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Introduction
Data acquisition systems (DAQ) are vital for accurate operation of any physical

system where events in the outside world affect a products outcome. These
systems can be used from simple data logging, to aid in control systems for
autonomous operation. At minimum, they contain sensors, a processing unit to
condition the outputted signal, and a computer that interprets this signal to
determine the events to follow. Without a DAQ, there is no way to gain
information about the environment that a product is working in, also creating no
events to act upon. The autonomous nature is since lost as operators

would

continuously need to monitor the state of a running product to make further
decisions otherwise handled by a computer. It’s clear that DAQs offer the highest
advantage by removing a large sum of human error, slow response times, and
decrease in accuracy. Additionally, they can be configured to operate in real-time,
a requirement that is becoming more common in products and projects where live
data is crucial for successful performance. DAQs can

be found ranging from

applications in a business office, self-running machines

in the automotive

industry, or renewable energies, specifically in this report, a wave energy converter
(WEC).
WECs convert wave power into electrical power using a power take-off (PTO)
device. This mechanism takes absorbed energy and transforms it into electricity. Forms of this include air turbines where the change in water level creates a
direct change in air pressure in a chamber, pushing air back and forth to move
a turbine connected to a generator. This would be the case of an Oscillating
Water Column WEC. When considering the WEC developed by Pelamis, the
waves motion creates changing hydraulic pressure in the moving joints, and
when connected to a hydraulic motor, creates electricity. However, simply absorbing the wave’s energy passively does not get closer to the goal of producing
maximum power. The WEC itself must be in resonance with the changing environment, and while this is hard to achieve through physical features such as the
size and weight of the converter, the PTO can be actively controlled to adjust
how the WEC interacts with the waves [40]. To achieve this, the PTO needs
to be governed by constant observation of the incoming wave’s characteristics
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such as height, period, direction, celerity, or pressure. Not only do these variables need to be logged, they must be available whenever requested, leading to
a deterministic control scheme that DAQs can provide. Such a DAQ present on
a WEC can now observe this data and provide a path towards the end goal.
Current systems available on the market supporting real-time include CompactRIO with LabVIEW by National Instruments, Beckhoff’s ELx series using TwinCAT, and OPAL-RT OP series with RT-LAB. While these systems
serve their purpose, they are costly, large in size, and directed towards complex practices that require tighter constraints. Although the DAQ could

be

present onshore or on a separate platform to remove the size restriction, the
signals are at risk of being altered from the WEC’s emitted electromagnetic
interference (EMI). This creates a challenge for those interested in model-scale
devices, leaving a need for a simple to use, low-cost, light weight, ’on-board’
DAQ. Such a device would be useful for universities, independent researchers, or
small companies that don’t have the need for a high-level machine.
Today, such a DAQ doesn’t exist. Two close examples include when Columbia
Power Technologies developed a WEC tested at Oregon State University’s O.H.
Hinsdale Wave Research Laboratory (HWRL) that used three separate systems
to acquire data: one provided by HWRL, PhaseSpace (an optical motion tracking system), and a custom built embedded controller containing various sensors
[1]. Another is when Sandia National Laboratories (SNL) developed a design
for a small DAQ in the Advanced WEC Dynamics and Controls Project. They
too combined 5 collection systems to obtain all necessary data [2]. To reduce
the amount of combinations of systems, our project aspires to provide a onesystem DAQ that can be used in any situation where its inputs and outputs are
relevant. This also means that, while the DAQ is directed towards WEC use,
it can be used as a general-purpose tool for any application benefiting from its
working design.
The following report describes the process involved in designing,
producing, and testing the ”MiniDAQ” project funded by SNL to be used on
their WEC - the Floating Oscillating Surge WEC (FOSWEC). Commercial-offthe- shelf (COTS) hardware was used heavily to provide consumers readily
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available assistance throughout the web and to minimize customization of the
MiniDAQ. The final product uses the EtherCAT protocol to provide real-time
communi- cation with real-time systems Speedgoat and Simulink Real-Time
(SLRT), con- tains various sensors found commonly on WECs, and satisfies the
requirements by SNL as noted in section 5. Sections 6 and 7 validate the
described hardware and software abilities in meeting these demands and section 8
describes the frequency response and time lag of the system.
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Block Diagram
Figure 1 is a block diagram of the system to describe how the individual hard-

ware and software interact with each other. It is divided into three boxes: grey
representing the real-time system (SLRT and Speedgoat: control, configuration,
and data records), light blue representing the entirety of the MiniDAQ (development board, EtherCAT transmission, sensors), and green representing the
WEC (sensors, instruments, forces). The purpose of each box and flow of data
is detailed next.
The job of the Arduino Mega is to configure the MiniDAQ sensors to the
users desired settings and receive their outputted data or transmit data. To
put this into a real-world perspective using notations in Figure 1, explained is
how the MiniDAQ and WEC box work together: the ’sensor’ that is providing
the analog signal to the DC682A ADC could be a resistive wave gauge on the
WEC, and the ’Interface Instrument’ that is providing force readings to the
HX711 Load Cell could be the stress on a mooring line attached to the WEC;
the inertial measurement unit (IMU) does not contain an equivalent version as
an IMU would be what is present on the WEC; for data being transmitted, the
analog signal that is sent from the DC2025A DAC could be used to control the
position of an actuator. Once data is ready to be received/sent, they are put
into variables and sent to the EasyCAT shield to be prepared for transmission
via EtherCAT to/from the Speedgoat which has been setup by SLRT through
the host machine for, specifically in the MiniDAQ project, simply keeping data
records. For other purposes, the Speedgoat has a higher computing power than
the Mega alone, and therefore could be used to make complex control decisions
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for the PTO to achieve maximum efficiency and power output of a WEC as
described in the introduction. This is how the Real-Time System will be implemented on SNL’s FOSWEC, to make control decisions such as directing how
motors/generators operate.

