is equal to 3.

Kurtosis of the sample is a ratio of its moments: iy, m,, s0:

C 4
(xi - )_C)
Kurtosis = _m;‘ = 2 ®)
m5 n-1)s

To compare other distributions with Normal distribution, the excess kurtosis coeffi-
cient of the population defined as: K=Kurtosis—3 is used, and comparison of samples,
for n >4 the formula from [3] given below is applied

n

n(n + 1)2 (xl- —)_5)4

2
o e ?
and the standardised Kurtosis coefficient also is used
L
SK(n)zK(%j ? (10)

5 MC Modeling of Skewness and Kurtosis of Small Samples

The authors noticed that consideration related to distribution of skewness coefficient g
and excess kurtosis coefficient K of very small samples of number of elements below
25 (n < 25) might of worth of analysis. Such samples are analysed using Monte Carlo
method. Skewness coefficient g and excess of kurtosis coefficient K for samples of
3< n < 25 elements are calculated and results in function of n are presented.

To determine distributions of the Pearson skewness coefficient for samples with n
elements drawn from the population of X with normal distribution (Gaussian) was
used unencumbered value of p(x;) the standard deviation of the sample. From (2)

g=—2=— A=l (11)
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where: mj3 — the sample third central moment, s — sample unbiased standard deviation.
The samples of number of elements n = (3, 4, 5, ...) were extracted from the Normal
distribution population and 100 000 such samples were analysed. In Fig. 2 selected
results are presented. The larger sample, the shape is closer to Gaussian distribution.

For samples of n > 3 the mean of modulus of skewness coefficient | g| and its vari-

ance D| g| and standard deviation s|g| = \/D|g| were calculated. Results are presented

in Fig 3 as relations vs. the number of sample elements n. In addition the standard
deviation 4(g)=./D(g) from the Smirnov formula (7) is also derived. Mean value of

modulus of skewness Q and its standard deviation s(g) for the small n-element sam-

ple has a maximum for ca. n = 6 and then is declining when n decreases.
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Fig. 2. Some distributions of skewness coefficient k, = g for samples of low number elements n
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Skewness g, D(K)

1 1 1 1 1
0 10 20 30 40 50 &0 70 80 90 100 110
n- number of elements in the sample

Fig. 3. Skewness g as a function of the small number n of elements of samples extracted from
Gauss population with a marked dispersions at level of confidence 0.95 and 0.99 respectively.

— mean value of g, ! — dispersion at p = 0.95, m — dispersion at p = 0.99
H — modulus of average |g| R -.— SD of mean; — D(K) Smirnov eq. (7).

Using the Monte Carlo simulation with sets of 100 000 of n-element samples from
a normally distributed population, the excess of kurtosis coefficient K were analyzed.
Some histograms of them are in Fig. 4 and the variance of their mean value and other
statistical parameters as a function of n are presented in Fig. 5.
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Fig. 4. Histograms of kurtosis excess K-3 of n-element samples from Gauss population
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Fig. 5. Statistical parameters of kurtosis K as function of number of elements n of sample from
Gauss population: — mean value, - —dispersion at p = 0.9; -

— dispersion at p =0,9

6 Comparison of Skewness of Samples from a Normal, Uniform
and Triangular Distributions

g
from: a normal, an uniform and a triangular distributions and variance D are in Fig. 6.

The mean value of skewness coefficient module for n-element samples derived

Standard deviations s :\/D@ and according to Smirnov equ. (7) are shown in Fig. 7.

Skewness - mean value

n - number of elements in the samples

Fig. 6. Skewness @ of n-element samples from 3 different populations: — D(g), eq.

), - — Normal,

Results presented in Fig. 6 and Fig. 7 allows us to conclude, that samples from a
population with uniform distribution are “less” skewness, triangular — more. Number
of measurements 7n,,,, at which occurs the maximum average skewness is also great-
est for the triangular distribution.

2l — triangular, eMEMEl — uniform
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n - number of elements in the samples

Fig. 7. Variance D(g) and standard deviations SD(g) of the skewness of n-element samples
A =

=l — triangular; ol

from population: - D(g), -

Rzl — uniform

SD(g) — Normal; ES

7 Conclusions

For the collection of small samples from a normally distributed population, mean
value of the coefficient of skewness deviates significantly from zero, and the kurtosis
— from the value of 3 for this population. The skewness is a maximum for the number
n of elements of the sample about 6, and excess of kurtosis — n approx. 20. Then, with
increasing n, both parameters slowly decreases to 0 and to 3 for the population.

