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Abstract

The Halifax Class frigates are currently undergoing a midlife modernization as part of the
FELEX program. An existing data set for standardization and manoeuvring/controllability
for the HALIFAX Class frigates is from a trial in 1991 on HMCS HALIFAX when the ships
were newly built. The ships now operate at a deeper displacement and have undergone a
number of appendage changes. In order to update manoeuvring data for the post-refit ships
a sea trial was conducted on HMCS CALGARY in September 2013. This report presents
a summary description of this standardization and manoeuvring/controllability sea trial.
Instrumentation, conditions, and data processing are discussed. The analysis and results
from the trial are given in separate reports.

Significance for defence and security

The Halifax Class ships are in the process of a midlife modernization. Upon completion
of the refit, the Halifax Class will operate at a deeper displacement and will have a number
of appendage changes. Historical data for the vessels goes back to 1991 when the orig-
inal standardization and manoeuvring/controllability trials were done, but it is somewhat
limited due to a number of problems encountered during the trials at that time. New stan-
dardization and manoeuvring/controllability trials were conducted on HMCS CALGARY
in September 2013 off the coast of British Columbia. These results document the per-
formance of the ships post FELEX/HCM refit, which is of primary concern to operators,
and will also provide more complete and up-to-date information for ship simulators and
research/ operations modelling.
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Résumeé

Les frégates de la classe HALIFAX font actuellement I’objet d’une modernisation de mi-
durée dans le cadre du programme FELEX. L’ensemble des données existantes sur la nor-
malisation et la manoeuvrabilité/pilotabilité des frégates de la classe HALIFAX provient
d’un essai effectué en 1991 sur le NCSM HALIFAX, alors que les navires venaient d’étre
construits. Ce sont maintenant des navires a déplacement plus lourd et leurs appendices ont
subi de nombreuses modifications. Pour mettre a jour les données de manoeuvrabilité des
navires apres radoub, on a procédé, en septembre 2013, a un essai en mer du NCSM CAL-
GARY. Ce rapport présente une description sommaire de cet essai de normalisation et de
manoeuvrabilité/pilotabilité en mer. Les instruments de bord, les conditions de navigation
et le traitement des données font I’objet d’une discussion. L’analyse et les résultats de cet
essai figurent dans des rapports distincts.

Importance pour la défense et la sécurité

Les navires de la classe Halifax sont en processus de modernisation de mi-durée. Apres
le radoub, les navires de la classe Halifax seront a déplacement plus lourd et leurs appen-
dices auront subi de nombreuses modifications. Les données historiques sur les navires
remontent a 1991, année ou on a procédé aux premiers essais de normalisation et de ma-
noeuvrabilité/pilotabilité, mais elles sont quelque peu limitées en raison des nombreux pro-
blemes survenus a I’époque au cours de ces essais. En septembre 2013, on a procédé a de
nouveaux essais de normalisation et de manoeuvrabilité/pilotabilité sur le NCSM CAL-
GARY, au large des cotes de la Colombie Britannique. Ces résultats documentent les per-
formances des navires apres le radoub FELEX/MCH, lequel revét une importance capitale
pour les exploitants, et fourniront également des renseignements plus complets et plus ac-
tualisés pour les simulateurs de navires et la recherche/modélisation des opérations.
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1 Introduction

The twelve HALIFAX Class Frigates, launched during the period 1988 to 1995, form the
backbone of the Royal Canadian Navy (RCN). The ships were designed in the late 1970’s
and early 1980’s to accomplish the Cold War Anti-Submarine Warfare (ASW) and Anti-
Surface Warfare (ASUW) missions primarily in the open ocean environment.

The operational profile of the HALIFAX Class has changed. Current and evolving threat
systems are faster, stealthier, more manoeuvrable and are moving from open-ocean areas
to the littoral environment.

The HALIFAX Class Frigates are undergoing a mid-life refit managed under the FELEX/
Halifax Class Modernization (HCM) project. In addition to the necessary maintenance
and sustainment work involved in the mid-life refit, the modernization of the ships will
see the implementation of new capabilities to meet the new threats and changing operating
environments [2].

A number of the Engineering Changes (ECs) planned for the refits will affect the displace-
ment of the vessels and see the addition or removal of some hull appendages. Such changes
can have an impact on the speed, acceleration and manoeuvring / controllability of a ship.

Lightship displacement is expected to increase by 5% from 4086t to 4294 t from the time
of the last inclining to post-FELEX. This will result in a draft increase of 0.139 m at the
deep departure displacement. In addition to a stern flap that is being added to the design
in order to improve fuel economy, there are plans to remove the masking belt and related
canoe fairings.

Standardization and manoeuvring/controllability trials were performed in 1991 when the
original ships were delivered to the RCN from Saint John Shipbuilding Limited (SJSL), but
the resulting data is somewhat limited due to a number of technical problems encountered
during the trial at that time. In this report, the 1991 trial on HMCS HALIFAX is refereed
to as ‘HAL1991°. Likewise, the current 2013 trial on HMCS CALGARY is referred to as
‘CAL2013".

In order to document the performance of the post FELEX/HCM refit ships, as well as pro-
vide more complete and up to date information for ship simulators and research/operations
modelling, a standardization and manoeuvring/controllability sea trial [3] was conducted
on HMCS CALGARY off the coast of British Columbia in September 2013. This report
contains a summary of activities related to the preparation, execution, and data analysis for
this trial.

The trial was conducted by personnel from the Naval Platform Operational Limits (NPOL)
Group of the Warship Performance (WP) Section from DRDC Atlantic. This work was
assigned to DRDC with a MARCORD Task Request initiated by DNPS 2-3.

DRDC-RDDC-2014-R88 1



2 Trial summary

The date & time references in this report are with respect to GPS time (also referred to in
this report as UTC'), unless otherwise stated as being a local time. Local time was that for
Victoria, British Columbia which uses Pacific Daylight Time (PDT). During the trial, local
time was UTC minus 7 hours (e.g. 12:00 Local Time = 19:00 UTC).

2.1 Operational area

The trial was conducted off the west coast of Vancouver Island approximately 100 - 200 nmi
from Canadian Forces Base Esquimalt. This location met the requirements of an uncon-
fined area with steady (non-fluctuating) ocean currents free from shipping traffic with water
deeper than 50 m. This location had the added advantages of being in the vicinity of Ocean
Data Acquisition System (ODAS) buoys and Differential GPS (DGPS) towers. The com-
plete track from the trial is shown in Figure 1 along with the DGPS towers and ODAS
buoys listed in Table 1.

Table 1: Weather buoys and DGPS towers near proposed operational area

DGPS Towers
Name Latitude | Longitude
Amphitrite Pt. 48.92°N | 125.55°W
Eliza Dome [4] 49.87°N | 127.12°W
Richmond 49.18°N | 123.12°W

ODAS Buoys
Name Latitude | Longitude
La Perouse Bank - 46206 | 48.83°N | 126.00°W
South Brooks - 46132 49.73°N | 127.92°W
Neah Bay - 46087 48.49°W | 124.73°W

ITechnically, GPS time is not the same as UTC (a.k.a., GMT or Zulu time). UTC is occasionally adjusted
by leap-seconds intended to keep it synchronized with mean solar time, while GPS time has not. At the time
of the trial, the culmination of leap-second corrections resulted in GPS time being ahead of UTC by 16
seconds. This 16 second difference was not applied to any of the trial data time stamps. They were only
synchronized to the GPS time reference, even if stated as being UTC.

2 DRDC-RDDC-2014-R88
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2.2 Sea state

Standardization and Manoeuvring/Controllability trials should be conducted in mild en-
vironmental conditions. The trials agendas [5], [6] indicate that the Sea State must be 2
or less as defined by Table 2, while International Towing Tank Conference (ITTC) rec-
ommended procedures [7] suggest maximum conditions of Sea State 3. Some guidelines
for correcting trial results for environmental conditions are given in [8], but [9] notes that
“these correction methods are developed somewhat more intuitively than scientifically” and
explicitly indicates that for sea states of 5 or more that corrections are not reliable.

Although a directional wave buoy (Section 3.12) was brought, it was not deployed. Wind
and wave conditions were mild and favourable throughout the trial. Wave measurements
from moored ISDM buoys in the vicinity of the operational area are given in Section 3.15.

Table 2: Sea state table for the open North Atlantic (NATO, 1993) [1]

Significant Wave Sustained Wind Modal Wave
Sea Height (m) Speed (knots)' Percentage Period (s)
State Probability of ; Viost
Number| Range | Mean Range | Mean | Sea State Range Probable?
0-1 0-0.1 0.05 0-6 3 0.70 - -
2 0.1-0.5 0.3 7-10 8.5 6.89 3.3-12.8 7.5
3 0.5-1.25 0.88 11-16 13.5 23.70 5.0-14.8 7.5
4 1.25-2.5 1.88 17-21 19 27.80 6.1-15.2 8.8
5 25-4 5 22-27 24.5 20.64 8.3-15.5 9.7
6 4-6 5 28-47 37.5 13.15 9.8-16.2 12.4
7 6-9 7.5 48 -55 515 6.05 11.8-18.5 15.0
8 9-14 11.5 56-63 59.5 1.1 14.2-18.6 18.64
>8 >14 >14 >63 >63 0.05 18.0-23.7 20.0

T Ambient wind sustained at 19.5 m above surface to generate fully developed seas.
To convert to another altitude, Ha, apply V> = Vi (H,/19.5)/7.
2 Minimum is 5" percentile and maximum is 95" percentile for periods given
wave height range.
3 Based on periods associated with central frequencies included in Hindcast Climatology.