5

Figure 1: Block diagram of system. WEC green box) role: sensors commonly
found on WECs; MiniDAQ (light blue box) role: configure sensors, gather and
format data, EtherCAT transmission via EasyCAT; Real-Time System (grey
box) role: data collection, control of PTO
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Proposed System
DAQs are divided into three configurations which directly affect how a

system is designed and will operate: distributed asynchronous, distributed
synchronous, and centralized. The proposed system utilizes distributed
synchronous as the other two could not satisfy both synchronization and close
proximity of sensors while limiting the amount of wires and cables.
Hardware components consist of an Arduino Mega 2560 Rev3 chosen as
the development board, equipped with AB&T’s EasyCAT shield as a means to
communicate through the EtherCAT protocol. EtherCAT was chosen because
of the protocols ability to communicate in hard real-time, exceeding the performance of Sercos III, PROFINET, and Powerlink [1]. Sensors attached include
two development boards from Linear Technology: DC682A, an analog-to-digital
converter (ADC), and DC2025A, a digital-to-analog converter (DAC). Sparkfun’s Load Cell Amplifier HX711, CUI’s AMT23 absolute encoder, ADS1115 420 mA current loop receiver, and a passive RC filter to reduce EMI are also
included. Additionally, an IMU from Xsens provided Euler angles and x, y, z
accelerations. The communication protocols of specific sensors made it necessary to use RS-232 and SSI to TTL converters. Figure 2 is an exploded image
of the sensors included in the MiniDAQ.
The power flow to the system starts from a wall outlet delivering 120 V AC
connected to a DC power source, converting the AC to DC and bringing it down
±
to 24 V DC. Using a DC-DC converter, this is then stepped down to 12 V
DC which is supplied to necessary components, however, most required 5 V DC
acquired by using a voltage regulator. In the final design, this will eventually
be given by a cable fed to the FOSWEC. Figure 3 details the power flow from
outlet to components.
For real-time operation of the systems inputs and outputs, Speedgoat and
Simulink were used. Figure 4 displays the Speedgoat communication setup
and Figure 5 is a screenshot of the model file in SLRT showing ’blocks’ that
represent data being received/transmitted to/from the EasyCAT and passed
onto the Speedgoat. The interaction between these two will be explained in
detail later.

7

Figure 2: Exploded View of Sensor System
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Figure 3: Power Flow to System
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Figure 4: Speedgoat Setup
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Figure 5: Screenshot of SLRT Model File
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4

Requirements
Outlined in the project scope were the key and system requirements. Listed

is a brief explanation of each requirement and why our system satisfies each.

1.Cost <$5,000
To minimize the obstacle to small-scale testing, the cost should be low.

Arduino Mega 2560 ($38.50[4])
+EasyCAT($56.72[5])
+DC682A($50.00[6])
+DC2025A($100.00[7])
+HX711($9.95[8])
+NS-RS232($9.95[9])
+MAX1484(2 x $2.66[10])
+ADS1115($45.95[11])
+AMT23($50.96[12])
+IMU MTI-20($1355.00[13])
+Resistors(2 x $0.19[14])
+Capacitor($11.56[15])

= $1734.29
2. 100 Hz Sampling Frequency
100 Hz was the maximum requested sampling frequency by SNL.

The current system when operating with all sensors yields a sampling
time of just 10 milliseconds. With the requested final setup that uses one
ADC, one 4-20 mA current sensor, and the Euler angles from the IMU,
the system operates at 6-7 milliseconds.
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3. 16 bit Resolution
16 bits was the requested resolution by SNL.

Both DC682A ADC and DC2025A DAC have output/inputs of 16 bits
[16],[17].
4. Weight interference

To avoid interfering with the WEC’s dynamics, the DAQ should be light
compared to the total weight of the converter.

The total weight of our system is roughly 600 grams.

This is negligi-

ble compared to the range of tens of pounds to hundreds of tons a small
or large scale WEC weighs [19][20],[21],[22].
5. Volume/footprint

Space is limited on a WEC due to e.g. its physical design, motors, and
cables, therefore the DAQ should be such a size so placement is the least
restrictive.
The requested system has been fitted to a 6”x5”x4” box which is negligible
compared to the range of up to tens of feet to meters in any dimension of
a small or large scale WEC [18],[19],[20],[21],[22],[23].
6. Power/Data Cabling Minimized

The dynamics of a small-scale WEC can be influenced by the cables delivered from shore. These should be minimized in amount and size.
The proposed system currently runs on ±12V DC. This will be supplied through a power cable already delivered to the WEC and the data
is transmitted via a single standard Ethernet Cable. The addition from
our system will not have any adverse affects.
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7. EMI

EMI exists from the motors and electrical components present on a WEC.
Limiting this and incorporating mitigation techniques will ensure signals
are not disturbed.

Length of cable is dependent on location of WEC; keeping this short as
possible is desired to minimize EMI. Use of differential inputs/outputs and
passive RC filter also minimizes effects.
8. Deterministic Operation

WEC’s utilize closed-loop control which calls for deterministic operation.

The system utilizes Speedgoat hardware and Simulink software that both
support real-time operation [24], [25].
9. Multi-Platform Support

Considering the need for such a general DAQ system, it would be useful
for it to support multiple real-time systems as to not constrain itself in
the market.

Speedgoat was the only real-time system tested on. Justifications were
made based on hardware availability and knowledge of software.
10. Scalability

To reduce cost and risk when moving to large-scale testing, the DAQ
should be easily scalable for the change in power, robustness, and quality
of measurement demands.

