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Abstract

A low power propeller based propulsion module has been developed to complement
the buoyancy engine of a 200 m Slocum clectrie glider. This device is introdue — to
allow new behaviours such as horizontal flight and faster overall speeds to ex nd
the existing operational envelope of underwater gliders. The design goal 1s to matceh
typical horizontal glider speeds of 0.3 m/s while minimising the impact of the module
on the performance of the unmodific  glider. After careful selection of e propeller
and motor candidates the stand-alone propulsion module has been tested i a small
flumne tank to verity the svstem’s performance. Since the desired flight trajectory is
restricted to the horizontal plane the validity of a previously published hydrodynamic
model of the glider at zero angle of attack was verified by conducting drag measure-
ments at various flow velocities at full scale in a larger Hume tank. Self propulsion
tests were also performed to estal sh the performance of the glider with the  ew
propulsion module in a larger Aume tank and in a towing tank. Ope  water tests
were performed i a large test tank to show the stability of the platforin for horizontal
flight. The results from these tests show that the new propulsion modnle is capable of
driving the vehicle horizontally while matching the performance of the conventional

glider.
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Chapter 1

Introduction

1.1 Literature Review

1.1.1 Underwater Gliders

The conception of underwater gliders was initially motivated by the scientifie drive
to better understand the subsurface layers of the world’s occans.  his desire was
shown through initial development of ocean floats hy Stonmel and Swallow [1]. [5].
These floats, through many iterations. developed into the Autonomouns Lagrangian
Circulation Explorer (ALACE) Hoats as a part of the world ocean circulation  oject
(6], [7]. Slightly before this. Douglas Webb. who had been heavily involved in the
Hoat developient, conceived the original concept  nw an underwater ider as a type
of contro ble profiling Hoat. Discussions of this concept with Henryv Stonmnel led to
their vision of the glider’s role in occanographic rescarch as a portraval of a future
world control centre for gliders [8].

Several years later the first revision of what later became the Slocum glider was

developed as a variation of a profiler with controllable fins which allowed for gliding
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motions and therefore, a horizontal motion component in addition to the vertical
motion component [9]. Webb’s original plan was to develop a glider with a  ermal
engine, capable of harnessing the sharp temperature gradient found in much of the
oceans to cause buoyancy differences large enough to sustain gliding motion [10];
however, due to the complicated nature of the thermal engine, electric ver s of
the Slocum gliders were developed to expedite product development, [11], [12], [13].
Concurrent to this development, « 1er notable gliders were developed including the
Spray glider at the Scripps Institute for Oceanography and the Sea Gli 1 at the
University of Washington [14], [15]. The Spray glider was originally develope as an
autonomous profiling float and the aglider as a virtual mooring cap: le of long term
monitoring of critical locations. These three gliders were the first commercially avail-
able underwater gliders and several articles can be found that outline and compare
their abilities [16], [17], [18], [19], [20].

A nuniber of other underwater iders have been developed for rescarch and de-
velopment. purposes. One of the ecarliest of these gliders was the ALBAC  “hicle
designed at University of royko [21], [22]. This vehicle uses a drop weight to glide
to a maxinnn depth of 300m where the vehicle releases the drop weight and glides
back to the surface. Another glider project at this lab is a simple machine based Mini
Underwater Glider (MUG) [23]. This glider is used as an undergraduate student ed-
ucation platform. A more recent  carch based project from the Osaka Prefecture
University is the ALEX vehicle [24], [25]. This vehicle uses independently control-
lable main wings to achieve a high degree of mancuverability and to increase the glide
performance by controlling the an;  of attack to the cor ol surtaces.

The ROGUE vehicle was also developed as a laboratory scale glider at Princeton
University to validate stability and control models [26], [27]. Additional modelling

of control algorithms was based off the ROGUE vehicle in which a model based
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feedback control method was developed and tested [28]. Dynamic, stabilisation and
coordination mathematical models were also dev. ped using the ROGUE glider [29],
[30]. This simulated dynamic model was later extended to the Slocum vehicle using
field data to generate a hydrodynamic model [3]. Bachmayer et al., using this model
and some recorded data from field trials with the Slocum glider, tuned sever. of the
control loops within the vehicle [31]. A swmmary of the dynamic modelling work
on the Slocum and ROGUE gliders may be found in Graver’s thesis [1]. Additional
stability and non-linear control methods for underwater gliders from the Princeton
University Dynamics and Control Systems group may be found in [32], [33].

A larger hybrid gliding vehicle named STERNE was developed at ENSIETA in
France [34]. The plans detailed a - icle substantially larger than the Slocum gliders,
around 1000 kg, capable of travelling faster than many of the other underwater gliders
to date and having both ballast control and a propeller. For testing, a 1/3 scale
laboratory version of the vehicle was built which was around the same size as the
Slocum gliders.

Several other hybrid glider developments include the AUV-glider and the Folaga
glider [35], [36], [37]. The AUV-gli 1 was developed at the Florida Institute for Tech-
nolc  as hybrid between the e end > oy U oven gliders @ 1 propeller
based Autonomous Underwater Vehicles (AUVs). This vehicle weighs about 300 kg
with an endurance of approximately 150 hrs and «  optimal speed of 2 knots. The Fo-
laga glider was developed as a very low cost system which drives at or near the surface
using a propeller with intermittent profiles using a ballast system. The Folaga vehicle
weighs about 30 kg with an endurance of around 8 hrs and a top speed of 2 knots.
Additional work has been done with the Folaga vehicle for multi-vehicle cooperative
missions, adaptive environmental sampling missions as well as hull optimisation for

near surface operation of submerged vehicles in waves [38], [39]. [10].
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A more recent commercial glider development is the Sea Explorer by ACSA Un-
derwater GPS. The Sea Explorer is an underwater glider with acoustic navigatic that
has an optional propeller based propulsion module to make a hybrid — pe glider [41].
The vehicle is still in development 1d expected to have an endurance on the order
of months and weigh about 60 kg.

The Liberdade/X-ray is another glider configuration that is in development. This
vehicle is a blended wing/body type glider that makes use of the flying wing ¢ wept
[42], [43]. To generate suflicient lift for this configuration the wing must be larger than
that of vehicles mentioned previously making this glider the largest at a wingspan of
6 m. The vehicle is to be capable of specds of up to 3 knots with an endurance of
months and a range of over 1000

Another variation on a gliding vehicle is the Wave Glider by Liquid Ro Htics.
The wave glider uses a surface buoy coupled to a large gliding submerged body to
harvest wave motion and propel itself forwards. In this way the vehicle has no electrie
propulsive load and maintains a speed relative to the mean wave height [44]. A recent
application of this teclhinology in the Hrm of a buoy replacement was met with success
where the Wave Glider was able to stay on station at all tiines with t » exception of
extreme winds. In this situation the vehicle was still able to recover its position after
the weather event [45].

Throughout the development cyele of these first underwater gliders there has
been significant interest by the Navies in various countries. In 2003, directly after the
three Office of Naval Research (O ) funded Slocum, Sea Glider and Spray — ider
programs finished, a glider systemns study was performed and compiled for ON - [20].
Shortly after the completion of this study, ONR announced a contract for over a
hundred gliders prompting iRobot to exclusively license the Sca Glider, Teledyne to

purchase Webb Research and Blue 1 Robotics to liceuse the Spray [46]. In ecarly
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2009 Teledyne Webb Research announced that it had been successft in its bid for
the contract. [47]. This contract has lead to significant developments with the Slocum
glider to harden the system to military specifications leading to the second generation
of Slocum gliders, the Slocum G2.

Another primary motivator for development of ghiders and glider related tec olo-
gies has been the scientific conunun 7 [48]. The most prevalent uses in science have
been in Physical Oceanography where they have been used as profilers, gat  ring
salinity, density and temperature information through conductivity, temperature and
density (CTD) sensors. Many publications have been dedicated to the correction
and interpretation of this data as tI - vehicles use a non-pumped CTD sensor which
presents time-lag errors and challenges with dynamic measurements which vary in
space and time [49]. Additional popular sensors include dissolved oxyvgen sensors,
backscatter sensors. turbulence meters, Acoustic Doppler Current Profilers, v ious

sonar devices and hydrophones to 1 ne a few.

1.1.2 Long Range AUVs

It is interesting to note that Autonomons Underwater Vehicles (AUVs) and gliders
developed to meet different needs and markets while still being underwater ve  cles.
Only recently have some of the roles of AUVs and underwater gliders begun to - rge.
One notable example of this is the Long Range Autosub (LRA) 6000 AUV which
extends the Autosub 6000 architecture to a version with a range of 6000 kin [50]. [51].
Previously, vehicles with a range of over 1000 kin were exclusively the dom 1 of
underwater gliders. This transition is motivated by the desire to push the boundaries
of the types of missions possible with underwater vehicles. The LRA is scheduled

for ficld testing in January 2011 with some possible missions inclu g traversing
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beneath the arctic ice cap and in the strong current region of the drake 1 ssage
between Antarctica and South America [52]. Additional work comparing gliders and
AUVs is presented in Steinberg et al’s work in which an analytical comparison

between the normalised transit efficiencies is presented [53].

1.1.3 Under-Ice AUVs

There have been a small number of AUVs which have specialised in under-i mis-
sions. The most notable of these from a Canadian perspective is the Theseus AUV
from International Submarine Engineering [54]. The Thescus vehicle was developed
on contract from the Defense Research Establishment Atlantic of the Canadian De-
partment of National Defense to lay fibre-optic cables in ice covered waters [55].
Initially developed to have a range of around 400 ki, it has evolved to being capable
of a range of over 1360 km with a depth rating of 2000 m [56]. The Theseus vehicle
remains one of the few AUVs spec ™ ally designed and successtully used in under-ice
deployments. The success of the Theseus vehicle has prompted mnder-ice missions
with the MUN-Explorer vehicle in 2009 [57]. These missions came as a precursor to
two additional explorer class vehicles being contracted by the Canac n government.

1
"t

for use in under-ice survev of the Co adian arctic ridge to establish Canada’s claim to
the Commission on the Limits of the Continental Shelf through the Umted M tions
Convention on the Law of the Sea [58]. These vehicles arve presently doing  wvey
work to meet the deadline for claims of 2013.

The Autosub Under-Iee program is another notable under-ice AUV exple ation
program. The Autosub under-ice program was a S-year program funded by the Na-
tional Environment Rescarch Council in the United Kingdom to bring together sci-

entists and engineers to study ice-shelf and ocean interactions and t -+ imipact they
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have on the climate. This program has collected the most data to date on under-ice
properties in arctic waters [59], [60]. The use of the Autosub platform for under-
ice missions also prompted significant investigation into under-ice AUV risk of loss

assessment after the loss of one of the Autosub vehicles [61].

