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II1. Abstract / Zusammenfassung

This thesis deals with the development, the assembly and the application of a test environment for
a custom hardware design. This specific test device is able to send appropriate stimuli to the test
item and in return to receive and read outgoing signals. Special test programs afford the active
search for wrong-placed components, short-circuits and open wires. Furthermore, the analogue in-

and outputs will be calibrated.

The development of the tester concerns both the hardware design as well as the implementation
of an independent operation software, started with the hardware configuration, the operating system
integration, a communication protocol and the creation of the special test programs. In addition to

that, software will also be created for the testee in order to react on incoming commands.

At Last, the operation of the complete environment is assembled. With this, all occurring prob-
lems will be analysed and solved. The full-finished vicinity requires an analysing and reporting

software, which also is created in this part of the thesis.

Diese Diplomarbeit behandelt die Entwicklung, den Aufbau und die Verwendung einer Testumge-
bung fiir ein speziell angefertigtes Gerdt. Die spezifisch auf dieses Gerét ausgerichtete Testhardware
ist in der Lage, passende Stimuli an den Priifling zu senden und umgekehrt abgehende Signale aus-
zulesen, durch spezielle Testprogramme falsch plazierte Bauteile, Kurzschliisse oder offene Leitun-

gen auf dem Priifling zu erkennen und die analogen Ein- und Ausgédnge des Gerétes zu kalibrieren.

Die Entwicklung des Testgerites betrifft sowohl das Hardwaredesign als auch die Realisierung
eines eigenstindigen Betriebes von der Hardwarekonfiguration iiber Betriebssystemintegration, Die
Implementierung eines Kommunikationsprotokolls bis zu den spezifischen Testdurchldufen. Zusitz-
lich wird auch fiir den Priifling Software entwickelt, die auf die entsprechenden Kommandos des

Testers reagieren soll.

Zuletzt wird der Betrieb der Testumgebung hergestellt. Dabei werden vor allem die auftretenden
Probleme analysiert und behoben. Zum vollstindigen Testbetrieb gehort eine Auswertungssoftware,

die ebenfalls in diesem Abschnitt erarbeitet wird.
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VIII. Abbreviations

Within this thesis, several abbreviations are used to increase the abridgement of the text. These

Abbreviations mostly describe technical expressions, which are more or less common in the field of

technical engineering. Table 1 shows all used abbreviations in alphabetical order.

Table 1: Comparison of abbreviations and their meaning

Abbreviation Meaning
ADC Analogue-digital converter
API Application programming interface
ARM Advanced RISC machine, formerly Acorn RISC machine
CAN Controller area network
CE Chip enable
CF Compact flash
DAC Digital-analogue converter
EEPROM Electrically erasable programmable read-only memory
FAT File allocation table
FreeRTOS Free real-time operating system
GCC GNU compiler collection
GNU GNU is not UNIX (recursive acronym)
GPIO General purpose input output
GPL General public license
IDE Integrated development environment
IIC, I*C or 12C Inter-integrated circuit
ISP In-system programming
JTAG Joint test action group
MAC Media access control
MCI Memory card interface
MMC Multimedia card
OpenOCD Open on-chip debugger
OSI Open system interconnection
PCB Printed circuit board
PHY Physical layer
PowerPC Performance optimization with enhanced RISC performance chip
RAM Random access memory
RISC Reduced instruction set computing
(R)MII (Reduced) media independent interface

VIII. Abbreviations

XI
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Abbreviation Meaning
RS Recommended standard
RTC Realtime clock
SD Secure disk
SPI Serial peripheral interface
SRAM Static random access memory
UART Universal asynchronous receiver transmitter
YAGARTO Yet another GNU ARM toolchain
USB Universal serial bus

VIII. Abbreviations XII
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1. Task

The main task of this thesis is to create an environment which is able to assure the quality of a

mass-produced hardware. The test procedure is based on a multiple device vicinity in which one

device is the test item coming from production and one other device is used as tester. The idea be-

hind this test principle is to have a specific designed hardware that is able to individually test every

wanted part of the testee. For the mass-production use, the vicinity is as far as possible automated.

The main focus of attention in this thesis is on the hard- and software development of the specific

tester, although it will also be necessary to work on and with the test item as well. The whole thesis

can be graduated in five sections, which are both, chronological and logical:

1. Task

General considerations about the mode of operation

o Analysis of the test item

o Creation of a test scheme based on technical and economical considerations
o Choice of specific tester hardware (processor, specific circuits)

Hardware development of the specific tester

o Hardware schematic research and development

o Hardware layout design

Software development for the specific tester

o Implementation of basic structures (operating system, drivers)

o Acquiring of specific test applications

Software development for the testee

o Acquiring of scripts and software interacting with the tester test applications
Consolidation of tester and testee

o Appliance of test applications to complete test environment

o Development of test assessment applications

1/80
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2. Introduction

This thesis deals rather with an current problem for engineering companies than with scientific
research. The development of a specific test device is, for a company, one of the most extreme
methods of quality assurance, mainly because of its costs on the one hand for the device itself but
on the other hand also for the engineer, who develops it. Quality assurance is of continuously in-
creasing importance and gets still more important depending on the level, on which these devices
interfere with the security of human life. Apart from that, quality is always a good sales argument,
no matter how big and international the manufacturer may be. Especially small firms with a curt
budget are within a quandary; only products with a high amount of devices allow a non-uneconom-
ical use of specific testers or hiring of test companies, but every risk taken with the quality assur-
ance on smaller series increases the probability of claims by the customers and so rises costs and/or

service work.

This paper shows the complete development of a test environment based on a specific designed
test device. This specification will be achieved by analysing the test item both from an economical
as well as a technical point of view. With the help of these results, a tester hardware will be de-

veloped, assembled and afterwards used in the complete environment with the units under test.

I have chosen this topic for my thesis, because it involves both hardware as well as software de-
velopment parts and deals with an current problem with which I was faced before, during my prac-
tical semester. The creation and the design of a multilayer hardware was the more exciting part and
forced me to a well defined and strict time management, because the production and assembly of
the board took almost five weeks, which is nearly the half of the thesis time. Because of this, most
of the software was created theoretically or was tested on alternative devices without any warranty
that it will work like it was supposed to. Concerning the software, the most interesting part was the
interaction of two totally different systems, one running on an embedded Linux operating system,
the other running on a different processor and on an embedded operating system with a self-made

command-line interpreter.

Nowadays it is common to develop hard- and software simultaneously. This approach is mainly
caused by costs and simplifies time management. Furthermore, many parts of a software can be

written and developed theoretically and are checked when the corresponding hardware becomes

2. Introduction 2/80
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available. On more complex software developments, demonstration boards or alternative devices

are used to be able to prove the developed software.

This thesis was originally based on the simultaneous development, as mentioned above, due to
the extreme time limits prescribed and assessed by the examination regulations for diploma stu-
dents. Because of delivery-bottlenecks of the component distributors, it was not possible to as-
semble the specific tester device developed and designed within this thesis. In order to complete the
task as far as possible, the consolidation part was moved to an already existing, alternative hardware
based on the same processor and as far as possible similar to the tester board. As it will be shown in
chapter XYZ SW_HARDWARE CONFIGURATION on page ZYX, the software development was
based on multiple devices and because of that equipped with software switches. So it is easily pos-
sible to switch the complete software to the alternative board. Nevertheless, the use of the alternat-
ive hardware is only a workaround caused by the delivery problems and does not allow to finish the

development of the test environment.
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3. Used software in this thesis

During this thesis, several programmes, packages and software are used. The frequently used and/

or special software will be shown and explained in this chapter.

3.1. Altium Designer package

The Altium Designer package is a powerful and for commercial and industrial purpose created
software package. It contains special subprogrammes for every step of the hardware development
and is furthermore able to be comfortably used in network vicinities by one or more designers. It is

a commercial software and needs to be licensed by the user.

3.1.1. Altium schematic editor

The schematic editor allows the creation and development of electrical circuits. It can be used just
to draw circuits (for instance for documentation) but is commonly used for creation of library bases
for PCB' designs. The user is able to develop circuits from every available or self-composed com-
ponent on multiple sheets. Furthermore, the components can be marked as driving sources, power
supplies, inputs, outputs and the like, with which the drawn schematics can be simulated as an elec-
tric circuit. Moreover, a very detailed rule-management allows a complete schematic rule check for
almost every possible error or carelessness like open pins, short-lines and much more. A special ad-
vantage of the schematic editor is the multi-sheet ability. It is possible to insert already drawn cir-
cuits from the actual or older projects as a component and so save development and drawing time.
Additionally, the documentation gets smaller with this. Furthermore, the editor is able to annotate
the component designators. This function allows to automatically order and rename the compon-
ents, so that during the development process every sheet can contain a number one of every kind of

component but afterwards the components are all named and numbered unique.

When the schematics are finished and free of errors, the complete schematic hierarchy can be
compiled. With this, the drawn components and connections are split into a component list, a pin

list and a netlist, which are then used by the PCB design editor.

1 PCB: Printed circuit board
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3.1.2. Altium PCB editor

The PCB editor is for the development and design of (multilayer-) PCBs and is usually based on
the lists composed by the schematic editor before. From this, normally the PCB is created by ex-
porting all available circuits to a new PCB. After setting the properties of the board (e.g. number of
layers, size), all used components from the schematic are added to the PCB design including their

connections to each other.

The PCB editor is a powerful tool mainly based on extensive graphics. Nevertheless it is also us-
able on older PCs, although with lower performance. Its advantage lies in many additional graphical
or organisational functions and routines, which allows keeping an overview over the design even on
big multilayer design with less processor stressing. Similary, the graphic engine is completely ad-
justable, so that every layer and component can be set to every colour and almost every behaviour.
The design editor is based on the same rule engine like the schematic editor, which allows to set dif-
ferent priorities and warning or error levels for certain rule violations. The PCB design rules mostly
contain isolator spaces, distances between nets, widths of wires and the like. They are adjustable for

general use as well as for certain nets or components.

The design is all time update-able. This means that if changes in the schematics are necessary
after the design process already started and components or nets are added or deleted, the PCB de-
signer can easily be updated from the new compiled schematic component- and netlists. Even
changes in the inverse directions are possible. Figure 1 shows the PCB design editor window with
focus on the central processor of the tester board, where red wires are on the bottom and blue wires

are on the top signal layer.
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Figure 1: Altium PCB Designer with focus on the processor routing on all layers

3.1.3. Altium component editor

Although the Altium package already contains several thousand common components like resist-
ors, capacitors, standard ICs, processors, diodes, LEDs connectors et cetera, it will be necessary to
create or update components within the design process. In order to do this, A/tium created an own

component editor, which allows to create schematic and layout symbols and combine them.

A schematic symbol is an abstract drawn component which contains every used pin. Furthermore
it is supposed to contain important internal connections and a logical structure for the pin order (for
instance power pins above, input pins left, output pins right, GND pins below). The symbol is com-
bined with a library containing additional information, like the manufacturer name, order codes,
datasheets and more. Lastly it is possible to attach one or more layout symbols to it. These so-called
footprints are exact mechanical and graphical descriptions of the component and displays every
mechanical existence on every used layer. Mostly this concerns the pins of a component on the top-
layer, component names and drawn shapes on the overlay (or text) layer and on through hole com-

ponents also the hole with its corresponding drill. Most footprints are normed to certain sizes and
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already included in Altium Desinger, so that in most cases just a new schematic symbol needs to be

created and then combined with an existing footprint.

Figures 2 and 3 show examples of schematic and PCB symbols, both created with the component
editor. They both stand for the same component, which is a LM2678 step-down voltage regulator. In
figure 2 the logical pin order mentioned above is visible. The footprint in figure 3 complies with the

TO-263 footprint standard.

N}

@ \
2 = | 3
—— INPUT C_BOOST "—
m

T onore & |

o E‘OUTPUT L
& & |

o A ]
Figure 2: Schematic symbol example Figure 3: PCB symbol example (TO-263)

3.2. YAGARTO GNU-ARM Eclipse toolchain

The YAGARTO? is an ARM’-based cross-compiler toolchain based on open source projects,
which all are freely available on the internet. The complete package is based on the GNU*-license,
which allows to use and change the corresponding software both in private and commercial envir-
onments without any payments or restrictions. The rights of the original remain at the author in

€very case.

YAGARTO is composed of a number of individual programmes. The package installer already
combines these programmes to a complete toolchain environment in which manual settings are
hardly required. The IDE’ is optimised and set to the included compiler. No further software is re-

quired to develop and build executable software for ARM7-based processors.
The YAGARTO toolchain contains:

- the IDE Eclipse (open source, special license of the Eclipse foundation)
+  the GNU-licenced GCC*®
+  the OpenOCD’

2 YAGARTO: Yet another GNU ARM toolchain

3 ARM: Advanced RISC machine

4 GNU: GNU is not UNIX (recursive acronym)

5 IDE: Integrated development environment

6 GCC: GNU compiler collection

7 OpenOCD: Open on chip debugger

3. Used software in this thesis 7/80



Hard- and software development of a test environment for a maritime stabilisation system

3.2.1. Eclipse IDE

Eclipse is an IDE based on J4VA and originally just supposed for J4VA development. Within the

last years, Eclipse became the number one open source /DE because of its quality to be easily ex-

tended with plugins. In this way it is for example now possible to use Eclipse also for development

of software in C and C++. This huge popularity could be ascribed to Eclipses possibilities of hand-

ling big projects, work with more then one opened project once and combine a clear, structured sur-

face with helpful additional functions like auto-complete or a mouseover display. Moreover, Eclipse

is unlike many other IDEs able to be set up in almost every way the user wants it to be. For example

the text editor can be configured in many different ways of code style, just like the user or the cor-

responding company wants it to be. Figure 4 shows the surface of the Eclipse IDE.
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Figure 4: Eclipse IDE with opened projects

3.2.2. Open OCD

»

=8

~

o

The Open OCD is a small tool that allows a comfortable debug communication with the pro-

cessor via the JTAG® interface. Required for this is a supported JTAG controller. The tool creates an

8 JTAG:
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environment that enables a connection to the board via a telnet connection and provides a UNIX-
like API°. With this vicinity, it is for instance possible to read or manipulate every available register
or memory address. For every action, the processor must be halted. With this method, even one-
time readable registers, which lose their content after reading in normal processing mode, are read-

able multiple times.

3.3. Visual Studio C# Express 2008

The Visual Studio package is a professional development environment created by the company
Microsoft. The full Studio package contains /DEs for the languages C, C++, C#, Virtual Basic and
J++ and provides own compiler for each of them. The Visual Studio series is designed for software
development for x86 systems, so usually personal computers, and is hardly applied to embedded

systems.

Microsoft provides two different versions of Visual Studio; either the complete package, which
must be licensed, or single, limited versions of each IDE for free use, which are marked with the ad-
ditional name “Express”. Although the used version of Visual Studio is limited to more basic inter-
action with the operating system, it is sufficient for the purpose of this thesis and does not require a
new license on Visual Studio. The environment is used to create the window test application control.

