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SIMPLIFICATION AND VERIFICATION OF DYNAMIC EQUATIONS
OF MOVEMENT OF AN AUTONOMUS UNDERWATER VEHICLE

Urgency of the research. Currently, most machines go through computer modelling and simulation phase in their de-
velopment cycle. The ability to formulate simple yet effective models helps to both decrease development cost and time.

Target setting. Today many tasks are being accomplished by robots whether mobile robots or industrial robots. To simulate the
behaviour of these robots a dynamic model is needed. These models can be very complex and the parameters to fill all the equations
can be difficult to find, therefore simplifications need to be implemented and verified so that the models are still accurate.

Actual scientific researches and issues analysis. A basic step in the development of new products is the simulation and
modeling phase. Development of a computer model prior to development of a physical prototype saves time and resources.
Unfortunately, some models can be very complex and require parameters only acquirable from tests on physical systems.
That is why often these models need to be heavily simplified which can lead to imprecise results. Often, verification of the
model is needed. One of such systems is the dynamic model of an Autonomous underwater vehicle (AUV).

Uninvestigated parts of general matters defining. This article focuses on verification of a highly simplified dynamic
simulation model of AUV.

The research objective. The aim of these research was to model a simplified dynamic model of an AUV moving through
fluid with nonnegligible viscous properties and verifie the model by comparing simulation results with experimental results
obtained by testing on the real AUV.

The statement of basic materials. The analysis consists of an attempt to summarise the possible ways to simplify a general
dynamic equation for movement of an AUV in a fluid with nonnegligible viscous properties and showing, that even such simpli-
fied model stays usable and bring with it reduction in complexity.

Conclusions. This article shows the basic dynamic equations for describing the movement of a general AUV in a fluid
with nonnegligible viscous properties and the possible simplification of this equation in regard to a specific construction of a
real world AUV. The results gathered from the simulation model are then compared to experimental results performed on the
physical AUV with the conclusion, that both datasets are matching within reasonable margins. This article serves as a good
reminder of the importance and benefits of well establishing simplifications in a model of a real-life system.
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Introduction. The development of complex machines is an expensive and time-consuming
process. The development of well build, reliable, but simple models whether it be 3d, simula-
tion or mathematical models can be a major factor in successful development of a machine.

This aspect of development can be very well seen in the process of design and development
of an Autonomous underwater vehicle, AUV for short. AUVs are robots able to operate under-
water without the aid of an operator. These vehicles are widely used in situations where the use
of remote operated underwater vehicles is not practical. Examples of these tasks are autono-
mous mine sweepers, underwater wreckage or cave inspection, long term seafloor surveys etc.
As can be seen, the task and mission times an AUV can be built for varies, and so varies their
design. Also, movement underwater is a very specific task, for which an AUV needs to be well
designed as a failure underwater could mean the destruction of the vehicle. It is often necessary
to develop a reliable model of such a vehicle to understand its behaviour underwater and for the
task of developing a control system for it.

Dynamic model of an AUYV. In the next chapter, the description of dynamics of an AUV will
be presented. Unlike for objects moving with low speed in air, for which often kinematic descrip-
tion is sufficient, for the correct description of movement of an underwater vehicle it is crucial to
define the dynamic equations describing its behaviour in a fluid environment. This applies even for

low speed movement. The dynamic model of an AUV shown bellow is according to Fossen [2].
MY+ Cyp).v+ Dy +G =15+ 7 (1)
M — matrix of inertial forces
Cyy — matrix of Coriolis and centripetal forces
Dy — matrix of hydrodynamic dampening
G — Vector of gravitational and buoyancy forces
T — matrix of external forces and momentums
T — matrix of motor forces
v — state velocity vector
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Fig. 1. Coordinate systems of an AUV

It needs to be noted, that all the above-mentioned vectors and matrices are defined in respect
to a coordinate system that is rigidly attached to the AUV B with the x axis pointing in the di-
rection of the forward movement of the AUV.

The matrix M consists of the matrix of own internal inertia Mzp and the matrix of added
(virtual) mass M,. The matrix My is derived from the kinetic energy equation of the flowing
fluid that was given to it by the movement of the AUV. The elements of the matrix M, are for a
fully submerged vehicle constant and will always have a positive value.

M = Mgp + M, (2)

The matrix of Coriolis and centripetal forces is in relation to the matrix of inertia M an
therefore also has two elements, Cgp(;) the matrix of Coriolis and centripetal forces due to Mgp
and Cy(yy the matrix of Coriolis and centripetal forces due to M.

Cwy = Crpv) T Caw) 3)
The matrix D,y consists of multiple elements describing multiple types of dampening.
D(v) = DP(U) + DS(U) + DW(U) + DM(U) (4)

Dp vy — potential dampening due to forced oscillation of fluid;

Dg(vy — linear and quadratic friction on the boundary layers of the fluid and vehicle;

Dy vy — wave dampening;

Dy vy — dampening due to vortex shedding.

G describes the effect of the buoyancy force and gravitational force upon the AUV in the
coordinate system fixed to the AUV, not in the world coordinate system.