Shapes of distributions of both parameter histograms for small # are also very dif-
ferent from Gaussian pdf.

The skewness and kurtosis are not yet taken into account in determining whether
the value of the sample mean as an estimator of the measurement result and its uncer-
tainty as a measure of assessing the accuracy (precision) of the measurement result.

For samples from a population of distributions other than normal, e.g. uniform, tra-
peze and triangular the average value is not the best estimator of the measurement
result [7-9]. The skewness and kurtosis functions versus n are also different than for a
Normal pdf.

It is intended to reproduce the data of small samples by resampling method and ex-
amine whether the skewness and kurtosis of these data enable a more precise estimate
the measured value and its expanded uncertainty, e.g. by Monte Carlo method [8].
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Abstract. The paper outlines the way of vibration energy recovery of continuous
systems. The research object was a circular membrane with a piezoelectric ele-
ment. Vibrations were described analytically and verified by the experiment using
laser vibrometer. Force input function was set by acoustic wave with different fre-
quencies. The results obtained in the laboratory experiments confirmed the need of
taking into account the changes in system parameters in direct energy efficiency
evaluation of the mechanical and electric transformation.

Keywords: energy harvesting, vibrations of the membrane, laser vibrometer,
modeling continuous systems.

1 Introduction

We all live in times when renewable energy sources are much sought for, be it for
ecological, economic, or political reasons. The wind power is used nowadays — in
wind power plants, the power of water — in hydroelectric power plants, the sun rays —
in solar panels, the earth warmth — in geothermal pumps and similar appliances, but
new solutions need to be found and the old ones developed together with the devel-
opment of technologies.

An important notion in new technologies are intelligent materials which can serve
as the most important element in energy harvesting systems [1-4]. The systems of
that kind have the purpose of harvesting energy to supply the devices in their working
environment. One of the examples of traditional solutions are mechanical watches,
which wind themselves up as a result of a natural hand’s movement. A new applica-
tion using intelligent polymers consists in supplying personal electronic devices with
electric current via active fabrics or elements in the soles of our shoes [5].

Using intelligent materials will enable creation of miniature generators. With their
help, retrieving energy from vibrations, or charging batteries of portable electronic
devices is possible.

The team supervised by R.D. Kornbluh [6] created in 2012 the so called “heel
strike generator”, which is a type of generator based on dielectric elastomers, en-
closed in shoe heels, that were able to generate about 1 W of power. A mobile phone
during the call uses about 1.4 W, and on stand-by 70 mW [7], so such a system, even
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if the losses are considered, can reduce the need of charging with the electric current
from the mains. Such a solution is light-weight, small, and does not require compli-
cated mechanical elements.

In the article herein, we will describe the way of the membrane’s kinetic energy
transformation into electric energy. It will be depicted, how electric current can be
obtained due to the actuation of a circular membrane to vibrate through the applica-
tion of an acoustic wave, and therefore, through the application of sound.

2 Experiment

2.1 Measurement Instruments

Laser vibrometry is a new technique designed to make non-contact vibration meas-
urements of a construction. The systems offered on the market at the moment, enable
scanning the surface of the whole elements as well as registering of vibrations in three
directions.

Vibrating object

Test beam
'0 ‘_l‘—‘f F = /_
| %1, . Brage-cell .
ANy A Ry
| e —_—
4
f,+ 40 MHz

E_ Reference beam

Fig. 1. Using the Doppler-effect in a laser vibrometer [8]

A laser Doppler vibrometer (LDV) is a scientific instrument the operation of which
is based on the Doppler-effect. Inside the laser head is an interferometer and a set of
beam splitters. It is the laser head where splitting of the beam into two components
takes place. The first, the reference beam, is directed straight to the photodetector,
passing on its way through the so called Bragg-cell. Due to the Doppler-effect its
frequency is shifted by 40 MHz. As a result, it is possible to measure the constant
component and the direction of the examined object’s movement. The second part of
the beam is directed on the examined object, and after being reflected by its surface,
comes back to the laser head and subsequently reaching the photodetector (Fig. 1).
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Due to the data collected from the reference and test beams, the signal is generated,
which is then further analysed [8].