The system can easily be scalable to the designers intent. For example,
on the Mega, one serial port and nine digital pins are used. This leaves a
majority of the board for additions [4].
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11. Support for Existing Hardware

Enabling COTS allows a larger audience to use the DAQ, provides available support, and offers online resources such as libraries and projects.

Our entire system is composed of COTS including those from Arduino,
Spark- fun, and Linear Technology.
12. Passes EtherCAT Conformance Test Tool (CTT) evaluation

Ensures EtherCAT devices are operational.

AB&T has proven their devices are factory tested and pass the EtherCAT CTT with 0 errors and warnings as seen below.

Figure 6: EasyCAT passing EtherCAT CTT
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13. Inputs

Each item listed was a requirement by SNL.
(a) ± 10 V
Input to the entire system is ±12 V DC which can be used to supply
all components. 12 V is acceptable as the main condition was at
minimum 10 V and to be differential.
(b)4-20 mA
The ADS1115 4-20 mA current loop receiver reads these currents
[11].
(c)Bridge
A load cell amplifier was provided that uses a Wheatstone Bridge [8].
(d)Synchronous Serial Interface (SSI)
CUI’s AMT23 absolute encoder communicates through SSI [26]. SSI
was also tested through the MAX1484 chips by converting TTL to
SSI and back to TTL to control a LED [27].
(e)Serial Peripheral Interface (SPI)
Successful use of the ADC and DAC demonstrates that the system
can communicate using SPI [16] [17].
14. ± 10 V Output

Requested output by SNL.
The DAC outputs ± 10 V DC [17].

5

Component Description and Testing
The purpose of this section is to describe the components present in the

light blue MiniDAQ box from Figure 1 (Mega/EasyCAT/sensors). Each
subsection will focus on an individual component, explaining what it is
generally used for and its importance, along with figures detailing its setup and
output. All compo- nents were chosen keeping in mind the target audience,
i.e., they had to contain understandable coding and easy setup, all while
fulfilling our requirements.
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5.1

Arduino Mega 2560 Rev3 - Development Board

Development (microcontroller) boards are the brains to a system. They dictate
how components connected to them operate by deciding what to do with their
data and when to perform requested tasks. This directly impacts how a system
acts, making the choice of the development board crucial. The MiniDAQ project
called for a balance between optimal performance and simple use, giving way
to a clear decision: the Arduino series. Arduino is an open-source electronics
platform that provides hardware and software, while also offering a large helpful
community. This platform is praised for its vast uses through a surprisingly easy
setup and coding language, making it suitable for all skill levels.
Specifically, the Arduino Mega 2560 Rev3 is a popular microcontroller board
among developers. It features 54 digital I/O pins, 16 analog inputs, runs on 5 V,
supports SPI, and provides 4 serial communication ports. The Arduino Mega
accomplishes the requirement of easy coding and setup, as well as providing
multiple serial ports, an issue that became necessary for practical use with the
IMU. Without this feature, the user would have to use the same serial port for
uploading code to the board. If the IMU were wired here, it would interfere and
make the upload fail. Along with these attributes, the Mega is arguably the
most highly recognizable and familiar COTS development board. For these
reasons it was chosen for the project. Figure 7 depicts this board.

Figure 7: Arduino Mega 2560 Rev3 [4]
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5.2

EasyCAT Shield - EtherCAT communication
As mentioned earlier, real-time operation is becoming a common requirement

for many upcoming products and projects. The availability of live data paves
a path for more efficient operation because decisions can be made immediately
instead of minutes later. For some uses, these minutes can have a large impact
on the outcome of a situation. From a non-technical view, can you imagine the
promise of a sunny day at the beach through a live camera that was actually 15
minutes off, and arriving to a rain cloud approaching? Looking at a situation
tailored to WECs, closed-loop control governs a system by monitoring variables
and using their value to determine what should occur next. If a large wave were
to push a WECs PTO to dangerous limits, the hydraulic pumps, for example,
that control this device could be turned off at certain pivot points to minimize
the risk of damage. Of course, this will only be so effective if used at the correct
timing, an issue that can be resolved through real-time operation.
EtherCAT is a new Ethernet based protocol developed by Beckhoff, a company providing open automation systems. The protocol’s main feature is that
it can be used for hard and soft real-time requirements. Unfortunately, the
EtherCAT systems provided by Beckhoff come at a high price and are hard
to implement for our development board, but AB&T’s EasyCAT shield makes
EtherCAT communication between itself and the Mega easy (pun intended). It
also provides a simple way in both coding and setup to utilize the protocol in
fulfilling our real-time requirement.
With a hardware layout that directly attaches to the Mega, the shield turns
the development board into an EtherCAT server using a common EtherNET
cable; CAT5 or CAT6 if better data performance and speed is needed. While
EtherCAT was designed for uses in an automation industry application, AB&T’s
solution allows any coder to utilize the EtherCAT protocol without the commitment of high level hardware. They also provide example code to get started with
which is easy to understand and modify to the users own self-defined variables
fit for their application. As for availability of aid, this COTS customer support
has proven beneficial in their quick responsiveness to any questions or issues
and success in resolving these matters. The EasyCAT accomplishes the requirements of operating in real-time, passes the CTT, and is easy to use, making it
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the perfect candidate for the project. Figure 8 depicts the shield.