Figure 5 shows the surface of the visual Studio /DE.

9 APL Application programming interface
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Figure 5: Visual Studio C# Express 2008 IDE surface with opened project

3.4. Notepad++

Notepad++ is an easy-to-use open source text editor, published with the GPL'". Its advantage is
the automated keyword- and text highlighting for different programming languages and a teachable
behaviour. Some functions like auto-completion or mouseover-display are similar to the ones
already mentioned with the Eclipse IDE (see chapter 3.2.1. Eclipse IDE on page §8), which makes it
easier to switch between them or work with both programmes at the same time. In this thesis, Note-
pad++ is mostly used to develop the linux applications for the testee, which can either be scripts or
small C programmes. A server-based version of the GCC is used to compile the C code written in

Notepad++.

10 GPL: General Public License
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3.5. Putty

Putty is an open source terminal, ssh- and felnet client for Windows operating systems. It is used
to establish almost every connection between the PC and the used boards, normally on the serial
ports. The connection to the Open OCD is also established with Putty. It is usable multiple, which
means that several instances of this application can be opened and used at the same time. Although
the Windows operating systems contain an own terminal client called Hyperterm, Putty is preferred
due to its smaller size and its better adjustability. The practical use showed also that Hyperterm is

less reliable.

3. Used software in this thesis 11/80



Hard- and software development of a test environment for a maritime stabilisation system

4. Test item

The testee is the device that should be tested. As mentioned in the task, it is created and designed
to be used as a ship stabilisation system. The principle of this stabilisation is rather new and not
well known to the general public. It in fact consists an artificial horizon device, weather and atmo-
spheric sensors shared all over the ship and several fins and heavy weights built to the ship hull.
With this the controlling device is able to compensate wave as well as wind influences and to bal-
ance the ship to a cross-movement of just 0,7° to each side. Before this was more than 10°. This
balancing is done by moving the weights near to or away from the hull. Moreover, the system is
able to compensate movements ahead or sidewards by moving and rolling the attached fins. The
weights as well as the fins weigh several tonnes per part, so they are moved by strong engines,

which are controlled but not directly powered by the testee device.

The main purpose of the system is the stabilisation of luxurious offshore yachts. Because of the
high-water resistance of the weights, they can only be used when the ship stands still or moves very
slow. The fins are designed to be used also while sailing and to reduce the rolling of the hull on
heavy sea. The main reason to implement a system like this to an offshore yacht was to solve the
problem of safely landing a helicopter on a strong and incalculable moving and rolling ship. Also,
yachts from that size often are too big to directly enter a port, which forces the owner to anchor out-
side in the unguarded sea. In this situation the stabilisation system increases the comfort on the ship
extensively. The figures 11 and 7 show the attached weights (figure 11) and fins (figure 7) in action.
The pictures are from demonstration and public relation video animations created by the customer

company.

~

Figure 6: Yacht hull with attached stabilisation weights

Figure 7: Yacht hull with attached stabilisation fins

Apart from the main purpose of the device, there are several more functions it fulfils. Because

luxurious yachts are equipped with a ship-internal network and attached to that a high-level multi-
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media system, the stabilisation system board can be integrated to this network up to a certain level,

where the stabilisation of the ship is in every situation highest prioritised.

The complete controlling software is developed by the customer. The device is produced and af-
terwards delivered with a basic linux operating system that supports all available periphery. The test
application environment developed within this thesis is placed in the production chain between the
production and the delivery of the devices. Because the controlling software is not available, the

purpose of the device is of minor importance for the further hardware design test.

The stabilisation system device consists of three different boards. This is mainly caused by the re-
quirements of the customer for a better adjustment of the product to the future purpose; there is no

technical need for division. Figure 8 shows the complete device with all three parts.

Figure 8: Overview to the complete testee device with all extensions

4.1. Processor board

The processor board is the only “intelligent” part of the device. It contains every component dir-

ectly required by the processor. This includes memory devices as well as interfaces.

As main processor, a Freescale MPC 5200 based on the PowerPC'" architecture is used. Frees-

cale (formerly Motorola) is, along with of Apple and IBM, one of the developers of this architecture

11 PowerPC: Performance optimization with enhanced RISC performance chip
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and is nowadays one of the leading manufacturers for PowerPC chips. These are often used in em-
bedded systems because of their high performance and the ability to calculate with floating points in
double correctness. This is interesting for measurement devices like the actual system. The Power-
PC processors nowadays available are normally based on 64-bit architecture, only /BM supports
some 32-bit chips. In addition to the embedded purpose, PowerPCs are used in almost all actual
gaming consoles (Nintendo Wii, Microsoft Xbox), in all Apple computers produced before the year

2006 and in high performance server stations and supercomputer grids (mostly from /BM).

Additionally to of the main processor, a co-processor is used to control the inputs and outputs of
the device. Although this causes a discharge on the PowerPC, the main reason for the second pro-
cessor is the real-time behaviour. The linux operating system on the main processor is a non-real-
time system, which means that the software can not warrant the exact time of input values. In con-
trast to that, the co-processor only contains an cyclic, interrupt-based software that warrants the
compliance of requested timings. The communication between the processors is mainly implemen-
ted with SPI'?, where the main processor represents the master device. Inputs as well as outputs are
driven in the same cycle. The applied co-processor is a NXP LPC 2108, based on the ARM chip ar-
chitecture. These chips became famous in the embedded and mobile sector within the last years be-
cause of their power saving features and the consequent 32-bit design. According to general estim-
ates, more than 75% of the used embedded 32-bit RISC processors are based on an ARM core. Fam-
ous example devices based on ARM processors are the iPhone and the iPod (both developed and
traded by Apple) and the mobile gaming console DS (developed by Nintendo). Figure 9 provides an

overview of the processor board.

12 SPI: Serial peripheral interface
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Figure 9: Overview of the processor board connectivity

Except for the two processors, the most important components are the memory devices. The
board possesses 128 MB SRAM" and 64 MB FLASH, where the FLASH is used to store the ori-
ginal software code, which is copied to and afterwards executed from the SRAM on a boot-up. Fur-
thermore, the processor board consists of a eight-port ethernet switch, a ethernet uplink port, an
USB host interface connector and a CF'# card reader. Finally, the processor board contains several
connector interfaces for different purposes; for instance a JTAG connection for debugging, RS 232"
connections to programme and communicate with the processors and three connector rows at the

bottom side of the board to establish connections to the peripheral devices on the other boards.

4.2. Main board

The main board is the biggest part of the stabilisation system device and is used to mount the sys-
tem to a rack and the processor as well as the extension board to itself. Furthermore, it contains the
basic input and output connections available on the system and provides the complete power supply

of the board including the step-down stages and fuses.

Most parts of the connector periphery consists of the analogue and digital inputs and outputs, out
of which each eight channels are available. Only the analogue inputs contain six channels. The di-
gital connections work with industrial standard logic of 24 V, the analogue connections are only

used to drive and read current between 0 and 20 mA. In addition to that, four relay throughputs are

13 SRAM: Static random access memory
14 CF: Compact Flash
15 RS 232: Recommended standard 232
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implemented to the main board, which allow to switch an incoming signal directly to an outgoing
one. Finally a CAN' and two RS 485 ports complete the connection section. Because the additional
extension board can be mounted to the main board as well as the processor board, there is one more

signal connector available to attach the extension board to the system.

The main board contains an 64 kB EEPROM"’, which is to store the analogue calibration values.
This is mainly caused by the consideration of being able to use the board in different vicinities with
different processor boards without the need to recalibrate the processor to the new analogue connec-
tions. Figure 10 provides an overview of the whole connectivity. As shown, apart from the CAN and
the RS 4835, the different kinds of connections are not grouped to own connectors but are adjusted to
the future purpose. This assembly is arranged by the customer. Also shown is the EEPROM in the

upper left corner.
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Figure 10: Overview of the mainboard connectivity

4.3. Extension board

The extension board is an additional component of the stabilisation system to extend it with more
analogue and digital connections and relay throughputs. In fact, the extension board contains eight

more analogue inputs, six more analogue outputs and both, four more digital in- and outputs. Fur-

16 CAN: Controller area network
17 EEPROM: Electrically erasable programmable read-only memory (also E2PROM or E2PROM)
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thermore, two more relay throughputs are available with this extension.

All in-, out- and throughputs are attached directly connected to the co-processor on the processor
board through a connector placed on the main board. The power supply is done by a special power

connector from the main board.

As well as the main board, the extension board contains an own 64 kB EEPROM to store the cal-
ibration values of the analogue connections. Figure 6 provides an overview of the connectivity. As
well as already seen on the main board, the different kinds of connections are not grouped to own
connectors but are adjusted to the future purpose. Also shown is the EEPROM and the connector to
attach the extension board to the CPU board.

3
=

a ig_ure 11: Overview of the extensionboard connectivity
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5. Considerations

The considerations are the first step in developing of test environments. In general, they consist
of a list of components, interfaces, connections and software parts that should be checked on the test
item and corresponding to that a list of possible methods to apply these tests. The test item was in-
troduced in chapter TESTEE on page XYZ. From this and other influences like already existing re-
sources among others, one or several options to design a specific test hardware are to be created.
Within these considerations, not only technical but also economical issues will be mentioned. Fi-
nally, the usability of the hardware must be considered, for instance the possible usage of operating
systems or development and debugging software. With this information, the hardware assortment

and afterwards the hardware design can be done.

5.1. Test scheme

The test scheme shows the individual parts of the testee that should be checked and in addition to
that possible test methods for each part. Furthermore, a general, logical test order sequence must be

acquired.

The testing of the several single-channel connections is one of the biggest parts of the whole test
procedure. This section is split into the three different kinds of connections, which are digital, ana-
logue and relay channels. For all, the test procedure is nearly similar; each channel must be proved
to be able to drive the full signal range and not to be shortened to other channels. On the digital and
relay channels, the full range consists of the two easy distinguishable soovean stats LOW and HIGH
(digital channels) and OFF and ON (relay channels) respectively. The range of the analogue chan-
nels is prescribed by the converter-circuit, but except from the simple functionality, offset and devi-
ation of the converter and converter-circuit must be considered, too. Non-calibrated converters
should be tested with wide tolerances in order to simply check their functionality. In order to test
these single-channel connections, every kind of connection will get an opposite on the tester hard-
ware in the same quantity. Because the testee is expandable to more in- and outputs and the test en-
vironment should remain highly automated, the tester must contain also additional connections.
This could either be done by adding more analogue, digital and relay circuits to the tester board or
by multiplexing the already existing channels between different connectors. In order to reduce

costs, both, on components as well as on the size of the board, the multiplexing method is advisable,
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also because the channels will not be used all at the same time.

To test the USB and CF host controller and interfaces, it is sufficient to attach an appropriate
memory device and mount it in the Linux operating systems. This is caused by the fact, that the
design test should only assure that all connections between an interface and its controller are routed
correctly. So, a special, so-called “golden file” can be copied to the memory and afterwards be read
back and compared with the original. If the comparison failed, it is difficult to suggest a possible
reason, because both interfaces are more complex constructions. The easiest workaround is to check

all connections manually.

The two EEPROM components located at the main as well as on the extension board are connec-
ted to the processor by the /°C bus interface. Several, individual test options are possible. In general,
a memory attachment is tested by a systematic check of all address and data lines. Because of the
special I°C link-up, this check is not required. To test the connection and functionality of the
memory, it is sufficient to write and afterwards read back a test string. Depending on the size, the
connection speed and the future purpose of the EEPROM, it is recommended to systematically write
to and read from the complete memory to find defect bits. If it is known that just certain areas of the
memory will be used it is sufficient to just scan this sector for broken bits. Because of the size of 64
kB, a complete memory test will be applied. If both memory devices are not functional, it is obvious

that the /°C interface is broken.

The CAN interface is easily testable either, with an self-test mode or with an so-called “Hello
world” test. The self-test does not require a second device that sends or listens to the bus which in
turn only assures that the devices transmit and receive connections work properly. One of the ad-
vantages of the CAN interface is to register it to certain addresses that are sent with every message.
With this it is possible to group certain devices. With the “Hello world” test, the testee CAN is re-
gistered to a user-defined address and programmed to directly send back the incoming message. Af-
terwards, another CAN device sends a test string to this address. If the received string is the same as
the sent one, the interface works. The test name is based on the fact that test strings in the informa-

tion technology are commonly and traditionally “Hello world”.

The RS 485 interfaces can be tested with two different methods. On the one hand, it is possible to
connect them to each other and send test strings from one to another. This method is most economic
but, in case of an error, does not allow any suggestion, which interface is broken. The second option

is to attach two RS 485 interfaces also to the tester board and connect them to the test items. Be-
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cause of the low costs of RS 485 transceivers, the higher comfort of two own RS 485 interfaces out-

weighs the economic advantages.

The remaining connections like the JTAG or the RS 232 interface can be tested by several differ-
ent methods. The JTAG and one of the eight ethernet switch ports are necessary to copy the soft-
ware to the board. The only method to test their functionality before any code is copied is to meas-
ure the wires manually. Programming the board is the most complex part for debugging because it
1s almost impossible to suggest any reason for a certain functionality disorder. From this one eman-
ates that the connections will be fine if the copying is successful. Nevertheless it is possible but not
necessary to implement a special test routine for the JTAG interface. The RS 232 of the main pro-
cessor is used as standard input and standard output of the Linux terminal. Although more complex
tests with different transfer speeds can be created, it is adequate to test if the terminal of the board is
accessible with the standard serial port settings already implemented in the Linux operating system,

which are set to the maximum transfer rate.

The ethernet interface can be tested in two different ways, which depend on the surrounding. If
available, the testee should be connected to an already installed network with its uplink port. So that
it is possible to execute a ping command to an known server, which, if available, answers with a
pong. The readback of this action can be evaluated. Although the functionality of the switch com-
ponents is already assured by the software copying, it is recommended to test all available ethernet
ports. In order to to do so, the switch can also be connected to the network, but it is important to
only connect one port simultaneously, because it is otherwise not possible to get to know which port
the device pinged. A more advisable method is an ethernet connection from the tester to the testee
switch. Because of the uplink port connection to the network, the tester is able to reach the network
through the switch. In order to automate this, it is possible to insert an 8-way multiplexer into this
connection to test all eight switch ports one after another. Although this method is rather comfort-
able, it causes high costs, because of the high signal frequencies of the ethernet connection that
must be multiplexed. To reduce the costs, the single line connection method is chosen and

moreover, the software will force the user to switch the cable between the eight ports manually.

5.2. Tester hardware

the tester hardware is chosen by considerations of many different influences. As main processor

and base of the test hardware, an 32-bit ARM7 microcontroller of type LPC 2388, manufactured by
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NXP, is chosen. This decision is mainly based on already existing resources and experiences within

the company that supports this thesis, but also on the controller specifications of 64 kB RAM",

more than 80 GPIOs and the applied interfaces, which are the advantages of this processor.