2.3 Engine Configurations

The HALIFAX Class frigates are twin screw, single rudder ships powered by two GT en-
gines and one PDE in a Combined Diesel or Gas (CODOG) plant arrangement (shown in
Figure 2). Power can be delivered to one or both propeller shafts using the PDE, a single
GT, or both GTs. Normal modes of operation are those in which the engine power is dis-
tributed to the shafts through a cross-connected (XCON) gearbox which maintains equal
shaft rotation rates to the port and starboard propellers [10].

The trials agenda [6] called for certain runs to be performed using a single driving pro-

4 DRDC-RDDC-2014-R88
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Figure 2: Engine and propulsion configuration
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|\ NAVY [PARIVE ] S S
locked shaft requires significant effort (1.5 - 2 hours) to engage the locking mechanism and
is limited to a maximum torque. Trailing a shaft involves disengaging one of the cross-
connection clutches, allowing the engine to drive a single shaft directly. The trailing shaft
must maintain some rotation in order to ensure proper lubrication in its bearings. Refer-
ences to a single driving shaft in this trial report refer to the trailing shaft configuration

only. No shaft was locked during the trial.
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3 Instrumentation, data collection, and
processing

Considerable data was collected about the ship and environmental conditions. Some data
was logged manually, some logged with native ship systems, while others required special-
ized instrumentation.

The data acquisition was set-up as a number of self-contained units throughout the ship
(they were not networked together). Data collection units were located in: the passageway
to the Chiefs & Petty Officers (POs) servery (near the ship’s CG), the chart room, the
steering gear compartment, on-deck at the bow, the hanger, on-deck aft of the flight deck,
and in the engine room (forward and aft). Approximate positions for various instruments
are given in Table 3. The ‘ship centre’ or OSRP, used by the NDDS as the reference for
GPS coordinates was set in accordance with the “2007 Manual of Trim and Stability Deep
Departure”.

Data coverage during the trial is illustrated in Figure 3. The top plot shows the periods dur-
ing which the various run types were performed. The bottom plot shows the data coverage
for the various sensors used on the trail.

With the exception of the fuel flow meters (Section 3.9), all trial related equipment was
installed by the DRDC trials team on the weekend prior to the trial departure and was
completely removed at the end of the trial.

Table 3: Instrument locations (approximate)

Instrument X [m] Y [m] Z [m]
Own Ship Reference Point (OSRP) 59.63 0.02 6.56
NAV420 Motion Sensors 67 0 8.6
NRC 3m Bow Anemometer 132 0 15.8
NRC 5m Bow Anemometer 132 0 17.8
Ship Port Anemometer 81 3.75 28.5
Ship Starboard Anemometer 81 -3.75 28.5
Bow DGPS 132 0 15.8
Aft DGPS 5 0 13
Handheld GPS 22 7.5 13
NRC Meteorological Sensors 96.5 -5.5 18.75

Longitudinal X is relative to the AP. Lateral Y is relative to the ship centreline (port is positive,
starboard is negative). Vertical Z is relative to the baseline (keel). The AP is defined at the
intersection of the transom with the waterline at a level draft of 5.00 m.

6 DRDC-RDDC-2014-R88
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3.1 Time synchronization

Conducting a sea trial with multiple independent data logging computers requires careful
attention to time synchronization between the systems. Generally, the internal clocks used
in most laptop and desktop computers stray over time (sometimes as much as seconds per
day). To correct this, time servers were connected to each standalone computer or to groups
of networked computers. Two brands of time servers were used on this trial: the ORCA
Model GS-101 [11], and the CNS Clock II [12].

These devices were synchronized with GPS time by connecting them to a GPS receiver. If
they maintain a connection to a GPS receiver, they can automatically stay synchronized. If
however they cannot remain connected to a GPS, such was the case for several units on this
trial, they can maintain time using accurate internal clocks that can keep sub-millisecond
precision for several months.

Two issues with time synchronization occurred during the trial. The first was with data
logged by the ship’s IPMS (Section 3.3) and the other was with rudder angle (Section 3.8).
Both issues required post-trial corrections.

3.2 NDDS logging

The Navigational Data Distribution System, (NDDS) is used to provide various naviga-
tional and environmental data streams throughout the ship. DRDC connected a stand-
alone data logging computer (laptop) to this system through a network connection located
in the Aft Sonar Integrated Space (Aft SIS). NMEA style sentences were timestamped with
DRDC time (see Section 3.1) and saved to file as they were received. Sentences SWIMTW
and $PAXDR were not available on this ship for this trial. GPS position data were reported
with respect to OSRP as defined in Table 3.

The following data was logged through port 14041 (mean sampling rate given in brackets):

$SGPGGA - GPS position & time (1 Hz);

SGPGSA - GPS Dilution of Precision and active satellites (1 Hz);
S$SGPVTG - Course and speed (10 Hz);

SINDBT - Water depth below transducer (0.25 Hz);

$SINGLL - Latitude and longitude (1 Hz);

SINHDT - Ship heading (True) (10 Hz);

SINROT - Ship rate of turn (10 Hz);

$INVHW - Heading and Speed Through Water (10 Hz);

SINVTG - Course Over Ground & Speed Over Ground (10 Hz);
J. SINXDR - Heading, roll, pitch (10 Hz);

B0 - 0 a o o o

—e
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SINZDA - GPS date & time (1 Hz);

SP1MWV - Port anemometer apparent wind & angle (1 Hz);
$SP2MWV - Port anemometer true wind speed & angle (1 Hz);
$P2MWD - Port anemometer true wind speed & direction (1 Hz);
$P3MWV - Stbd anemometer apparent wind & angle (1 Hz);
$P4MWV - Stbd anemometer true wind speed & angle (1 Hz);
SPAMWD - Stbd anemometer true wind speed & direction (1 Hz);
$SSDDBT - Water depth below transducer (0.5 Hz);

$SDDPT - Water depth and offset (1 Hz);

t. SWIMTW - Water temperature (unavailable);

3.3

$SPAXDR - Air temperature, pressure, and humidity (unavailable).

IPMS logging

The Integrated Platform Management System, (IPMS) (also known as Halifax Class IPMS
or HCI) was used to access and log data streams related to the machinery and propulsion
systems during the trial.

The IPMS was configured to log at 1 Hz for the duration of the trial. The following data
was logged by the IPMS and transferred to the DRDC trials team at the end of each day
(IPMS logging code in brackets):

a.

b.

= B0

—

Port Shaft RPM (PROGBX10001);

Starboard Shaft RPM (PROGBX10161);

Port propeller pitch setting (ANCCPP10200);
Starboard propeller pitch setting (ANCCPS10200);
Port GT PLA (PROGTP10200);

Starboard GT PLA (PROGTS10200);

Port shaft torque (PROGBX10041);

Starboard shaft torque (PROGBX10201);

Port shaft power (PROGBX10080);

Starboard shaft power (PROGBX10240);

Drive mode; identification of operating engines and gearing configuration
(dm_drive_mode_0).

DRDC-RDDC-2014-R88 9



During the trial, there was discrepancy of 1 - 2 minutes between the clock used by the IPMS
system and UTC time (used for the trial data). This could not be easily corrected on the
ship, so a log of the discrepancies was made at least once a day. This was done by manually
marking down the times as seen on the IPMS clock and a GPS clock at the same instant.
These times are listed in Table 4 and plotted in Figure 4 along with a linear best-fit line.
The equation for this regression line was then used to determine the correct time shift to
apply to the raw IPMS data when it was processed for analysis. This method of correcting

the IPMS time discrepancy to UTC is likely only accurate to approximately 41 second.

10

Table 4: Logged times for IPMS and UTC

UTC IPMS Lag [s]
10-Sep-2013 14:12:00 | 10-Sep-2013 14:10:14 | 106
10-Sep-2013 01:15:45 | 10-Sep-2013 01:13:57 | 108
12-Sep-2013 17:05:30 | 12-Sep-2013 17:03:48 | 102
13-Sep-2013 08:08:00 | 13-Sep-2013 08:06:22 | 98
13-Sep-2013 04:13:00 | 13-Sep-2013 04:11:22 | 98
13-Sep-2013 20:50:20 | 13-Sep-2013 20:48:43 | 97
14-Sep-2013 23:55:00 | 14-Sep-2013 23:53:28 | 92
15-Sep-2013 16:32:00 | 15-Sep-2013 16:30:32 | 88
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The Matlab date number corresponding to 12:00 pm on 10-September-2013 is 735486.5.

Figure 4: IPMS time lag relative to UTC

3.4 ECPINS logging

At the end of the trial, a copy of the Electronic Chart Precise Integrated Navigation System
(ECPINS) data was provided by the ship to serve as a backup to other similar data sets such
as from the NDDS (Section 3.2).