Figure 8: AB&T’s EasyCAT shield [5]

5.3

DC682A - Analog to Digital Converter

Analog signals are the typical output of a majority of sensors, but to
measure and process them, they first need to be digitized because computers
understand digital signals. ADCs are necessary for making use of information
retrieved such as the change in pressure, temperature, or vibrations, as well as
voltage fluctuations. The item to be aware of in ADCs is the bit resolution.
This determines how well the original signal is captured. For our requirement,
16 bits means there are 0-65535 (216) values to represent a signal. The higher
the bits, the more accurately represented the signal is. If instead the resolution
were 8 bits, there would only be 256 values available. Normally, ADCs are
already present within the sensor itself, but if not, an external one is needed.
Linear Technology offers an ADC development board - the DC682A. This
helps break out the LTC1589 (an 8 channel, 16 bit, 100 ksps, Softspan ADC[16])
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for easy use. To communicate with the converter, SPI protocol is used along
with a unique chip select (a digital pin) which essentially enables the device
to be used. The LTC1859 requires 8 bits to configure it for an input that
can be either 0-5 V, 0-10 V, ±5 V, or ±10 V. However, since the output

of

the converter is 16 bits total, an additional empty 8 bits is sent after the
configuration byte to receive the rest of the data sent from the converter. Figure
9 is the development board attached to the Mega/EasyCAT. Figure 10 depicts
the 16 bit binary number converted to the equivalent float analog signal versus
the actual input signal. As you can see it does an impeccable job. The DC682A
not only accomplishes the requirement of differential input voltage and SPI
communication, but makes converting digital to analog signals a now simple
process.

Figure 9: ADC Setup
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Figure 10: Output of ADC vs Input of Function Generator through Simulink
Data Inspector
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5.4

DC2025A - Digital to Analog Converter

Alternatively, if there is a need to output an analog signal using a digital
signal from a computer, a DAC is needed. These are useful not just for
converting digital audio files into an analog form to be heard, but also in a
mechanical sense when wanting to control the position of an actuator to open
or close a valve. The meaning of resolution is the same as that for an ADC;
the higher the bits, the more values a DAC can output yielding a wider range
of use.
Linear Technology’s DAC equivalent development board is the DC2025A. It
contains the LTC2668, a 16 channel, 16 bit, ±10V Vout Softspan DAC [17].
The board is specified to run on ±15 V to achieve full Softspan ranges, but for
our use ±12 V works. To communicate with the converter, SPI protocol is used
along with a unique chip select. The LTC2668 requires 24 bits in total. The first
byte is a combination of the command code (write/update all or one channel)
and the address (which channel). The next 2 bytes is an unsigned 16 bit integer
whose value is up to the user depending on the voltage level they want to send
out. Figure 11 is the development board attached to the Mega/EasyCAT. An
input sawtooth wave ranging from integer values 0 - 65535 was delivered to the
DAC where Figure 12 shows the outputted sawtooth form from -10 V to +10 V.
The DC2025A accomplishes the requirement of differential input/output voltage
and SPI communication, as well as providing ease-of-use.
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Figure 11: DAC Setup
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Figure 12: ± 10V Output of DAC, inputted by 0-65535 Integer Sawtooth Range

5.5

Load Cell Amplifier HX711 - Wheatstone Bridge

Bridge circuits serve many purposes. They can be used for detecting resistances/capacitances/inductances, rectifying signals, reversing the direction of a
motor, or to measure a strain gauge. The last item is of interest when measuring
force imposed on critical areas, and its configuration is that of the Wheatstone
Bridge.
To test the system requirement bridge input, Sparkfun’s Load Cell Amplifier
HX711 [8] was chosen for its Wheatstone bridge use in measuring strain gauges.
A product from Interface Force was used to measure the force in pounds imposed
on itself. The output cable of this instrument contained 4 wires corresponding
to the 4 strain gauges in the bridge. These directly wired to the same color
arrangement on the HX711 - red to red, black to black, white to white, and
green to green, with the option of grounding yellow to reduce any small EMI. The
board runs on 5 V and outputs using a single data and clock pin. Calibration of
the board is required allowing the user to determine the boards’ specific offset,
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and is factored into future work as calibration factor. Once found, all that is
needed is one line of code to receive the outputted data. The HX711 was chosen,
again, due to easy coding and setup. Figure 13 is the setup of the board with
the Mega/EasyCAT and Figure 14 is the output on the Arduino Serial Monitor.

Figure 13: HX711 Load Cell Setup
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Figure 14: Load Cell Output on Arduino Serial Monitor

5.6

IMU & NS-RS232 communication

Although not in our requirements, when surveying fellow WEC developers
most stated an IMU was present in their design for obtaining the Euler angles
and x, y, z accelerations of the WEC itself. Such information is valuable for
observing the WEC in the current environment and in controlling how it
should respond for the highest power absorption.
IMUs often communicate through the RS-232 standard. This happened to be
the case with our IMU from Xsens; the Mti-20-2A864. Since the Mega operates
its serial communication (RX & TX) through TTL (transistor-transistor logic),
in order to transfer data between it and the IMU, a TTL to RS-232 converter
was needed. Luckily these are readily available, of which we chose the NS-RS232
from NulSom Incorporated. This meant that the data output from the IMU was
sent in RS-232 to the converter, and then read as TTL at the development board
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and vice versa. The setup of the IMU and the Mega/EasyCAT is detailed in
Figure 15.

Figure 15: IMU Setup

To communicate with the IMU, Xsens provides their own downloadable MT
Manager software. Its simple operation allows users to choose the output by
checking boxes and clicking options in drop-down menus shown in Figure 16
and a typical output is seen in Figure 17. As the Mega does not support
the Xsens device application program interface, another option they offer is to
use the low-level communication method. This allows communication through
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an MT message built with the following structure shown in Figure 18. The
message is built starting with the pre-amble (start of the packet), bus identifier
(which IMU to address), message identifier (which command), length of data,
the actual data, and the checksum. In Figure 19 a message is built in the order
previously stated. C0 is the message identifier for SetOutputConfiguration and
28 in hexadecimal indicates that there are 40 data points. Highlighted is the
data listed by their name below the message.