1.1.4 The Autonomous Ocean Systems Lab

The Autonomous Ocean Systems Lab (AOSL) at Memorial University of Newfound-
land (MUN) focuses on the developiment of ocean technologies related to scientific and
industrial needs. Current research p  jects include a highly maneuverable yet stable
AUV platform for high resolution sonar bathometry being developed in conjunction
with Marport Canada and the National Research Council Institute for Ocean Tech-
nology [62]: the hybrid glider and the subject of this thesis [63]. [64]: the integr  ion
and data correction for a glider outfitted with an acoustic doppler current profiler
(ADCP) [65]; using an upwards facing altimeter for ice profiling work with aun un-
derwater glider [66]; an autonomous surface vessel for glider launch and recovery and
a glider outfitted with acoustic t: sponders for localisation. These projects bring
together many of the different specialised conunercial, provineial and federal inte st
in occan technology in Canada and help to generate public interest and awareness of

ocean related issues.

1.2 Motivation and Scope of Work

Over the last ten years autonomous underwater gliders have become inereasingly use-
ful for occanographic rescarch because of their ability to lower operational expenses,
increase range and endurance [18]. Gliders use an active buoyancy control system

combined with a set of fixed wings to move vertically and horizontally. in a saw tooth
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like pattern through the water colummn [15], [14], [10]. The endurance of th 2 un-
derwater vehicles varies from weeks to several months and even longer in the case of
the thermal glider [10]. In contrast, currently available propeller driven autonomous
underwater vehicles (AUVs) achicve an endurance ranging from hours to days. This
stark contrast can mostly be attributed to a purpose built svstem and to the low
speed at which the gliders move [67] and [68]. Gliders typically move at horizontal
speeds of about 0.3 m/s compared to propeller driven AUVs which ty ically move at
average specds greater than 1.0 m/s. The low speed capability can create significant
problems when operating in areas of strong water currents which exceed the glider’s
maximum forward speed. If the direction of the currents is known « prior: or nea-
sured n situ [69] the missions can be designed to either avoid these arcas or take
advantage of then. In this case the operator nust redirect the glider to better deal
with the current by moving away {rom that region or, in the case of significant + tical
stratification, try to operate below /above the expected laver of highest lateral veloc-
ities. However, in the case of unknown currents they can pose a significant risk to
the successful excecution of the mis Hn plan. These issues have given  1se to the idea
of the hybrid glider which combines the gliding behaviours of traditic  al underwater
gliders with the propeller driven behaviours of AUVs.

This thesis addresses the design and testing of an auxiliary propulsion module for
the Slocum class of nnderwater ghiders. The objectives of the projer  are to enable
the glider to move horizontally at the nominal glider speed of 0.3 w/s and, for short.
periods of time, to double its horizontal speed to approximately 0.6 m/s. To this
end a simplificd mathematical model of underwater gliders as well as a model for the
Slocum 200 m glider ballast pump power consumption based on experimental data
are described. These two models are used to develop design constri ats and initial

component sclection. The design and testing process for the propeller and motor
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are presented during which the final configuration is shown. Following this, the
mechanical, electrical and software integration of the module into the existing glider
is discussed. The system testing and evaluation meluding experimental results from
full-scale tests in the Marine Institute (MI) of Memorial University of Newfoundland
(MUN), tow tank self-propulsion tests in the Ocean Engineering Rescarch Centre at
MUN and open water flight tests in the Ocean Enginecring Basin (OEB) at National
Rescarch Council’s Institute for Ocean Technology are presented. A range model for
a liybrid glider is developed based on the combination of an AUV range model and
the hydrodynamic model for the glider. The last section summarises the res  ts of
the design and evaluation phase of the hybrid glider and gives an overview of the next

steps in the development of the hybrid glider towards a fully operational system.




Chapter 2

Vehicle Modell ng

A model of the vehicle is presented to facilitate the design and analysis of the new
propulsion module.  The hydrodynamic model is based on a previously published

hydrodynamic model and the ballast punip model is derived using experiniental data.

2.1 Hydrodynamic Modelling

The full six degree of freedom hydrodynawic model for an underwater glider is simpli-
fied due to the assumption of stea 7 state conditions for the vehicle. This assumption
is jJustified as a well ballasted gliding underwater vehicle spends the majority of its
time at steady state. Most of the hydrodynamic modelling to date for underwater
gliders has assumed steady-state glides and extrapolated parameters based on a comn-
bination of measured data and theoretical calculations. For a glider with angles and
forces as defined in Fig. 2.1 the shmplified steady state equations of motion  the

vertical plane may be written as

10
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Fpcos(&) + Fpcos(&) _ 0 (2.1)

Fpsin(§) + Fpsin(€) + F, — Fp 0
where € is the glide-path angle. Fp, is the hydrodynamic lift, Fy, is the hydrodynamic
is the gravitational force and Fp is the buoyant force. The lift and drag

drag, F,

force may then be defined as [3]

1 .

F = 5,0.'4C’L(a)’v%4 (2.2)
1 .

F[) = ‘—)'/)ACD(CY)U?\ (23)

where (v is the angle of attack, € is the pitch angle defined as § = & — «, p is fluid
density, A is the cross sectional arca and vy is the advance velocity. In [3] the av ors
present. the hydrodynamic model parameters for a Slocum 200 m underwater ¢ der.

From (2.2) the lift coefficient C'L(c¥) ased on frontal arca is determined as

CL o o+ ol (2.4)

and shnilarly from (2.3) the drag coeflicient C'p(ev) as

QW]
&
g

Y ‘
Cp=cy+ ez (2.

where the coefficients from (2.4) and (2.5) are defined as in Tab. 2.1

For the purposes of the propulsion module design the glider was assumed to be
ballasted neutrally buoyant, trimmed for level flight at piteh angle ¢ = 0° and moving
at a coustant speed. These assumptions do not hold for regular glider operi ons
but for the initial design purpose 1ey provide a starting point while significantly
simplifying the lateral plane hydrodynamic model of gliders as presented in [28].

As a result of the assumed pitch angle ¢ = 072, the glide-path angle &€ = 09 and
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Figure 2.1: Schematic of an autonomous underwater glider in the vertical plane defining

the angles relevant to the glider’s path during steady state glides.

| Co | 11.76 deg ™! ’

) } 4.6 deg* ‘

Table 2.1: Hydrodynamic lift and drag coeflicients for the model taken from Graver et al. [3]
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therefore the angle of attack «« = 0° as well. Under the assumption of constant
velocity, there is no acceleration, therefore added mass cffects can be neglected and
the equation of motion (2.1) is reduced to the balance of the drag force Fj, and the
thrust generated by the propulsion module. Due to the assumption of a zero ar ¢ of
attack (o = 0°) the hydrodynamic model simplifies to a drag only model. From (2.5)

Cp(a =0) = Cpy = ¢ such that

1 . .
Fpy= 3/)A(yl')()'l’f1 2.6)

This simplified hydrodynamic model provides the vehicle drag force for a  ven
advance velocity to the propulsion module design cycle, establishing the operating
parameters for the propeller and motor. Additionally, the model provides an estimate
of the hydrodynamic power requirecments. The hydrodynamic power may be coupled
with the electrical input power of the ballast system and propulsion module to : 7 a
measure of the transport efficienncy. The transport cfficiency for the buoyancy driven

glider may then be compared with the propeller driven glider.

2.2 Ballast r ump Modelling

The ballast pump is the device respousible for changing the volume of the glider.
causing the net buoyancy to be positive or negative and subsequently causing the
vehicle to glide upwards or downwards. It is the propulsive motive force for a gliding
vehicle. In this section a niodel is developed for the buoyancy engine based ¢ ex-
perimental data that captures the electrical and mechanical changes. This model is
used for a comparison between the buoyvancy driven vehicle and the propeller driven
vehicle. To establish the power usage of a buoyancy driven glider, the power t the

ballast pump was mouitored during a mission with a variety of depths of profil A
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subset of the data recorded in this mission is shown in Fig. 2.2.

During a mission the ballast pump turns on only at the inflection pointsofap file,
at either the deepest or shallowest points of the profile. From these measurenments
the instantancous electrical power for a given depth may be plotted as in Fig. 2.3,

establishing the load line for the pump as a function of depth as in

Py = Pz + Py (2.7)

where z is the glider depth and the coefficients for (2.7) are defined as in Tab. 2.2

Py 0.3 W/m

P 8.2 W

Table 2.2: Instantancous ballast puiup power coctlicients

The mechanical power output by the ballast pump Iy, may be do ned as

Pbpm - ])(:)Q (28)

where p is thie pressure at depth and ' is the volumetric rate. The volumetric rate is
found by taking the time derivative of the volume of ballast pumped 1V as in
d

Q= 2V (2.9)

The computed volumetric rate is plotted in Fig. 2.4 for the Bonavist 2009 mission
where the volumne is increasing. The rate is shown  decrease with depth when the

volume is increasing. i.c.. the glider is coming back to the surface.

Q' =qo — = T 10)
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Figure 2.3: Instantancous ballast pump power at given depth z. The outliers are du  to the

motor startup current.
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Figure 2.4: Ballast pump volumetric rate for a given depth computed from the Bonavista

2009 mission while at depth where the volume is increasing,.
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where Q@ is the volumetric rate when the volune is increasing determined using a

least squares fit. The coefficients for (2.10) are shown in Tab. 2.3

qo | 2.228E-5 m?/s

q 3.1E-8 m?/s

Table 2.3: Positive voluntetrice rate coefficients

The volumetric rate for the bi - ast system when the glider is decreasing its volume

‘

and at the surface, i.e., about to dive, may be extracted from Fig. 2.5 as in

Q =q¢— g3z (2.11)
where Q7 is the volumetric rate when the volume is decreasing and the coefficients

for (2.11) arc shown in Tab. 2.4

Go | 2.45E-5 m? /s

(3 0m?/s

Table 2.4: Negative volumetric rate coeflicients

The increase in volumetric rate at = = 0 for Q~ over Q' is a ibuted to the
mternal vacuuin in the vehicle as the ballast pump must work against it to  pand
the vehicle™s volume. Tt is expected that Q~ will take a form similar to Q1 however,
the glider’s shallow inflection point was always set to be 3 m for these tests resulting

in sutficient data to determine gy, The pressure at depth is defined to be

P =P+ pyz (2.12)
where p, 1s atmospheric pressure, ¢ is the gravitational acceleration and z 1s water

depth defined as positive downwards. The time averaged electrical power Py, is then
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Figure 2.5: Ballast pump volumetric rate for a given depth computed from the Bonavista

2009 mission while at depth where the volume is decreasing.
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given by converting the instantaneous power to energy consumed per up and down
profile e with one use of the buoyancy pump at the surface and one at depth, and

dividing by the total profile time £, as in

o Vi
Eype = (o2 + Pr) + P (2.13)
VR Q
Eipe
Py = =2 (2.14)
h)p
Here the shallow inflection depth is assumed to always be at the surface z = and

the time used to compute the ballast pump clectrical energy Ey,. is for  d by dividing
the total volume change Vi by the volumetric rate () where Vi3 = 4.50E-4 m?. The
on-time for the ballast pump was computed using the volumetric rate to remove the
aliasing crrors due to the slow sampling rate of the glider. The total cycle ti » #y,
can be measured from the mission data. however, extended periods at the surface
and the bottom for many of the profiles made it difficult to accurately estima  this
value. Therefore, the steady state depth rate was used to estimate the glide thne as
a function of depth for half a profile as in

fop = (2.15)

R IEEN

where the steady state depth rate 2 was calculated from ¢ measured values shiown
i Fig. 2.6.