3.5 GLM data

GHS Load Monitor (GLM) reports [13], which detail the ship’s weight, drafts, and hydro-
static stability, were generated twice each day by ship staff. Copies of these reports were
given to the DRDC trial team at the end of the trial. Selected GLM data is summarized in
Annex C.
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3.6 Ship motions

Ship motions were recorded using a Crossbow® NAV420CA-100 [14] sensor which mea-
sures accelerations, angles, and angular rates along each of the three principal axes. The
sensor was mounted to an aluminium plate which was then clamped to the flange of a
structural beam in the deckhead of the passageway to the Chiefs and PO’s servery (this
is near the ship’s centre of gravity). The data was logged at 20 Hz using a nearby laptop
located in the Electrical Workshop as shown in Figure 5. Raw NAV420 data was converted
to a forward-port-up coordinate system (see Figure 6 and Table 5) commonly used in ship
seakeeping for analysis.

Ship roll & pitch were also recorded from the NDDS (Section 3.2) as measured by the
ship’s gyrocompass. These are more accurate than those from the NAV420 and were sub-
sequently used for the analysis of runs. Roll angle, reported by the NDDS as positive stbd.
down/port up, was converted during processing to stbd. up/port down in compliance with
Figure 6.

sk MECHANICAL ELECTRICAL | MEDICAL
t;;::r WORKSHOP WORKSHOP STORE
.I'I;];.* p— 2 \,«.\r-w—\ Ship Motion
Fon PASSAGENAY :‘.‘:-,“2.“""3 Data-Logging
r Laptop
e k1o
H{cEaﬂs &
A S FER |t E =
| nER «I-"’ﬂ Ship Motion
—_——— w—ﬁ-——‘ﬁ:“—#‘_‘ i Sensor
PETTY ik -
LOUNGE E it AT
(- ]
) e [~
If
\nenes [O] GALLEY
A/C
PLANT
L PETTY OFFICERS
INI R
DINING ROOM ??3“[;{
CHIEF & PETTY " -
OFF ICERS SERVERY

Figure 5: Motion sensor location on deck 2 (near ship CG)
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Yaw
Forward-Port-Up

Coordinate System

X
Figure 6: Coordinate system
Table 5: NAV420 and ship coordinate system definitions
Axis/Rotation NAV420 Coordinates Ship Coordinates
X axis positive bow to stern positive stern to bow
y axis positive towards port positive towards port
z axis positive downwards positive upwards

Roll (about x) | positive stbd up, port down | positive stbd down, port up

Pitch (about y) | positive stern up, bow down | positive stern up, bow down

Yaw (about z) positive turning to stbd. positive turning to port
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3.7 Differential GPS

In order to obtain the best possible accuracy for the ship position and orientation, two Dif-
ferential GPS (DGPS) units were installed on the ship for the trial. Each unit consisted
of a dual-frequency GNSS receivers (Novatel FlexPak™-V2-L1) connected to ring-style
antenna (Novatel GPS-701-GG). One set was located on the anemometer bow pole (see
Section 3.13), and the other mounted on the quarterdeck (see Figure 7). Both units were
aligned with the centre-line of the ship. Data for the forward unit was logged by a Rasp-
berry Pi Computer (RASP-PI) in the bridge wing Pelican case shown in Figure 29. A
similar case was used to log the aft unit (Figure 8) with its own RASP-PI/ORCA pair.

Unfortunately, data from the aft unit was not available for analysis. During the morning of
09-Sep-2013 prior to departure, there was a power outage on the ship which reset various
trial equipment, including the aft DGPS data acquisition. When this happened, the RASP-
PI which had been configured to receive DGPS data from port 1 and the ORCA time signal
from port 2 reset so that it was receiving both data and time on port 1. This fact was not
noticed at the time because it did not generate an error and log files were being created as
expected. Also, because the DGPS logged binary data that needed to be post-processed
by Novatel’s GrafMov software to produce the required latitude/longitude tracks, the data
could not be checked on ship. Checks on the system were simply to see that it was still
running and that new log files were being created, which they were. It was not until the
end of the trial when all of the data was being collected onto a single computer that it was
noticed that there was a large discrepancy in the size of the files generated by the forward
unit relative to the aft unit. After returning to DRDC Atlantic, an attempt was made to
post-process this data and it became apparent that the aft DGPS data only contained a
small fraction of the required data. The port conflict on the RASP-PI had interfered with
logging to the point that none of the data was usable.

Data from the forward unit was unaffected by this issue and was successfully post-pro-
cessed and corrected using reference data from the Eliza Dome station [4] (see Section 2.1),
yielding latitude / longitude track data at 2 Hz.
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3.8 Rudder angle

As rudder angle is not logged by any of the ship’s native systems, a custom set-up was
therefore required for this trial. Rudder angle was measured and recorded by two identical
stand-alone systems located in the rudder compartment (primary and secondary backup).
As illustrated in Figure 9, each system consisted of a cable-extension transducer (Celesco
Transducer Products Inc. Model PT101), an Analog-to-Digital (A/D) converter (NI Model
9239), and a laptop computer. The bases of the transducers were fixed to positions near the
top of the rudder stock as shown in Figure 10. The transducer cables were attached to the
rudder stock such that the cable was partially wrapped along the stock’s outer perimeter. As
the rudder changed angle, the cables extended or retracted an amount linearly proportion-
ate to the change in rudder angle. The transducers’ analogue voltage output passed through
A/D converters before being recorded on a laptop computer (shown in Figure 11). Cali-
bration parameters between transducer output voltage and rudder angle were determined
alongside before the trial as given in Annex B.

Cable

Attatchment
Point

Y

Logging Computer

ORCA
Time

Sync.

[ 1

National Instruments 9205
Analog to Digital Converter

Celesco PT-101-0060-111-1110
Cable-Extension Transducer

Figure 9: Rudder angle measurement setup
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The helm was set to use the ‘follow-up’ mode for the trial, which is consistent with normal
operation. This mode activates a control system on the rudder movement which causes
the slew rate to slow as the rudder approaches the requested angle. An example of this
behaviour can be seen in Figure 13 which shows a rudder being ordered from midships
to port 20°. At first the slew rate is constant, but as it approaches —20°, it slows down.
There were two channels that can engage the follow-up mode; port and starboard. The
trial was conducted entirely using the port follow-up channel, as the ship was having issues
with the starboard channel. The ship is also equipped with two pumps to power the rudder
hydraulics. The trial was conducted using a single pump, as per usual practice. Most of the
trial relied on the starboard pump (which for this ship was believed to have a faster slew
rate), although there were periods when the port pump was used.

During the set up phase for the trial, it was discovered that the DRDC’s stock NI model
9205 A/D converters [15] were susceptible to drift error and would not perform satisfactory
for rudder angle measurements. It was therefore decided to use the newer model 9239
converters [16] which could better compensate for this problem. One major difference
between the two systems, not known at the time, was that the model 9239 had an internal
clock.

With the older model 9205 system, time-stamps in the output data files used computer time,
which was accurately set to UTC using an ORCA/RASP-PI combination (as described in
Section 3.1). After first powering up the components, it would often take approximately
1 - 2 hours before a usable NTP time signal was available. Data files generated during this
period would be discarded.

The model 9239 system uses its internal clock for generating time-stamps in the output
data files. This clock is set to computer time when the converter is first powered up. It
retains this time reference until it is reset by powering down and back up again; where it
would again set itself to computer time.

During the trial, this difference in time handling was not known and the starboard rudder
sensor A/D converter was powered up before its acquisition computer was properly syn-
chronized to UTC by the ORCA. It therefore set its internal clock to an incorrect computer
time which lagged UTC by ~135 seconds. When discovered after the trial during post-
processing, a 135 second correction was made to the affected starboard sensor data, but an
additional smaller correction was still required to properly align it to the port sensor data.
This was done on a run-by-run basis.

The port sensor had a different issue with its data where, at times, it would not properly
track the rudder position (as shown in Figure 12). At several times in the plot, the star-
board sensor (corrected for time shift) shows a constant rudder angle while the port sensor
shows a sloping line (such as between 19:05-19:12). This behaviour could be explained by
some sort of slippage, sticking, or stretching of the cable connecting the transducer to the
rudder post. This also affected the relationship between cable position and rudder angle
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established during calibration, as illustrated by the offset between the starboard and port
sensors. The degree to which the two sensors differed varied throughout the trial and was
corrected on a run-by-run basis.

30S

®  Port Sensor
®  Stbd. Sensor

20S

10S

o

10P

Rudder Angle [deg]

20P

18:55 19:00 19:05 19:10 19:15 19:20 19:25 19:30
2013-09-10

Figure 12: Port rudder sensor slippage

As discussed, there were issues with both of the sensors used to acquire rudder position
during the trial. However, as the issues were different, corrected rudder angle could be de-
termined by using data from both sensors. For each run in the trial, the following procedure
was used to obtain this data:

a. When reading from raw data files, 135 seconds was automatically added to
any starboard sensor data with timestamps earlier than 00:00:00 on 11-Sep-
2013.

b. Rudder data from both sensors was then plotted for a range of ~1 - 2 minutes
around the rudder execute time? (top plot in Figure 13).

c. Using cross-hairs in a GUI, the rudder start swing time for both the port and
starboard sensors were identified (top plot in Figure 13), to give the shift
correction Eqn. (1).