A laser vibrometer has many advantages over similar devices used to measure vi-
brations such as an accelerometer. It is a result of the fact that the vibrometers can be
directed at objects that are difficult to access, or that can turn out to be too small or
too hot to attach a physical transducer. Also, the vibrometers assure the non-contact
vibration measurement, which allows for avoiding mass-loading the examined struc-
ture, which is especially important for devices in microelectromechanical systems
(MEMS).

With the help of the vibrometer the analysis of construction vibrations can be con-
ducted in relation to both: the time and the frequency. An additional merit is the pos-
sibility of visualisation and analysis of the dynamic phenomena taking place in the
examined construction.

2.2  Stand and Measurements

The experimental stand consists of a loudspeaker (Fig. 2) connected with a generator,
which is built in a control-measuring unit of the laser vibrometer. Due to the genera-
tor, the acoustic wave is obtained, that is further propagated through the loudspeaker
to actuate the circular membrane to vibrate. The membrane diameter — 10 inches =
=25.4 cm. The acoustic power obtained from the loudspeaker amounts to approximate-
ly 42 W.

Fig. 2. Mechanical Acoustic actuation

The initial enforcement was the white noise, whose aim was to actuate the mem-
brane to vibrate and to obtain the answer in the form of the frequency spectrum. Due
to the measurements conducted by means of the laser vibrometer we were able to
obtain the visualisation of the results (Fig. 3).
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Fig. 3. Frequency spectrum of the membrane

In the given case of the circular membrane in the preset frequency band 0-500 Hz,
we can observe the first form of proper vibration dominating for the 127 Hz value.
Due to the unambiguous qualification of the value of the vibrations’ first form and
thanks to the visualisation, we can locate the maximum deflections in the centre of the
membrane. At the same time, it is the place where the piezoelectric material was
placed (Fig. 4), for its deflections also reach maximum value at this spot.

Fig. 4. Circular membrane with a piezoelectric material put up

As the next step there was the sine signal generated with the frequency of 127 Hz.
The obtained effect is shown in the Fig. 5. It is the first form of the circular membrane
vibrations. The maximum deflection, i.e. the membrane amplitude amounts to
1.4 mm, therefore the power equaled about 0.6 mW.
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Fig. 5. The first form of membrane vibrations
The piezoelectric material deflects together with the membrane, its “work” was
used to obtain electric energy. In the Fig. 6 there is the electric circuit shown, which
generates electric current activating a small diode to illuminate, as a result of the
membrane vibrations.

Fig. 6. Elements of the electric circuit

Measured were: the current (amperage) and the voltage. In the given case the fol-
lowing values were obtained: I = 0.24 mA, U = 2.1 V, which results in the power
P =0.5mW.

In our experiment the maximum membrane deflection amounted to 1.435 mm and
the piezoelectric material deflection at the above assumptions amounted to 0.085 mm.



308 A. Waszczuk-Mtynska and S. Radkowski

3 Model

The vibrations of the membrane are described by the formula [9]:

2
ph 22 — NV2w = p(r, ¢,t) (1)

ot?
w=w(x,y,t) )
For the circular membrane we proceed to use polar coordinates
w = W(rl (P’ t)
X =7rcosQ, y = rsing 3)

Therefore, we obtain

92 9* 19 9 1 9°

Vz—ﬁ+a—yz=;§ra r_Za—qoZ:
=t )
2y aViw = P, 0,0 )

== ©)

where: N — power per unit of circumference, membrane tension, p — density,

h — thickness.
The membrane proper vibrations are described through solving the equation

?w  1dw | 1 9%w 1 d*w
@)

or2 ' ror ' rZo@? a2 otZ
At the initial conditions

w(r, @,t) =0,w(0,¢,t) <o

w(r,@,t) = w(r, ¢ + 2m,t) (8)
We calculate adopting the method of separated variables
w(r, @, t) = R(r)®(e)T(t) ©)
T(t) + 0?T(t) =0
?"(p) + u*P(p) =0 (10)

2

1 w? p?
R"(r)+—-R'(r) + <—2——2>R(r) =0
T a? r
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The solutions for the second equation:

>M(p) = sinup »®(p) = cosup (11)
Periodicity condition: u =n =0,41,%2, ...