From Fig. 2.6 it is evident that there is a significant miss-trim in the vehicle
due to the difference between the descending and ascending steady state depth rates
of 2 = 0.1187 m/s and £ = 0.2657 m/s. To calculate the depth rate the average
between the descending and ascending steady state depth rates of 2 = 0.1187 /s

and 2 = 0.2657 m/s was taken to give 2 = 0.1922 m/s. From a plot of the steady state
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Figure 2.7: Line connecting the ascending and descending steady-state depth rate as a fune-

tion of the ballast pumped showing the ballast adjustment required.

depth rate and the ballast pumped the ne change required for an ideally t1 nned
vehicle may be obtained as in Fig. 2.7 An ideally ballasted vehicle  as zero depth
rate for zero ballast puniped, therefore. the ballast change required is found where

the depth rate is zero and is equal to 8.615-5 m? for the Bonavista mission.

The resultant. time averaged ballast pump clectrical power 175, is shown  Fig,
2.8. The focus in developir — the ballast pump model has heen on the time averaged
clectrical power rather than the cnergy consmuption. This focus on the time averaged

power is presented for case of comparison to a continuous load.
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Figure 2.8: Time averaged electrical input power to the ballast puinp for a given « »th of

profile.
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2.3 Glider Efficiency Modelling

The transport. cfficiency is an effective way of comparing the overall cffectiveness of
the buoyancy and the propeller based propulsive methods. To estimate the efficiency
of the glider we can use the geometric relationship defined in Fig. 2.1 hetween the
glide path angle £ and the vertical velocity of the glider 2 to determine the advance

veloeity vg as

~
~

A = — 2.10
oA StNig) ( )

and the horizontal velocity i as

= 2.17
I tan(§) (2.17)

-

The hydrodynamic power may then be caleulated using (2.3). (2.5) and (2. ) as

in

ﬂlz/d [ﬂ[)”.-\ (218)

A measure of the hydrodynamic efficiency of the buoyancy driven glider n,;, may

be estimated using (2.14) and (2.18) as in

I)l. waed
Hoph = 1 ())
bhpe

Additionally, the mechanical efficieney of the hallast punp 1, may be caleulated
using (2.1:1) and (2.8) as in
1—)]'1)!7)

Nopin = 2())
Pipe
[)f

The efficiency and thme averaged power results are plotted in Fig. 2.9 with an

assumed angle of attack o = 2.97 [3].
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C4 0.2175

cs | 6.36 deg? |

Table 2.5: Hydrodynamic drag coefficients for the model taken from Williauns et al. [2]

An additional hydrodynamic model presented by Williais et. al [2] presents the

drag coefficient from field data that is different from (2.5) as

C’YDur =cy+ CS”Q (221)

where the coefficients for (2.21) are defined as in Tab. 2.5

The ¢4 coefficient in this model is significantly less than ¢y in (2.5) due to the
author assuming a larger angle of attack than in Graver’s model [1]. The efficiency
and time averaged power results for the Williams model are plotted in Fig. 2.10 with
an assumed angle of attack o = 6.53° [2].

The npn is less in William’s model than in Graver’s model. This difference is
attributed to the difference in the | de path angle € due to the different ass ned
angle of attack «. Since the depth ¢ 2 is fixed from the data from the Bonavista
2009 ballast pump power trials, the glider advance velocity vy is larger in the Graver
model resulting in a larger drag force  p for the same clectrical power. This difference
also highlights the dependance of the drag cocfficient from Graver and Willian . on
paranieters other than cv.

To summarise, the mechanical ¢ ciency of the ballast pump is 7 sented as a
function of depth and is independent of the hydrodynamic model. The hydrodynamic
cfficiency of the gliding vehicle is presented and is shown to be depe dant on the
hydrodynamic model used.  Several hydrodynamic models have been present  to

date, however, the two models used [3], [2] do not mateh well resulting in a different
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hydrodynamic efficiencies. The difference is mainly due the assumptions swrrounding
the glider’s angle of attack a. By measuring « directly a more accurate hydrodynamic

model may be created.



Chupter 3

Propulsion Mc dule pesign

A design for an auxiliary propulsion module for an underwater glider is present. . The
propulsion module is designed using an integrated approach where hydrodynamic,
mechanical and electrical perforn  ces are considered as a whole to maximise the

propulsive cfficiency of the vehicle.

3.1 wesign Constraints

To minnmise the impact of the propulsion unit on the performance of the glider, certain
constraints were placed on the design. The module should be able to be turned on
and off to allow the glider to retain its normal buoyancy-driven method of op:  tion.
In light of this, during regular operations, the influence of the propulsion unit on the
hydrodynamic performance of the glider should be minimised. The impact of the
propulsion module on the glider's endurance and range when propelled for horizontal
flight at typical glide speeds should be such that the propulsor should consume equal
or less power than the buoyancy engine.  Also, the module should be ¢ap le of

providing enough thrust to enable a sprint mode to at least double the glider’s typical

29
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Nsys MalgbThnelp (‘; 1)

where ), is the motor efficiency, 1), is the gear box efficiency, 1, is the ma etic
coupling efficiency and 1, is the propeller efficiency. The efficiency of the  otor
controller may be included in 1), as well. However, for this design a high quality
brushed motor with precious metal brushes was chosen with the fine  design > be
driven directly from the rail voltages of FL1V and 3.3 V to give a high and low speed
operation point. The motor controller ethciency was therefore left out of the system
cfficiency definition.  Also left out of the system efficiency definition s the battery
performance which is a product. of enviromnental conditions and the clectrical load
requirements. The effects of the environmental conditions are left out because they
apply to buoyancy driven vehicles and propeller driven vehicles. The clectrical load
for the auxiliary propulsion module s a continuous load and intermittent for the
buoyancy engine. This difference can impact the battery performance differently due
to I?R losses. The instantancous 217 losses for the auxiliary propulsion module are
on the order of 0.001 W and for the buovancy engine they are on the order of 0.01 W,
where R, in this case, is the internal resistance of the batteries equal to 0.1568 [70].
However, since the buoyancy engine use is intermittent. the 721 losses ave reduced to
a negligible level. Both I2R loss cases are therefore considered to be irrelevant  hen
compared to the time averaged power consumption.
In general the motor efficiency may be given as [71]

. ¢
’mSZm 2m

Thn = ; .
/ re 00

where the motor torque 7, and the motor specd €2, are given by

T = k(0 — 1)) (3.3)
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Qm = UkQ - k37—m (34)

with (3.3)
Qm == U]'GQ — l{;]pl(l - LO) (-35)
Substituting (3.3) and (3.5) into (3.2) gives

kl (Z — 'iO)['LLkQ - /’173/1"1 (I — i())] 27

n m

Thn = (3.6)
showing that the resulting motor efficiency depends on only the mput voltage w and
current ¢ where Ay is the torque constant, ky is the speed constant. ky is the motor
constant and i, is the motor no-load current.

A propeller was modelled as a small blade arca ratio propeller using the OpenP VL
MATLAB scripting [72]. The gearbox was assigned a fixed cfficiency due to mechan-
ical losses as given by the data-sheet from the manufacturer. The magnetic coupling
efficiency was assumed to be constant irrespective of motor or propeller selection and
was therefore removed from the parameter space for the purposes of propeller. motor

and gearbox matching. The prope. - torque constant A, [73] may he written as

T .
[\T = m ((;7)
TR
which may be re-written to give the propeller torque T
i (QP)2 I (3.8)
T, = N.p(—=)"d; :
= ey )

where 7, is the propeller torque, d, is the propeller diameter and A is the propeller
F 1 P p
torque constant. The propeller torque constant A’ shaft specd 2, are outputs frowm

the OpenPVL MATLAB scripting.
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The peak cfficiencies for electric motors generally occur for RPMs that are higher
than the peak efficiency for propellers. Gearboxes are therefore used to match the
RPM of a given motor to the peak operational region of the propeller. If the gearbox
ratio is too small the motor effic 1y will be small due to the propeller speed require-
ments be g well below the motor’s peak operational region. However, for cach stage
of gear reduction additional mechanical losses are acerued by the gearbox  us re-
ducing its efficiency. These parameters compete against one anothier and by iterating
the gearbox and motor parameters a motor and gearbox combination showing peak
performance for the theoretical small blade-arca-ratio propeller and nominal glider
operational conditions may be chosen.

The propeller efficiency generated by the OpenPVL MATLAB script was plotted
against the output of the motor model for different niotor and gearbox combinations
to match the peak efficiencies for a given shaft speed €2, and prope 1 torque 7, as
in Fig. 3.2 - 3.5. e script for these figures is included in Appendix A. The voltage
imput to the motors was limited to the vehicle battery voltage of 15V ) maintain the
operational region of the motors. The propeller design shaft speed was 100 RPN for
an advance velocity of 0.35 m/s ar 0.1 N of thrust resulting in a A, = 0.0051.

The motor’s considered in Fig. 2 - 3.5 have motor coefficients as defined — Tab.
3.1 with gearbox’s having coctlicients as defined in Tab. 3.2, This data is supplied
from manufacturers data sheets [71].

From Tab. 3.1 and 3.2 the m1 motor and ghl gearbox were selected. The predicted
motor performance for this motor and gearbox combination is shown in Fig. 3.2. In
this figure it is shown that the md motor results in a high motor efficiency for the
desigu propeller speed of 100 RPM. However, this motor when combined w1 the

11 ) too long to fit mside of the motor housing and the ml | S

selected mstead.
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1neies plot showing motors 1-8 combined with gearbox















CHAPTER 3. PROPULSION MODULE DESIGN 39

Since the level of input energy is very low, on the order of 1W, all sti s of
cnergy conversion were considered and all losses were minimised. Shaft scal frictional
losses, which in a more powerful system account for only a fractic  of the total
power, dominate in low power systems. .o this end, a magnetic coupling was used
and designed such that the pull-out torque was just beyond what the theo  tical
requirements were for the propeller to move the glider at a sprint spe of 0.75 m/s.
Magnetic couplings often require additional bearings and the lubrici on and scals
on bearings consunie a large portion of a single Watt system’s power.  Therefore,
ultra-low friction, dry-lubricated, ceramic bearings were used to reduce these losses.
The losses from the magnetic coupling and bearings were quantified through analysis
of the motor input current before and after assembly.  For the maxinmuun voltage
condition, this difference equates to a change in current of 3 mA resulting in less than
0.001 Nm frictional torque in the magnetic coupling assembly, which is 10 % of the
no-load torque and 1 % of the full load torque. These losses are a res  of frictional
losses in the bearings as well as  ldy current losses due to the rotating magnetic
ficlds.