Similar to G, the matrix of external forces and momentums describes the effects of external
force acting upon the AUV relative to the coordinate system fixed the AUV. These forces rep-
resent the effects of underwater currents interacting with the AUV.

Finally, the matrix of motor forces T represents the forces of the motors the AUV is
equipped with. The composition depends on the construction of the AUV.

t=LU (5)
U — vector of all values of motor forces
L — 6xn matrix describing the force effects of matrix U in coordinate system B

All of the abovementioned matrices are 6x6, representing coupled 6 degrees of freedom for
describing general motion of an object in a fluid with nonnegligible viscous properties.
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Simplification of the dynamics in respect to a specific design of an AUV. As can be
seen, the description of the dynamics of general motion of an object in fluid is complex. They
require many parameters that, even though, can be calculated under difficulty, are usually found
using tests on real life models. In general, it is not necessary to acquire all the parameters re-
quired to describe the full 6 DOFs of an AUV. Depending on the specific design of an AUV,
simplifications can be made, under certain assumptions, that decrease the number of parameters
that need to be acquired and significantly simplify the final dynamic equations.

One common type of AUV is one of frame construction, equipped with two parallel vertical
thrusters to control dive and two forward facing thrusters to provide forward and backward
movement as also the ability to differentially steer. One of such AUVs is the MAKO (Fig. 2),
an AUV build by Andrev Gonzales and team at UWA (The University of Western Australia)
for the purpose of participating in the International Autonomous Underwater Vehicle Competi-
tion. For this vehicle, all the necessary tests to specify the needed dynamic constants were done
and are known. The complete description of this AUV and the methodology of finding the
needed constants can be found in [1].

Fig. 2. AUV MAKO

In the following paragraphs, simplification of the dynamic equations for this vehicle will be
demonstrated.

For this AUV the following assumptions can be made:

1. AUV moves at slow speed (2 m.s™).

2.The vehicle is symmetrical along all three planes of symmetry.

3. Rotation along the x and y axis is not being taken into consideration.

4. All degrees of freedom are independent of each other.

The assumption of slow speed in this list is crucial. As can be found in [6], AUVs have an
operational speed between 0.5m.s” and 5m.s™!, with most having operational cruising speed of
about 1.5m.s™!. All the physical tests and modelling done in [1] were done with the assumption
of a top speed of 2 m.s!, which is close enough to the values stated in [6] to be valid. Thanks to
the assumption of low speed, the effects of small asymmetries in the planes of symmetry of the
AUYV can be neglected. The Coriolis and centripetal forces can be ignored due to assumption of
low speed. The matrix of dampening, thanks to the assumption of symmetry and low speed, is
reduced only to the matrix of linear and quadratic friction on the boundary layers of the fluid
and vehicle. These assumptions effectively decouple all the dynamic equations.

Engineers most often choose to place the centre of buoyancy above the centre of gravity
creating passive control of rotation along the x and y axis (Fig. 3). This assumption eliminates
two Dofs leaving only four: movement along X, y, z and rotation around z.
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a) Stable position: b) Instable position:
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t- centre of gravity

CB- centre of buoyancy

G- vector of gravitational forces
B- vector of buoyancy forces

Fig. 3. Principle of passive stabilization

After these simplifications are applied, there will be four independent dynamic equations
consisting of parameters for every degree of freedom in the general form of:

My;0; + dgi¥; + dy91:9:19:| + goi = Toi (6)

my; — parameter of internal inertial matrix for DOF i;

dg; — parameter of linear dampening for DOF i;

dg|9); — parameter of quadratic dampening for DOF i;

gg; — force effects of gravitational and buoyancy on DOF i;

Tg; — internal motor force effect for DOF i

9; — velocity for DOF 1.

Simulation of simplified model of AUV and comparison to experimental results.

The above-shown simplified dynamic model ignores many components of the original dy-
namic model, therefore it is fitting to compare the results given by this model with experimental
results, hence validating it.

The necessary parameters for the equations and the experimental results were taken from [1],
for the AUV MAKO. The dynamic model was made in the program matlab-simulink (Fig. 4).
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Fig. 4. Dynamic equation for the movement in direction of axis x

Below is the comparison between simulation and experiment for movement in direction of
X, z and rotation around z is presented. Simulation results come close the experimental results.
Some mismatch is the result of measuring errors and limited effects of equation simplification.
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Fig. 5. Comparison between simulation and experiment for movement in direction of x
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Fig. 6. Comparison between simulation and experiment for movement in direction of y
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Fig. 7. Comparison between simulation and experiment for rotation around z axis

Conclusions. This article shows the basic dynamic equations for describing the movement
of a general AUV in a fluid with nonnegligible viscous properties and the possible simplifica-
tion of this equation in regard to a specific construction of a real world AUV. As can be seen,
even highly simplified models can be reliable and therefore save development time and re-
sources. This is shown on the presented example where the simulation results are compared to
experimental results performed on the physical AUV where both datasets are matching within
reasonable margins. As this article shows, it is of high importance and benefit to establish
sound simplifications in a model of a real-life system.
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VIIK 629.58
Mapmin Bapea
CHPOLIEHHSA 1 ITEPEBIPKA TIUHAMIYHUX PIBHSHDB PYXY
ABTOHOMHOTI'O HIIBOJHOI'O ABTOMOBLJIA

Axmyanvnicmo memu 0ocnioxcennsn. B oanuii yac 6invuicmes mawiun npoxooums eman KOMn' iomepHo20 Mooenio8anHs
i cumynayii @ ceoemy yurai po3pobku. Moowcnugicme opmyniosamu npocmi, ane eghpekmusni mMooeni 00NoMazae 3HUIUMU
sumpamu i 4ac Ha po3pooKy.