5.3. Test procedures

Table 2 shows all interfaces, connections, components and software parts, which should be tested,

with their corresponding test method, controlled by the specific test hardware.

Table 2: Comparison of test items and their corresponding test methods

Item to be tested

Test method

Processor board

Compact Flash reader

*  Mount an attached memory device
+  Test write and read on memory

Ethernet switch

»  Ping to a known server through the uplink port
for each port individually

Ethernet uplink

»  Ping to a known server

USB host controller

*  Mount an attached memory device
+  Test write and read on memory

Main board

Analogue input Stimuli read by tester board

»  Read single channel low value

*  Read single channel high value

*  Check if all other channels remain low
Analogue output Stimuli written by tester board

*  Read single channel low value

*  Read single channel high value

+  Check if all other channels remain low
CAN interface * Receive and return a test string from and to

tester board

Digital input Stimuli written by tester board

*  Read single channel low value

*  Read single channel high value

+  Check if all other channels remain low
Digital output Stimuli read by tester board

»  Write single channel low value

»  Write single channel high value

e Check if all other channels remain low
EEPROM »  Test write and read on all memory section
Relay +  Switch incoming voltage; readback on tester
RS 485 interface * Receive and return a test string from and to test

board
18 RAM: Random access memory
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Extension board

Analogue inputs Stimuli read by tester board
»  Read single channel low value
*  Read single channel high value
»  Check if all other channels remain low

Analogue outputs Stimuli written by tester board
» Read single channel low value
*  Read single channel high value
»  Check if all other channels remain low

Digital inputs Stimuli written by tester board
» Read single channel low value
*  Read single channel high value
»  Check if all other channels remain low

Digital outputs Stimuli read by tester board
»  Write single channel low value
»  Write single channel high value
»  Check if all other channels remain low

Relay * Receive and return a test string from and to
tester board
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6. Hardware development

6.1. Schematic development

The hardware development usually begins with the design of the schematics. They contain every
electrical component and connection which should be prospectively available on the PCB. On pro-
jects with a higher amount of electrical devices and wirings, the schematic drawings are among oth-
ers usually divided to contiguous circuits like the boards power supply, the input- and output section
of the main processor et cetera. Furthermore, multiple-used circuits or circuit parts should be split to

an own schematic to prevent of repeated drawing.

In order to achieve a better abridgement, the schematics for this project should also be divided as

mentioned above.

6.1.1. General information for schematic designs

The schematic design represents the actual research part of the hardware development. Because
of that, this activity usually takes a higher amount of time than the PCB design afterwards. Depend-
ing on the future purpose of the device, the designer is not only responsible for the pure electrical
circuits but also for the compliance of (international) norms and/or the costs of the device. These
topics are normally more important on mass-produced and public-used products and force the de-
signer to search and compare several and partial a lot of different devices to make the circuit fit as
much as possible to the wanted target. But although the costs or norms are minor motivations on a
prototype or single device development, the choice of the components takes some time. In addition
to that, the use of non-common devices or ICs mostly forces the designer to create new component
symbols in the design environment. Although only a few different symbols are used in the schemat-
ics, these components may differ on the further PCB in size (e.g. common resistors and power res-
istors, which both got the same schematic symbol but need size-different PCB symbols). On SMD
devices, these symbols need to be very accurate. In a commercial facility, it is usual to supplement
the components with the manufacturer name, the manufacturer code and order codes of the common

used device distributors. Sometimes alternatives are also necessary.
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These tasks rather concerning organisation parts are mostly important in commercial environ-
ments, where usually more then one designer designs several PCBs and is commonly called “library
care”. The more accurate these libraries are created and supported, the easier is the future use of it

for all designers, who all then can access new libraries and/or components.

6.1.2. Introducing information

The schematic drawings will contain several components and circuits with different purpose, so
the division of the schematic to more sheets is advisable. The following chapters will to explain the

created circuits and their purpose.

The schematics are organised in a hierarchical way with three layers. The lowest of these are cir-
cuits, which are used several times and are included to other circuits. The mid layer contains all

one-time used circuits which are brought together on the highest layer, which is called “top sheet”.

6.1.3. Designators, values and synonyms in schematics

Every component in the schematics must be explicit assignable and as far as possible specifiable.
For this, normally three different specifiers are used, either in the schematics but also later on in the
PCB. These specifiers are: designator, value and synonym. Figure 12 shows the usage of these spe-
cifiers, where the letter “C” is the synonym, “22uF 16V is the value, and the number “C92” is the
designator, which is in fact a combination of the synonym and an individual component number.
Where this number can exist several times on different components, its combination with a syn-

onym is unique.

2 |
22uF 16V ——

Figure 12: Example of the usage of the different specifiers

The synonyms are used to show the kind of the component on first sight. They are not normed
but normally used akin. In table 3, the synonyms used in this thesis with their component meanings

are explained.
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6.1.4. Power supply section

Table 3: Overview of used synonyms and their component-meanings

Synonym meaning
C Unipolar capacitor, Electrolytic-capacitor
D Diode, Schottky-diode, LED
F Fuse
L Inductor, Choke
P Connector, Pin-grid, Header
Q Transistors, Crystal
R Resistor, Power-resistor
S Switch
U ICs, processors, any kind of integrated devices

The whole board will only be supplied with a constant power source of 24 Volts. Nowadays, this

is the most common power supply available in developmental and industrial vicinities.

Although there are some circuits that are designed to work on 24 Volts supply, most of the cir-

cuits and components are to be supplied with a much lower voltage. It is advisable to chose the

components that way that they fit as far as possible on the same voltage. In the actual schematic,

seven different voltages are needed, which are mentioned in table 4 with their schematic names,

values and main purposes.

Table 4: Table of used voltages with schematic-used names, values and general purpose

Name Value Purpose
VIN 24V Unfiltered voltage from the external supply
Supply of VIN_DIGI
V24 24V Switching voltage of multiplexers
Further transformation to VCC
VIN_DIGI 24V Reference voltage of digital in- and outputs
VCC 5V Supply of integrated circuits like level changer
Supply of status LEDs
Further transformation to VIO and VCC_ETH
VCC_ANA 5V Extra filtered 5 Volts supply for analogue in- and outputs
VIO 33V Supply of main processor
Supply of integrated circuits
Supply of JTAG interface
VCC _ETH 25V Supply of external ethernet PHY circuit

6. Hardware development
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As protection, the power supply circuit contains several special components. Directly parallel to
the power supply connector (P19), a supressor diode (D26) protects the following circuits against
overvoltage. In serial-connection to the following circuits, a 1.35 A fuse (F1) protects the boards
against high current flow, for instance caused by short lines. In connection to that a common diode
(D25) prevents of fault connection on the main power supply connector. Lastly, a choke reduces

possible noise of the supply. The protection part of the power supply circuit is shown in figure 13:

VINDAY

D2s

|
— 4
MERI351354
P19 DA 21
1 D6 U e
- —
2 SMBIRICA T s0v P
HEAD PH 2 ACMBYS-601-2P-TO01

Figure 13: Power protection circuit on power supply

The filtered 24 V behind the choke is used to supply the multiplexers with a high switching refer-
ence voltage as well as also supply further step-down regulators to lower voltages. The first of these
step-down regulator takes voltage down to 5 V. This transform-stage is mainly responsible for the
correct supply of the whole board, because it supplies several devices directly as well as it also
drives a second step-down stage to 3.3 V and a third stage to 2.5 V. Because of this requirements, a
high quality and stable step-down regulator with high current throughput is necessary. Since the
possible high current, it is highly recommended to adhere the impedance of the regulator and its
wiring. The second step-down stage to 3.3 V is directly driven by the first one and is mainly to sup-
ply the central processor as well as several internal devices like level changers and memory inter-
faces. These devices are all not highly sensitive against voltage-fluctuation, but nevertheless a regu-
lator with high output should be chosen since otherwise a consumption peak may cause voltage
drops, which in turn may cause a unmeant restart of the processor. The third and last stage only

partly supplies the ethernet PHY and must not be chose as a high quality device due to the PHYs
purpose.

As seen in table 3, the digital and analogue in- and outputs are supplied with an own voltage. This
is mainly caused by their purpose. The supply for VIN DIGI is gripped directly from the external

supply in front of any filters or security components like fuses. In future use, this voltage supplies

the digital outputs, which are mainly designed to drive optocoupler-circuits on a second, unknown

6. Hardware development 26/ 80



Hard- and software development of a test environment for a maritime stabilisation system

device. Because the functionality of these inputs cannot be warranted and may be short-lined for

any reason, they can cause a much higher current than the outputs are designed to drive. To prevent

the whole board of the risk of damage, this supply voltage is separated and secured by an own fuse

right in front of the main fuse of the board. This is shown in figure 14, where P19 is the connector

for the external power supply (Pin 1: 24 V; Pin 2: GND).

VIN24V

Fl

VIN/24V

1 — D26
SMBI33CA

——
=—=1
MF-RI135/1.35A

———

|

2
IMF-R135/1.35A

:

Figure 14: Scheme of the separation of the digital output power supply

VIN_DIGL24V
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From the already to 5 Volts transformed voltage VCC, the additional supply VCC ANA is split for

the analogue in- and outputs. This is mainly caused by noise reduction on the power lines in order

to achieve a more stable reference voltage on the analogue-digital and digital-analogue converters

as less as possible influenced by the current consumption of all other VCC-supplied components. To

achieve this, VCC ANA is filtered and stabilised from V'CC as shown in figure 15.
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Figure 15: Filtering of analogue supply
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6.1.5. Central processor

The central processor is, according to its name, one of the most important components in a digital
circuit. Most common designs are based on only one central processor to do all work, where bigger
or more complex designs divide several tasks like communications or special memory algorithms to
so-called co processors, which are in turn controlled by one or more, to a cluster connected central

processing unit(s). The present design contains one central processor to do the whole work.

The LPC 2388 in the applied version with 144 pins causes a quite big schematic symbol. Due to
the abridgement, this symbol should be divided into two or more single signs, which then can be
split to several schematic drawings. It is recommended to split the symbol according to the purpose
of the pins, e.g. GPIOs", power connection and the debug interface. The processor is able to use
most of its pins as a general in- or output, but also use them for instance as special communication
or memory interfaces. In case of the LPC 2388, most of the pins support four different purposes.
These different possible usages should be mentioned in the schematic symbol for each pin.
Secondly, it must be decided, in which order the pins are printed. All applicable pins are grouped to
five banks with up to 32 pins. These pins are not compulsorily consistent with the external pin num-
ber, which then allows a printout either according to the external pin numbering, which is more in-
teresting for the further PCB design, or the logical bank order allowing a better overview for the
software development. In this paper, the second option will be used due to the design software
which already contains a ready-to-use symbol for the LPC 2388 with the specified order. Figure 16
shows a partial pin printout. It shows the pins ten to 26 of the first pin bank (bank 0) with their dif-
ferent possible purposes. It is observable that the pins used for the digital inputs are set to the gener-
al purpose where the pins concerning the MCI* mostly are set to a special interface function.
Moreover, the figure shows the difference of the two ordering methods mentioned above where the

external pin numbers are mentioned outside of the component above their corresponding pin.

19 GPIO: General purpose input output
20 MCI: Memory card interface
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Figure 16: Partial drawing of a pin bank of the central processor

Except from the adaptable pins, the LPC contains several more connections to the outside which
are also grouped to four more schematic symbols. The first of these is the power connect block,
which contains every pin used to supply the processor. Because the LPC contains several, independ-
ent interfaces, it is possible to supply some of them individually, for instance the build-in convert-
ers. Also, reference voltages can be connected separately. At least, the processor is able to be partly
supplied with a battery. With this, the internal RTC* on a special part of the memory is still on
power, so that for instance the clock does not need to be set up every time the processor is switched
on. In the actual design, a battery supply is not designated, so that all of the supply pins are directly
connected to the power supply of 3.3 V. Except for the battery supply pin, all power connections

need to be buffered with an own blocking capacitor of 100 nF.

The next schematic symbol contains the crystal connections. The LPC 2388 must be driven at
least by one crystal, commonly with 12 MHz. Without this clock, the processor is not runnable. Al-
though the internal circuits of the processor need different clock speeds, the whole component only
needs to be supplied with one external crystal. The LPC contains special, individual clock divider
registers for the interfaces and circuits that must be driven with different clock speeds. A second,
much slower crystal with 32,768 kHz exclusively supplies the RTC. As mentioned above this is be-
cause the RTC is driven by an own supply-pin either on the normal power connection or on battery

so that even in battery mode the R7C crystal is supplied.

The fourth symbol contains the JTAG debug interface connections. This interface allows comfort-
able debugging directly on the chip and is a powerful tool especially on prototype development. The
interface connections are ready-to-use and only need to be added with pull-up resistors on the data

and a pull-down resistor on the clock connection. Although the JTAG interface only contains six

21 RTC: Realtime clock
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connections, it is common to use a 20 pin connector with two times ten pins in a row. This is be-
cause the JTAG controller outside the board (for instance a PC) also gets its power from the board
via two pins and is able to act on some more pins with special actions. In the current design, the

JTAG controller can also drive the global RESET signal on the board.

The last symbol contains every non-connected pin of the LPC. Although there are of course no
connections to this symbol, it should be mentioned in the schematics to show which pins are not in-

volved in the design.

6.1.6. In- and outputs

The design contains several kinds of in- and outputs with each several pins or channels. Because

of this, this chapter will be split-up into these different kinds.

6.1.6.1. Digital

The digital in-and output section is mainly designed to be connected to industrial sensors or
devices. Digital means that each output contains two states, which are either HIGH or LOW. In in-
dustrial vicinities it is nowadays common to use 24 V logic, because electrical signals than can be
carried on long distances. Furthermore, each channel of both the in and outputs should contain an
own LED that shows the present state, where an illuminated LED means HIGH. Each eight digital

in- and outputs are needed, from which each four must be switchable to an alternative connector.

To achieve in- and outputs fulfilling these requirements, on both ports some special circuits are
necessary. On the outputs, the first step is to raise the LPC output level from 3.3 V to the required
24 V. For this, special so-called high-side switches are available. This device is designed to a certain
input logic and raises this to a certain output level. The high-side switch is supplied by the special
secured digital 24 V voltage. The output signal from the switch is then filtered with a CLC low-pass
to protect the output against chattering and reduce noise. At least, the signal is wired to a connector
to be able to grip the signal externally. Before, the required LED is connected to the signal between
the CLC and the connector with a series resistor to ground. The four-way multiplexer is a special
component that allows to switch four digital outputs between two connectors. It is controlled by
only one line coming directly from the central processor. The signals the multiplexer should switch

are gripped between the CLC filter and the LED connections.