To summarise the motor selection process has heen detaited showing the matching
of motor and gearbox to a simulated  opeller performance. A brief di - ussion of the
sources of mechanical losses h 1l “its the importance of careful compe ent seleetion

and tolerances.

3.3 Propeller Selection and Testing

In this section the propeller design process for the propulsion module is presented.
This process takes the thrust requirements and advance veloeity from the hydrody-

naiic model.  As an initial estimate the ideal actuator disk efficieney 2, mi be




CHAPTER 3. PROPULSION MODULE DESIGN 40

computed as in [73]

2
. : (3.9)
1 + \/ LI + 1

pApUA°

nr

where F7ois the thrust. This cquation may be re-written to show 1e rela mship
between the hull diameter and propeller diameter at steady state and level {ht by

substituting (2.3) for Fr as in

(3.10)

2
= 3
1+ \ﬁ

wliere d, is the vehicle diameter an  d, is the propeller diameter; for the Slocum 2001n
glider d, = 0.21 m. The ideal « ciency for a given propeller diameter is ple ed in
Fig. 3.0

The idecal efficiency shows that for larger diameter propellers the prope. - effi-
clency increases. Additionally, it ves the upper bound for expected efficiency for
the propeller that is selected. In order to minimise the drag from the propeller while
the propulsion module is not in use folding propellers were selected for use. However,
no suitable folding propellers were Huud with published torque and thrust data for
low advance velocities and low levels of thrust. Therefore, a propeller was designed
using the OpenProp MATLAB code with a cord length to diameter ratio as shown
in Fig. 3.7

Additional inputs include an advance velocity of v4 = 0.35m.s. thrust of Fp =
0.4N and 2 = 100RPA! for a two bladed propeller. The propeller efficicney for these
parameters is shown in Fig. 3.2, The propeller was output into a 3-D CAD model
and prototyped on a Fused Deposition Modelling (FDM) Machine.  When tested
however it was found that the blades suffered significant. deformations resulting in

cfficiencies 60% less than predicted.  Since the propeller design was not the focus
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cated at the rear of a Slocum 200 glider.
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Figure 3.8: Selection of propellers tested in the Memorial University of Newfoundland flume

tank.

of this work a series of RC folding model airplanc propellers were selected to be
tested experimentally to determine their operating parameters. . aese propellers use
a graphite reinforced plastic which provides a good degree of stiffness for the loads
under consideration. Propellers with varying diameters and pitch ratios were s cted
for tests as shown in Fig. 3.8.

To characterise these propellers vy, Fop, wand ¢ were measured in the 0.3 m x .5 m
x 5 m flume tank at MUN using ¢ experimental setup shown in Fig. 3.9. Electrical

current and voltage were measured using a Hall Effect current sensor and a resistive
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Figure 3.10: Calibration of the load cell in the Memorial University of Newfoundland flume

tank experiment
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for flow speeds of 0.3, 0.4 and 0.5 m/s where the input current to the motor was
controlled from 0 A to the pull out torque at 0.3 A. The measured systemn efficiency
Nuys 15 calculated as in

. Fpo,

Nays = o (3.12)

Using the motor model presented in (3.6). the propeller efficiency may be deduced

from the system efticiency as in

}7'/'1"4 60)

Tmszm 27r

(3.13)

UNES

whiere 7, is (3.3) and €2, is (3.4). The wmotor efficiency is also computed according

to (3.6). It should be noted that the mechanical losses n the magnetic coupli 5 and

bearings are lnmped in with the propeller cfficiency.  The results from these tests

showing the systenn efficiency 7jgs. the thmst £ and the vehicle drag foree £y at oy
0.3, 0.4 and 0.5 m/s are shown in Fig's. 3.11 - 3.13.

A non-folding 0.2 m diameter propeller with a pitch of .15 m was also selected
for testing to compare the perforn ace of folding and fixed bladed propellers. The
fixed propeller results are shown with the folding propeller results in Fig. 3.1-4. These
results are shown only for advance velocities of 0.3 and 0.5 m/s as there was a loose
connection on the eleetrical current sensing device for the tests w1 an advance
velocity of 0.4 m/s and the data was unusable.

The hixed propeller efficiencies are higher than the efficiencies for the same size of
folding propeller. This ditference is attributed to the size of the hub for the folding
propeller as well as the differences in the blade arca ratio. The folding propeller has a
larger hub size relative to the fixed propeller to accommodate the folding mechanism.

The fixed propeller also has a larger blade arca ratio when compared with the folding
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Figure 3.13: Efficiencies of prope rs for a given thrust for a flume tank water v city of
0.5 m/s. the drag force for a glider with an advance velocity of 0.5 m/s is
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in the MUN flume tank are shown. By examining the intersections of the dr. force
lines with the propeller data for the same velocity the predicted operating  int is
determined. Using this procedure the prope  r efficiency is scen to increase with vy
and the motor efficiency decreases with load resulting in a system efticiency which
increases slightly with an increase in advance veloceity.

The propeller selection and design is pre  nted using an integrated approach re-
sulting in a system that is well matched to t1 glider hull form and to the pre ulsive
requirements for the design objectives. A range of sniall blade area ratio Hlding
propellers were characterised and an approj ate propeller selected using the wake

fraction from a CFD model.



Chapter 4

System Integration and

Modification

The integration of the propulsion module into 1e glider is presented. From the design
requircments this integration was done such that minimal changes would be necessary

beyond what is casily accomplished by an ex rienced glider user.

4.1 Mechanical

Mechanically, the propulsion module was dc zned such that it replaces the 0.5 kg
emergency drop weight. at the rear of the gli w. To this eflect, the weight in water
of the propulsion module is matched to the v ght in water of the drop weight. This
location has the added benefit of being directly in ine with the centre of huovaney of
the vehicle; however, it currently ro 1oves the function of the emergency drop  ight.
Also, it interferes with the power plug used » turn the glider on and off r¢ iring
modification of the plug to make it shorter. ;  ditionally, the cabling v the t uster

requires a hole to be made in the drop weight housing. The assembly procedure
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of the tail section requires the tail cone to be loosely placed over the tail. The
propulsion module is inserted into the drop weight location and the cable connected to
bulkhead connector. The tail cone is then secured into location. Future versions of the
propulsion module will ease some of the installation and modification requirements
as well as cither adding an additional drop weight mechanism or incorporating an

ejection mechanism into the propulsion mod e.

4.2 FElectrical

Electrically, the glider has two Persistors: le - power, single board computers, con-
nected by a commuunications bus. The glider computer handles all control ¢ 1 low
level functions while the science computer is used for integration of new payloads and
sensors. To avoid changing the existing glide  architecture the propulsion module is
connected to the power pins on the science e¢  puter board used for powering payload
instrmnents.

For testing purposes. the motor of the pro  ulsion module is controlled thre  2h an
L298N motor controller with the drive voltage being supplied from the science board
payload power pins and logic level power from the Persistor stack’™s 3.3 'V supply. A
pulse width modulated (PWAI) signal is input into the motor controller to control the
input voltage to the motor and the logic inputs are fixed high or low to make the motor
uni-directional. In future versions the motor will be run off the rail supply voltages
in the glider to remove the electrical losses associated with the motor control .

To measure power into the propulsion module a power monitoring hoard was de-
veloped to measure the input current and voltage using the same hall eflect sensor and
resistive voltage divider as in Section 3.3. T1  schematice for this device is included in

Appendix B. The voltages were read in using the MAX127 analog to digital converter
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(ADC) which is also used elsewhere in the glider allowing for casy integrat n into
the code. This chip uses the serial periphe | interface (SPI) to communic: » with
the science computer Persistor board and is powered from the 3.3V power bus on the
Persistor stack.

A Microstrain 3DM-GX3 inertial measurement unit (IMU) was also integrated
into the system to measure the euler angles, angular rates and lincar accelerations
of the vehicle during the unconstrained open water tests. This device uses a RS-232
bus to interface with the science ¢« 1puter and is powered through a step down linear

voltage regulator from payload power pins on the Science board.

4.3 Software

In software, interfacing to the science computer requires the use of proglets, whicli nse
a manufacturer specified finite state machine template to coutrol science payloads.
The hybrid proglet takes one input from the glider computer, the commanded duty
cycle for the motor controller. The motor ¢ troller is powered on when the  roglet
is enabled from the glider computer.

The power monitoring proglet utilises the SPI interface to receive the voltage and
current data from the ADC. This data is logged on the science computer flash along
with the glider time-stamp. By default this data is also sent to the glider at a slower
rate but may be disabled. Since the power for the power monitor is supplied from
the Persistor stack, the power monitor is powered on with the science computer.

The Microstrain IMU proglet uses one of the RS-232 lines on the science board.
Conmumands are sent to the device and data read back to the Persistor and stored on
the science computer flash along with the glider time-stamp. The device is initialised

when the science computer turns on and is then put into a low power state u il the
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proglet is enabled by the glider computer. The complete code listing for the above

proglets may be obtained by contacting the author.



Chapter 5

System Evaluation and 1esting

The testing of the vehicle with the propulsion module is presented. The evaluation
of its performaunce was done incrementally using different. test facilities here in St.
Jolm's. Validation of the drag model at zero angle of attack is presented. To evaluate

the vehicle's stability the tuning of the depth controller is detailed as well.

5.1 Tow Tank Self . ropulsion Experiments

Self propulsion tests were performed in the to o tank at NUN to evaluate the glider’s
propulsive capabilities. The experimental setup for these tests involved a ter oned
enide wire heing strung the length of the tank 1 m below the water surface. The glider
was attached to the guide wire sucli that it s able to move under self propulsion
while being constrained directionally. The directional constraints ave neeessary due
to the inability of the magnetic heading reference to function in the tow tank.

For these tests the electrical input voltage and current was measured. The o -ance
velocity of the glider was measured by timing the glider as it moved through a - own

distance. Several different configurations were tried for fixing the ghider to the guide

60
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wire to minimise the friction due to the attaclhiment points. Initial tests used tic-
wraps through tie-wrap mount points, however, after bringing the glider out of the
water and mvestigating the state of the tie-wraps significant wear was present. Teflon
coated wire taped to the underside of the hull was also used which worked well for
several runs until the wire slipped from the tape. The final setup had the tensioned
guide cable passing through plastic tubing and tie-wrapped to the tie-wrap mounting
points.