ITocmanoeka npoonemu. Coo200mHi bazamo 3a60anb 6UKOHYIOMbC pobomamu, 6y0b mo mobiibHi pobomu abo npomu-
cno6i pobomu. [ imimayii nogeoinku yux pooomie Heooxiona ounamivna mooens. Lli mooeni mooicyms 6ymu Oyorce ckiao-
HUMU, a CKIA008I napamempu 051 6CiX PIGHAHb BAANCKO 3HAUMU, TMOMY NOMPIOHO NPOBAOUMU CNPOWEHHs MA nepesipumu,
wob mooeni by 6ce-maxu MOYHUMU.

Ananiz ocmannix oocnioxycens i nyonikauin. OCHOBHUM KDOKOM Y PO3DOOUI HOBUX 8UPODI6 € CMBOPEHHS. MOOeIl ma
eman mooenoganns. Po3pobka komn'tomeprnol moodeni nonepedy po3pobku hizuuno2o npomomuny eKoHOMums 4yac ma pe-
cypcu. Ha ocans, 0eski mooeni modicyms Oymu 0ysice CKAAOHUMU [ BUMALAIOMb NAPAMEMPIB, SKI MONCHA OMPUMAMU JIULe 3
sunpobysarns Ha (izuunux cucmemax. Oco yomy yacmo yi Mooeii nompebdyomp 3HAYHO20 CNPOUEHHS, U0 MOJICe NPU3BECU
0o nHemoyHux pezyabmamis. Yacmo nompibua nepegipka moodeni. OOHi€l0 3 maKux cucmem € OUHAMIYHA MOOENb A8MOHOM-
HO020 Ni06o0Ho20 asmomoobins (AITA).

Buoinenns nedocniosycenux wacmun 3azansnoi npoonemu. L{n cmamms npuceauena gepugpikayii cunoHo cnpoujeHoi
Mooeni OuHAMIuH020 mooentosarus AIIA.

ITocmanoexa 3aedannsn. Memorw yux 0ocniodicerv OyI0 3M00en06amu Cnpowery ouHamiuny mooenv AIIA, wo py-
Xaemwvcs yepe3 PiOuHy 3 HeCYmMmeSUMU 8 SI3KUMU 8IACMUBOCIAMU, | NEPegipUMU MOOeb ULIAXOM NODIGHAHHS pe3yibmamie
MOOENIOBANHS 3 eKCNEePUMEHMAIbHUMU De3VIbIMAMAMU, OMPUMAHUMU NPU mecmy8arHti Ha pearvromy AIIA.

Buknao ocnoenozo mamepiany. Ananiz ckiadacmocst 3i Chpoou y3a2anibHUMU MONCIUBL CNOCOOU CRPOUEHHSL 302A/IbHO-
20 OUHAMIYHO20 PieHsHHS 015 pyxy AIIA v piouni 3 Hecymmesumu 8'a3KuMU 61ACMUBOCMAMU MA NOKA3AMU, U0 HABIMb MAKd
CHPOULeHa MOOeb 3ATUUAEMbCS NPUOAMHOI0 OJi BUKODUCIAHHSL MA NPUBOOUMb 00 3MEHUEHHS i1 CKIAOHOCMI.

Bucnoexu ¢ionoeiono 0o cmammi. Y yiii cmammi noKazani OCHOGHI OUHAMIYHI DIGHAHHS OISl ONUCY PYXY 3A2aNbHOL
AIIA y piouni 3 He2nuboKUMU 8 'SI3KUMU 61ACMUBOCMAMU MA MOJNCIUEE CRPOULCHHS UbO20 DIBHSHHS, WO000 KOHKPEMHOI KOHC-
mpykuyii peanvrozo AIIA. Pesynemamu, ompumani 3 iMimayithoi MoOeni, nOmim nopieHIOIOMbCsl 3 eKCnepUMeHmMALlbHUMU
pesyavmamamu, SUKOHAHUMU Ha peanvHomy AIIA, 3 eucnoskom, wo obuosa Habopu Oanux 30ieatomvcs 6 OONYCHUMUX
Mmedicax. Ll cmamms cayosicums 2apHUM HA2a0y8aHHAM PO BANCTUBICIb MA Nepeazll GIPHO 6CIAHOBNIEHHUX CHPOWEHb 05
NnOOANBUI020 PO3PAXYHKY PeanbHUx MoOenell.

Kniouosi cnosa: asmornommuti niogoonuil gimomooine (AI14); ounamixa; mooentosanns.
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