ZFor runs without a specific rudder execute time, such as a measured mile, some other appropriate refer-
ence movement was used.
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. Port sensor time was assumed correct. The starboard sensor data was shifted
using Eqn. (2) to match the port sensor data using the difference between the
two rudder start swing times (middle plot in Figure 13).

. Starboard sensor data was assumed to have the correct calibration. The port
sensor data was adjusted for bias and scale using Eqn. (3) to best match the
angles measured by the starboard sensor (bottom plot in Figure 13).

. After these corrections, the two data sets would then be nominally equiva-
lent (bottom plot in Figure 13).

. For each individual run, the two corrected data sets would be plotted to-
gether and the one which appeared to have the least noise or other issues
was selected as the rudder data for that run.

. In the few instances where both sensors had a significantly large degree of
noise, the least noisy data was chosen and passed through a smoothing filter
before being used in further analysis.

tshifz = tportRef — tstbdRef

IstbdCorr = tstbdRaw T tshifl

8portCorr — Lscale 8portRaw + Pbias

where,

tsnir = Time shift of port rudder sensor relative to starboard sensor.
tporiRef = Reference time in raw port rudder data.
tsbdrer = Reference time in raw port rudder data.
tabdrRaw = Raw starboard rudder sensor time.
tabdcorr = Corrected starboard rudder sensor time.
O poriraw= Raw port rudder sensor angles.
dporicorr= Corrected port rudder sensor angles.
Pscuie = Scale factor applied to port rudder sensor angles.
Pypias = Shift applied to port rudder sensor angles.

ey

2

3)
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Figure 13: Both rudder sensors corrected
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In many cases after correction, both the port and starboard sensor data sets where essen-
tially identical (starboard sensor data was usually used). However, there were cases where
either one data set or the other was noisy or even unusable, as shown in the following ex-
amples (data was first corrected as described in the above procedure). Figure 14 shows an
example of good starboard sensor data while the port sensor was erratic. Figure 15 like-
wise shows a clean port sensor signal, but noisy starboard sensor data. Figure 16 shows a
situation where both sensors had issues. The port sensor was erratic and the starboard sen-
sor was noisy. Also shown in this example is the ordered rudder angle, and the starboard
sensor data after being passed through a smoothing filter. Although sufficient rudder data
was acquired to conduct the required analyses for the trial, the acquisition set-up used has
room for improvement. It is recommended that manoeuvring trials should always have re-
dundant systems for rudder angle measurement as it key to determining metrics. Methods

other than the cable transducer should also be explored. Ideally, rudder angle should be
included in the HCI system and logged by the ship.
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Figure 14: Unusable port sensor data, good stbd. sensor data
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Figure 15: Good port sensor data, noisy stbd. sensor data
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Figure 16: Noisy port and starboard sensor data
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3.9 Fuel flow meters

Fuel consumption on the trial was measured using three Siemens FUP1010 ultrasonic flow
meters [17] (Figure 17) selected and installed by NETE through a contract with DNPS 3-8.
Separate sensors were installed on each of the fuel feeds to the port (S/N U13456) and
starboard (S/N U13455) GTs3. A third unit (S/N 31677) equipped with two sensors was
used to measure the PDE fuel feed and return lines (PDE fuel consumption is the difference
between these measurements). DRDC was responsible for logging the output of each meter
which was done using a RASP-PI for acquisition and an ORCA for time synchronization.
As the gas turbines were in the same compartment, a single ORCA was used to provide
time to the two RASP-PI data loggers (one for each GT). NETE did not provide enough of
the proprietary serial cables for the flow meters (two cables were provided to use with three
meters), so each time there was a switch from using two GTs to the PDE (or vice versa),
one of the cables had to be disconnected from a meter, moved, and reconnected to a meter
in another compartment. This switch-over process took about 1.5 hours to complete each
time.

Figure 18 shows the two RASP-PIs used to log the fuel meters in the GT compartment
along with ORCA time server shown in Figure 19. Figures 20 and 21 show the sensors on
the fuel feeds to the port and starboard GTs. Figures 22 and 23 show the sensors attached
to the PDE fuel feed and return lines.

There were issues with the initial configuration of the meters in the GT compartment. Un-
like the meter in the PDE compartment, the GT meters would not enable logging. A NETE
technician was on-board the morning of departure (09-Sep-2013) and could not correct the
problem. Several emails were sent from the ship to NETE, but without a solution being
found. It was not until late in the second day at sea that rigorous trial-and-error attempts
by the trial team to re-configure the meters were successful and the logging options were
finally enabled.

3 At departure for the trial on 09-Sep-2013, the port GT had 372.42 operating hours and the starboard GT
had 4514.43 operating hours.
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Figure 19: ORCA time server in GT compartment

Figure 20: Sensor on port GT fuel feed
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Figure 23: Sensor on PDE fuel return

3.10 Weather logging

A meteorological technician was present on the ship for the trial and kept a log of weather
conditions. A copy of this log is provided in Annex D.

3.11  Water density

ITTC recommended procedures [7, 8] for ship trials require that the ocean water density be
measured. This was performed daily by testing a sample of sea water on-board ship using
a sea water hydrometer (Aqua Medic® refractometer). This device uses light refraction to
determine salinity against a temperature compensated scale.
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Table 6: Water density log

Date & Time S.G. Salinity

[UTC] ] (PPT] Comment

At jetty. Sample may have
09-Sep-2013 16:10 1.030 40 been contaminated by residue
in water collection cup.

10-Sep-2013 23:46 1.028 37 In open water.
11-Sep-2013 20:55 1.028 37 In open water.
13-Sep-2013 17:11 1.025 35 Near shore at Tofino.
13-Sep-2013 21:00 1.027 36 In open water.
15-Sep-2013 16:45 1.027 36 At jetty.

3.12 Wave buoy & tracker GPS

Activities in this trial required relatively mild sea conditions. It was therefore important
to have the ability to accurately measure the sea conditions should they become significant
enough to affect the various trial manoeuvres. To accomplish this, a free floating Triaxys ™
directional wave buoy was brought on ship for the trial (see Figure 25 and Table 7). A VHF
receiver for the buoy was located inside the ship’s hanger with an antenna mounted outside
on the port deck railing (see Figure 26). The receiver was connected to a laptop computer
running Triaxys WaveView software which can be used to view sea state parameters as
they are received from the buoy.

At times when the buoy is deployed, it is important to be able to track its position relative
to the ship. To accomplish this, a hand-held GPS unit (Garmin 72) was used. Its antenna
was mounted on the port flight-deck railing and logged with an additional laptop computer
located in the hanger. This laptop could also run charting software (Fugawi) showing the
track of the ship. Buoy positions could be manually entered as they are received (see
Figure 24).

This buoy measures the full directional sea spectrum (along with its current location) every
30 minutes from which wave height, wave direction, and other parameters can be extracted.
Data is stored in the buoy and also transmitted via VHF to the receiver on the ship. It is
also possible to communicate with the buoy via satellite (requires an internet connection)
should it get out of VHF range.

Fortunately for this trial, the sea state conditions were sufficiently calm that the wave buoy
was not deployed.
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Table 7: Triaxys directional wave buoy dimensions

Item Description
Diameter 1.10m (43.5inches)
Qutside bumper diameter 0.91m (36inches)
Weight 197 kg (435 Ib)
Obstruction Light Amber LED. P.rogrammatl)le ODAS lflash
sequence with three miles visibility.

7\
Antennas Mounted to Port
( ? ))) < Flight Deck Railing —> (\ ? /)

Wave Buoy VHS
Reciever
Buoy Positions Garmin 72
Manually Handheld GPS
Triaxys™ Directional Tranrslfer'FEd to
Wave Buoy \ Charting
\ - - -
 — g
Buoy Data Viewing Chart Plotting
and Logging Computer Computer

Inside Ship's Hanger

Figure 24: Wave buoy setup

30 DRDC-RDDC-2014-R88



Location of Wave
Buoy VHS Antenna
and GPS Antenna

Figure 26: DRDC antenna locations

DRDC-RDDC-2014-R88 31



3.13 Supplementary anemometers

In support of separate project regarding the Ship-Helicopter Operational Limits (SHOL)
envelope for the CH124 Sea King on post-FELEX/HCM ships, supplementary anemome-
ters were used on this trial. The purpose of using these sensors was to: perform shakedown
tests at-sea prior to using them on a dedicated SHOL sea trial (planned for December 2013),
and to provide full scale wind data to the NRC who were performing wind tunnel model
tests of the post-refit ship.

Two RM Young® Model 81000 ultrasonic anemometers [18] were installed on a custom-
built aluminium pole designed to fit the mounts for the ship’s flagstaff at the bow. They
were mounted at 3 and 5 m above the deck. The pole also included a mount for the forward
DGPS antenna (see Section 3.7). Cables from these sensors led back to a weatherproof
enclosure (Pelican™ case) located outside on the bridge wing (see Figure 28) containing
a time server and data acquisition computer. These sensors provided relative wind data in
three components (x,y,z) as well as magnitude and direction. They were mounted so that
the ‘North’ indicator symbol on the units faced forward. Data was sampled at ~30 Hz.

