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ABSTRACT

A new concept of airship without thrust, elevator or ruddeconsidered in this thesis. It is ac-
tuated by a moving mass and a mass-adjustable internalagidét. This results into the motion of
the center of gravity and the change of the net lift. The dgwalent of this concept of airship is
motivated by energy saving. An eight degrees-of-freedomptete nonlinear mathematical model of
this airship is derived through the Newton-Euler approddte interconnection between the airship’s
rigid body and the moveable mass is clearly presented. Thardics in the longitudinal plane is ana-
lyzed and controlled through a LQR method, an input-outpatiback linearization, and the maximal
feedback linearization with internal stability. Thanksmtaximal feedback linearization, affieient
nonlinear control is derived. In this process, modellingalgsis, and control are solved for special
cases of the airship, which become gradually closer to the&t general model. The most constrained
special case reduces to a two degree-of-freedom systemshbivn that the basic properties of this
two DOF mechanical system remain instrumental for the amagnd synthesis of advanced airship
models. These properties are far from being obvious frommtbst complex model. Through a sin-
gular perturbation approach, the superposition of the wvidrol actions in the longitudinal plane and
in the lateral plane is shown to achieve the control of theadyigs in three dimension.






REsUME

Un nouveau concept de dirigeable sans propulseur, ni goavete direction, ni gouvernail de
profondeur est cons@ié dans cette #se. Il est actiormpar une masse mobile et une vessie d’air
en interne dont la masse egfgtable. Cela@sulte en un @placement du centre de graviet un
changement de la force de flottal@litette. Le @veloppement de ce concept de dirigeable est motiv
par leseconomies dgnergie. Un moéle complet huit deges de libe de ce dirigeable est obtenu
par I'approche de Newton-Euler. L'interconnection engredrps rigide du dirigeable et de la masse
mobile est clairement psenée. La dynamique dans le plan longitudinal est arédyst commarike
par la néthode LQR, une ligarisation enére-sortie, et la liaarisation maximale par bouclage, avec
stabilite interne. Gaicea la linearisation maximale par bouclage, une commande néailie éficace
est ceduite. Dans ce processus, la ralishtion, I'analyse et la commande so@solues pour les cas
particuliers du dirigeable qui deviennent piepeu moins contraints et se rapprochent du cas le plus
géréral. Le cas le plus contraint seduita un systme qui a deux degs de liber. Il est monté que
les proprétes de base de certains ®yses nécaniques simples resterétdrminantes pour I'analyse
et la syntese des dirigeables avdsc Ces propéites sont loin cétreévidentes sur le madle complet.
Gracea une approche de perturbations singnds, la superposition des deux actions de ébamttans
le plan longitudinal et dans le plan &l conduita une commande pertinente pour la dynamique en

trois dimensions.
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Nomenclature

a the angle of attack

6 the pitch angle

A2,41,49 parameters of the feedback controller

¢ the flight path angle

pa the density of the air

V the volume of the airship

Q the angular velocity of the airship in the body frarfe= (Q1, Q,, Q3)7
Q; theith element o2

b the position of the airship in the inertial frame

B the momentum of the added mass

P, the momentum of the moveable maBs,= (Pp1, Ppa, Pps)"
P the total momentum of the airship’s rigid body

C! aerodynamic cdcients

e, &, &3 the body frame unit vectors

Fa the aerodynamic forcds ; = diag{Xa, Ya, Za}

Fa the aerodynamic force with respect to the body frame

F, the added inertial force



Vi

Fs the total external force acting on the airship’s rigid body

Fint the internal force acting on the moveable mass by the body

I the identity matrix of appropriate dimensions

Fee the resultant force of the gravity and the buoyancy in thetiserame
Foet the resultant force of the gravity and the buoyancy in theydomime
J the second diagonal element bf

Ji theith diagonal element of

J¢ the added inertial matrix] s = diag{mu4, Mes, Mg}

Js the moment of inertia afns, Js = diag{Jy, Jy, J;}

J the moment of inertia ofng and the added mas3,= diag{J;, Jo, J3} = J¢ + Js
k the parameter of the feedback controller

I, J, K the inertial frame unit vectors

K the angular momentum of the added mass

Ks the total angular momentum of the airship’s rigid body

m, the mass of the internal air bladder

m, the uniformly distributed mass of the hull

ms the stationary mass of the airship

m, the total mass of airshipy, = mg+ m

m, the center fiset mass

m the mass of the moveable mass

m, theith element ofM

mp the net buoyancy of the airship

m the mass of the airship displaced air

M, the aerodynamic pitch moment



Vii

M, the aerodynamic momenY), = diag{L,, Ma, Na}

Mg, the aerodynamic moment with respect to the body frame

Maqq the inertia matrix

M the added mass matri¥); = diag{my, My,, Mg3}

Mgg the resultant moments of gravity and buoyancy in the indraane
Mgg: the resultant moments of gravity and buoyancy in the bodyéra
M, the added inertial moment