This scetup allows for testing of many different propulsion configurations to analyse
the relative impact of a change in propeller or hull configuration. The standard
configuration for comparison to others is the gli o with wings attached, the sensor
hole on the tail-cone taped over and the power plug placed inside the tail-cone as
shown in Fig. 5.1

In this configuration two propellers were tested. a propeller with 0.2 m diameter
and 0.15 m piteh and another pro eller with 0.225 m diameter and 0.175 m piteh.
The smaller propeller, 1.e.. the propeller se. ted during the design phase, was run
at seven different voltages and the larger propeller at only three different voltages.
These results are shown in Fig. 5.2 with the motor duty evele shown in Fig. 5.3.

In Fig. 5.2 and 5.3 the larger propeller was unable to be run at higher pow  levels
due to torque limits in the magnetic coupling. From these results the larger propeller
15 capable of higher overall speeds at higher power levels. However, to achieve higher
advance velocities the magnetic coupling requires adjusting to mercase the pull-out
torque.

The influence of sensor holes i the tail-¢ e, the power plug external to the tail-
cone and the removal of the wings were also examined.  ach variable was tested
individually, only making one change from the standard conhiguration. To test the

sensor hole influence the tape covering the hole was removed., For the power plug test
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Figure 5.2: Power requirements for a given velocity for different propellers in the Memorial
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and glider drag force Fp were recorded. For the counterbalanced measurements, Fp
was calculated by subtracting > aft load cell readings from the forward load cell
reading to remove the effect of the pre-loading. The Marine Institute’s flur : tank
has been previously calibrated such that the advance velocity was recorded f m the
commanded set point and not actively meas  ed. The cffect of the harness attached
to the wings for the counterbalance was quantified through the difference between the
drag test with and without the counterbala e. The cffect of the wings on the drag
at zero angle of attack was also measured. The results of the drag forces exerted on
the glider for the different tests are shown in Fig. 5.7.

After the harness drag is removed the measured drag is found to be higher than
the drag at zero angle of attack in (2.6). At a speed of 0.3 m/s the measm | drag
force was 0.5 N and the predicted drag force was 0.31 N, a difference of nearly 50%.
This difference can partially be attributed to parasitic drag in the test setup; however,
the drag presented in (2.6) is based on indirect measurements and extrapolated to
the zero angle of attack condition. Therefore, the measurements presented here are
considered to be more accurate for this case. For the no wing tests the harne  could
not be used as it attaches to the wings. The measurements for this test were therefore
subject to higher levels of noise as the force  vels were low. Therefore, although the
test shows the drag to be lower with the wings not attached, the data is det  nined
to be less reliable.

For the tests with the propulsio module the fo e difference between the upstream
and dowustream load cell forces was measur — as in Fig. 5.8 Where the force crosses
zero in Fig 5.8, shown by crosses, is the elec  al power required for the given velocity
at steady state. This data as sunnnarised in Fig. 5.9.

The amount of clectrical power required for horizontal flight using the a  :iliary

propulsion module is shown to be
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Figure 5.8: Self propulsion test results showing the force difference between the  pstream
g
and downstreamn load cell forces v a given clectrical input power. The self

propulsion condition for each curve is marked by an 'x'.
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Porop = Pova + Pyv? + P’y (5.1)

using a polynomial cubic fit to the MI thume tank power data in Fig. 5.9. Where

the coefficients for (5.1) are defined as in Tab. 5.1

Dy L1 kg m/s

Pyl 132 u2/m

Table 5.1: Coefficients n the electrical power to the propeller

From (2.18) and (2.6) a cubic relationship is expected for the hydrodynamic power
which is different from the cubic polynomial in (5.1). A cubic polynomial was used
as the correlation to the data was much stronger. This difference is attributed to
the non stiuple body form of the vehicle and varied advance veloeity resulting in flow
transitions around sensors, wings and other body protrusions.

To define the input duty evele H the hyl  d proglet, the duty evele as a function
of glider advance velocity may be plotted in Fig. 5.10 where the crosses mark
where the force crosses zero. The duty cvele as a function of velocity may then be

plotted as in Fig. 5.11

5.3 rift at wepth iests

The trajectory of an underwater glider is typically in a sawtooth-like patter  where
the vehicle is ghding downwards and upwards. This pattern is not. conducive to flving
horizontally using the auxiliary propulsion module. To allow for horizontal flight two

of the controllers which must be configured are the depth and pitch controller  For a
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Figure 5.11: Self propulsion test results showing the motor duty cycle required for a given

advance velocity at steady state.
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zone defined by c_depth and c_deadband, the controller will decrement. a_hover_ballast
if it is above the depth zone and moving up and will increment z_hover_ballast if it is
below the depth zone and moving down. If the vehicle is inside the depth zor  there
are two additional states in which the controller will change x_hover_ballast, moving
down too quickly and moving up too quickly. The controller determines these states
by comparing the measured depth rate 2 w 1 the hovering depth rate 2, which is
caleulated using the user configurable maximum depth rate to be considered hovering

2, as in

3. .
~<fZin

1

—_
&)
[ \N=]
—_

;:h =

where the factory set hovering depth rate 2 = 0.1425 m/s by default. If the glider
is moving up and |Z| is greater than the 2. the glider is moving up too fast and
r_hover_ballast is incremented. Similarly, if the glider is moving down and | 2] is greater
than the 2. the glider is movin wh too st and a_hover_ballast is decremented.
If the glider passes through all these states it is assigned to be in or hovering towards
the drift depth zone in which the z_avg_ho  r_ballast argument is updated v the
neutral ballast lookup table.

The depth controller was tuned experinientally by iterating the input parameters
to the controller around the default vehicle parameters. Four tests  ore run to tune
caclr of the parameters. The b st pump delta value 8, tuning results are shown
in Fig. 5.13. From these tests the resultant ballast pump delta value 8, = 2. These
tests also show significant spiking in the depth sensor reading. The intermittent spikes
occurring when the vehicle passes m were  etermined to be a rvesult of the depth
state changing from or to the at-surface state. The periodic spikes were determined

to be a result of the relay switching the antenma from the GPS receiver to the Iridimm
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Figure 5.16: Depth measurements during the di - -at-depth test missions in the deep water

test tank at Memorial University of Newfoundland
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5.4 Drive at Depth Tests

To evaluate the stability of the hybrid glider during horizontal flight the glider was
flown using the auxiliary propulsion module and the tuned drift at depth behaviour
from Section 5.3. Using the NRC-IOT’s Occan Engincering Basin (OEB) (L: 70 1,
W: 35 m, D: 3 m ) a total of 25 tests were performed. During these tests five different
missions were flown, each mission having a different motor setting correspor ing to
speeds of 0.2 m/s to 0.6 m/s as in Fig. 5.11. The propulsion module for these missions
turns on during the hovering state of the mission which lasts for a specific time such
that the total distance covered is 30 m. A de} 1 0of 1.6 1n was set as it is approximately
halfway between 0.5 m and 3 m. Tests were lown with a fixed rudder angle of zero
degrees for straight ahead travel. The inertial measurcment unit was also installed
in the vehlicle to record the vehicles attitude, angular rates and accelerations. The
depth during the hovering behaviour until the behaviour terminates is shown in Fig.
5.19

The results in Fig. 5.19 show the glider’s depth is well controlled for the 0.2 m/s
test. As the velocity increases the lift on the vehicle inereases shown by an inercase in
the amplitude of the depth oscillations. At slower speeds the lift acts to stabilise the
depth controller when compared with the NUN deep water test tank tests in which
the glider had zero advance velocity. The pitch results for the same tests are shown
in Fig. 5.20

The pitch results show the vehicle is able to control the piteh to zero degrees.
There are several instances where a sudden  crease in the piteh for 0.4 and 0.6 m/s
is present. This pitching disturbance is also visible in the depth figure for t - same
veloceities as sudden chauge in depth. Howe v, these disturbances are caught by the

controller and corrected. The natural pitching motion of the vehicle 1s also present
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The resultant righting moment is shown to be around 2E-3 m for advance velocities
for 0.4-0.6 m/s. However, the noise in the roll measurements caused a significant
degree of noise in the calculation results for 0.2 and 0.3 m/s. This noise is at - buted
to the very small change in roll due to the low applied motor torque, resultin — a roll
value which remains very close to zero. Sin the righting moment is depen it on
the inverse of sin(¢), a value of the roll ¢ close to zero causes unstable values.

These tests show the ability of the hy d glider to fly at a desired depth in
a straight line on the horizontal plane. The length of the OEDB testing tank did
not allow for a conclusive demonstration of the controllability and stability of the
controllers used. The OEB tests  ow that glid  is capable of driving at depth by

tuning the elider’s existing coutrol parameters and no large instabilities are present.
£

5.5 Range Estimates

The range of an underwater vehicle is a function of the cnergy available, pov - con-
sumed and advance velocity [75]. Specifically. the total power consumption in the
vehicle divided by the velocity gives the energy consumed per meter. The range is
then given by dividing the total cnergy available by the energy consumed per meter.
This calculation may be extended to buova v driven gliders where the range 12y,

becoes

Er
Rb[l - 5 . .
17[)1)(' + w17
where the ballast pump load Iy, is the propulsive load from 2. 1.1 the availablc  nergy
E = 8 MJ. the hotel power or computational power [, = 0.2 W and the sensor load

Fr=1 W [18]. The glider horizontal velocity — is based ou the glide path ang € and

depth rate 2 asin 2.17.
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For a propeller driven vehicle the range R,,.., becomes

Fln .
R’pro;:

—
-1
[Wa ]

~—

where the propulsion module load ., is defined as in 5.1. The propulsive velocity
v, varies from 0.2 to 0.67 m/s, the maximumn speed from the MUN tow tank sclf
propulsion results. For a glider operating with a bathtub shaped trajectory, the
buoyancy engine brings the glider to depth and the propeller is used at that point to
move the glider horizontally by a distance dp.op until it is time for the next surfacing
at which point the buoyancy is increased to  ing the glider back to the surface. In

this case the range Ryyoriq 1S

E(1 ' w + ”/\Apr‘np)
tlbpcubp + ])pr()pAprup + Pll + 1—)[

Ruybria = (5.0)

where Ay, and A, represent the ratio of time for which cach propulsion method is

active relative to the total time as in

12
Apy = | (5.7)
thp + tprop
and
- tpr()p (‘.) 8)
prop — 5, . . ).
22‘bp + tpr()p
The time the propeller propulsion is active ¢, is defined as
d,
~ Yprop -
tprup - (-)())

VA
where the horizontal distance travelled dp,q, =2500 m. The time the ballast pump

propulsion is active ty, is taken from (2.15).
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If Rip, Rprop and Ruypriq are plotted as functions of the vehicle’s horizontal velocity
it can be seen that the buoyancy-driven glider and the hybrid glider exhibit similar
range capabilities as shown in part a) of Fig. 5.24 when the glide depth = = 200
m. However, the hybrid glider is capable of travelling at faster overall speeds and
has a significantly larger range when compared to a conventional glider with small
glide depths of z = 10 m as shown in part of Fig. 5.24. It should also be noted
that in Fig. 5.24 the hoi mtal distance t1 rclled while at depth z, d,rep 15 set to
2500 m. If d,.p is decreased the vehicle spends more time gliding to depth relative
to moving horizontally at depth causing Rpypriq and the time averaged horizontal
velocities decrease towards the Ry, curve. To illustrate this behaviour two cases may
be examined at the extreme ends, the case of the vehicle with #,, = 0's and with ..,
= 0s. With t,, = 0 s, the vehicle stays at the surface and the buoyancy ¢ jine is
not used at all. The range for this case is shown by R,.,,. When t,.,, = s, the
propeller is not used at all and the vehicle behaves as an unmodified glider. T1 range
for this case is shown by Ry,. This mnodel does not take into account settling times
for the vehicle changing between operational modes or at the top or bottom of the
inflection of the glide path. Additionally, the thme spent on surface is neglected. These
onissions become increasingly important for  liding vehicles with shatlow ind  ctions
as transitions occur with greater frequency. The hybrid glider propulsion module is
therefore considered to operate with a simil  performance to the buoyancy driven

glider.