During post-processing of the anemometer data, there were some minor issues with the
timestamping. Duplicate timestamps would appear for several steps every few minutes.
This was identified as a software issue and was corrected for use on future trials.

After the trial, data for periods when the ship was on a straight track at constant speed were
identified and various data (supplementary anemometers, ship’s anemometers, ship mo-
tions, ship heading & speed, etc.) were compiled and transferred to the NRC for analysis.
The goal was to evaluate the ship’s wind readings in the mast to those of a ‘truth’ source
at the bow, as well as to compare this data to wind tunnel experiments. These results are
important for supporting SHOL development for both the Sea King and the Cyclone on the
post-refit HALIFAX class.
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Figure 29: Pelican case on starboard bridge wing
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3.14 Meteorological sensors

Also in support of the CH124/HCM SHOL project mentioned in Section 3.13, meteoro-
logical sensors from the NRC were used on this trial to provide at-sea shakedown testing
prior to a dedicated SHOL sea trial (planned for December 2013).

The sensors were installed on the starboard side of the bridge top as shown in Figure 30.
These included a HC2-S3-L multi-sensor [19] for air temperature and relative humidity
(S/N #0061012374), and a 61302V barometric sensor [20] to measure atmospheric pressure
(S/N #H4960027). Cables from these sensors fed to the same Pelican case in the starboard
bridge wing as used by the supplementary anemometers (Figure 29) for data acquisition.

There were two issues encountered during the trial with these sensors. The first was that
data was being recorded at a rate of ~1600 Hz as opposed to the expected rate of 20 Hz.
This turned out to be an issue with the newer A/D converters being used. The acquisition
software was updated to correct for this for use on future trials. For the current trial, the
data was decimated down to 20 Hz when read from the raw data files for analysis.

The second problem was that the barometric pressure sensor was being affected by the nav-
igational S-band radar (the emitter was also on the bridge top, only a few meters from the
meteorological sensors). An example of this effect is given in Figure 31 which shows the
pressure dropping off and then recovering every few seconds (consistent with the rotation
rate of the radar emitter). This effect was confirmed on the trial; the drop-outs stopped
when this radar was switched off. In post processing, an attempt was made to automati-
cally remove the drop-outs, but this was not completely effective. As a result, any mean
barometric pressure reported by the sensor would be lower than the actual pressure due to
the inclusion of the drop-outs or partial drop-outs missed by the filtering process. On future
trials, this sensor should be placed in a location that is protected from radar emissions.
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Figure 31: Raw data from NRC barometric sensor
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3.15 ISDM Buoy Data

Although a wave buoy was brought on the ship for the trial, the conditions were suffi-
ciently mild that it was not deployed. Instead, wave conditions were obtained after the trial
from the moored environmental monitoring buoys in the area (see Table 1 and Figure 1).
Data from buoys 46132 and 426206 were obtained from the ISDM (formally known as the
Marine Environmental Data Service, MEDS) website operated by Fisheries and Oceans
Canada [21] and data from buoy 46087 was obtained from the US National Buoy Data
Center (NBDC) website [22].

Wave height and peak period from the buoys are shown in Figure 32 (wave data from buoy
46087 was not available for this time period). At the bottom of the figure are the distances
from each buoy to the ship for the trial period. The ship left Esquimalt late in the day (UTC)
on September 9 and transited to the operational area near buoy 46132, arriving mid-day on
September 10", Wave heights were reducing to ~1 m, briefly rising to 2 m on September
12" and then reduced again to 1 m for the remainder of the trial. For much of the trial,
these conditions were ideal for manoeuvring activities.

Results for wind speed & direction from the buoys and the supplementary anemometers
for the trial is shown in Figure 33. Air temperature and humidity results* are given in
Figure 34.

4 Atmospheric pressure results from the NRC sensor are lower than actual due to interference from the
navigational radar (see Section 3.14).
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Figure 32: Wave height & period from environmental monitoring buoys
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4 Data and processing

This section describes some of the data processing that was applied to the runs prior to
being analysed. This processing is in addition to that which may have been applied to data
as it was read in from the raw data files and is primarily related to the ship’s track during
a run. Also note that any circular type data (e.g. compass headings) were processed as
described in Annex A.

4.1 Latitude/longitude to planar coordinates

In the report for the 1991 trial [23], a Universal Transverse Mercator (UTM) projection
was used to transform GPS data into planar coordinates. This method requires an angular
correction to be made in order to account for the fact that grid lines in the projected space
(referred to as grid north) are not always parallel to true north (which is associated with the
direction of meridians or lines of longitude). The angular difference between grid north
and true north is referred as the grid declination or Grid Convergence Angle (GCA).

For example, the 2013 trial was conducted off the coast of British Columbia which put it
in UTM zone ‘9U’ which spans latitudes 48°N—56°N and longitudes 126°W-132°W. This
zone’s central meridian is therefore at 129°W. The GCA at this point is 0° and increases
to approximately 4+-2.5° at the east and west limits of the zone (GCA can be calculated for
any point in a UTM zone using Eqn. (4)). This is significant particularly when comparing
ship heading from a gyro-compass or COG from the GPS data and that calculated using
projected (x,y) data.

GCA = arctan(sin(®) tan(A. — 1)) 4)

where,
GCA= Grid Convergence Angle.
& = Latitude.
A =Longitude
A. = Central meridian of UTM zone

Although the UTM system does have minimal distortion with respect to linear distances,
the GCA correction can complicate analysis (unless the ship happened to be at or near the
zone’s central meridian). Given that each run in a manoeuvring trial may cover only a
few kilometres at most, a simpler approach is to perform an azimuthal projection using a
plane tangent to the centre of each run. This will produce planar (x,y) data with minimal
distortion as with a UTM projection, but with the added advantage that no GCA correction
is required because the central meridian for the projection will always be through the centre
of the run track.
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The equations used for this projection are given in Eqn. (5)° . First, the reference position
is calculated using the means of the GPS latitude and longitude data. These are then used
to calculate the planar data points. Finally, the planar data are adjusted so that points are
made relative to a given reference position (in this case the start of the manoeuvre).

Dy =P

Ao =\

xp =Rg cos(P)sin(A — L)

yp =RE cos(Pp) sin(P) — Rg cos(P) sin(Py) cos(A — Ao) ©®)
Xp =Xp —Xp |x,,:ManoeuvreStart

Yp=Yp—Yp |yp:Man()euvre Start

where,
Xp,yp= Basting & northing track coordinates of raw GPS data.
Rr =Radius of the Earth (6,371 km).
¢® =Latitude.
&y = Reference latitude.
A =Longitude.
Ao =Reference longitude.

4.2 Referencing position to OSRP

Once the GPS data has been converted into planar coordinates, an additional adjustment is
required so that (x,y) data are referenced to the ship centre or Own Ship Reference Point
(OSRP) (see Table 3), as opposed to the location of the GPS antenna. This is done by using
the body-to-inertial transformation equations based on Euler angles. This transformation
works by performing rotations about the three principle axes (x,y,z), Eqn. (6), in successive
order. For a body-to-inertial transformation f;R, rotations are first performed about the x-

This are based on the Matlab function 1at lon2xy .m from the JLAB+JDATA v1.0 toolbox [24].
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axis, then the y-axis, followed by the z-axis; as defined by Eqn. (7).

1 0 0
R,=1{0 cos¢ —sind
[0 sing cosd |

[ cos® O sin0]
Ry,=| 0 1 0 (6)
| —sin® 0 cosB

[cosy —siny 0
R;=|siny cosy O
0 0 1

where,
¢ = Euler roll angle (rotation about x-axis)
0 = Euler pitch angle (rotation about y-axis)
y = Euler yaw angle (rotation about z-axis)
R,=Rotational transformation about x-axis
R,=Rotational transformation about y-axis
R ;= Rotational transformation about z-axis

LR = R.RR,

cosOcosy sindsin@cosyY —cosPsiny sin@sin\y + cosPsinOcosy (7)
gR = | cosOsiny cosdcosy+sin@sinOsiny cosdsinOsiny —sindcos Yy
—sin® cos0sind cosOcosd

where,
IBR: Body-to-Inertial transformation matrix

These equations require data in a right-handed coordinate system. This report uses the
forward-port-up convention (see Figure 6). As mentioned in Section 3.6, roll, pitch, & yaw
(ship heading) data was used from NDDS instead of the NAV420 sensor system for anal-
ysis. This data needs to be adjusted to be consistent with the forward-port-up convention
before it can be used in the transformation equations. Raw roll data from the NDDS was
reported as positive starboard-up/port-down. Therefore the negative of this data was used
as ¢ to make it positive starboard down/port up. No change was required for the pitch data.
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The raw heading data required two adjustments. The first was that raw heading data (given
relative to True North) is positive turning to starboard. Therefore the negative of this data
was used to make it positive turning to port. Next, as the convention used when converting
GPS coordinates to planar coordinates had the x-axis aligned with the easting direction and
the y-axis aligned with the northing direction, the ship at 0° heading would be aligned with
the y-axis instead of the x-axis. A 90° adjustment was therefore also needed to get the Euler
y angles. These adjustments are summarized in Eqn. (8).