To solve the third equation we apply substitution:

r=2x, R(r) =R(%) = X(x) (12)
Therefore, the equation takes the form of the Bessel equation:
2
X"(2) + X' (x) + (1 —Z—Z)X(x) =0 (13)
The general solution of which is :
X(x) = Al (x) + BY, (x) (14)

(_ 1)k(§)2k+n

J.(x) = X0 TG " the Bessel function of the first kind of for integer orders,
1 (47 .
r(z) = ;Hn=11+—nf — gamma function,
e @ cosim )y () . . .
Y, =lim,_, S —— the Bessel function of the second kind of for integer

orders.

For x = 0limY,, - oo then, what results from the second condition B = 0. And
the first condition yields:

JnCe0) = Jn (570) =0 (15)

We arrive at the solution depending on x,, Table 1

X0 = Xomn » m=12,3,.., n=0,123,..
_ Xomn@ _ Xomn |N
Wmpp =—— =—— [— (16)
To To ph

Table 1. Zero points of the Bessel functions of the first kind for integer orders

m
n 1 2 3 4
0 24 5.52 8.65 11.79
1 3.83 7.02 10.17 13.32
2 5.14 8.42 11.62 14.79
3 6.38 9.76 13.02 16.22
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05

Fig. 7. Plot of Bessel function of the first kind, for integer orders
We have two types of eigenfunctions :
1 2 .
W = W3 () = Ju (222r) sin (ng)

W = WD) = 1o (2227 cos (np)

a

Main vibrations of the circular membrane have the form

W (r, @, t) =
= (Amn Sin(wmn t) + Bmncos(Wmn t))Wn%l) (r, (P)

wil(r, @,t) =

= (Dinsin (Wpnt) + Emncos(wmnt))wngl) (r, o)
In the general case we arrive at:

W(T, (p: t) = Z;?l:(} Wmn (r' (p' t) =
n=

=1 (Amn SN @) + Brun€0S (@) (“227 ) (sin(np) + cos (n))
n=0 a

a7

(18)

19)

(20)

2
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Fig. 8. The first form of the membrane vibrations

With the maximum membrane deflection assumed 1.435 mm and the diameter
254 mm, the piezoelectric material’s deflection with the longer dimension of 64 mm,
amounted to 0.1 mm from the above calculations. The additional assumption is that
the piezoelectric material is well put up.

4 Summary

The experiment described above has shown that retrieving the energy from sound is
possible, however, the efficiency is to be worked upon. A substantial part of acoustic
energy is dispersed and in order to be able to utilise it to a greater extent, bigger ele-
ments and a prominent number of piezoelectric materials should be applied. In the
conditions created we succeeded, though, in causing the diode to illuminate, which is
a good prospect for the future research.

It is difficult to verify the analytical model against the experiment because defining
the density and the membrane tension in the examined object is hard to perform, but
the first form of vibrations seems to look the same.

The deflections of the piezoelectric material on the circular membrane in the ex-
periment and calculated on the basis of the analytical model prove to be very similar,
which is an acknowledgement of the experiment results by the model data.
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Affordable 2D Laser Scanning Device
for Accurate Acquisition of Environment Maps
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Abstract. This paper presents a prototype of an accurate 2D laser scanner for
environment map acquisition. The scanner is built using an off-the-shelf infra-
red laser distance sensor, which can rotate in a plane. It is driven by a small DC
motor and its angular position is controlled by an encoder. The design of the
scanner was aimed at obtaining high accuracy of geometric measurements, but
the device has rather a low speed of scanning. The sensor was in-depth tested to
determine its accuracy and application possibilities. Tests results are presented
in this paper together with a comparison to selected commercial laser scanners.

Keywords: 2D laser scanning, laser distance sensor, distance measurements,
map building.

1 Introduction

In mobile robotics, building the map is one of the main topics as same as localization
and motion planning. The knowledge about the robot's environment is almost always
necessary for proper operation of a robot. A detailed map is helpful in localization
tasks and provides a lot of information about the robot's environment.

Building the map can be realized in many ways using many different sensors. One
of the most popular sensors are the 2D laser scanners [1, 2]. They are well-known,
easy to use, quite accurate and allow to easily build a 2D environment map [3]. Nev-
ertheless, they are usually compact devices, and we do not have any possibility to
modify their parameters, such as the angular resolution or field of view. The available
laser scanners are also quite expensive.

Another much cheaper approach to map acquisition is a method based on an ultra-
sonic distance sensors (sonars) [4]. They have poor accuracy of distance measure-
ments, and a wide beam that makes the