Figure 16: MT Manager Output Configuration Preferences [28]
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Figure 17: MT Manager Output Results [28]

Figure 18: MT Message of Standard Length [29]
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Figure 19: MT Message - Setting the Output Configuration; highlighted are the
listed settings [29]

The code written for the IMU ensures that it is outputting Euler angles and
x, y, z accelerations upon request.

An example of roll and pitch outputs on

the Arduino Serial Monitor is shown in Figures 20 and 21 where the IMU is
positioned to the specified axis. From left to right is the roll, pitch, yaw, x, y,
and z accelerations. The yaw column indicates close to 180 degrees instead of 0
because the IMU during testing was simply positioned a half turn off center.
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Figure 20: Arduino Serial Monitor of IMU output; boxed in red is the float
value of the roll variable
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Figure 21: Arduino Serial Monitor of IMU output; boxed in red is the float
value of the pitch variable
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5.7

ADS1115 4-20 mA Current Loop Receiver
Sensor signals come in two forms: voltage or current. Choosing which

output is fit for an application depends on the degree of accuracy required and
the layout of the circuit. Since data travelling in an industry application is
commonly wired in series for serial communication, current is the preferred
output because its value does not change whereas a voltage signal is more
susceptible to interference and will lose the signals true value as the travel
distance becomes longer. As mentioned before, voltage outputs use ADCs
before sending the result to a computer. A current output uses a 4-20 mA
current loop receiver to digitize the signal. To test this requirement a voltage
controlled current source (VCCS) was designed since a sensor that outputs this
current was not provided; its schematic is shown in Figure 22. The current was
then read by the ADS1115 current loop receiver. Figure 23 shows the setup of
this device with the Mega/EasyCAT.

Figure 22: Circuit for Simulated Current as reading to ADS1115
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Figure 23: ADS1115 4-20 mA Current Loop Receiver Setup

Setup consists of defining the I2C address for the device, defaulted to the
GND pin. After trial and error a gain of two yields results in our desired range.
The ADS1115 is then set to continuously convert at a rate of 128 SPS (changing
±
it made no significant difference in results). Fortunately, the device has a 1
LSB offset error yielding a 0.01% gain error, requiring no further calibration for
our uses [30],[31],[32]. To receive values, the I2C register is read (SDA & SCL)
which contains the data bits.

Figure 24 is the output of the device through

the Arduino Serial Monitor where the left column is the integer output and the
right is this value converted to current in milli-amps.
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Figure 24: Arduino Serial Monitor displaying Current Output in Integer and
Float Form

5.8

CUI AMT23 Absolute Encoder
An encoder as a transducer is commonly found whenever measurements

of a rotary or linear machine are needed. The outputted digital signal can then
be used to determine speed, orientation, or position of a mechanical piece.
This for example can be used to monitor the flaps on a WEC, giving the
ability to alter its behavior and motion to incoming waves if its flaps are not
in a correct state. This report focuses on rotary encoders that come as either
incremental or absolute. Incremental encoders generate pulses typically seen as
2 square waves 90 degrees out of phase. As the pulses pass, they are counted
and direction is determined by the order of the generated square waves. While

they are simpler
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to use, the downfall of this type of encoder is that it must have a reference to
adjust itself to every time it is turned on to yield accurate position readings.
Absolute encoders, however, have distinct values for each point of rotation,
removing the need for a reference and yielding more reliable and valid results
[33].
The CUI AMT23 absolute encoder was provided for use. It communicates
with the Mega through a single-ended 3 wire SSI (data, clock, chip select)
and outputs a resolution of 214 bits representing the position between values
of 0-16383 with an accuracy within 0.2 degrees [34]. This was attached to an
AMETEK Pittman brushed DC motor [35] to read its position. Figure 25 is the
setup of the encoder on the motor, and the two wired to the Mega/EasyCAT.
Figure 26 shows the integer values received from the encoder displayed
through the Arduino Serial Monitor.

Figure 25: CUI AMT23 Setup
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Figure 26: Integer Values of Encoder; begins from 16384 and decreases to 0
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5.9

MAX1484 - SSI protocol

As with the IMU, WEC developers also stated that the SSI communication
standard is desirable when sending data across long distances because it operates
on differential signals which are less influenced by EMI (so long as the lines are
balanced). Also with small-scale testing, noise resistance needs to be considered
because low voltage system [36] signals are at higher risk to being altered. This
proves another advantage; the differential signals allow twice the protection
compared to a single-ended signal simply as a result of the difference between
the high and low voltage level (positive minus a negative is twice the positive
value!). It is additionally more effective when the noise between the wires are
uncorrelated to one another.
Knowing that SSI works on the RS-422 standard and the familiarity with
MAXIM products, to fulfill this communication requirement the MAX1484 chip
was chosen; a TTL to RS-422 converter. There was no provided hardware that
communicated through the standard, so two MAX1484 chips were connected
together to pass along a signal from TTL to RS-422 and back to TTL. This
was tested on a LED. The Mega sent a digital signal to the driver input pin
on the first chip, converted it to RS-422, read as RS-422 by the second chip,
then converted back to TTL again by the second chip. The final signal was
outputted at the receiver output where the LED was connected and blinking
indicated communication was successful. The figure below represents the setup.
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Figure 27: SSI Testing Setup
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5.10