The digital inputs are working the inverse way to the outputs. The only difference is the method
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to reduce the incoming voltage of 24 V to a level the processor can handle. This is done by using a
optocoupler circuit that also realises a complete electrical detachment between the incoming signal
from a foreign device and the own board, which is shown in figure 17. The optocoupler is secured
with a special diode (D3) component that prevents of misconnection and wired to a LED (D2)
showing the momentary signal status. The coupler (U2) output creates a inverted signal with a pull-
up resistor (RS5) pulling the output to H/GH when the coupler is not active and pulling down the sig-
nal to 0 V when the coupler becomes active. This inversion must be considered in the software. Af-
terwards, eight of the input signals are wired to a multiplexer to use each four of them. The multi-

plexer is already known from the digital outputs.
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Figure 17: schematic of the optocoupler input circuit

6.1.6.2. Relay

The relay inputs are working the same way as the digital inputs, which means that in fact they
consist of the optocoupler circuit shown in figure 17. The only difference to the digital inputs men-
tioned before is the circuit on the testee, which does not only drives 24 V to an output but switches
an incoming signal, so that it has no power consumption of this action. Because of that, every relay-
input got its own 24 V output signal, that should be switched by the testee. In addition to that, the

incoming signal must not refer to 24 V, which is just the maximum the relais is able to switch.

6.1.6.3. Analogue

The analogue in-and output circuits are the most complex circuit parts in the design. This is
mainly caused by three specific requirements to these circuits. Firstly, the internal converters of the
central processor should not be used due to their insufficient accurateness which causes external
devices inclusive their required wirings. Secondly, the in- and outputs should be able to read both

voltage and current, which requires a special circuit combination, because converters are only able
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to read voltages. Thirdly and due to debugging, the values from the converters should be accessible
with a measure device, which causes an additional pin-row to grip the signals. Eight analogue in-
puts and six analogue outputs are needed. As on all in- and outputs, at least a few of the signals
must be switchable to a alternative connector. In case of the analogue connections, all channels are

involved, which requires two four-way multiplexers per port.

On the analogue inputs, the multiplexers are the first devices involved into the circuit. This is
mainly to reduce the further needed components and based on the principle that all channels are
switched at the same time. Also based on this is the connection to the pin-grid (see figure 18). It is
wired the way that it is possible to grip voltage as well as current. For this, each of the eight chan-
nels is wired to one input pin on the grid and one output pin. With this, a current measure device can
be connected in series to the circuit as well as a voltage measure device can grip the voltage parallel

between both pins shorted (for instance with a jumper) and GND. Af-
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Al IN2Z
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The applied converter works with an accurateness of twelve bits and is connected to processor via
the SPI. It contains eight individual analogue-digital converting channels, so that only one device is
needed. To reduce the measurement inaccuracy, a high precision, low power reference device stabil-

ises the reference voltage of the converter.

The analogue outputs work the inverse way of the inputs with the difference, that three two-way
digital-analogue converters are needed and because of this three CE* connections are required to be
able to control every converter individually. The converters are also connected to the SP/, so that
except for the CE-wired no further connections to the processor is needed. As well as the analogue-
digital converter, a high precision reference device stabilises the reference voltage. The outlet of the
converters are connected to the specific analogue out circuit allowing to differ between voltage and
current output, which is partly shown in figure 20. It consists of two divided circuits based on a
two-way operation amplifier (U3) where one of these simply amplifies the incoming voltage and the
other controls a power transistor (T1) which realises a current flow depending on the output of the
amplifier. Both circuits are brought together in a two-way multiplexer (U4) where both channels are
controlled by only one connection from the processor (CONFIG). This is because one of the two

switches in inverted and so only one of the two amplifying circuits becomes active.
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Figure 20: Analogue output backend with both operation amplifier circuits and switch

22 CE: Chip enable
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Like on the analogue inputs, the signals should be accessible on a pin-grid for measuring with the
same connection principle. Afterwards, the six signals are connected to two multiplexers to be able

to switch them between two connectors.

6.1.7. Communication

6.1.7.1. RS 232

The RS 232 interface is the most used communication interface in the design. It will be used both
to control the program flow of the processor, and to write program code into the processor-internal

memory.

The Recommended Standard 232 describes the level and way of connection of a certain serial in-
terface. RS 232 is the most commonly used serial interface and realisable with a LPC-intern
UART?> and a RS 232 certified level changer. To communicate with the processor, these two con-
nections (7X: transmit; RX: receive) are sufficient. The Standard prescribes more connectivities, for
instance flow-control mechanisms to communicate, for example with modems, which are not neces-
sary in the present context. The two connections should be filtered with a CLC filter to reduce high-
frequency noise. The values of this CLC part must be chosen carefully, because the filter limits the

transfer rate of the connection due to the buffer-effect of the capacitors.

In order to be able to write programme code into the processor-internal memory, the serial con-
nection must be switched in some way. To prevent the processor of unintended reprogramming, this
change must be done by the user manually with a jumper. So, the global RESET signal can be pulled
to GND with a reset signal from the programming device (e.g. a PC) which in turn resets the pro-
cessor to the starting address. On another wire the programming device then can start programming
the processor via the ISP** interface. The RS 232 connection with the attached ISP interface is
shown in figure 21. On the RS 232 connector (J1), the lines 2 and 3 are for the serial communication
with the processor, where line 2 represents RX and line 3 7X. The figure also shows the manual ac-
cessible jumper (P1) to enable the ISP interface. Lastly, the whole board is reset-able via a switch

(S1) that pulls down the RESET signal to GND.

23 UART: Universal asynchronous receiver transmitter
24 1ISP: In-system programming
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Figure 21: RS 232 interface with attached In-System Programming interface

6.1.7.2. RS 485

The Recommended Standard 485 as well as the 232 describes the level and way of connection of
a serial interface. In difference to the 232 standard, the levels on the 485 are higher so that both in-
terfaces are not directly connectable. The principle behind both interfaces is similar, so that also the

RS 485 is also supplied by a LPC-internal UART with an attached level changer.

On the current design, the RS 485 connections are used to create a parallel bus structure. This
means that the whole bus consists in fact of two wires, on that several devices can be attached paral-

lel. This principle can be seen in figure 22.

Device 1 Device2 Device 3 Device n-1 Device n

: : .
] ° ° RX
Figure 22: Scheme of a parallel bus structure

The design contains two RS 485 interfaces and two external connectors to attach them, so that
two individual bus structures are possible. Both connectors contain both interfaces, so that the con-
nectors are not bound to one bus. Normally, a device within the bus requires two connectors to be
build into the existing structure, because on every side other members are available. The only ex-

ceptions are the master device at the beginning and the last slave device at the end of the bus. The

6. Hardware development 35/80



Hard- and software development of a test environment for a maritime stabilisation system

design can represent both one device within the bus or up to two devices on one of the two ends.

Also, the device is able to be attached to both buses at the same time.

6.1.7.3. Ethernet

The ethernet connection is based on the multilayer principle of the OSI*-model. The specific lay-

ers are designed in two different hardware devices, firstly the PHY?® and secondly the MAC* .

The PHY is responsible for the physical connection between the outside network and the central
processor. It is automated as much as possible and only contains a few registers to be configured.
The physical layer is the first, bottom layer of the OSI-model. The MAC as second layer is the data
link layer and responsible for a reliable, as far as possible error-free data transfer. On the LPC, the
MAC is integrated as a hardware interface and communicates with the PHY with a special interface
called RMII*®. This interface is designated for the communication between these two OSI layers and
can either be in full transfer (non-reduced) mode with four bits parallel (MII) or in reduced mode

with two bits parallel (RMII).

The ethernet layers are supplied by an own crystal and the PHY is partly supplied by an special
power supply of 2.5 V.

6.1.7.4. CAN

The CAN is a common used bus in industrial or automotive vicinities. The LPC 2388 processor
contains two independent CAN interfaces, which both consists of each a receive and transmit line.
To access a CAN bus with the processor, an external CAN receiver transmitter device is required to
change the receive and transmit lines to the specified levels. Depending on the transfer speed, the
number of connected devices and the distance to the bus, a 120 Q resistor is required to terminate
the bus between its high and low signal wires. The complete CAN connections circuit is shown in
figure 23, where P14 represents a jumper to manually terminate the bus connection as mentioned

above if necessary.

25 OSI: Open system interconnection

26 PHY: Physical layer

27 MAC: Media access control

28 RMII: Reduced media independent interface
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6.1.8. Memory

6.1.8.1. EEPROM

The EEPROM is accessed via SPI by the processor. To warrant low latency, the memory is at-
tached to an own serial interface to which no other devices are connected. Due to its properties as a
non-volatile memory, it is used to store important variables or data concerning the device or a spe-
cial part of a programme, that belongs to this device and should be accessible even if the original
program code in the processor was updated or changed. The advantage of this memory is the fact
that it is accessible byte-by-byte, which allows a comfortable and fast access and storage of single
variables or smaller arrays. In contrast to that, most memories are accessed in a certain page-size
which demands to read or write always a whole block, mostly of 512 bytes, which is more comfort-

able on working with bigger data sizes, but is not given in this case.

The EEPROM is used to store board-specific data like serial numbers, certain MAC-address
spaces or special values like calibration multipliers. Because these data belong to the device and not
to the specific programme running on it, it is more comfortable to store them externally. To attach
the memory device to the processor, no further devices like level changers are needed. It is directly

connected to the first SP/ of the LPC.

6.1.8.2. MCI

The MCI is used to attach removable memory to the processor. It can either work with MMC? or
SD*. The LPC contains a implemented MCI, that can be set-up with just a few registers. It works
with a certain set of commands, that mostly fit in both kind of cards. Only one command on the ini-

tialisation and a few commands for multiple access to the card differ. With the initialisation differ-

29 MMC: Multimedia cards
30 SD: Secure disk
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ence it is possible to scan which kind of card is inserted to the slot. In hardware, the MMC is only
reachable with one data line, where an SD can be attached either to one or four data lines parallel,
which allows a much higher transfer rate up to 5 MB/s. Due to interoperability, all four data connec-
tions will be realised. In addition to that, the MCI contains one clock line and one command line.
Furthermore, two switches allow scans whether a card is inserted and if its write-protected (SD
only). This protection is based on a mechanical switch build to the SD card, which can easily be
overridden by software. It will be implemented and used as a kind of notification to prevent of acci-

dentally overwriting.

The data lines all need to be pulled up to 3.3 V as well as the both switch lines. An own power
line (MCI_PWR) from the MCI is used to switch the power supply of the card. This line is automat-

ically controlled by the interface. The power status becomes visible with an included LED.
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6.2. Printed circuit board design

The design of a printed circuit board is the more complex part of the hardware development. Al-
though there is hardly research action left to do, there are a lot of possible errors in this step of de-

velopment.

6.2.1. General information on the printed circuit board design

Printed circuit boards are common devices, available and used almost everywhere in normal life,
from the coffee machine up to the mobile phone or the notebook. A board is not only used to sup-
port electrical connections between components but also to hold them. So aside from electrical at-
tributes, the mechanical and even thermal properties are important for the design. In some cases, a
board holds bigger and heavier components or is used to conduct lost heat from components like
processors or integrated power circuits. These and probably several more issues must be considered

on a PCB design before the first connection is drawn.

The starting point of a prototype board like in the current design differs from a commercial,
maybe massed-produced product. The first difference is given with the size of the board, which is
mostly prescribed on commercial products by the used enclosure. In most cases also the positions of
some special components like switches or LEDs are given due to their accessibility. These specifica-
tions decrease the possibilities of the designer, which may be an advantage in the beginning but can
also be turned to a drawback in the last connections. On a prototype development with no specifica-
tions about positions and sizes like this design, the first step normally is to chose positions for at-
tachable components like connectors, interfaces, LEDs and switches. Moreover, it is common to
place the central processor in the middle of the board in order to reach it from every side. The size
of the board is at first chosen a bit bigger than necessary and is firstly fitted to a possible size when
the mentioned positioning is done. Many further positions and design parts of components and cir-
cuits result from this. The last decision before the designing process begins is the definition of the
used layers. Generally, the designer choses between a one, two or a multilayer design. The differ-
ence between these is mainly given in the power supply and the costs. PCBs with inner layers are
more expensive but allow inner power and GND plains, which permits a low-impedance power sup-
ply at every position of the board without getting problems to route the signal layers. Smaller
designs are normally designed on two or even just one layer. On larger or more complex designs,

usually a multilayer design is chosen, because the advantage of easier routing and the lower imped-
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ance outweighs the higher costs. Multilayer PCBs must always contain an even number. It is com-
mon to start with four layers and add more signal layers only if necessary. Normally, the inner lay-
ers are used for GND and power and the outer layers for the signal routing. This is mainly caused by
the fact that all components are mounted on the outer layers and must be attached to them. Also it is
recommended to route the signals of both layers 90° staggered to prevent of crossed connections on

one layer.

The different layers are connected to each other by so-called vias, which are small, metallised
holes, that establishes a connection between at least two layers. A via can be build in two ways,
where the first is a fully metallised hole through the complete board that connects every layer. The
second kind only contains conducting material between the layers that should be connected to each
other. The first possibility requires an isolating area around the via on every layer, that should not be
connected to the signal. The second method only involves the layers that should be connected to
each other. However it is more complex in production and therefore more expensive than the full

metallised via.

The not-used areas on the signal layers can either be left out free or filled with plains connected
to GND. Filling reduces the impedance and saves vias to the GND layer. It also reduces noise and

interaction between signal lines and can cause a more stable system.

6.2.2. Designators, values and synonyms in PCB designs

The designators, values and synonyms already described in chapter 6./.3. on page 24 are also
used in the PCB design. It is common to just write the designator next to the component on the
board surface. The reason why values are normally not added to the board is that values are usually
mentioned on the component by the manufacturer. The designators are helpful additions to the
design both for the person that places the components on the board and for the designer checking
and eventually debugging the design. It is advisable to keep one or at most two different writing dir-
ections on the board and also to place the designators as near as possible to the component. Only if

a lack of space occurs, designators should be left out.