¢ = — (Raw NDDS Roll Data)
6 =(Raw NDDS Pitch Data) (8)
y =90° — (Raw NDDS Heading Data)

The procedure for re-referencing the ship track from the sensor location to the OSRP was
as follows:

a. Convert latitude/longitude data to planar easting/northing track data (x,,y,)
as described in Section 4.1.

b. Resample NDDS roll, pitch, and heading to match sampling times used for
the track data.

¢. Adjustroll, pitch, and heading data to be consistent with Euler angles (¢, 0, y)
definitions in the forward-port-up coordinate system using Eqn. (8).

d. Calculate the distance from the GPS sensor reference location to the OSRP
in body coordinates® (8X,8Y,82) using Eqn. (9).

e. For every point in the track, use Eqn. (7) to calculate the distance from the
GPS sensor reference location to the OSRP in world coordinates (0x, dy, 0z)
using Eqn. (10).

f. Adjust every point in the raw track (x,,y,) by (dx,dy) to get the OSRP refer-
enced track (xg,y,) using Eqn. (11).

) XOSRP - Xsensor

oY | = YOSRP - Ysensor (9)
Y4 ZOSRP - Zsensor

5The xg-axis is parallel to the ship’s centreline, equal to O at the AP, and increases in the direction of the
FP. The yp-axis is in the ship’s transverse direction, equal to O at the centreplane, and increases towards the
port side. The zg-axis is vertical, equal to O at the ship’s keel, and increases upwards.
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Ox] 0X
dy| =LR |8y (10)
0z 0Z
X | X+ Sx]

_ 11
[ys_ L’r + 0y (1

where,
Xosrp,Yosrp, Zosgp = Location of the OSRP in ship reference frame (body)
coordinates.
Xsensors Ysensors Zsensor=Loocation of GPS sensor reference location in ship
reference frame (body) coordinates.

0X,8Y,0Z = Difference between OSRP and sensor reference

location in ship reference frame (body) coordinates.

ox, Oy = Difference between OSRP and sensor reference
location in inertial or world coordinates.

Xry Vr = Easting & northing track coordinates of the raw GPS
data.

Xg, Vs = Easting & northing track coordinates referenced to
the OSRP.

No correction was required for the NDDS GPS data as it is already given with respect to
the OSRP. Corrections were made for the bow DGPS unit and the hand-held Garmin GPS
located on the flight deck port railing. Problems with the logging of the aft DGPS unit
meant that this data was not available for analysis. The top plot in Figure 35 shows an
example of raw GPS after conversion to planar coordinates. The relative positions of the
three GPS sensors are clearly distinguished. The bottom plot in Figure 35 shows the same
data after re-referencing it using the above procedure. All tracks are nominally coincident
but for the inherent uncertainty in the measurements. Tracks points from the three sensors
were typically within ~1 -2 m of each other.
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4.3 Wander correction

The ship’s track is often influenced by environmental conditions such as wind, waves, and
current. This effect is often called ‘drift’, but is instead referred to as ‘wander’ in this report
to avoid confusion with ‘drift angle” or B (the difference between ship heading and course).
Although wander can change with time throughout a run, and can also be a function of
heading (e.g. effects from wind are larger on the side of ship than the front or back), it was
modelled by a velocity vector of constant magnitude (W), and direction (). For example,
an un-powered ship’s speed-over-ground and course-over-ground would be the same as the
wander velocity and direction. Determination of the values of the W and 1 was performed
on a run-by-run basis using a method appropriate for that run. The track would then be
corrected with Eqn. (12) to remove the effect of wander prior to further analysis.

Wander was checked periodically throughout the trial by performed a ‘dead drift’ run where
the ship would sit un-powered for several minutes. The resulting track would reveal the
current wander. The results of the dead drift runs are given in Annex E.

Xe =X5 — (t — tsrqre )W c0s (90° — 1)

: o (12)
Ye =Ys — (t —tstare)W sin (90° —7)

where,

t =Time.

tsarr = Time at the beginning of the run.

O Easting & northing track coordinates referenced to the
957 OSRP.

X¢,y.= Easting & northing coordinates of wander-corrected track.
W = Magnitude of wander velocity.
n = Direction of wander velocity (relative to true North).

4.4 Track related data

After the track has been corrected for wander, quantities such as speed and course gener-
ated by the GPS must be recalculated to properly reflect the properties of the new track.
Many of these quantities require derivatives found by a basic difference approach given by
Eqn. (13). Speed-over-ground for the corrected track was calculated with Eqn. (14) fol-
lowed by course-over-ground given by Eqn. (15). Calculation of corrected ship heading,
., assumes that the drift angle, B, is the same for the raw and corrected tracks. First 3 is
determined using Eqn. (16) then applied in Eqn. (17) to get ..

Data series produced using differencing will be of length (n — 1) given initial data of length
n. In order to make the new data consistent in length with other data sets, either the last
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point in the calculated data was linearly extrapolated, or a slightly larger initial data set was
used so that the calculated data could be truncated to the correct length.

Before being used in further analysis, data from the corrected speed, heading, and course
were passed through a smoothing filter which applies a best-fit polynomial spline. An
advantage of this filter is that it also returns the first derivative of the smoothed output data,
thereby giving rates of change for speed, heading, and course (Eqns. (18) to (20)).

5 (var), = (var),, — (var), (13)
Vei = T (14)

Yei = 90° — arctan (%) (15)
P=v—x (16)

Ve =YXc+P (17)

[Ve, Ve] = fomootn (t, Ve) (18)
[We: We] = fsmootn (1, We) (19)
[Xes%el = fomootn (€, Xe) (20)

where,
t =Time.
X¢,y.= Easting & northing coordinates of wander-corrected track.
V. = Ship speed-over-ground on wander-corrected track.
V. = Ship acceleration on wander-corrected track.
B = Drift angle, the difference between ship heading and course.
Y = Ship heading on raw track (from gyro-compass).
Y. = Ship heading on wander-corrected track.
Y. = Rate of change of ship heading on wander-corrected track.
X = Ship course-over-ground on raw track (from GPS).
Xc = Ship course-over-ground on wander-corrected track.
%c = Rate of change of ship course-over-ground on wander-corrected track.
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4.5 Normalized track

Once the track for a given run has been corrected, it is then re-oriented using Eqn. (21) to a
normalized position such that: the course at the start of the manoeuvre is 0°, the position at
the start of the manoeuvre is (0,0), and the time at the start of the manoeuvre is 0 seconds.
Other track related data for the normalized track are determined using Eqn. (22). Metrics
for the various manoeuvres were calculated using data from the normalized track.

! =t—n

X0 = Xely,
X = (xe = Xely ) sin(xo) + (ve — Yel, ) c08(x0)
Y = (% = Xel,) cos(X0) — (v — el ) sin(Xo)

1)

vV =V,

V=V,

=P
X = Ye —Xo (22)
X/:Xc
vV =y — %o

\i’/:q’c

where,
to = Time at the beginning of the manoeuvre.
t' = Time referenced to the start of the manoeuvre.
Xo = Ship course . at 1g.
x',y'= Advance and transfer of normalized track.
V' = Ship speed on normalized track.
V' = Ship acceleration on normalized track.

B’ = Drift angle for ship on normalized track.
/

Y = Ship heading on normalized track.

/' = Rate of change of ship heading on normalized track.
x' = Ship course on normalized track.

%' = Rate of change of ship course on normalized track.
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5 Data and processing: 1991 re-analysis

Data from the 1991 trial (referred to as ‘HAL1991’) was made available to DRDC from the
NRC who originally conducted the trial. Raw data was taken out of archives and combined
into an individual ASCII .csv file for each run. The data was resampled at 5 Hz to give
a common time reference. A list of the data types in these files is given in Table 8. The
1991 report [23] noted issues with the quality of the propulsion data; some of it may not
be usable. One important missing data set in these files was ship heading. This meant that
drift angle, and parameters dependent on drift angle, could not be determined.

Much of the data processing for HAL1991 runs was conducted using the same methods as
given by Section 4, with some exceptions described in Sections 5.1 and 5.2.

Table 8: HAL 1991: Available Data

Data Units
Time [s]

Rudder Angle [deq]

Roll Angle [deg]

Pitch Angle [deg]

Port Shaft Torque [KN-m]
Port Shaft Thrust [kN]

Stbd. Shaft Torque [KN-m]
Stbd. Shaft Thrust [kN]

Port Shaft [RPM]

Stbd. Shaft [RPM]

Port Propeller Pitch Angle [deq]
Stbd. Propeller Pitch Angle [deq]
GPS Time* [sec]
Latitude [rad]
Longitude [rad]
Altitude [m]

Latitude Velocity [rad/s]

Longitude Velocity [rad/s]

*Seconds since 1980-01-06 (the GPS epoch).
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5.1 Latitude/longitude to planar coordinates:
1991 re-analysis

The original 1991 analysis [23] used a UTM projection with GCA corrections to convert
GPS data to planar coordinates. However, for re-analysis, the method described in Sec-
tion 4.1 was applied. The GPS data at the time was not as accurate as it is currently and
therefore produced tracks with a much higher degree of variability from point to point. To
improve further analysis with these tracks, they were first passed through a smoothing filter
to reduce this variability. An example of HAL1991 track data before and after smoothing
is given in Figure 36. Smoothing was not used for the raw CAL2013 track data.