Anti-Aliasing RC filter - Noise Testing

When gathering data, it is critical to choose a suitable sampling frequency
based on the intended bandwidth. If this is not chosen wisely, an aliasing effect
can occur meaning that, when multiple signals are sampled, they appear to be
identical to one another. We want to ensure that a signal, e.g. 80 Hz, is read by
the computer as 80 Hz and not a different frequency. Aliasing can cause drastic
problems such as false readings. Another issue to note is the presence of EMI due
to the natural operation of a WEC as mentioned earlier.
To ensure that the MiniDAQ will provide accurate data for all frequencies
in out bandwidth and to filter out any noise, an anti-aliasing RC filter was built
and tested. The classic low pass filter design is changed for a differential input by
adding a second resistor as seen below in Figure 28 [37]. Figure 29 displays the
setup of the filter testing where the bandwidth range tested was given as 0.1 Hz
(typical period of waves) to 50 Hz. As the sampling frequency of 100 Hz is twice
the upper limit, the filter should hold true to the Nyquist theorem and avoid the
aliasing effect.
Testing involved running the system under noiseless conditions and monitoring the input and output of the circuit up to the cutoff frequency of 50 Hz.
This was repeated near a 230 V induction motor running at 60 Hz to simulate
noise. Theoretically, as 50 Hz is approached, the amplitude of the output should
steadily decrease, and reach a value 3 dB below the input at the cutoff (about
0.707 times the signal input), exponentially decreasing afterwards. The table
in Table 1 shows that the circuit worked well in filtering out the unwanted
distortion as both noiseless and noise values are similar. It also proves that the
circuit was successfully built for a cutoff value of 50 Hz, shown by the highlighted
row. Reading each row, all noiseless and noise outputs are above this 3dB value
until 50 Hz, the first time it falls below which is the expectation. After 50 Hz,
the difference between the input and output should be exponentially lower and
the circuit presents this. The input and output frequencies were also
monitored and were identical throughout all tests indicating that aliasing had
not occurred.
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Figure 28: Anti-Aliasing RC filter for Differential Input [37]
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Figure 29: Anti-Aliasing RC Filter Setup

Table 1: Table of values showing input frequency and signal voltage, outputted signal
voltage noiseless vs noise conditions
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6 Software
The following subsections describe the softwares used to develop and
operate the MiniDAQ project. This includes both the light blue MiniDAQ
box and the grey Real-Time System box of Figure 5. Each subsection focuses
on a software, describing what it is used for and its purpose in this project.
These softwares were chosen in combination with being hardware related and
knowledge of their operational environment.

6.1 Arduino Integrated Development Environment
The Arduino Integrated Development Environment (IDE) simplifies coding
by a great deal. Not only does it provide understandable functions, it is
structured in a straightforward manner allowing the user to quickly adjust to
writing with the environment. Arduino’s popularity also opens up the option
to utilizing a mass amount of open source libraries available online, removing
any customization that could have been required by the user. The simplicity
and ease of use on the software side again, makes Arduino an ideal hardware
and software candidate for our system.
Figure 30 is a flow chart detailing the MiniDAQ code explained next. The
Arduino .ino file’s purpose is defining variables, sending/receiving data, and
processing this information into specified formats. The EasyCAT header file
provided by AB&T configures the EasyCAT shield allowing communication between itself, the Mega, and Speedgoat through EtherCAT. Our unique header
file containing custom inputs and outputs created through the EasyCAT Configurator is included to give the EasyCAT access to the sensors data. Once
variables and pinmodes are defined, the EasyCAT shield and IMU are initialized, both able to end the code if a failure occurs. If successful, the code runs
through a loop of receiving/sending data to/from the sensors, moving/retrieving
them onto/from the EtherCAT frame, and printing the execution time. Data
interacts with EtherCAT through the BufferIn or BufferOut function; an

ex-

ample of one such buffer is shown in Figure 31. Here, the code is checking to
see if data is available on the EtherCAT frame variable Dac, and if so, to use
that integer value to output an analog signal using the DC2025A. The Load
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Cell code is checking if there is force data available, then it acquires this and
pushes it onto the EtherCAT frame as load cell. To check our sample time,
the code contains the function millis() between the start and end of the loop
section. This outputs onto the serial monitor the execution time of the loop
which should be less than 10 ms to meet the 100 Hz sampling requirement.
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Figure 30: Flow Chart of MiniDAQ Code
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Figure 31: DAQ and Load Cell Section of MiniDAQ code with BufferOut and
BufferIn functions boxed

6.2 EasyCAT Configurator
AB&T provides a configurator where users can define both custom names and
variable types for their inputs and outputs. The application also creates a .bin,
.h, and .xml file. The .bin file is written to the EasyCAT shield EEPROM from
the application which configures the shield to recognize and obtain these inputs
and outputs. The .h file needs to be moved to the same folder as the Arduino
code in order for the IDE to identify these variables and the .xml file is placed
to the correct TwinCAT location, detailed in the next section.
Figure 32 shows the setup of the configurator with one of each input and
output available on the EtherCAT cable. You can see that the Adc inputs
are signed 16 bits, Roll is a float, and Dac outputs are unsigned 16 bits. It
is important to assign the data type correctly as it directly impacts how the
sensors are communicated with.
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Figure 32: EasyCAT Configurator Application with Custom Inputs and Outputs

6.3 TwinCAT
TwinCAT is a software provided by Beckhoff that allows a PC to be a realtime controller, however, its only use for the MiniDAQ project was that the .xml
file created by the EasyCAT Configurator is not compatible with the EtherCAT
block in Simulink; this block supports .xml files made by TwinCAT meaning
this had to be recreated for agreement among systems. Inside the software, the
EtherCAT server is scanned and found - the EasyCAT shield on the Arduino
shown as Box 1. Since the .bin and .xml files from the configurator have been
written and moved to correct locations, TwinCAT finds the custom made inputs
and outputs as shown in the yellow box. For Simulink to identify these, the
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process from the configurator is repeated, but instead a Task is made. Inside
TwinCAT shown in the figure below, inputs and outputs are again defined (green
box), choosing the data type, and linking it to the inputs and outputs TwinCAT
found

earlier

from the configurator (red box). This linking allows

communication between the Speedgoat, SLRT, and data from the EtherCAT
frame.