6.2.3. Component positioning

A complete overview on the layout of the PCB with the positions of every component is shown in

figure 24.
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Figure 24: Overview of the PCB and the component positions (3D model from Altium Designer)

As observed, the analogue and the digital in- and outputs are routed to a adversed, similar design.
The outputs are all located at the top edge and the inputs at the bottom edge of the board. This is
mainly caused by a better overview and to minimise the risk of wrong connections. All these in- and
output sections plus the relay inputs consist of two connectors, where one is routed to the basic set-
tings and the second one can be used instead of several basic channels. In case of the analogue cir-
cuits, all channels are switches, either between the main board (MB) or the extension board (EB)
connector. On the digital circuits, only four of the eight existing channels are switched. These are
the first four channels from the left on the main board connector. The last four channels are applic-
able in both modes. On the relay inputs, all channels are reachable without a switch in between. The
analogue circuit connectors are placed in a special way with the pin-grid, where the pin wired to the
connector is always routed in a row to its corresponding pin on the connector, and the other pin of
the grid wired to the converter circuits is placed in the gap between two connector pins. This place-
ment is exemplary shown in figure 25 (3D design model) and 26 (assembled PCB) by the connect-

ors of the analogue outputs.
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Figure 25: Pin -grid placement of the analogue outputs (3D model)  Figure 26: Pln grld placement of the analogue outputs (assembled PCB)

On the top edge next to the outputs, all circuits concerning the communication with the testee are
located. This affects the complete ethernet circuit including the PHY, the CAN circuit and the RS
485 bus assembly. To reduce impedance, the last step-down voltage regulator stage for the ethernet

circuit is located directly next to the PHY.
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Figure 27: Communication circuits (ethernet CAN, bus) (3D model)  Figure 28: Communication circuits (ethernet, CAN, bus) (assembled PCB)

Figure 27 shows the layout of the communication circuits as 3D design model, figure 28 shows
the same part of the assembled PCB. Because the ethernet and the bus assembly use the same con-
nector, they are separated from each other with the CAN interface to reduce the risk of wrong con-
nections which may harm the RS 485 level changer or the ethernet PHY. Also displayed in this fig-
ure is the possibility to manually add text strings to the board. This is done on some components
like jumpers or special LEDs. In case of the PHY, the four available LEDs show different stats of
the current ethernet connection (act. (activity), spd. (speed), dplx. (duplex) and err. (error)). These
are rather readable with their logical meaning than just with their designators. The same holds for
the two jumpers of the CAN interface, where one of them activates the bus termination (zer.) and the

other one disables the transceiver (ref.).

On the right edge of the board, the more user-specific components are placed. This mostly con-

cerns the RS 232 and the JTAG interfaces, with which the user controls the board. Also, the power
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connector, the reset switch and the MCI cardholder are placed in this area. This is chosen this way,
because the surrounding circuits (bus, CAN, ethernet at the top, relay inputs at the bottom) leave
much free space to place the relatively big power circuit components like step-down regulators or
capacitors. To reduce the impedance of the supply circuits, the lengths of the wires between them
must be kept as short as possible, which is easiest done in the free space of the board. Figure 29 and

30 demonstrates the impedance-relevant connections on the power supply circuits in the schematic

(figure 29) and in the PCB (figure 30) with red highlights.
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Figure 29: Impedance-relevant connections on power supply in schematics Figure 30: Impedance-relevant connections in PCB

At last, two free usable LEDs are located at the bottom right of the board. They are designated to
show the momentary status of the processor, for instance a normal running mode with a blinking

LED and an active procedure with a permanent illuminated LED.

Figure 31 displays the very compact designed analogue input section after the assembly to

provide an impression of the accurateness.

Figu of the assembled PCB to show the produ
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7. Software development

The complete software used on the tester board and the test item written in ANSI C and Linux
script with only a few exceptions on some register commands and interrupt handling that can only
be done in Assembler. The software is basically split into the two different subchapters 7.1. Tester

and 7.2. Test item, which are both divided to several sub-projects.

7.1. Tester

The software for the tester device is split into several sub-projects, which is on the one hand
caused by a better abridgement but on the other hand makes the individual software parts much
easier portable to other projects based on the same processor architecture. Some parts like the file-

system library are totally platform-independent.

The following chapters explain the individual software parts. The annotations are kept to the
more general functionality of the code and will not be too detailed. Only a basic approach used in
the whole project (for instance register manipulation) or very special programme sequences will be
clarified with example code lines or the corresponding, special code section. Also, special approach

of code-style is shown with short examples in the chapter, where the example belongs to.

As far as possible, already written code or software parts, which are only assumed to this thesis,
will be marked as so. Every code file in the addendum got a file header, in which the initials of the
author or authors and the date of the file creation are mentioned. Foreign sources such as open
source projects contain own file headers with their licence agreement, which regulates the private

and commercial use of this code.

Most parts of the software mentioned and explained in the following chapters were created and
tested on the target hardware. Nevertheless, the complete software is based on the considerations
from chapter CONSIDERATIONS on page XYZ. Occurring problems with this software during the
development and testing/debugging of the complete test environment with the testee will be men-

tioned, explained and if possible solved in chapter MERGE on page ZYX.
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7.1.1. Type definitions and code style

#define UINTS unsigned char /* Definition of type unsigned 8 Bit */
#define UINT16 unsigned short /* Definition of type unsigned 16 Bit */
#define UINT32 unsigned int /* Definition of type unsigned 32 Bit */
#define pUINTS unsigned char * /* Definition of pointer to type unsigned 8 Bit */
#define pUINTI16 unsigned short * /* Definition of pointer to type unsigned 16 Bit */
#define pUINT32 unsigned int * /* Definition of pointer to type unsigned 32 Bit */
#define INTS8 char /* Definition of type signed 8 Bit */
#define INT16 short /* Definition of type signed 16 Bit */
#define INT32 int /* Definition of type signed 32 Bit */
f#define pINTS8 char * /* Definition of pointer to type signed 8 Bit */
#define pINT16 short * /* Definition of pointer to type signed 16 Bit */
#define pINT32 int * /* Definition of pointer to type signed 32 Bit */
#ifndef NULL /* If NULL was NOT defined up to now */
#define NULL (0) /* Definition of NULL */
#endif
typedef enum /* Define own enumeration type BOOLEAN */
{

FALSE = NULL, /* Set FALSE to NULL */

TRUE /* Set TRUE to 'NOT FALSE' */
} BOOLEAN;
typedef enum /* Define own enumeration type RESULT */
{

ERROR = 0, /* Set ERROR as a Result member */

OK /* Set Result OK to 'NOT ERROR' */
} RESULT;

Code 1: Own data type definitions

The company supporting this project uses an own coding standard as well as own data type defin-
itions. This is due to the use of several different platforms and architectures with the different pro-
jects of the company. The own data types are to keep a maximised level of portability and readabil-
ity of the code. The main problem of data types in C-code is, that some of them differ in size, de-
pending on the processor architecture on which they are applied. For instance, the common type int
differs between sizes of two and eight bytes. Also, common data types can be used signed or un-
signed, which is also important on embedded systems. Code fragment 1 displays the type definition
used on the 32-bit ARM processor. The coding standard describes the way code has to be formatted
within the code files. On the one hand this increases the serviceability of the software as well as the
readability, but on the other hand decreases the dependency to the software author. For instance, the
coding standard regulates in which way comments have to be written within the code files. Code 1
shows a more simple example of these regulations, where all comments start and end at the same
column. Also shown is that all macro definitions are written bold in order to be able to differ

between variables and macros.
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7.1.2. Hardware configuration

The hardware configuration of the processor is split into four different parts and several different
files of the project. The most elementary part is the linker script, which is used by the compiler to
manage the memory parts of the processor. The used LPC 2388 processor contains several different
memory sections, like the FLASH to store the software code and a general RAM section on which
variables are created and commands are executed. Moreover, the ethernet and the USB interfaces
contain own, small RAM sections to store the corresponding stacks. These sections are all men-

tioned in the linker script.

The second part is the basic processor configuration, which mainly consists of the different clock
settings. Although the processor component is attached to only two different crystals, the internal
devices and interfaces need several different clock cycles. This is done by internal clock prescalers,
which are to be configurated, set and enabled as one of the first steps done with the processor boot
up. In fact, the complete clock management depends on the external 12 MHz oscillator. The second

crystal of 32,768 kHz is exclusively used by the internal realtime clock.

As the first two parts of the processor set-up are more general settings which can be used on al-
most every project based on the LPC 23xx family and are set before any general application can be
called, the other two steps depend much more on the application(s) executed on the processor. The
next step is the enabling and configuration of used internal devices like the interrupt vectors, the
memory acceleration module or the watchdog module. The last hardware set-up part is the pin con-
figuration. These settings depend only on the application and the attached periphery and are set just

in the application using these pins.

Any hardware setting must be written to the corresponding registers of the processor. Because of
the strict 32-bit architecture of the ARM cores, all registers are accessible on 32-bit addresses and
are 32-bit wide. As already mentioned in HW_DEVELOPMENT on page XYZ, the GPIOs are
bundled to five banks with up to 32 pins, which can be set with writing a logical 'l' to the corres-
ponding bit in the banks SET register and are deleted by writing a logical '1' to the corresponding bit
in the banks CLR register. Writing a logical '0' to one of these registers has no effect. The procedure
of using two different registers to set and delete a pin is not common but allows an interrupt-stable
programming and write- or read-access to all to the corresponding register attached pins in only one
clock cycle. On regular (non-GPIO) registers, setting and deletion of a bit is done in the same re-

gister. Beside the GPIO configuration, the processor contains a lot more set-up registers for the sev-
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eral interfaces, which partially need much configuration data. The general access to the registers is
firstly possible directly on the 32-bit address or secondly with pointer variables to these addresses.
The first method is easier and faster usable because no additional file containing all the pointers
must be written. On bigger projects, the second method is commonly used because the code be-
comes much more read- and serviceable if the pointers are named like the corresponding registers in
the processor user manual. Appropriate files containing already defined pointers are available for
most ARM processors in example projects of development board manufacturers. In this paper, this

file is called LPC23xx.h and contains individual pointers to all accessible registers.

The application of pointers allows direct access to the registers but also requires detailed know-
ledge of bit-manipulation. It is always advisable to only change the actual bit(s) with logical AND or
OR assignments. Doing so, it is not possible to set and clear bits in a register within one step. This
must be done successively. The only exception is to change the complete register value coevally,
which should only be used if the non-actual bits do not matter or are not used. Otherwise, certain
initialisation or function sequences could be disturbed by setting foreign bits in wrong moments.
The following code fragment (code 2) shows the definition and usage of register pointers to set and

delete a pin with an attached LED.

/* Fast Input/Output pin setup registers in LPC23xx.h */

fidefine FIO BASE ADDR  0x3FFFC000

#define FIO4DIR (* (volatile unsigned int *) (FIO_BASE ADDR + 0x80)

#define FIO4PIN (* (volatile unsigned int *) (FIO_BASE ADDR + 0x94)

#define FIO4SET (* (volatile unsigned int *) (FIO BASE ADDR + 0x98)

#define FIO4CLR (* (volatile unsigned int *) (FIO BASE ADDR + 0x9C))

/* LED Mask definitions in LED.c driver file */

#define LEDO MASK 0x00000010 /* LED is attached to pin 4 (Bit 4) of bank 4 (P4.4) */
FIO4PIN |= LEDO_MASK; /* Set pin 4 of bank 4 as output */
FIO4SET = LEDO MASK; /* Switch on LED by setting corresponding pin */
FIO4CLR = LEDO MASK; /* Switch off LED by deleting corresponding pin */

Code 2: Example of register manipulation to set and clear an external pin

The next code fragment (code 3) shows a typical register set-up with predefined bit-masks and af-
terwards logical assignments to set or clear certain bits in a register. As already shown, the first
writing to the register overwrites every available bit, because this special register is not used before
this statement and all other important bits are changed afterwards. This style of code-writing is
more extensive but on the other hand easier readable and serviceable, because the use of the mask
names shows at first sight, what part of the configuration is affected and the used method of writing
the operator shows directly if the corresponding bit(s) are set or deleted. To get to know the mean-
ing of a set or cleaned bit in a register, the mask definitions are commented with their effects to the

Processor.
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/* static RAM access register configuration in LPC23xx.h */
#define EMC BASE ADDR 0xFFE08000
#define EMC STA CFGO (* (volatile unsigned int *) (EMC BASE ADDR + 0x200))
/* EMC CONFIGURATION REGISTER MASKS in EMC.c */
#define EMC BANDWIDTH 8 0x00000000 /* Bit 0-1. 00: 8 Bit */
#define EMC PAGE MODE 0x00000008 /* 1: Async mode, 0: disabled */
#define EMC_CS_POLARITY 0x00000040 /* 1: Active HIGH, 0: active LOW */
#define EMC EXTENDED WAIT 0x00000100 /* 1: EW enabled, 0: disabled */
#define EMC BUFFER CONTROL 0x00080000 /* 1: Buffer enabled, 0: disabled */
#define EMC WRITE PROTECT 0x00100000 /* 1: protected, 0: not protected */
/* Set up Static Memory Configuration Register in EMC.c */
EMC_STA CFGO = EMC_BANDWIDTH_8; /* 8 Bit Buswidth and Register Reset */
EMC STA CFGO |= EMC_PAGE_MODE; /* Async Page Mode */
EMC_STA CFGO &=~EMC_CS_POLARITY; /* Active LOW Chip Select */
EMC STA CFGO &=~EMC EXTENDED WAIT; /* Extended Wait disabled */
EMC STA CFGO &=~EMC BUFFER CONTROL; /* Write Buffer enable */
EMC_STA CFGO &=~EMC WRITE PROTECT; /* No write protection */
Code 3: Example of the register manipulation codestyle with set and clean statements

If a mask is used in Eclipse, the mouseover display shows its comment, although the definition is
outside of the actual screen or even the file. This special behaviour is shown in figure 32, where the

mouse (not visible) points to the evc wriTe prorecT mask.

104 EMC_STA CFGO £=~EMC_BUFFER CONTROL; /% Urite Buffer disahle w

105 ENC_STA CFGO &=~EMC_VRITE PROTECT; /% No write protection o

108 define ENC_WRITE PROTECT  0x00100000 /* 1: protected, 0: not procected  +/
107 f* Z3etc up Write - -

108 ENC_STA_WATITWEND

102

Figure 32: Example of the mouseover-display function in Eclipse IDE

A last option to manipulate the processor registers is to build structures of every register with
members for all mated bits. This method allows an easier usage, because the members can be used
as normal variables and so set and clean bits within one logical step. The disadvantage of this meth-
od is the high effort to create the structures as well as the fact that the compiler will build the same
bit manipulation commands like the method shown in code 3, with the difference that the structure

method does not show exactly what the compiler will generate.

Because the software development is done for most parts on other devices than the target tester
board, the individual hardware-using software segments are switchable between three different
hardware environments by changing only the switch. These environments are firstly a development
board from the manufacturer Olimex, a company-intern product called /0-Controller, which is in
several parts similar to the tester board, and lastly the tester board itself. Code 4 shows the switch
definition and the general usage within this thesis. The keyword \uzrx is a part of the Eclipse task

function, which allows to mark codelines or -sections with several, self-created keywords like for
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instance \ropo, \worzce or \warx. The slash identifies the following word as a task keyword. All lines
marked this way are mentioned in the Eclipse task window and allow a direct step to this line or

section. This allows a better abridgement.