Chapter 6

Summary

An auxiliary propulsion module for a 200 m Slocum glider has been presente The
module greatly enhances the operational abilities of underwater gliders by enabling
horizontal flight and increai  speed capabilities. A siniplified hydrodynamic model
untder the assumption of a zero angle of attack was used to desigu the module. Us-
ing this model, the initial component selection was accomplished through mi hing
the motor, gearbox and measured propeller efficiencies.  The propulsion module’s
performance was confirmed through propulsion tests in the flume tank at Memorial
University of Newfoundland (MUN). Upon integration of the propulsion module into
the glider. -If propulsion tests v > conducted in the 4 m x 8 m x 22 m Hume tank
at the Marine Institute (MI). Direet measurements of the drag force for the glider at
zero angle of attack were also perfornied i the MI Hume tank in order to verifv the
sunplified hydrodynamic model; the measured drag foree was found to be 0.5 N for
an advance velocity of 0.3 m/s. nearly 50 % higher than the predicted value of 0.34 N
at 0.3 m/s. Additional, directionally constrair 1. self propulsion tests were ex uted
i the 53 m long MUN tow tank to verify the  erformance of the hybrid glider. The

self propulsion tests show that the propulsion module is capable of moving the glider
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horizontally at 0.3 m/s while consuming 0.6 W of battery power and at 0.67 m/s
using 4.25 W.

To analyse the stability of the vehicle while under horizontal flight the piteh and
depth controller were analysed and tuned. These tests were performed in the deep
water test tank at MUN. From t! e tests  was shown that the vehicle exhibits
a natural pitching motion. Additionally, it was shown that the depth and pitch of
the vehicle were controllable under the zero velocity condition. Using the parameters
determined from these tests the vehicle was driven at a constant depth, heading and
pitch over a distance of 30 m. These tests sh »d the controllability of the vel le at
speed.

A comparison of the power requirements for propulsion of conventional gliders
with the power consumed by this auxiliary propulsion module shows that the power
consumed is about the same for full depth glides to 200 m. When used only for
shallow water operations, the time averaged power consuned by this module is less
than that by the conventional glids «uds o formance results in the potential for
equal range for hybrid and conven  mal modes of operation when used appropr — tely:
additionally, the auxiliary propulsion module enables new modes of operation such
as nmovement in the lateral plane and higher overall velocities.

The hybrid glider’s expansion of abilities opens up many new roles and opportu-
nities for collaborations using w1 rwater ghiders. The auxiliary propulsion module
is capable of operating at depths over 1000 m, allowing it to be transterred to 1000
m gliders as well. The 1000 m variant of the Slocum glider would require only some
wiring and software additions to integrate the module into its systems. Potential
future collaborations will involve investigating the propulsive performance of the aux-
iliary propulsion versus the deep ¢ der as the ballast syvstem on the deep gliders uses

a pump rather than a piston to maintain efficiency in deep water.
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Future work with the hybrid glider will involve extended stability testing in the
ocean over a longer distance. The navigational behaviours which update the glider
mission coordinates need to be developed. Following this work the propulsion  odule

will require testing in the various roles envisioned for it.
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Appendix A Propeller Con jarison Script

%general constants

rho = 1000; S%water density, j3/m"3f
umax = 15; Janazimum motor oltage [V]

%motor constants for  Imar—17 4W 1

k1.1=9.92x0.001,; J&Nm,/ A

k2_1=962; Jerpm,/V
k3_1=804%1000; Jérpm /Nm
101 =0.00738; %A

Y%motor constants for REma—16 2W 1!

k1.2=13.9x0.00t; JiNm/ A

k2_2=685; Jorpm/V
k3_.2=1640%1000; Jerpmn /Nin
10.2=0.00427; %A

%motor constants for EC-16 15W 12V

k1.3=3.3%0.001; 9Nm/ A
k2_3=2900; Jorpm/V
k3_.3=1110%1000: Jerpim /Nm
i0.3=0.234; %A

Jomotor constants for REmaa—17 2.5W 2V
k1. 4=16.3%0.001; &N,/ A

k2_4=584; Jirpmn /V
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k3_4=825%1000; Jorpm/Nm
i0_.4=0.00645; J6A

%motor constants for RE—16 3.2W 12V

k1_.5=19%0.001; H A

k2_5=502; Jirpm/V
k3_5=404%1000; Jerpm /Nm.
10.5=0.00163; %A

Y%motor constants for nar 16 2W 12V

k1.6=9.17%0.001; JiNm,/ A

k2_6=1040; Jerpm 'V
k3_.6=2620%1000: Yrpm /Nm.
i0_.6=0.00954: A

Ymotor constants for A-mar 16 1.2W 12V

k1.7=10.7+0.001; 9iNm/ A

k2_7=893; Serpm /V
k3_7=2600%1000;: Jerpm /Nm
10_7=0.009069; %A

Smotor constants for A-mar 16 1.2W 12V

k1.8=8.23%0.001: SN/ A

k2_8=1160; Serpm/V
k3_8=2320%1000: Serpim /N

10_8=0.048%; A
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%gcarbor parameters for GP 16 A
R_1=29;

Reff 1=0.81;

R_2=24;

Reff_2=0.81;

R_3=84;

Reff_3=0.73;

R_4=5.4;

Reff 4 =0.90;

JGpropeller parameters
kq = 0.011; Y%torque coefficient

dp = 0.22

ot

Ypropeller diamcter

Jrpm from propeller

omega_prop = (60/(2+pi())).*[11.6215161030311; 83.2430912038

54.35635671407506; 28.9490233296888;
17.1676114196556; 14.4260665163082:
IT.03686620838487; 9.91608570118360;
8.30398417368966; 7.7 112397973262
G.80116624938808; 6.450794930804241;
D.90126614760881; 5.68680710283808;

H.3OL1H7676168959; 5.22324829077hH82:

-

2
1
9
7
6
5

)

5.030306430063G75; 961 TRORGI7379]";

1.3758770260448;
2.4851624495464;
A256882907H550;
L21600H81H02827:
153069272828412;
.H0H0000H229H78;

1169069404515 9;

30
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%efficienct from propeller

eta_prop

112

= [NaN;NaN;0.549021561695221;0.773121382606497;...

0.837622560398599:;0.869128611712518;0.

0.896310380190165:0.901 388306447632;0.

0.901715703283965;0.898409617882835;0.

—

0.8007708680H99157:0.842.I85873039406;0.

).886171427920010:0.877542133303100;0.

0.8313111180128276:0.796583978693364,;0.

0.760689303504456:0.

tau_prop = kq.xrho.x(omega_prop./60). 2.xdp." 5;

p_prop = omega_prop.xtau_prop.*(2xpi()/60)

Y%with gearboxr 1

omega_m_1 = ontega prop.xR_1:

tau_m_1
u_m_l =
im_1 =
p.m_1 =

cta_m_1

= (tau_prop./(R_1.*Reff_1));
(omega_m_1+k3_1 .xtau_m_1)./ '_1;
tau_m_1./kl_1 + i0_.1;

u_m_1.xi_m_1;

8836H36H9H360214;...
9028160H07H94973;5...
393169214523670;...
BG7379806698027;...
3285484H8146HH9;...

7T7907H5073569666;. ..

741544104505675;0.721757979115252] "

I

b

Reff 1. x(tau_m_1.xomega_m_1.x(2xpi()/60))./(p-m_1);

cta_sys_1 = eta_prop.xcta_m_1;

omega_m_2 = onega_prop.xR_1:

tau_m 2 = (tau_prop./(R_1.xReff_1)):
um_ 2 = (omegam 2+k3_2 . xtau_m_2)./k2_2;
im_2 = tau.m_2./k1.2 + i0_2;

p.m_2 = um 2.xim_2;

cta_m_2

Reff 1 . % (tau_m_2 . xomega_m_2.x(2xpi()/60))./(p-m_2):



eta_sys_

omega_m._

tau_m_3

u_m-3

i_m_3

p-m.3 =

eta_m_3

eta_sys_

onmega_m._

tau_m_4
u_m_4
i_m_4
p-m_4
eta_m_4

eta_sys_

omega-m.

tau_m._H
u_m.oH
I_m_o

p-m_H

fube

cta_m_

eta_sys_

omega_im.
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2 eta_prop.*xeta_m_2;

3 omega_prop .xR_1;

= (tau_prop./(R_1.xReff 1));
(omega_m_3+k3_3 .« tau_m_3)./ k2.3,
tau-m_3./kl1_3 + 10_3;

uom_3.x1-m_3;

Reff 1 .x(tau_m_3 . xomegam 3.+(2xpi()/60))./(p.m_3);

3 = ecta_prop.*xeta_m_3;:

4

omega_prop.*R_1;

(tau_prop./(R_l.xReff_1));

(omega_m_d+k3_d . xtaum_4).; 2_4;

tau_m_d./kl 4 + i0_d;

u_ni_4.xi_m_d;

Reff 1 «(tau_m_d . xomega_m_4.x(2xpi()/60))./(p-m_1);

4 = eta_prop.xeta_m_4:
5 = omega_prop.*R_1;

(tau_prop./(R_1.xReff_1));
(ontega_m 54+k3 5. xtan_m_5).;, 2.5;
tau_m_5./k1.H + 105
nomoH ok iomoh

Reff I . x(tau_m_5 . xomega_m_5 . x(2xpi()/60))./(p_m_5):