Raw GPS Track
Smoothed GPS Track

Northing Distance

Easting Distance

Figure 36: Example 1991 GPS track before and after smoothing
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5.2 Referencing position to ship CG: 1991 re-analysis

The HAL1991 GPS data also had to be re-referenced to the ship’s centre of gravity. On
that trial they had only a single GPS unit whose antenna was fitted on a 2 m post located on
the starboard side of the quarterdeck at approximately frame 61 (0.1 m forward of the AP,
6.29 m starboard of the centreline, and 12.45 m above the keel). The reference CG used
for HAL1991 was 59.43 m forward of the AP, on the ship centreline, and 6.32 m above
the keel. In the original 1991 analysis, the track data was re-referenced using a similar
method as described in Section 4.2, but neglecting the influence of pitch. For the current
re-analysis, the approach described in Section 4.2 was applied, with the exception that as
ship heading was not available, ship COG was used instead.

As COG was not provided in the HAL1991 data set, it was first calculated from the raw
track data (x,,y,) using the same approach as used in Section 4.4.

The use of COG in place of heading for re-referencing the GPS track introduces an error
in the resulting track that increases with the magnitude of the drift angle. This is illustrated
by Figure 37 which shows two resulting ship and CG positions generated from the same
raw GPS point using COG with and without accounting for drift. For a drift angle of 10°,
the absolute error in the resulting CG position was ~10.4 m. For turning circles, using
COG instead of heading will result in an increase in the apparent turning diameter by
approximately twice the track error given by Eqn. (23).

Derror == 8X sin(f) (23)

where,
Derror= Approximate magnitude of track error.
SX — Longitudinal distance from the GPS reference location to the
OSRP in ship reference frame coordinates (~60 m).
B = Drift angle, the difference between ship heading and course.
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Figure 37: Effect of drift angle on track
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6 Conclusions

The HALIFAX Class Frigates are undergoing a mid-life refit managed under the HCM/
FELEX project. A number of the ECs planned for the refits will affect the displacement
of the vessels and see the addition or removal of some hull appendages. Such changes can

have an impact on ship manoeuvring characteristics.

A sea trial [3] was conducted on HMCS CALGARY (which has completed its refit) in
September 2013 with the objective of collecting data to be used to update the manoeuvring
characteristics for the class. A series of runs were completed as listed in Table 9. This

report describes the instrumentation setup along with basic data processing methods.

Overall, equipment worked well. There were, however, a few issues encountered from

which lessons could be learned to improve future similar trials:

54

When using the NI A/D converters with an internal clock, be sure that the
acquisition computer time is properly synchronized to UTC before powering
the converter up, or correct the acquisition software to ignore the converter’s
time and force it to use the acquisition computer time (assuming it is has a
reliable time signal).

The NI A/D converters used to acquire the meteorological data were not being
properly controlled w.r.t. sampling rates. This may require changes to the
acquisition software.

The ship IPMS data should be acquired by a system that can be synchronized
to UTC.

The barometric sensor used on the trial was affected by the navigational radar.
It should be moved to a protected location.

The DGPS data acquisition software should be modified to better handle un-
expected power interruptions.

Slow speed / small rudder angle turning circles were time consuming and
ultimately of limited value. These could be reduced, omitted, or replaced by
alternate manoeuvres.

Measured miles or legs of a baseline run should be at least 10 minutes in
duration.

Astern slow speed controllability runs did not produce much useful informa-
tion and could be omitted.
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e During a pullout run, the rudder should be held at midships for a longer du-
ration in order to better determine resulting steady state yaw rate (at least 5
minutes).

e Redundant measurements of rudder angle should always be made during ma-
noeuvring trails. Alternate means of rudder angle measurement should be
explored.

e Full speed runs may be better performed using unitized gearbox mode instead
of cross-connected.

Much of the analysis and results from the runs has been classified CONFIDENTIAL and
has been issued in separate reports. Table 9 gives a list of how many of each run type were
performed along with a citation which contains the details and results on the analysis.

Overall the data collected on the trial was high quality owing to modern data acquisition
systems and cooperative weather conditions. The data was successfully used to determine
the required performance characteristics of the post-refit HALIFAX class.
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Table 9: Runs summary

Run Type

Details

Turning Circle

62 turning circle runs were completed: 50 runs with both shafts, 8
runs with a single powered shaft, and 4 astern runs.

Measured Mile

16 ahead measured miles and 6 astern measured miles were
performed using both GTs with XCON gearing.

Baseline

5 baseline runs were completed; 2 were performed using 2GT
(only one was usable for analysis), one run using 1GT, and two
runs using the PDE (only one had fuel flow measurements).

Acceleration

15 acceleration runs were performed; 7 using 2GT, 6 using 1GT,
and 2 using the PDE. 12 of the runs accelerated from a full stop (9
to ahead speed, 3 to astern speed) and 3 runs accelerated from a
steady forward speed.

Coasting

13 coasting runs were conducted at various initial speeds; 7 runs
were performed by tripping the engines, and 6 runs used a
zero-speed order.

Speed Reversal/
Crash Stop

9 speed reversal runs were performed; 5 using 2GT, 3 using 1GT,
and 1 using the PDE. 7 of the runs reversed from an ahead speed
to an astern speed, and 2 runs reversed from an astern speed to
an ahead speed. Separate runs for crash stop runs were not
performed; data was instead taken from the appropriate speed
reversal run.

Zigzag

42 zigzag runs were performed ranging in speeds from
10-30knots and included runs starting with both port and
starboard turns using helm/rudder angles of 10°, 15°, 20°, and 30°.

Pullout

15 pullout runs were performed at various speeds from
10-30knots and included runs starting with both port and
starboard turns using rudder angles of 5° to maximum.

Direct Spiral

3 direct spiral manoeuvres were performed on the trial, one each
for the ship speeds 10, 20 and 30 knots.

Slow Speed
Controllability

11 slow speed controllability runs were conducted for ahead
speeds descreasing from 6 to 1 knots and astern speeds
descreasing from 6 to 2 knots.
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Acronyms

A/D Analog-to-Digital

Aft SIS Aft Sonar Integrated Space

a.k.a. also known as

AP Aft Perpendicular

ASCII American Standard Code for Information Interchange
ASUW Anti-Surface Warfare

ASW Anti-Submarine Warfare

BML Vertical Distance from the C.B. to the Longitudinal Metacentre
BMT Vertical Distance from the C.B. to the Transverse Metacentre
C.B. Centre of Buoyancy

CG Centre of Gravity

CODOG Combined Diesel or Gas

COG Course Over Ground

csv Comma Separated Values

DGPS Difterential GPS

DNPS Directorate of Naval Platform Systems

DOP Dilution of Precision

DRDC Defence Research and Development Canada

EC Engineering Change

ECPINS Electronic Chart Precise Integrated Navigation System
ESP Emergency Steering Position

FELEX Frigate Life Extension

FP Forward Perpendicular

GCA Grid Convergence Angle

GHS General Hydrostatics

GLM GHS Load Monitor

GML Vertical Distance from the CG to the Longitudinal Metacentre
GMT Vertical Distance from the CG to the Transverse Metacentre
GNSS Global Navigation Satellite System

GPS Global Positioning System

GT gas turbine

GUI Graphical User Interface

HCI Halifax Class IPMS

HCM Halifax Class Modernization

HMCS Her Majesty’s Canadian Ship

IPMS Integrated Platform Management System

ISDM Integrated Science Data Management

ITTC International Towing Tank Conference

LCB Longitudinal Centre of Buoyancy

LCF Longitudinal Centre of Flotation
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LCG
LED
MEDS
MetOc
MSL
NBDC
NDDS
NETE
NI
NI-DAQ
NMEA
NPOL
NRC
NTP
ODAS
OSRP
PDE
PDT
PLA
PO
PPT
PSP
RAI
RASP-PI
RCN
RPM
S.G.
SHOL
SJSL
SOG
SS
SSS
STW
TCB
TCF
TCG
US
UTC
UTM
VCB
VCG
VHF

Longitudinal Centre of Gravity
Light-Emitting Diode

Marine Environmental Data Service
Meteorology and Oceanography
Mean Sea Level

National Buoy Data Center
Navigational Data Distribution System
Naval Engineering Test Establishment
National Instruments

National Instruments Data Acquisition
National Marine Electronics Association
Naval Platform Operational Limits
National Research Council
Network Time Protocol

Ocean Data Acquisition System
Own Ship Reference Point
Propulsion Diesel Engine

Pacific Daylight Time

Power Level Angle

Petty Officer

parts per thousand

Primary Steering Position

Rudder Angle Indicator

Raspberry Pi Computer

Royal Canadian Navy

Rotations Per Minute

specific gravity

Ship-Helicopter Operational Limits
Saint John Shipbuilding Limited
Speed Over Ground

Sea State

Synchronous Self-Shifting

Speed Through Water

Transverse Centre of Buoyancy
Transverse Centre of Flotation
Transverse Centre of Gravity
United States

Coordinated Universal Time
Universal Transverse Mercator
Vertical Centre of Buoyancy
Vertical Centre of Gravity

Very high frequency
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wp
WPA
w.r.t.
XCON

62

Warship Performance
Water-Plane Area
with respect to
cross-connected
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Annex A: Circular data processing

Frequently, processing and analysis requires operations such filtering, resampling, deter-
mination of statistical properties (mean, standard deviation, etc.), interpolation, etc. that
most be modified to account for circular data. Circular data, such as wind direction or ship
heading, wraps around a discontinuity (either through 360° to 0° or —180° to 180°) that
causes problems with conventional analysis methods which assume continuous data. For
example, the correct average of the angles 355° and 3° is 359°. An average using a method
that does not account for wrapping would instead give the incorrect angle of 179°.