/* Pinset Switch declaration and definition in LPC23xx.h */
/* For Olimex DemoBoard : PINSET TESTER = 0

* For Pinsettings of IO-CTRL REV_C: PINSET TESTER = 1

* For QUA 2475 TESTER : PINSET TESTER = 2

*/
#define PINSET TESTER 2

/* PINSET TESTER switch usage in example file (dac.h) */

// \MARK NEW PINSETTINGS FOR TESTER (2)
#if (PINSET TESTER == 2)

#define maxDAC Channels 9 /* If actual board is tester, set 6 DAC channels */
felse
#define maxDAC Channels 4 /* If other board than tester, set 4 DAC channels */
fendif

Code 4: Definition and usage of the pinset switch

7.1.3. FreeRTOS operating system

The FreeRTOS* is an open source operating system for embedded systems and is available for
many different processors. It is freely usable for private as well as commercial applications, but
without any warranty. The operating system is already ported to the LPC23xx processor family,
which allows an easy usability and requires just minor customising to the tester application, such as
memory allocation. FreeRTOS contains realtime behaviour, and in addition to that multitasking

functionality, time basics and semaphores.

The multitasking principle is in fact just an illusion, because every conventional processor can
only execute a single command per cycle. The trick is to rapidly switch between single tasks and
make it appearing like multiple tasks running concurrently. This is shown in figure 33, where the
upper graph displays the subjective and the lower graph displays the real behaviour of the system.
The order, in which the individual tasks are executed one after another can be affected by the prior-

ity assigned to every new task.

31 FreeRTOS: Free realtime operating system
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All available tasks appear to be executing ...

Task 1 Executing

Task 2 Executing

Task 3 Executing

[ me n >

... but only one task is ever executing at any time.

Task 1 Executing e —_— - - b

Task 2 Executing — o J— — —

Task 3 Executing P et — | — —

[ 2 Time tn >

Figure 33: Multitasking principle of FreeRTOS (source: FreeRTOS.org)

FreeRTOS requires at least one task running in an endless loop. This is caused by the fact that the
complete operating system consists of a simple application that is ended if no more code is available
to execute. As long as the so-called idle task runs, the system remains actively and new functions
and tasks can be called or created (for instance by interrupts or remote calls). The idle task of
FreeRTOS is comparable with the idle task of other operating systems like Windows or Unix. New
tasks are created with xraskcreate using parameters like the function name, function arguments, the
task priority and the stack size. The task management system is based on the principle of endless
tasks, which means that tasks that end because their code ends are not deleted. They can be started
again without any need to recreate them. So of course they also block memory in the stack if they

are just ended and not deleted with the command xraskpeiete.

Time basics are of great importance in real time systems. The operating system is able to create a
quite simply usable time stamp in milliseconds. This allows to directly handle times within the
code. The command vraskpelay in combination with a time in milliseconds as parameter forces the
system to hold the containing process or task for the given time. Thus, almost 100 per cent of calcu-

lation time becomes available for other processes.

Semaphores guarantee the exclusivity of functions. Even in stressed and critical situations, a real
time operating system needs to keep its ability of forecasting. In many cases, more than one process
are able to access a certain function or variable. In critical situations, these parallel-accessible func-
tions must be secured of a simultaneous access. Usually, this is done by flags behaving like normal
variables which are changed and requested for their value. Although this method is the simpler one,
it contains an important disadvantage: the setting of a normal variable may take more than just on
calculation cycle, and with this the exclusivity of a certain, secured software sequence is not war-
ranted. The more technical form for this is devideable. In contrast to that, semaphores are undevid-
able. In FreeRTOS, semaphores are from an own type and are taken and released instead of set and

cleaned like flags. Before semaphores may be used, they must be created. This is done with the
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command vsemaphorecreateBinary. The function xrakesemaphore returns a numeric value that indicates
whether the semaphore was taken or not. The software then is able to request for this and act fur-
ther. Exceptions are numeric semaphores; they are able to be taken multiple times up to a defined
maximum. With xreleasesemaphore, a semaphore is freed for a new access. If multiple processes try
to access an already taken semaphore, FreeRTOS will not create some kind of queue list for it. The
access will be given to the first process in stack. Also a queue list based on priorities is not possible,

which turns the securing process based on semaphores into a serious exercise.

7.1.4. Drivers

The drivers sub-project contains all functions necessary to access internal or external attached
periphery, which also includes special hardware configurations (see chapter 7.1.2. Hardware config-
uration on page 46). Hereby each periphery or device got an own driver structure, which consists of
a header- and a code file (see figure 34). This structure may also be called module. If a certain peri-
phery becomes more complex (like for instance an USB stack), the code should be divided into
more than two files and be arranged in an own sub-folder. The basic idea of this structure is a max-

imised dynamic use.

Each driver contains an initialisation function, which sets hardware configurations (e.g. pin set-

tings), starts up or loads special interfaces, allocates memory and sets

the periphery to a certain start condition. In the following, functions to 1: g?:;imnww ibDrivers]
interact with the corresponding periphery are available within the b fﬁ“: Ejirateam.c
code file, for instance read and write functions on the memory drivers ﬁ;:"iateaio'h
or special algorithms to build SP/ commands. Each of those functions, [;;::ch
that should be available from outside of the corresponding code file is t;;:::p':om
[ eeprom.h

prototyped in the drivers header file. Also, driver-specific type defini- 1. 54 priver fite structure
tions, settings and variables, which should be used from other functions, are defined in the header.
With this method it is possible to simply include the drivers header file to an application file and so

get full access to all data types, functions and drivers-specific variables.

The initialisation functions are usually called from the main function right before the operating
system becomes active. In the initialisation sequence, a certain order must be complied, because
some peripheries depend on each other, as for instance the EEPROM depends on the SPI bus. In

general, the whole driver sub-project should contain as few dependencies and interactions with oth-
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er projects as possible. In the present software, the drivers only depend on the register-definition file
LPC23xx.h, the custom data type definition file types.h and in some cases on parts of the operating

system.

7.1.5. Communication protocol

The communication protocol is used to transfer commands and data between at least two environ-
ment devices and is based on the Master-Slave principle. This means that the devices within the
communication are not equal but depend on the master. The advantage of this bus architecture is an
easy development, the drawback is the total dependency of the communication on the master

device.

The used protocol is based on a company-internal, general communication system and was adjus-
ted to the purpose of this thesis. All devices within the bus contain an own device number between
1 and 256, whereas 1 stands for the master and all numbers above for slave devices. Moreover,
every device must contain the highest used number and so know the total number of devices within
the bus. According to several functions like the in- and output drivers it is possible to choose the
device on which the command is to execute. This is realised by handling the device number within
the function call. Although it is possible to execute a command on the own device by choosing the
own device number. Device number 0 always stands for the self device and does not make use of

the protocol.

The interchange of commands and data happens in cycles stimulated by the master device. Each
cycle belongs to only one slave device within the bus, whereas at first the master transfers his com-
mands and data, and afterwards receives results or function calls. The slave also transfers a cycle

finished symbol, which enables the master to start the next cycle on the next slave device.

The bus architecture interferes with the operating system and initialises an own task on its start-
up. All functions called from the bus are executed within this special task to prevent collisions with
the regular running software. Apart from the task creation, the bus initialisation also registers a
device to a certain number and thus either to be the master or a slave. The registering is also bound
to a certain communication interface, which is in this thesis one of the RS 485 front ends. If a differ-
ent interface should be used, the cycle timings may need to be retuned. The communication pro-
tocol is multiply usable at the same time, which means that a device for instance may act as the

master on one bus and as a slave on a second bus. Because of that, the binding to an interface is
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marked in a bus handler variable with which it is possible to identify each bus affiliation.

The function management is based on two different bus function types, where one is a regular
call and the other is a result call. The difference between them is the moment in which they are
called; the regular function is always executed in the beginning of a cycle and a result function at
the cycle end. So, it is possible to command a device to a certain task and to receive a result of this
task within one cycle. This fact gets more important the more devices are involved in the commu-
nication structure. Functions must be shared with the bus in order to be able to execute them re-
motely. Each device contains two function-pointer arrays in which the attached regular and result
functions are listed. A function is attached with ovpattachrpc (for regulars) or ppattachrpcresuit (for
results). The attachment requires parameters, which consist of an individual function number and
the number of maximal parameters that should be transferred within the remote call to this function.
If no parameters are necessary, the number of parameters for attaching is wurr. In fact a remote func-
tion call consist of the transfer of the individual function number and of an optional list of paramet-

€rs.

Table 5 shows an example use of the bus protocol. The mentioned software activity is placed in

only one bus communication cycle.
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Table 5: Communication protocol command and data flow example

Master Slave

Bus initialisation

Initialise device as master ‘ Initialise device as slave
Attach a result function - Parameter: X Attach a regular function - Parameter: Y
Functions checks the incoming result and Function checks the incoming parameter Y,
prints out the parameter X. prints it and, depending on it, sends a result.

If Yequals I: print Y and send 5 as result
IfYis not 1: print Yand send 3 as result

Software activity

Call regular function on slave — handle 5 as 4>‘Regular attached function is executed ‘

parameter *

‘Print received parameter— Y =15 ‘

‘ Result function is called K—{Send result to caller — Result =3 ‘

v

‘ Print received result — Result =3 ‘

7.1.6. Test applications

The test applications are the main adapted part within this thesis and are split into two different
sections and folders. First, the tester contains several self-test applications to assure its functionality.
The second kind of applications represents the remote hardware design test functions. Most of the
self-test and remote test sequences are based on the same principles but are realised in different
ways. This is mainly caused by the fact that the self-test must not be as automated as possible and

will rarely be executed.

In order to keep an overview, the test application files creation is based on the same principle
already known from the drivers project; a header file for all prototypes, global defines and type
definitions and a code file for the software. Every file that directly contains test applications is
marked with the prefix “fest” within its filename. The self-test folder solely consists of files like
this. The remote test applications additionally require special driver software for the communication

with the other bus device.

The individual test procedures are all based on the deliberations of chapter CONSIDERATIONS
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on page XYZ. In order to achieve a dynamical use, each test consist of a general execute function
which controls the further test procedure. If a certain test should be executed, only this function of
type eoorean 1s to be called. All further, individual test functions as well as the test result calculation
for this periphery are done within the general execute function, which at its end returns the calcu-

lated test result.

The remote test functions are partially based on complex communication with included wait
states realised by semaphores. For that reason, these test applications need an own initialisation se-
quence to create and take the semaphores. Because the operating system will collapse if a sema-
phore is taken or released without its previous creation, the semaphore-using functions must be se-
cured against non-initialised access. This is most easily done with a soorean flag. Each individual
semaphore-using test sequence got an own, global flag which is set to rarse on start up and set to

rrug 1f the corresponding test initialisation is finished.

Each test is totally independent from the other tests. This is done to be able to call each sequence
individually. In order to achieve a highly automated test environment it is necessary to create a fully
automated test routine based on the single tests. Within this it is appropriate to acquire and apply a
logical order and to react on and interact with previous results. Figure 35 shows the applied test se-

quence order and the possible dependences on other test parts.
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Figure 35: Flow chart of the complete test sequence

7.1.7. Additional software

Within the application project some additional software parts are also implemented to simplify

the tester usage. Mainly this is the menu structure which enables the user to interact with the test en-
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vironment. The menu architecture refers to a common Linux terminal structure but is strongly lim-
ited to more general abilities. The menu basically consists of four different arrays, out of which the
first contains the command, the second the corresponding function pointer, the third an calculation
offset and the last some optional help text strings. The recognition of a command is built with string
comparison. To reduce this intensive compare calculations, the command table is ordered alphabet-
ically. Before the complete command is processed, the first character of the command is compared
with the offset table. If commands with this first character are available, the offset of this character
for the command table is returned and enables the menu to start comparing the commands at the
first entry with the given character. The offset table is built and calculated within a menu initialisa-
tion function, which must be called before using the menu. Figure 36 shows the flow chart of the

command-input.

Read keyboard |

Check if at least Print out all
= actual ke one command
Yes—p| Y es—m possible
a TAB? with actual letters commands
exist
No

Read and ignore
tha following two
characters

Up-Arrow’' kay

detected
Prifit last command | 4
b promipt

15 last
character a
A7

Is actual
kay tha first in
ommand?

Mo

¥
Delete last lgnore last
= aciual key Y
Yes—p character from character
command
Mo
Insert a M as end
= actual ke Leave command
Yes—w  ofsting to * .
cammand input laop
Mo

¥

Add character of
actual kay to
command string

Figure 36: Flow-chart of the menu command-input loop

The menu terminal is able to handle a maximum of three 32-bit arguments which can be handled
directly next to the command. As known from other command-line interpreters like the UNIX ter-
minal, the command as well as the arguments are typed within the same call and so are written to
only one string. The differentiation between command and arguments is done by the standard func-
tion strtox Which is able to divide a string to several so-called tokens. This division is based on a

character list that must be handled to strtox as well. Every time strtox detects one of the characters
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given in the list, a new token will be split. The divider characters are not handled to any token. At
last, it is possible to print out short help messages for each available command. This is done with at-
taching the suffix “ help” to a command. The printed aid shows the usage of the corresponding
command and optional or required arguments. Figure 37 explains the command detection and the

corresponded handling of the menu.

Copy actual
command o
backup command

h 4
Split command
string to function
call and
argumernts

e

Set Jhelp® Flag
Mo
¥ Substract ,_help®
Clean .help” Flag gﬁ_;lg::a:lm

h 4

Send detalled
menu debug
information

Print out error

Mot a valid | message and

cemmand leave routine
. Frint out error

Mot & valid

command message and

leave routine

Call corresponding
function

»  Leave routine

Print out
cormesponding Leave routine
help message

Figure 37: Flow chart of the menu command detection routine

The arguments, which are optionally handled with a command, are designated to specify the
function called with it. For example it is possible to access every digital output directly from the
command line. Figure 38 shows an example use of the Aelp-functionality and the argument hand-

ling.
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@ TestEnvironment_Tester E]@
Fa

CHD> digiout_help

2 argl
output

1: TRUE/HIGH

igqiout O 4 1
Jutput to: HIGHSTRUE

Figure 38: Example usage of the created command-line interpreter

The call digiout represents the actual command, the fist argument stands for the device number
within the bus, the second argument for the effected channel and the last argument for the value to
that the output should be written to. The order of the arguments cannot be changed by the user but is
created to be consistent. For instance all commands which effect the bus handle the device number

as first argument.

A second addition to the regular software is the logging tool. This function is mainly implemen-
ted to be able to save every test result of an individual test item within one text file. This allows an

easier overview on possible errors of each test item board and prevent of manual notes.

The implementation of the logging algorithm is based on a FAT32* filesystem, which is taken
from earlier projects and uses the memory card slot. So it is possible to read the logged data on oth-
er computers. The filesystem provides functions to create and edit files. In order to log every incom-
ing and outgoing message of the tester device it is only necessary to add a write-statement to the
write and read functions of the RS 232 interface. By doing this, every message handled on this serial
connection is automatically written to the log file. In addition to the message, also other information
like the transfer direction, the used interface and the message urgency are transferred to the log

function and afterwards written to the log file.

The logging can be en- and disables by changing a soorean flag implemented in the logging al-

gorithm. The memory card must be initialised and mounted before it is able to be used.