D = cta_prop.xcta_im_nH:
6 = omega_prop.xR_1:
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tau_m_6 = (tau_prop./(R_1.*xReff_1));

um_6 = (omega.m_6+k3_6.xtau.m_6)./k2_6:

im_6 = taum_6./k1.6 + i0_6;

p-m_6 = um_6.*xi_m_G;

cta_m_6 = Reff_1.x(tau-m_6.*xomega m_6.+(2xpi()/60))./(p-m_6G):

cta_sys_6 = cta_prop.*eta_m_6;

omega.m_7 = omega_prop.*R_1;

tau_m_7 = (tau_prop./(R_.1.xReff_1)):

um_7 = (omega.m T+k3_7.x1 1 7)./ k2.7

im_ 7 = tau.m_7./k1.7 + i0_7:

p-m.7 = uwm_7.*xi_m._7;:

etam_7 = Reff 1.+ (tau_m_7 . xomega_m_7.%(2xpi()/60))./(p-m_7):

cta_sys.7 = cta_prop.xcta_m.7;

omtega_m_8 = omega_prop.*R_1;

tau_m_8 (tau_prop./(R_1.xReff_L));

um_8 = (omega_m_8+k3  xtaum 8)./k2_8:

iim-8 = tau_m_8./kI_8 i0_8:

p.m-8 = u.m.8.*xi_m_8;:

ctam 8 = Reff @I . *(tau_m_K.xomega m 8. x(2xpi()/60))./(p-m._8):

cta_sys 8 = ecta_prop.xecta_m_8:

jl= find (u_m_1 <15):
j2= find (uv.m_ 2 <15):
j3= find (u_m.3 <15):

j4= find (v <15):



j5= find (u_m.5

A
—
i

j6= find (u_m_6

j7= find (u_m _7

AN
—
cn

A
—
o

j8= find (u.m.§

A
—
g )

figure

h = axes;
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set (h. 'FontName ' . " Arial’. "fontsize ' .12, "LineWidth * [ 1);

plot (omega_prop(jl1:25).eta_m_1(jl:25).%x100.

hold on
plot (omega_prop(j2:25

plot (omega prop(j3:2

plot (omega _prop(jhH:25

)
)
plot {omega_prop(j4:25) . eta_m_1(jd:
)
)

plot (omega_prop (j6:2

plot (omega_prop(j7:25) .cta.m_7(j7:

plot (omega_prop(j8:25).cta_m X (j8:25

ceta.m_2(j2:25).%x100.

.etam_3(j3:25).x100,
25).%100,
cota_m_H(jH:25). %100 .
ceta_m_6(j6:25).x100.
25).+100

). +100 .

—h .,

—m’

plot (omega_prop .cta _prop.x100. '—k’. "LineWidth”

xlabel ( "\Omega [RPM] ") .yla

1 (" Efficiency [%]7)

"LineWidth . 1)

"LineWidth ', 1)

"LineWidth "0 1)

"LineWidth . 1)
"LineWidth . 1)
"LineWidth . 1)
"LineWidth . 1)

"LineWidth ™. 1)

1)

legend ( "\ cta_{ml} \eta_{gbl} . \eta_{m2} \eta_{ghl}" ...
Neta_{m3} \eta_{gbl} . \eta_{ml} \eta_{ghl} ...
\eta_{mh} \eta_{gbl} . "\eta_{m6} \ecta_{ghl} ...

\eta_{m7} \eta {gbl} . \eta {m8} \eta_{ghl}’ ...

\eta_{prop} . Location
axis ([0 150 0 100])
grid on. box on

set (h. "LineWidth’™ . 1):

"’SouthE: )
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print —depsc motoreffghl

%gearbor 2

omega_m_9 = omega_prop.*R_2:

tau_m_9 = (tau_prop./(R_2.xReff_2));

um_Y = (omegam 9+k3_1 . xtau_m_9)./k2_1;

iom_9 = tan.m 9./kl1.1 + i0_1;

p-m9 = um 9.xi_m_9;

cta_m_ 9 = Reff 2 x(taum_9.xomegam 9. x(2+xpi()/60))./(p.m_9):

eta_sys_9 = cta_prop.xeta_m_9;

omega_m_10 = omega_prop.*R_2;

tau.m_10 = (tau_prop./(R_2.xReff_2));
u_m_10 = (omega_m_10+k3.2 «tau m_10)./k2_2:
im_10 = tau.m.10./k1 =~ + i0_.2:

p-m_10 = n_m_10.«i_.m_10;

eta_m_10 = Reff 2 s (tau.m_10.xomegam_10.x(2xpi()/60))./(p.m_10):

cta_syvs_10 = eta_prop.xcta.m_10;
omega_m_11 = omega_prop.*R_2:

tan_m_11 = (tau_prop./(R.2.xReff_2));

w1l = (omegam_11+k3.3 . xtanm_11)./k2.3:

im_11 = tau_m_11./k1.3 4+ i0_3:

p-m_ll = uvm_Il.xi_m_11:

ctam_ 11 = Reff 2 x(tau_m_I1l.xomegam_11.%(2xpi()/60))./(pm_11):

cta.sys_ 1 = cta_prop.xeta m_11;
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omega.m_12 = omega_prop.«*R_2;

tau-m_12 = (tau_prop./(R.2.xReff_2));

um_12 = (omega_m_12+k3 4 .xtau_m_12° /k2_4;

im-12 = tau_m_12./kl1_4 + i0_4;

p-m_12 = u_m_12.%xi_m.12;

eta.m_12 = Reff 2 . x(tan_m_12.xomega.m_12.%(2xpi()/60))./(p-m_12);

eta_sys_12 = eta_prop.+xecta_m_12;

omega_m_13 = omega_prop.xR_2;

tau_m_13 = (tau_prop./(R.2.xReff_2));

um_13 = (omega_m_13+k3_5.xtau-m_13)./k2_5:

iim_13 = tan.m_13./kl1.5 + i0_.5;

p-m_13 = um_13 .xi_m_13;

etam_13 = Reff_2 % (tau_m_13 . xomegam_13.%(2xpi()/60))./(p.m_13);

eta.sys_13 = cta_prop.xeta_m_13;

omega_m_l4 = omega_prop.*R_2;

tan.m_14 = (tau_prop./(R.2.xReff 2));

u.m_l4 = (omega_m_1. 3_6.xtau_m_14)./k2 6:

im_14 = taum_14./k1.6 + i .6;

p.m_l4d = u_m_14 . xi_m_14;

cta.m_14 = Reff 2 x(taum_1 . xomegam_I4d.x(2xpi()/60))./(p-m_11);

cta_sys_14 = cta_prop.xeta_m_14:

omega_m_15 = omega_prop.xR_2;
tau.m_15 = (taun_prop./(R.2.xReff_2)

um_15 = (omega_m_15+k3_7.xtau_m_15 /k2_7:



i_m.1H =
p-m_15 =
eta_m_15 =

cta_sys_1

omega.m_16 =
tan.m_16 =
um_16 =
i_m_16 =
p-m_16 =

cta.m_16 =

ot

(omega_m_1i

tau_m_15./k1_.7 + i0.7;

u_m_15.xi_m_15;

= cta_prop.*eta_m._15:

omega_prop.*R_2;

(tau_prop./(R.2.xReff_2));

3.8 . xtau_m_16)./k2._8;

tau.m_16./k1_.8 + i0_8;

u_m_16.x1_m_16;

eta_sys_16 = ecta_prop.*xcta.m_16;

j9= find (u_m_9

jl10= find (u_m_10
j11= find (u_m_11
j12= find (n_m_12
j13= find (n_m_.13
jld= find (n.in_ 1.
jld= find (u_m_15
jl6= find (u_m_16
figure

h = axes:

set (h. "FontName

plot (omega_prop(j9

hold on

<15);

25) cetaim 9(j9:25).x100 .

LT Avrial L fontsize T 012. 'LineWidth

—h.

)
"LineWidth ™.
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Reff 2 #(tau_m_15 . xomegam_15.x(2xpi()/60))./(p-m-15);

Reff 2 #(tau_m_16.xomega_m_16.%(2+xpi()/60))./(p-m_16);

)



1

3

plot (omega_prop(jl0:25) ,cta.m_10(j10:25).x100. '—r’,
plot (omega_prop(jl11:25) .cta.m_11(j11:25).x100, '—g’,
plot (omega_prop(jl12:25) .cta.m_12(j12:25).x100. "—m
plot (omega_prop(jl3:25) . eta.m_13(j13:25).x100. ~—.b’
plot (omega_prop(jl4:25) eta_m 14 {(jl4:25).100. "—.1°
plot (omega_prop(j15:25) .eta_m_15(j1 :25).%100. "—.g’
plot (omega_prop (j16:25) ,eta.m_16(jl16:25). %100, "—m’
plot (omega_prop .cta_prop .*100. ¢'. "LineWidth . 1)

xlabel ( "\Omega [RPM] ") . ylabel ( "Efficiency [%]7)

legend ( "\cta_{ml} \et _{gb2} . "\eta_{m2} \eta_{gh2}"’
Neta_{m3} \eta_{gb2} . "\eta_{ml} \eta_{gh2}"
Neta_{mb} \eta_{gh2} . \eta_{m6} \ecta_{gh2}’

Neta{m7} \eta_{gh2} . \eta_{m8} \ecta_{gh2}"’

Neta_{prop} . Location’. Sou East")
axis ([0 150 0 100])
grid on. box on
set (h. 'LineWidth ' .1);

print —depse motoreffgh?2

Zdgearbor 2

omega_m_17 = omega_prop.xR_3:

tau_m_ 17 = (tau_prop./(R.3.xReff_ 3)):
w17 — (omegam_ 174+k3_ 1 o« taum 17)./k2 1;
im_ 17 = tau_m_17./k1_1 +  _1:

p.omol7? = v 17 . x1m 17

ctam_17 = Reff 3 +(tan_m_17 . +omega_.m_17.x(2x pi (

cta_sys_17 = cta_prop.*e SR

)/60))
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"LineWi I’
"LineWi h’
"LineWi  h”
"LineW Ith
"LineW lth
"LineW {th

"LineW {th

3

k]

J(pm 17);:
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omega_m_18 = omega_prop R_3;

tan_ i _ 18
u_m-18 =
m_18 =
p-m_18 =

cta_m_18

(tau_prop./(R_3.xReff_3));

(omega_m_18+k3_2.xtan_m_18)./k2 2:

tau.m-18./k1.2 + i0_2;

u_

ecta_sys_18

omega_m_19

tan_m_19
u_m_19 =
iim_19 =
p.m_19 =

eta.n_19

m_l8.xi_m_18;
Reff_3 .« (tau_m_18.xomega m_18.x(2xpi()/60))./(p-m_18);

= cta_prop.xeta_.m_18;

= omega_prop.*R_3;

(tau_prop./(R3.xReff_3));