Calculation of statistical properties for circular data for this trial was done with a custom
Matlab toolbox [25] developed based on methods described in [26].

For filtering, resampling, and interpolation operations, circular data was first decomposed
into two components based on its sine and cosine function values. The given processing
operation would then be performed separately on each component. The resulting processed
components would then be recombined using an inverse tangent function’ (see Eqgn. (A.1)).

s =sin(e

¢ =cos(e
s’ =F(s,...) A1)
¢ =F(c,

/ s/
€ = arctan -~
c

€ = Arbitrary circular data.

F = Arbitrary processing function (e.g. filtering).
...= Additional function inputs.

€ =Processed circular data.

where,

Circular data may be wrapped (may contain discontinuities) or unwrapped (discontinuities
removed) without affecting the meaning of the angular values. Figure A.1 shows an exam-
ple of wind direction data in both wrapped and unwrapped forms. In this report and related
reports, circular data is generally shown in the unwrapped form.

"Note that references to the inverse tangent function with two inputs, such as arctan (f), imply the use
of the Matlab function atan?2 (y, x) which returns an angle in the correct quadrant given the signs of the
two input values. This differs from the atan (x) function with one input which only returns angles in range
of —90° to 90°.
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Wrapped Angle [deg]

Unwrapped Angle [deg]
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Figure A.1: Example of wrapped and unwrapped circular data
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Annex B: Rudder calibration

Rudder angle was measured using linear cable transducers attached to the rudder post (see
Section 3.8). Two systems were used such that when the rudder was turning in a given
direction, one transducer would have its cable retracting while the other had its cable ex-
tending. Transducer output was converted from an analogue voltage to a digital signal and
acquired by a computer. A calibration was required to convert the measured voltages to
rudder angles. This calibration was performed at the beginning of the trial while alongside
at Esquimalt harbour. The rudder was systematically moved from full port to full starboard
twice (in 5° increments). Measurements were logged for: the angle reported by the Pri-
mary Steering Position (PSP) on the bridge, the angle reported by the Emergency Steering
Position (ESP) in the rudder compartment, the angle indicated by a graduated brass ring on
the rudder post (Figure B.1), the voltage from the port sensor NI-DAQ, the voltage from the
starboard sensor NI-DAQ, the voltage from a hand-held meter for the port sensor, and the
voltage from a hand-held meter for the starboard sensor. The time history of the NI-DAQ
voltages is shown in Figure B.2 and the logged results are given in Table B.1 (negative
angles are to port). The noisy signal shown for the port sensor in Figure B.2 was caused
by a faulty connector that was repaired before leaving harbour. NI-DAQ Calibrations were
based on the brass ring readings and shown in Figure B.3.
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Figure B.2: Rudder calibration time history
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Table B.1: Rudder calibration data

Approx. Time PSP ESP Brass Port Stbd. Port Stbd.
2013-09-09 RAI RAI Ring NI-DAQ NI-DAQ Meter Meter
[UTC] [deq] [deg] [deq] [volts] [volts] [volts] [volts]
18:05 -35.0 -35.0 -35.0 4.30 2.50 4.270 2.519
18:12 -30.0 -30.0 -30.2 4.18 2.65 4.180 2.635
18:14 -25.0 -25.0 -25.3 410 2.75 4.070 2.756
18:15 -20.0 -20.0 -20.1 3.95 2.90 3.940 2.885
18:15 -15.0 -15.0 -14.8 3.85 3.05 3.820 3.014
18:20 -10.0 -10.0 -9.8 3.70 3.15 3.700 3.139
18:23 -5.0 -5.0 -4.6 3.58 3.28 3.570 3.260
18:27 -3.0 2.5 2.7 3.55 3.30 3.530 3.320
18:28 0.0 -0.2 0.3 3.45 3.40 3.450 3.390
18:32 3.0 3.4 3.3 3.38 3.48 3.380 3.470
18:34 5.0 5.3 5.3 3.35 3.50 3.330 3.510
18:36 10.0 10.1 10.3 3.20 3.65 3.213 3.640
18:38 15.0 15.2 15.2 3.10 3.75 3.095 3.760
18:40 20.0 20.2 20.3 2.95 3.90 2.969 3.890
18:51 25.0 25.0 24.8 2.85 4.05 2.858 4.010
18:53 30.0 30.5 30.0 2.75 415 2.734 4.130
18:56 35.0 35.2 35.0 2.60 4.28 2.613 4.260
19:01 -34.6 -34.5 -34.5 4.35 2.53 4.310 2.520
19:03 -30.0 -30.0 -30.0 4.20 2.65 4.200 2.631
19:06 -25.0 -24.5 -25.0 4.10 2.75 4.070 2.759
19:08 -20.0 -19.5 -20.2 3.95 2.88 3.950 2.885
19:10 -15.0 -14.5 -15.0 3.85 3.05 3.820 3.014
19:12 -10.0 -9.5 -9.8 3.70 3.15 3.700 3.138
19:15 -5.0 -4.6 -4.7 3.58 3.25 3.570 NaN
19:18 -3.0 -2.5 2.7 3.55 3.35 3.520 3.310
19:21 0.0 0.3 0.3 3.45 3.40 3.440 3.390
19:23 3.0 3.2 3.3 3.35 3.50 3.370 3.470
19:25 5.0 5.2 5.4 3.35 3.57 3.320 3.520
19:27 10.0 10.2 10.2 3.20 3.65 3.201 3.640
19:29 15.0 15.2 15.3 3.10 3.78 3.079 3.770
19:35 20.0 20.2 20.2 2.95 3.90 2.957 NaN
19:38 25.0 25.5 251 2.85 4.00 2.845 4.010
19:40 30.0 30.5 29.8 2.75 4.15 2.727 4.130
19:41 35.0 35.5 35.0 2.60 4.30 2.602 4.260
19:46 -35.0 -34.5 -34.3 4.30 2.50 4.290 2.520
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Annex E: Dead drift run results

E.1 CAL2013-DeadDrift-01

Table E.1: Run parameters: CAL2013-DeadDrift-01

Run ID CAL2013_DeadDrift_01
Run Start September 10, 2013 at 13:31:15UTC
Run End September 10, 2013 at 13:45:14 UTC
Run Duration 13 minutes, 59 seconds
Wander 1.60knots at 105.1 deg.T

Track Length

691 m (0.37 nmi)

Mean True Wind

14.3 knots from 167.7 deg.T

Air Temp. & Humidity

15.7 deg. C with 91.2% Relative Humidity

100

E
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Figure E.1: Raw track: CAL2013-DeadDrift-01
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E.2 CAL2013-DeadDrift-02
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Table E.2: Run parameters: CAL2013-DeadDrift-02

Run ID CAL2013_DeadDrift_02
Run Start September 11, 2013 at 01:47:52UTC
Run End September 11, 2013 at 02:04:00 UTC
Run Duration 16 minutes, 8 seconds
Wander 0.71knots at 141.5deg.T

Track Length

352m (0.19 nmi)

Mean True Wind

9.5 knots from 283.8 deg.T

Air Temp. & Humidity

16.5 deg. C with 90.2% Relative Humidity
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Figure E.2: Raw track: CAL2013-DeadDrift-02
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E.3 CAL2013-DeadDrift-03

Table E.3: Run parameters: CAL2013-DeadDrift-03

Run ID CAL2013_DeadDrift_03
Run Start September 11, 2013 at 15:00:41 UTC
Run End September 11, 2013 at 15:08:07 UTC

Run Duration 7 minutes, 25 seconds
Wander 0.80knots at 106.2deg.T

Track Length 184 m (0.10 nmi)

Mean True Wind 5.0 knots from 335.0 deg.T
Air Temp. & Humidity | 17.5 deg. C with 89.4% Relative Humidity
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Figure E.3: Raw track: CAL2013-DeadDrift-03

DRDC-RDDC-2014-R88 75



E.4 CAL2013-DeadDrift-04

Table E.4: Run parameters: CAL2013-DeadDrift-04

Run ID CAL2013_DeadDrift_04
Run Start September 14, 2013 at 05:45:54 UTC
Run End September 14, 2013 at 05:55:06 UTC
Run Duration 9 minutes, 12 seconds
Wander 1.01 knots at 76.6 deg.T
Track Length 288 m (0.16 nmi)
Mean True Wind 4.6 knots from 81.4 deg.T
Air Temp. & Humidity | 15.0 deg. C with 98.2% Relative Humidity
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Figure E.4: Raw track: CAL2013-DeadDrift-04
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