32 FAT32: File allocation table (32-Bit based)
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7.2. Test item

7.2.1. Test software integration to the existing operating system

Unlike the tester board the test item operating system is based on an actual Linux Kernel version
implemented to a small and limited Linux environment. Because of that, the integration of specific
test software is more complicated and requires a development environment which is especially
build for the applied processor. This is done with the help of the Buildroot package, which is able to
be set to several different processors and peripheries and so is able compile the software written for

the test item.

All functions concerning the communication as well as the test applications are built into one bin-
ary file which is afterwards executable on the test item. Although it would be possible to create dif-
ferent binaries and let them interact depending on the demanded actions, this approach leads to a

much more complex development without an appreciable gain.

7.2.2. Communication

The communication protocol source code in the test item in most parts is similar to the code used
on the tester hardware. In contrast to FreeRTOS it is not easily possible to embed the protocol to the
Linux operating system. This is because the kernel and the surrounded operating system are already
compiled and built to the test item. A second difference is the interface used to communicate which

is unlike the tester on the test item managed and controlled by Linux as well.

To solve these problems it is necessary to reconfigure all functions that directly handle variables
and data flows between the protocol and the operating system. These are the write and read func-
tions on the interface and the protocol-internal task management. ANSI C enables interaction

between binary code files and the operating system, which allows an uncomplicated cooperation.

As already known from chapter Communication protocol (page 52) it is necessary to run the com-
munication within an endless loop. On the tester device this is done automatically by the operating
system which is run endless as well. The binary file on the test item must be kept alive with the ex-
plicit use of such a loop. To prevent of stressing the processor, a sleep function is called within the

endless loop. Both is shown in code sequence 5 .
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/* Macro definition of device numbers in protocolfunctions.h */
#define THISDEVICENUMBER 2
#define MAXDEVICENUMBER 2
/* Main function of the test item binary */

int main (void)

{

/* Initialisation section */
IO CPU Init(); /* Open data stream to IO _CPU */
protocolInit (THISDEVICENUMBER, MAXDEVICENUMBER); /* Initialise device as slave */
for (;;) /* Run endless loop for protocol */
{
fflush( stdout ); /* Flush FIFO of UART interface */
usleep ( ) /* Free CPU time (10 ms) */
}
return

}

Code 5: Main function of the test item binary

to_ceu_1ntT Opens and enables a data flow stream between the main- and the co-processor. This al-
lows a simpler access to the available periphery. The test item only reacts on functions calls from
the outside. This allows an relatively easy main function and does not require any development of
command or text input handling. On the other hand this operation method requires an strict and se-
cured software development to prevent of collapses and crashes. It must be taken into account that
the user is only able to start and stop the execution of the binary file without any possibility to inter-
act with it. So for instance communication errors, time-outs or other possible sources of error must

be eliminated.

7.2.3. Script and C-Code development for individual test applications

Unlike the tester device software the test applications for the test item are designed to only react
on function calls. Because of that, the code development is limited to a reacting behaviour based on
the communication protocol. As shown in code fragment 5, the main function does not support any
control mechanisms. The only statement that has an active effect to the behaviour is the initialisa-
tion of the communication. Within this all functions, which are supposed to be reached from the bus

system are attached to the protocol.

The attached functions must keep a prescribed argument list given by the protocol. These argu-
ments include the number of the caller and of the target device, the number of the called function, a
request number, the number of optional handled parameters and the parameter array. Because data is
handled only within this array of type vrnr3z, it is advisable to mention their meaning in comments

in detail. The function argument list and the parameter meaning comments are available in every re-
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motely accessible function and is exemplary shown in code 6.

void digitalWrite ( UINT8 senderId, UINT8 targetId, UINT8 requestNr,
UINT8 functionId, UINT8 nrOfParams, UINT32 *params )
{

/* nrOfParams = 2

* params[0]: digital output channel number

* params[l]: digital output value (0: LOW, !0: HIGH)
*/

Code 6: Remote-accessible function argument list and parameter-array description

Generally it is possible to access all periphery from within the compiled C application. To do so,
the module smc4000io enables an easy-to-use interaction of application and periphery. This interac-

tion is based on the data stream between main- and co-processor.

In a few cases it is advisable to create Linux scripts in order to develop a certain test. A script is a
collection of individual Linux terminal commands which are executed directly after another. Unlike
the command-line interpreter provided by the Linux operating system, it is possible to use loops as
well as if-conditions and switch-statements. The memory as well as the ethernet interfaces are easi-
er controllable by the operating system itself. The corresponding script is called by the standard

function system.

Initialisation

Delete result and
ermor files

U test acion
»  Write results to result file
»  Write errors fo emor file

! Test has failed

Is error
File available
and empty?.

o Test has failed

Yas

Figure 39: General flow chart of a Linux test script

Figure 39 displays the approach of a script test application. Although the tested items differ from
each other, the method is generally the same. As shown, the script tests are based on the principle of

file comparison. Usually Linux commands only return messages if an unexpected behaviour ap-
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pears. Only a few functions print out texts generally. Normally, this behaviour can be disabled by
setting an special argument in the function call. Linux is able to canalise data flow to a file instead
of the standard output port. The same holds for error messages. The code lines in fragment 7 explain

the canalisation and the file handling within a test script.

# Define terminal type
#!/bin/sh

# File-ending hint: "ori" = ORIginal; "rb" = ReadBack; "res" = RESult; "err" = ERRor

# Mount USB stick to /mnt/usb
mount /dev/sdal /mnt/usb

# Copy the golden file from test folder to USB stick
cpy /test/goldenfile /mnt/usb/

# Compare both files - canalise standard output (1) to result file and error (2) to error file
diff /test/goldenfile /mnt/usb/golenfile 1>> /test/result/usb.res ”>> /test/result/usb.err

# Print out the content of usb.res
echo -e “\n\rContent of usb.res”
cat /test/result/usb.res

# Print out the content of usb.err
echo -e “\n\rContent of usb.err”
cat /test/result/usb.err

# If result and error file exist and are of size NULL, test is passed
if [ ' -s /test/result/usb.res -a ! -s /test/result/usb.err ]
then

# Test was successful

echo -e "USB1 TEST-PASSED"

echo "USB1 TEST-PASSED" >> /test/result/usbl.res
else

# Test failed

echo -e "USBR1 TEST-FAILED"

echo "USB1 TEST-FAILED" >> /test/result/usbl.res
fi

Code 7: General data flow canalisation and file handling within a test script

As shown, the Linux script language differs from ANSI C, especially in the field of combination.
The argument -= within the if-condition stands for a logical AND. Also it is necessary to insert
space characters around every parenthesis and every argument. The ri-statement ends the if-condi-

tion. Linux script does not support the grouping of statements using cambered parenthesis.

The compare-statement qir+ only prints out a message if the comparison fails. If both files are
equal, the result file as well as the error file will be created but left empty. The print-out of the file

content is mainly caused of debugging.

The interaction of the C application and the test script happens indirectly. As shown in the ex-
ample test script (code 7), the test results and errors are written to own files and are not directly
handled to the caller. The function system holds the C application as long as the operating system is

busy executing the script and continues running when the script is finished. Afterwards it is possible
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to open and read the result function directly from the test software. To do so, it is at first necessary
to open the corresponding file using the command open. From this, a file descriptor is returned which
allows access to the opened file stream. With read, the content of the result function is read to a loc-
al array, which is afterwards scanned for the two keyword “PASSED” and “FAILED”, which indic-
ate the test result. If open, read or the keyword detection fail, the test is not passed as well. Figure 40

shows this approach within a detailed flow chart.
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Figure 40: Flow chart of the script test result detection
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7.3. Development of the test environment control software

The test environment developed within this paper will be used by several employees. Because of
this, it is one ambition of this thesis to create an as far as possible easy-to-use application. Although
the command-line interpreter allows interaction to control the environment, it needs a certain time

get used to the usage. In order to simplify the control, a window application will be created.

The development of a window application for Windows operating system is possible in several
programming languages and environments. Because of company-internal experience the application
will be developed in C# within the Visual Studio software. Due to the circumstance mentioned in
the Introduction (see page XYZ), the control application cannot be completed within this paper. In
order to create and show a general functionality, the digital, analogue, relay, ethernet and USB con-

nectivity tests are controllable.

Basically the C# code can be separated into two different purposes of which the first controls the
window behaviour and the second one the conventional, executable application. C# is an object-ori-
entated language and is so unlike the software developed in ANSI C able to remain within the ap-
plication without the need of an endless loop. Furthermore, C# is able to control multiple tasks and
instances which allow among others the run of an own time-out task running parallel to the common

application.

The window application uses a COM port of the PC on which it is executed to communicate with
the tester device. It allows a dynamic automation in which test sequences can be en- or disabled.
Additionally, all tests can be called individually. Furthermore the application is able to show and
calculate test statistics and save the test results in log files. Code 8 shows the general approach of

the software exemplary with the digital connectivity test.
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/* Variable and array definitions from initialisation process (initialisation.cs) */
/* BOOLEAN DEFINITION */
private bool activeTest = false; /* Indicates an active Test */
/* ENUM TYPE DEFINITION */
public enum TestType /* Contains an individual number for each test */
{
MB DIO =

}

/* Define Commands (path and filename) for test-script calls */
TestCallCommands[ (int) TestType.MB DIO] = "dio 2\r";

/* Button-Event functions and test routine controlling functions (test control.cs) */

private void B test MB DIO Click(object sender, EventArgs e)

{
/* CallTestRoutine corresponding TestResult with Parameter */
CallTestRoutine ((int)TestType.MB DIO);

}

private void CallTestRoutine(uint TestID)
{

/* Call Test just if no other Test is active */
if (activeTest == false)
{
actualTest = TestID; /* Set actual Test ID to active Test */
[..]1 /* Excluded unimportant code lines */
activeTest = true; /* Set Test to global active */
coml.Write(TestCallCommands[actualTest]); /* Call Test */
TestIsActive (actualTest); /* Set Test TextBox */

}
Code 8: General test approach of the C# test application

The code fragment above displays that the code is written modular. Furthermore it is observable
that the event functions of the buttons do not execute any test functions themselves but call ca11-
TestRountine s central test function, which in turn is able to call every available test depending on
the int variable handled within the function call. The enumerated data type restrype consists of indi-
vidual numbers for each available test. Depending on these numbers, the array restcalicommands con-
tains the text strings to call the corresponding function on the tester device. The ESC-character \r~
represents carriage return (ASCII number 13), which is required by the command-line interpreter
of the tester to recognise a command end (see chapter XYZ on page ZYX). This approach allows

the call of individual tests as well as an automated test sequence using the same central function.

Because of the fact that a COM port can only be used by one application simultaneously, it is not
possible to run an instance of any terminal programme parallel to the C# control application. In or-
der to be able to interact with the tester device apart from the default test commands, the control
window contains two textboxes of which one displays the received messages and the other repres-
ents an text input to send commands (see figure 41 on page 68). Because every outgoing text mes-

sage of the tester, including the test result messages, is received by the text box, the result keyword
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detection is embedded in the receive routine. The receive approach including the keyword detection

sequence is shown in code fragment 9 below.

private void CheckForSlaveKeyword(string text)

{

[..] /* Excluded unimportant code lines */
if (text.LastIndexOf("test: PASSED") I= ) /* Is Keyword in string? */
{

/* "test: PASSED" indecates a successfully finished Test Script or Routine */
activeTest = false; /* Keyword is end of active test */
TestResult[actualTest] = true; /* Set test result to TRUE */
}
else if (text.LastIndexOf("test: FAILED") != ) /* Is Keyword in string? */
{
/* "test: FAILED" indecates a finished test script or Routine with Errors */
activeTest = false; /* Keyword is end of active test */
TestResult[actualTest] = false; /* Set test result to FALSE */

}

private void coml DataReceived()

{

/* This function runs in an own Thread as long as Master receiveMessages is true */
while (Master receiveMessages == true)
{
[..] /* Excluded unimportant code lines */
while (nrOfBytes > 0)
{
[..]1 /* Excluded unimportant code lines */
/* If a test is active, then */
if (activeTest == true)

{
CheckForSlaveKeyword (new string(buffer)); /* Call keyword detection function */
}
nrOfBytes = coml.BytesToRead; /* Actualise Inputlength */
}

/* Free calculation time for other Threads with sleep function */
Thread.Sleep(10));

}

Code 9: Message receive function and result keyword detection

The application surface is displayed in figure 41. As shown, each available test is either execut-
able individually or within a series of all activated tests. The upper right area contains detailed test-

flow options. The lower right side shows the test statistics.
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Figure 41: control application surface
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8. Merging of tester and test item

The following sub-chapters will deal with the problems occurred during consolidation. Right
from the beginning of this thesis it was expected that this part of development will cause problems
which need to be fine-tuned and/or solved. Due to the circumstance of using alternative hardware
(see chapter XYZ INTRODUCTION on page ZYX), several more problems and workarounds oc-
cur during the consolidation. As far as possible it must be taken into account that the workarounds

run on the alternative devices.

8.1. Analysis and solution of accrued problems

8.1.1. Hardware patches and workarounds

Before the designed hardware becomes usable, it must be assembled and checked. The assembly
is done manually, which is mainly caused by the advantage of being able to patch wrong footprints
or other, smaller errors immediately. It is usual that prototype layouts contain design errors, espe-
cially in the first revision. In addition to that, a lot of components and footprints in this paper had to
be created manually, which represents another source of error. During the assembly process, some

design errors were detected and patched as mentioned in the following.

The bus circuits contain two RS 485 level changer of type SN75hvd12. They consist of a plastic
small outline package with eight pins. By mistake, a different package with 16 pins was chosen for
these components, which leads to the impracticality of the footprint. To solve this problem, the
component is soldered to small wires, which in turn connect the level changers to the right solder
joints. Figure 42 displays the package description of the SN75hvd12 component as mentioned in the
official datasheet. Figure 43 shows the wrong footprint used in the PCB layout. It is obvious that the

needless, lower eight pins of the footprint are totally unused.
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Figure 42: Package description for SN75hvd12 (source: datasheet)  Figure 43: Chosen footprint for SN75hvd12 (U52)

Figure 44 shows the patchwork used to connect the level changers to the wrongly chosen footprints.

Figure 44: Patchwork of both SN7shvd12 fevel changers
The same problem holds for the two operation amplifiers of type MCP6024. As shown in Figure
45, the applied four-channel version consists of 14 pins (three pins per channel and two power con-
nectors). During the layout process, a footprint with 16 pins was chosen erroneously (displayed in

figure 46).
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Figure 45: Package description for MCP6024 (source: datasheet)  Figure 46: Chosen footprint for MCP6024 (US5)

The following picture 47 presents the wire-patch.

Figure 47: Patchwork of both MCP6024 components

8. Merging of tester and test item 70/ 80



Hard- and software development of a test environment for a maritime stabilisation system

The solder-plains of the footprint of the crystal providing the ethernet PHY is wrong numbered.
As mentioned in figure 48, the graph and numbering of the plains is drawn from the bottom side.