Figure 33: TwinCAT software showing inputs in Task (green box) and those
found on the EasyCAT shield (yellow box). Boxed in red is the ’Linked to’
which connects the Task’s variables to the current input and output variable on
the EasyCAT shield.
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6.4

Speedgoat/Simulink
The real-time hardware chosen was Speedgoat (high performance target ma-

chine) which uses SLRT as its software. Connecting to the target machine
requires one EtherNET cable from the host to target and configuring network
settings such as the IP address, mask, and gateway. A successful connection is
seen in Figure 34 below. After downloading the Speedgoat library, the input
board IO133 is easily found. Inside is its initialization block that identifies what
analog/digital input/output pins are being utilized along with their voltage levels. This would be used if inputting or outputting a voltage to the Speedgoat
or sensor. As for EtherCAT communication, it has its own initialization block that
takes the .xml file created by TwinCAT. Now the inputs and outputs made in
TwinCAT are available for use in SLRT. The drop down menu in the Ether- CAT
PDO Receive block displays the inputs seen in Figure 35. Similarly, the
EtherCAT PDO Transmit block also allows the user to write to the outputs
defined. Below this, Figures 36, 37, and 38 show the Simulink setup as well as
the target scopes from Speedgoat showing the full system.
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Figure 34: Network Settings in Simulink Real Time Explorer
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Figure 35: Various Defined Inputs seen in the EtherCAT PDO Receive Block

Figure 36: Overall SLRT model
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Figure 37: Sensor Outputs through Speedgoat Target Scopes
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Figure 38: IMU Output through Speedgoat Target Scope

7 System Testing
Along with meeting the main requirements, SNL were interested in the
frequency response (includes time lag) of the system. Frequency response is
important in understanding how the output reflects the input when exposed to
a certain sig- nal, yielding the magnitude and phase of the output as a function
of frequency. Ideally, the input and output should be equal indicating no
interference was imposed when undergoing processes from the system,
however, the MiniDAQ sensors introduce non-linearity, meaning there will be
unwanted magnitude and phase change. Because ADC’s are used in almost all
sensors (including those present in here), the DC682A ADC was chosen as
the output signal to charac- terize the entire MiniDAQ system.
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7.1

Excitation signal options
To get a valuable frequency response, the excitation signal should be

persistent. There are four common signals used to achieve this: pseudorandom
binary sequence (PRBS), chirp, multisine, and stepped sine. These described next
by Jouni Vuojolainen et al and Grauer et al detail when best to use each signal
[38], [39]:
- PRBS signals are deterministic, periodic, and vary between two levels.
They are easy to generate and have high spectral energy over a wide band
range as well as an optimal spectrum for excitation signals.
- Chirp signals take the signal and sweep the frequency up or down
in a period. They are appropriate when the frequency content needs to
be controlled, i.e. when the power being concentrated over a specific
frequency range is useful.
- Multisine signals are composed of multiple harmonic sinusoid components
with different frequencies where the design of the signal is such to avoid
the harmonics produced by the nonlinearities of the system. The amount
of bands, starting and final frequencies, resolution, and amplitude can be
chosen.
- Stepped sine contains all its power at one frequency, so in order to cover a
certain range, different frequencies are to be individually excited. Useful
when specific frequencies are focused on.
After weighing pros and cons to each signal and what would offer the most
informative results, the PRBS signal was decided on as studies display this as
yielding the most accurate results. These results from the PRBS frequency
response will then be validated by a chirp signal.

7.2 Frequency Response of Speedgoat
Since function generators are unable to produce the PRBS signal, and the
chirp sweep can be tedious, both signals were generated by the Speedgoat. By
using the Speedgoat to produce these signals, its dynamics are now introduced
into the

54

process. To rule out if these could influence the characterization of the DC682A
ADC signal, a separate frequency response was tested on the Speedgoat’s DAC
to its ADC. Frequencies of interest are 0.1 Hz to 50 Hz (reasons the same as the
low pass filter test).
Figure 39 displays the PRBS signal generated in Matlab and Figure 40 is the
setup of this signal imported into SLRT where it was the input to Speedgoat’s
DAC. This analog output signal was then the input to Speedgoat’s ADC. Both
of these were logged to the workspace in Matlab as to make use of the system
identification toolbox which provides quick evaluation of magnitude, phase, and
step response between an input and output. Figure 41 is an overview of the
toolbox. The Import Data window on the right is where the in and out data
from Figure 40 were imported to.

Figure 39: Generated PRBS Signal in Matlab
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Figure 40: Speedgoat Frequency Response Setup

Figure 41: Matlab System Identification Toolbox
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The transient and frequency response of this test are shown below. The
magnitude is unaffected by the dynamics, staying at a constant value of one
and the phase plot will be explained in a later section. Looking at the step
response there is a delay of 0.01 seconds, equivalent to one sampling time. As
this will not cause any negative effects in the ADC frequency response test, the
generated signals by the Speedgoat are ruled acceptable to use.