(omega_m_19+k3 3. xtau.n_19)./ k2 3:

tau_m_19./k1.3 + i0_3:

1n_

cta_sys_19

omega_m_20

tau_m_20
nom.20 =
iom_20 =
pom_20 =

eta_m_20

m_19.xi_m_19;
Reff 3 .« (tau_m_ 19.xomega_m_19.x(2+xpi(}/60))./(p-m. ));

= cta_prop.xecta_m_19;

= omega_prop.*xR_3;

(tau_prop./(R.3.xReff_3));

(omegam. 20+k3_4 .« tau_mm.20)./1 4

tau_m_20./kl_4 + 10_4:

u_

eta_sys_20

omega_m_21

m_20.xi_m_20;
Reff_3  x(tau_m_20 . xomega-m_20.+(2xpi()/60))./(p-m_20):

= eta_prop.*xeta.m_20:

= omega_prop.*R_3;

tan.m_21 = (tau_prop./(R3.xReff_3)):



um_21 = (omegam_214k3_5.xtau_mm_21)./k2_5;

iom_2] = tau.m_21./k1.5 + i0_.5;

p-m_ 21 = um_ 21 .xi_m_21;
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cta.m_21 = Reff 3 s (taum_21 . xomegam_21.+(2xpi()/60))./(p.m_21);

eta_sys_21

omega_m_22

tau_m_22 =

cta_prop.xeta_m_21;

onmega_prop.xR_3;

(tau_prop./(R.3.x Reff_3)):

u_m_22 = (omega.n 22+4k3_6.xtau_m_22)./k2_6:

iim_22 = tau.m.22./ k1.6 + i0_6:

p-m.22 = um_ 22 . xi_m_22;

cta.m_22 = Reff 3 x(taum 22 «xomegam 22+ (2xpi()/60))./(p.m_22);

cta_sys_22

omega_i_23

tan_m_23 =

cta_prop.xcta_m_22;

omega_prop.+ _J3;

(tau_prop./{R.3.«Reff_3)):

123 = (omegam 234 3.7 s« tau_m_23)./ k2.7

im.23 = tau.m.23./k1.7 + T

p-m-23 = um_23 . xi_m_23:

cta.m_23 =

cta_sys_ 23

omega_m_2-4

taun.m_2.1 =

Reff 3« (tan m_ 23 xomegam_23 .« (2+pi()/60))./(p.m_23):

cta_prop.*cta.m_23;

omega_prop .« R_3;

(tau_prop./(R.3.«Reff_3));

w24 = (omegam_24+k3 8 . xtau_m 24)./k2_8:

im_24 = tau_m_24./ k1.8 + i0_8:

p-m_24 = u_m 21 xi_m_24:
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eta.m_24 = Reff3 «(tau_m_24.xomega.m 24 .« (2xpi()/60))./(p-m-24);

eta_sys_24 = eta_prop.xeta.m_24;
j17= find (u_m_17
j18= find (u.m_18
j19= find (u_m_19
j20= find (u_m_20
j21= find (u_m_21
j22= find (u_m_22
j23= find (u_m_23
j24= find (u_m_24
figure

h = axes;

set (h, "FontName’

plot (omega_prop(j17:

hold

plot (omega_prop(jl8:
plot (omega_prop(j19:
plot (omega_prop (j20
plot (omega_prop(j21:
plot (omega_prop(j22:
plot (omega_prop(j23::

plot (omega_prop (j24:

on

CArial T fontsize

cetam 18 (j18:25
ceta m 19(j19:25)
cotasm_20(j20:25).
Lotasm 21 (j21:25
cetam 22(j22:25
eta-m_23(j23:25

cetam 24 (j24:25

plot (omega_prop . cta_prop .x100. "—k’

xlabel ( "\Omega [RPM] ") .ylabel( " Efficiency

legend ( "\cta_{ml} \eta_{gb3} . \et _{m2} \ceta_{gh3} ...

.12 "LineWidth . 1)

25) . cta_m_17(j17:25).%100.

100 .
100 .
#*100 .
4100 .
100 .
100 .
100 .
"LineWidth .
(4] )

-

J=

"LineWidth 7.

"LineW  th'.
"LineW  th’

‘LineW th’

"LineWidth”’
"LineWidth '
LineWidth”®

"LineWidth”®



Neta {m3} \eta_{gb3}","\eta_ 4} \eta_{ghi} ...

\eta_{md} \eta_{gb3}'.’\eta. 6} \eta_{gh3} ...

N\eta_ {7} \eta_{gh3} . "\eta_ 8} \eta_{gh3} ...

.\eta_{prop}’. Location . Sou East")

axis ([0 450 0 100])

grid on. box on-

set (h, 'LineWidth' . 1);

print —depsc

Y%gearbor 2
omega_m.25H

tau_m.2H =

motoreffghy

omega_prop.+  _l;

(tau_prop./(R_4.xReff_4));

u_m_25 = (omega_m_25+k3_1 . xtan.m_25)./k2_1;

m_25 = tau_m_25./kl_1 + i0_1:

p-m_25 = u.m 25 . xi_m_25;

cta_m_.20H =

cta_sys_25

omega_m_206

tau_.m_26 =

Reff_4 x(taum_25 xomegam_25. (2 pi()/60))./(pn_25):

cta_prop.xeta_m_2H;

omega.prop.xR_1;

(tau_prop./(R_4.xReff_4));

um_26 = (omegam_26+k3_2 #tau_m_26)./k2.2:

im_26 = tau.m_26./k1.2 + i0_2:

p-m_26 = u_m_26.%i.m _26:

cta_m_206 =

eta_sys_ 20

omega_m_27

Reff_ b+ (tau_m_26 . xomegam 26+ (2xpi () /60))./( p_m_26):

cta_prop.xeta_m_26:

omega-prop .* R



tau_m_27
u.m_27 =
iim_27 =
p-m_27 =

eta_.m_27
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= (tau_-prop./(R_4.xReff 4));
(omega_m_27+k3_3 .« tau_m_27)./k2_3;
tau.m_27./k1.3 4+ 10_.3;

u.m 27 .x1_m_27;

= Reff_4 . x(tau_-m_27 . xomega.m_2. .x(2+xpi()/60))./(p-m_27);

eta_sys_27 = eta_prop.xcta_m.27;

omega_m_28 = omega_prop.xR_4;

tau_m_28
u.m_28 =
im_28 =
p-m_28 =

eta_m_28

= (tau_-prop./(R_4.«Reff_4));
(omega_m_28+k3_4 .« tau_m 28)./k2_4;
tau.m_28./kl_4 4+ i0_4;

u_m_28 . xi.m_28;

= Reff_4 .+ (tau_m_28 .xomega_m_28 .+ (2xpi()/60))./( p-m_28);

cta_sys_28 = eta_prop.xeta_m_28;

omega_m_29 = omega_prop.xR_4;

tau_m_29
u_m_29 =
1 29 =
p-m_29 =

cta.m_29

= (tau_prop./(R.4.x Reff_4));
(omega_m_29+k3_5 .« tau_m_-29 )./ k2.5;
tau_m_29./kl. 5 + i0.5;
u_m_29.xi_m_29;

= Reff_4 .+ (tau_m_29 . xomega_m_29.«(2xpi()/60))./(p-m_29):

eta.sys_29 = cta_prop.xcta.m.29;

omega_m_30 = omega_prop.*R_4;

taun_m_30
u_m_30 =

i_m_30 =

= (tau_prop./(R_4.x Reff_4));
(omega_m_30+k3.6 .« taum_30)./ k2.6

tau-m_30./k1.6 + 10_6;




p-m_30 = un.m_30.*i_m_30;
eta.m_30 = Reff 4. x(tau_m_30.xomegam_30.*(2xpi()/60))./(p-mm_30);

eta.sys_30 = eta_prop.*xeta_m_30;

omega-m-31 = omega_prop.*R_4;

tau.m_31 = (tau_prop./(R_d.xReff_1));

um 3l = (omega_m.31+k3.7 . *tan_m_31)./k2_7;

im.31 = tau_m_31./k1.7 + i0.7:

p-m_3l = um 31 . xi_m_31:

ctam_31 = Reff 4 .x(tau_m_31 . xomegam 31.%(2+pi()/60))./(p-m_31);

eta_sys_31 = cta_prop.*eta_m_31;

omega_m_32 = omega_prop.x R_I;

tau_.m_32 = (tau_prop./(R_d.xReff_1)):

um 32 = (omegan.32+k3 8. xtau_m 32)./k2_8;

1im_32 = tau-m.32./k1.8 + i0_%:

p-m_32 = nm 32 . xim_32:

cta.m_32 = Reff_d . x(tavan" xomegam_32.%(2xpi()/60))./{pam.32):
cta_sys_32 = ecta_prop.xcta_mm_32;

j2b= find (u_m._ <15);
j26= find (u_m_26 <15H);
j28= find (u.m_28 <15);

129= find

(
(

j27= find (u_m_27 <15):
(
(u-m.29 <15);
(

j30= find (n.m_30 <15);

i31= find (u_m_31 <15):
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j32= find (u_m_32 <15);

figure

h = axes;

set (. "FoutName’ . " Arial ’ . "fontsize

plot {omega_prop(j25:25) .cta.m_25(jz :25).%100. =b'. "LineWi h°
hold on

plot (omega_prop(j26:25) ,cta.m_26(j26:25).x100. "—r . "LineWi h’
plot (omega_prop(j27:25) . eta.m_27(j2 :25).%100. '—g’'. ’LineWi h’
plot (omega_prop(j28:25) .eta_m_28(j28:25).%100. "—m’. "LineWi .h’
plot {omega_prop(j29:25) jeta.m_29(j29:25).x100. "—.b’ . "LineW Ith
plot (omega_prop(j30:25) .cta_m_30(j30:25).%100. "—.r'. 'LineW Ith
plot (omega_prop(j31:25) .eta.m_31(jr :25).%100. "—.g . ’LincW lth
plot (omega_prop(j32:25) .cta.m_32(j32:25).«100. "—m’. "LincW Ith’

plot (omega_prop.cta_prop.*x. 0. —k’.

xlabel( "\Omega [RPM] ") .ylal

"LineWidth .

("Efficiency [%]7)

".12.LineWidth " [ 1);

legend ( "\ cta_{ml} \cta_{gbd} . "\eta_{m2} \eta_{gbt} ...

SNeta {3} \eta_{ghd} .
JNetas{mb} \eta-{gbd} .

\eta{m7} \eta_{ghi}’.

.\eta_{prop} . Locatic . 'Sou

axis ([0 450 0 100])

grid on. box on

set (h. LineWidth’ . 1);

print —depsc motoreffghd

East ")

Neta_{md} \eta_{ghd} ...
"\Neta_{m6} \cta_{gbl}" ...

Netao {m8} \eta_{gbd} ...
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Appendix B Power Monitor Schematic
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