This circumstance was not considered during the layout process which leads to a mirrored footprint.

0.775 (Ref.) -

0.65+0.1

=

—
1.625+0.10

#1:E/D #2 : GND
#4 :VDC #3: OUTPUT

Bottom
Figure 48: Solder-plain description for Aker_50MHz crystal (source: datasheeet)
The patchwork for this problem is not as complex and difficult as the one mentioned previously,

because the crystal consists only of four pins. The patch is shown within figure 49.

In addition to the explicit necessary wiring patches, some footprints do not fit exactly to the cor-
responding components. In these cases it was possible to bend individual pins or pin-rows to make
the component fit to the solder-plains (see figure 50 and 51). Additionally, the removal of the
middle-pin of the LM317 stepdown regulator is shown. This is caused by the capacitor positioned
directly in front of it. The bottom plate of the LM317 represents the same connectivity (VCC_OUT)

as the middle-pin so its removal does not cut the component's functionality.

" B
Figure 51: Pin manipulation of the LM317 stepdown regulator
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In case of the electrolytic capacitor shown in figure 52, the footprint was chosen too big. This ac-
tually does not represent an assembly problem but is a redesign issue, because the momentary foot-

prints wastes layout space.

Figure 52: Wrong dimensioned electrolytic capacitor footprint

8.1.2. Communication

The communication between both devices is based on an already finished and proved communic-
ation protocol. It stands for one of the major parts of the development, because the complete envir-

onment is based on this.

Originally it was expected that the implementation of this protocol will only cause minor prob-
lems concerning the task stack size and minimal timing difficulties. During the consolidation it
turned out that the communication protocol is based on a half-duplex communication interface. This
means that a member of the communication can either read or write but is not able to do both co-
evally. In general, a RS 485 interface is built in full-duplex with five wires, of which two represent
plus and minus for transmitting as well as for receiving data. The fifth line represents the interface
GND signal. The mode-reducing is affected by a special component. It is built to normally just read
from the interface and only to be enabled to write by setting the ENABLE signal. The special com-

ponent with its internal connection is shown in figure 53.
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Figure 53: RS 485 full-to-half-duplex mode changer
In the considerations it was expected that the test item also contains two half-duplex RS 485 inter-
faces. During the first communication attempt this mistake was found because the protocol was not

able to establish a connection. During the debugging phase it turned out that the testee was either
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able to send or to read. But the normal protocol functionality includes confirmation as well as pure
data packages which comes out to the fact that a normal operation is only possible with a two-way
communication. Even without confirmation, data transfer in both directions is necessary because the

test item needs to send test results back to the test device.

There are five possible solution statements for the communication problems, which more or less
interfere with the hard- and/or software of both devices. Firstly, it is possible to change the testers
RS 485 interface to full-duplex mode as well. On first sight this seems to be the easiest solution. Be-
side of the complex patchwork on the test device PCB this possibility also enforces changes to the
interface driver software as well. Another reason against this option is the fact that the PCB changes
are not allowed to be done on the alternative hardware. Because of that, no further development
would be possible as long as the tester device becomes available, which costs a lot of time. Thus
this possibility is no option. The second possible solution would be the modification of the full-du-
plex interface on the test item. In fact this option requires at first the patching and afterwards the de-
patching of the RS 485 connection and also changes to the Linux kernel system, which makes this
solution even more unhandy than the first one. A third solution is an additional piece of hardware
which is connected to the RS 485 interface of the test item and reduces the transfer to half-duplex
mode. Although this option does not require any patchwork it costs develop- as well as assemble
time and enforces changes to the Linux kernel like the second option. As a forth option it is possible
to change the communication interface. Basically a RS 485 interface is driven by an UART which
means that any other UART connection may be used instead of the RS 485 connection. The test item
contains one more interface driven by an UART, which is the RS 232 serial connection. Unfortu-
nately this connection is already used by the operating system as standard input and output for com-
mands and messages. With the use of this connection for the communication it will not be possible
anymore to interact manually with the Linux operating system. Also it would not be possible to
print out messages to a terminal. Lastly, is possible to modify the protocol software on the test
device to use both available RS 485 interfaces to create a full-duplex transfer. The advantages of
this method are that no patchwork is required and that this solution is runnable both on the original
test device as well as on its alternatives. Furthermore, the required software changes are minimal
because in the end only the central read and write calls must be modified to work with the right in-
terface. Fortunately, each of these calls are only used once in the protocol and are not able to col-
lide. In order to be able to modify the interface number used to write and read, the protocol initial-

isation is extended with arguments to set these configuration manually.
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8.2. Adjustment of applications

Several parts of the software require a fine-adjustment or special additions in order to create a
fully applicable test environment. This mostly concerns the communication between both devices as

well as necessary wait-states on certain code locations.

8.2.1. Remote access

The communication protocol is a circular system. This means that a call from outside is usually
not executed immediately but on the next cycle. This certainty causes a natural delay which must be
taken into account if a two-way data transfer is requested. The easiest method to handle this prob-

lem is a blocked programming, based on semaphores.

Table 6: Flow example with and without semaphore blocking

Master Slave

Software activity

Call function on test itemto write data to an 4HFunction to write data to an output is called ‘
output

Flow 1 * Flow 2

Wait for semaphore release ‘Data gets written ‘
or time out

Result function is called > Call result function to note that the writing
and semaphore released is finished

Y

Driver reads result handled fromresult
function and quits afterwards

Table 6 shows the main difference between a blocked and a non-blocked two-way transfer. The
non-blocked method (Flow 1) automatically reads the result created by the result function right after
the remote call. The remote device is not able to execute the requested command and to call the res-
ult function within this short time. If the result function was already used before, the previous result
1s still active and will be used instead of the new requested one. In worst case the result is not ini-
tialised and contains meaningless information. This circumstance leads to an undesired software be-
haviour which is hard to debug. The blocked method (Flow 2) is extended with a semaphore which

is requested right after the remote function call. The semaphore is already taken and will be released
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as last statement of the result function. This approach assures that the remote function was executed
and finished and the result was generated. A further advantage of this method is the prevention of
deadly time-outs. The request for a semaphore is able to be bound to a maximum time. In case of a
fault the semaphore will not be released within the specified time and the request returns an error.
The detailed semaphore approach is shown in figure 55. The mentioned three seconds in this figure
are a sample value. During the merge of the devices it will be necessary to improve such values.
These timings do not have to be very hazardous because the test environment has no claims to act as
a high performance system. In general it is expectable that the communication is workable. The
time-out represents the worst case and should only be entered if the collapse of the regular commu-
nication is definitely assured. Every time-out will automatically cause a negative test result. It must
be taken into account that this in turn enforces a manual check-up which takes a lot more time then

a generously calculated time-out.

8.2.2. General wait-states

The FreeRTOS provides a function to hold a task for a certain time (see chapter XYZ FREER-
TOS on page ZYX). In several parts of the software, a so-called wait-state increases the reliability

and functionality.

One of the most important wait-states is implemented in the command-line interpreter. The menu
structure is designed so as to wait for incoming data the whole time. Because of that, the read-state-
ment is written into a loop which is only quitted if a command has been inserted. Without a wait-
state within here, the operating system would spend all calculation time of the processor only for
this loop. This in turn implies that no calculation time is left for the circular communication pro-
tocol or other tasks running in the background. Code 10 shows the input loop mechanism. The wait-
state holds the loop for ten microseconds, which frees enough calculation time for all other tasks. In

turn there is no risk to miss an incoming character because no human is able to type with that speed.
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UINT8 buffer; /*
BOOLEAN receive; /*

do /*
{

if ((receive = serGet (MenuPort, &buffer) ==

{

/* Key detection algorithms

}
vTaskDelay (10); /*
} while (buffer != ) ; /*

Code 10: Menu input loop with implemented wait-state

Contains the momentary received character
Indicates whether a character is available

Do-while loop for String input

TRUE) )

Share Calculation Time to FreeRTOS
Read input until ENTER-Key

*/
*/

*/

*/

*/
*/

Apart from the command-line interpreter, wait-states are usually used to make sure that a previ-

ous command was executed. This is for instance used in the analogue connectivity sequences; if an

in- or output is switched between voltage and current it is necessary to wait a certain time until the

mode is changed. It is not possible to get any feedback to make sure that the mode-change is fin-

ished. The same holds for some more cases in which it is not possible to clamp the status of a cer-

tain command. Usually a wait-state represents a less complex method to assure the completion of a

previous function. The hold-times must be adjusted during the merge. In general it is possible to use

more generous values, which in turn may be unhandy if the corresponding code sequence is used

more often.
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9. Test application run cycle
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Figure 55: Log output of the remote digital (MB) connectivity test
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Figure 54: Terminal output of the remote digital (MB) connectivity test
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9. Test application run cycle
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Figure 56: C# control application with passed remote digital (MB) test
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10. Conclusion

This thesis can generally be divided to three different parts, which are firstly the basic principles,
secondly the hard- and software development and thirdly the merge of the devices. The first part is
solely based on theoretical considerations. Apart from the introduction of the test item, this section
deals mainly with the analysis of the testee and the future environment. Furthermore it figures out
further steps and lists the possible test schemes. Lastly it faces the possible, technical test methods
with their economical backgrounds and assigns the further approach. The second part is in most
parts based only on this. Although several parts of the hardware design are taken from already exist-
ing hardware schematics, the combination of all parts composes an absolute new device. The same
holds for the software development. The last section represents the merge, in which both, hard- as

well as software, are checked and proved for the first time.

It was one ambition of this thesis to show, apart from the actual work, the general approach and
the management of a common time-limited, embedded-system development project applied within a
company. Due to circumstances this ambition was fulfilled more than expected, because it laid open
several critical spots of the management. Firstly, it is always complicated to apply a project of this
size within such a small time-frame of just 12 weeks. Generally this project was only possible to be
finished somehow because it was based on several already existing resources. Otherwise the re-
search of the hardware schematics would have taken much too much time. The same holds for the
software development. The development of all driver-specific functions would have been a major
part as well as the memory set-up or the FreeRTOS implementation. The second problem is the
common approach to develop hard- and software simultaneously. This is mainly done in order to
save development time but leads to the problem of only theoretically developed software. Although
it is called “good style” to create code following detailed previous considerations, this method will
cause more problems the more software is developed solely theoretical. The main reason for this is
the fact that the huge number of changes at once to the software hardly allow a starting point for de-
bugging. In addition to that, some parts of embedded systems do have a kind of “life of its own”,
which means that some special software constructions will not work although they do in theory.
Several parts of the software within this paper were developed theoretically, especially the commu-
nication driver and most functions of the test routines. Other sections like the command-line inter-

preter were created using the “trial and error” method, because the structure and the functionality
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were created not before but during the development process. Lastly it was unintentionally shown
that a project with such a curt time-frame in most parts depends on the assumption that no problems
will occur. The time management does not allow any deviation and cannot be fulfilled if one part or
partner causes problems. In this thesis, the component distributor had problems with delivery of
several ICs like converters and switches. This problem in combination with the manual assembly
and use of a soldering oven forced the production department to delay the manufacturing until all

components were in.

Generally it was possible to show that the designed hardware as well as the created software is
able to fulfil the requirements of the task. Although the circumstances mentioned above did not al-
low to complete the test environment in time, it was possible to develop, design, produce and
launch a hardware specified to the test environment. On the software side, the applying of an opera-
tion system as well as the implementation of a command-line interpreter, a communication protocol
and a FAT32 file system was successfully finished. In addition to that, a general test procedure was
created and several tests based on remote C applications as well as on Linux script techniques were
successfully put into operation. Finally, a special window application to simplify and automate the
appliance of the test environment was created effectually. From this point of view, the task is nearly

fulfilled.
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12. Dictionary

Deutsch

to afford sth.

etwas ermoeglichen

shortline / short-circuit

Kurzschluss

vicinity

Umgebung

curt (e.g. Curt budget)

knapp (z.B. knappes Budget)

quandary

Zwickmuehle

claim / to claim

Anspruch / beanspruchen

simultaneously gleichzeitig
bottlenecks Engpass

workaround Uebergangsloesung
extension Erweiterung
throughput Durchgang / Durchsatz
abridgement Uebersicht

compliance Einhaltung / Entsprechnung
library care Bibliothekspflege
overvoltage Ueberspannung

choke Entstoerdrossel

level changer Pegelwandler

to outweigh sth.

etwas ueberwiegen

staggered versetzt
throughhole Durchkontaktierung
interchange Austausch

adversed gegentiiberliegend

half-/full-duplex

duplex: beidseitig, doppelt

beschreibt Transfermodi; full-duplex ermoglicht das gleichzeitige
Senden und Empfangen von Daten, half-duplex ermdglicht jeweils
nur eine der beiden Vorgédnge zur selben Zeit

impracticality Unbrauchbarkeit
solder joints Lotstelle
solder-plain Loetflaecche

patch Flicken, Fuellstueck
im technischen Gebrauch eine behelfsmaessige Loesung fuer ein
normalerweise zu spaet erkanntes Problem

certainty Tatsache, Umstand

Bill of Material Bestueckungsliste
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13. Apendix

Due to the size and length of the software as well as the hardware development projects, the com-

plete attachments are given on a digital medium.

Most of the code files contain a special file header in which the date of creation as well as the au-

thor or authors are mentioned. The author of this thesis can be identified by the initials Mmi. Shown

below is the folder structure of the digital medium.

CD:.

etc.)

Dokument

pictures
Code
merge
PCB
——SCH

SW
testee
visio
Tester

HW

BOM
DOC
Gerber
PCB
SCH

SW
F———designtest_control
Eclipse

Applications
groupings
menu
remote
testfiles
BootLoader
inc

L—1ip
BusProtocol
Drivers

FreeRTOS
L source

F———include

L———portable
GCC

MemMang
MmcFilesystem
Test_Item

L—sw

F———script

testapplication
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L—aRM7 LPC23xx

Folder for all thesis text documents
Subfolder for all figures used within this paper
Code-specific pictures
Pictures concerning the merge
PCB figures
Schematic pictures
Software figures
Pictures of the test item
Subfolder for all visio flow chart files
Folder for all Tester-device files
Hardware subfolder
BOM - Bill of Material
Datasheets and other component documents
Gerber production files
PCB layout files for Altium Designer
Schematic files from Altium Designer
Software subfolder
C# control application
C application developed within Eclipse
All test-environment specific applications

Files of the command-line interpreter
Remote-access drivers for tests
Selftest files
Bootloader for LPC23xx
Include files (Linker, registerpointer

Libraries
Communication protocol
Library for driver modules
FreeRTOS - Operating system
Sourcecode files of FreeRTOS
Own includes of FreeRTOS

GCC-specific data

Memory allocation and management
FAT32 Filesystem for memory cards
Folder for all Test Item files
Software subfolder
Testscripts
C application with included communication protocol
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