Figure 42: Speedgoat Frequency Response Test Magnitude and Phase Results

Figure 43: Speedgoat Frequency Response Test Step Response
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7.3 Frequency Response of ADC
To continue on to testing the frequency response of the MiniDAQ ADC, the
SLRT model was modified by including the DC682A ADC as producing the
new out data for the system identification toolbox. Its physical input
± is the
analog output from channel 1 of the IO133 module setup to output

10 V,

meaning, the Speedgoat produces a signal to channel 1 accessible by 2 terminals
on the IO133. Wires are connecting these terminals to the (+) and (-) terminals
on the DC682A ADC.

Figure 44: ADC Frequency Response Setup - PRBS
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Running the system identification toolbox with the new in and out data
produced by the setup in Figure 44 yields the following responses shown in
Figure 45 and 46. The magnitude is wavering around 0.9 and 1 which is tolerable
and the phase is exhibiting the same behavior as before. The system now has a
2 sample delay which is still within reason as confirmed by SNL.

Figure 45: ADC Frequency Response Test Magnitude and Phase Results

Figure 46: ADC Frequency Response Test Step Response
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7.4

Explanation of Phase Plot
The phase plot is displaying the behaviour of a non-minimum phase

system. To better understand this, a continuous sinusoid (typical input to the
ADC) will be discretized at a sampling rate of fs = 1/Ts to get u1[nTs]:
u1(t) = A sin(2πf t)

u1[nTs] = A sin(2πf nTs)
Once processed by the ADC, u1[nTs] appears as y1[nTs]) in the Speedgoat
with a delay of 2:
y1[nTs]) = B sin(2πf · (n − 2) · Ts)
= B sin(2πf nTs − 4πf Ts)
= B sin(2πf nTs + φy)
The phase of y1[nTs]) as the function of input frequency f is:
φy = −4πf Ts [rad]

φy = −4 · (180) · f Ts [deg]
Knowing the desired sampling frequency of 100 Hz, the period is then
Ts = 10 ms. The phase is now represented as:
φy = −7.2f [deg]
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Plotting the above theoretical equation and the experimental phase response
of Figure 45 produces the figure below. This proves that the theoretical and
experimental phase response are in agreement.

Figure 47: Experimental vs. Theoretical Phase Response.

7.5

Comparison to Chirp Signal

The SLRT model was again modified to Figure 49 below by switching out
the PRBS signal for a chirp sweeping from 0 to 50 Hz as seen in Figure 50. It
can be seen in this figure the initial cold start of the Speedgoat system
resulting in a flat response at first, however during normal operation this is
not present. This comparison test was conducted to validate the results from
the frequency response test. Whenever the MiniDAQ is subject to any value
between 0 – 50Hz, three features should be present as found in the previous
sections:
1. The magnitude of 0.9 to 1 means the magnitude of both the input and

output should be relatively the same
2. A 0◦ or 180◦ phase shift at specific frequencies will be seen
3. A 2 sample delay (0.02 s) will exist between the input and output

The specific frequencies feature 2 is referring to are determined by wrapping
the phase plot of Figure 47 to 180◦ and -180◦ shown below. For example, at 0
Hz a 0◦ phase shift should be present, and at around 25 Hz, a 180◦ phase shift.
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Figure 48: Phase Plot of Figure 48 wrapped to 180 ◦ and -180◦ to Determine
Phase Change Points in Chirp Signal

Figure 49: ADC Frequency Response Setup - Chirp
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Figure 50: Full Chirp Signal from 0 to 50 Hz

7.5.1

Magnitude

Figure 51 displays the first feature of equivalent magnitudes between the input and
output.

Figure 51: Zoomed in Chirp Signal from 0 to 3 Hz
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7.5.2

Phase Change

To prove feature 2, the frequencies around 0 and 25 Hz are analyzed. Figure
52 displays almost 0◦ phase shift and an equivalent magnitude. Figure 53 shows
the phase delay as being about 240◦ when we would expect 180◦. Possible reasons
for this value to not be exact are specifications when generating both excitation
signals to be equivalent, but regardless, the results align well with what is
expected from the PRBS response.

Figure 52: 0◦ Phase Shift
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Figure 53: 180◦ Phase Shift

7.5.3 Sample Delay
At the time of testing, feature 3 indicated a 2 sample delay between input and
output. The data taken, however, was plotted against the frequency axis, similar to the
figures above. This cannot be used for determining sample delay as the response of the
system to the chirp input must be plotted against time. Unfortunately when this was
realized, part of the miniDAQ system had to be taken for the testing on the FOSWEC.
This altered the systems’ reaction to a step response, causing a less linear result seen in
Figure 54. Due to this, retesting for sample delay was affected and now presented itself
to be 4 samples.
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Figure 54: Step response indicating 4 sample delay

Still, feature 3 can be proven as, even with the modified system, the input and output
should still contain this 4 sample delay. The figure below is a zoomed in portion of the
chirp signal, with indicators to prove the delay against the time axis.

Figure 55: 4 sample delay (0.04 s) between input and output
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8 Conclusion
The MiniDAQ project by SNL was intended to develop a DAQ for smallscale WEC testing as well as providing a general-purpose tool for any relevant
ap- plication. This was motivated by the fact that a low cost, simple to use DAQ
does not exist. Through design and testing, the MiniDAQ has confirmed that
it has accomplished this goal. It has met the main technical requirements realtime operation, 100 Hz sampling frequency, differential inputs/outputs, and two
communication interfaces. Along with that, the choices made when deciding on
development boards and sensors were such that customization of the MiniDAQ
was minimized, an important aspect of the design to allow any persons the ability to use this tool. Additionally, its small volume, light weight, and low cost
make it an ideal device for any need in gathering data, whether that be a WEC,
aid in autonomous operation for an automotive company, or weather reports for
the beach...the MiniDAQ is there for you.
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