Ms the total external moment acting on the airship’s rigid body

Mint the internal moment acting on the moveable mass by the body
M M = diag{my, mp, mg} = M¢ + meJ

r, the position vector ofn, in the body frame

rp the position vector of the moveable mass in the body frame, (rp1, I p2, I'p3)"
rv the position vector ofm, in the body frame

R; the rotation matrix from the body frame to the inertial frame

R, the rotation matrix from the velocity frame to the body frame

Taqq the kinetic energy of fluid disturbances

u the internal force applied on the moveable mass alongith&is,u = u;
u the internal force acting on the moveable mass by the airahip(us, U, Us)"
us the control of the mass of the internal air bladder

v the velocity vector of airship in the body frames (vi, Vo, v3)T

v, the velocity of the moveable mass in the body frame

v, the velocity of the moveable mass in the vertical plane

Xa the drag element in the aerodynamic force

Z, the lift element in the aerodynamic force
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1.1 A Brief History of the Airship

1.1.1  Early period: before 1960s

The airship, also called blimp, has a much longer historg th@d-wing aircrafts, and it is the first
aircraft to enable controlled and powered flight. The apsias conceived by a French aeronautical
theorist Meusnier by the first time in 1784, soon after thaErench inventor Blanchard piloted a
ancient airship and crossed the English Channékipedia 2010.

The first engine-powered airship emerged in 1852 with a sexagine equipped on the it. In 1884,
the first fully controllable airshipl.a France- a French army airship, was launched by Renard and
Krebs. This airship was the first one who did the full roung thght with a landing on the starting
point.

In 1900, with the launch of théeppelin L4 as shown in Fig.1.1, "The Golden Age” of air-
ships began, and this is also the beginning of the most ssittesd well-known airship family:
the Zeppelins"The Golden Age” of airships lasted to the 1940s. During theriod, airships had
been developed dramatically, both in application and teldgy.

In application, there mainly existed the following aspects

1
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Figure 1.1: First Zeppelin LZ1 flight shown Figure 1.2: LZ 127 Graf Zeppelin airship. The
above a boat at Lake Constance. Zeppelin LZ1 first airship finished the round-the-world flight
was the first truly successful experimental rigid and the polar (the arctic) flight. It also executed 64
airship with 128 m length, 11.70 m diameter, regular transatlantic trips, traveling mainly from
11,300m? volume, 28 kiph maximum speed. It Germany to Brazil. It had been operated safely
used a 130 kg weight to control the attitude by for 9 years.

sliding it forward or aft.

e As bombers in combats. This military purpose only executetthé World War | before 1917

due to the vulnerability of the airship.

e As observing platforms. This is an important role for theslaip in combats and this service
lasted for a long time. In the early war, small blimps wereduse scout air attacks from
counterparts. Later, US navel used lots of blimps to es¢pssn the World War II, and this
achieved a great success. Blimps equipped with radars watdcssearch submarines and
protected ships from attacks. The duties of airship alstuded aerophoto reconnaissance,

naval mine-laying and mine sweeping.

¢ As long distant transport vehicles. Many internationalfiggwere operated by airships. Some
of them kept high level safety records, for instari€e, 127 Graf Zeppeliras shown in Figl.2
flew over 1,600,000 km (including the first circumnavigatamfrthe globe) without any single

passenger injury.

From a technical aspect, lots of fundamental researchebdetdone in this periods, especially
in the 1920s and 1930s. These fundamental researchesdacateaterials, structures, aerodynamic
forces, control, et al, which is the base of the airship eeglimg. Some outstanding scientific pioneers
and their classical works are listed in the following: theg@rches on the aerodynamics of airships by
M. Munk (Munk, 1922 1923 1924, W. S. Diehl Qiehl, 1922 et al., the researches on the structure
by E. H. Lewitt (Lewitt, 1922, S. Friedrich Eriedrich 1923 et al., the researches on the stability and
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control of the airship by A. F. Zahnzéhm 1926, F. Rizzo Rizzo, 1929 et al. and the researches
on the materials by R. Haas, A. Dietziudgas and Dietziysl91§ et al. These details can be found
in (Khoury and Gilletf 1999.

As well-known cases, during the 1920s and the 1930s, marotespdar disasters happened and
caused large casualties, such as the crash of the ZRS 4-Akrb®3B8 and the explosion accident
of the Hindenburg in 1937. However besides the problems efré¢tiability of airships, there still
existed lots of human factors which caused the accidentsnbt@nce, the crash of ZR-1 was due to
the wrong command which ordered the airship to fly into appglveather conditionsHurandarg
2007. The history of airship development before 1960 is dispthin Fig1.3.
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Figure 1.3: History of airship developmenSource(Goodyear Aerospace Cori975

1.1.2 Modern period: from 1960s to 1990s

After World War I, the US Navy continued to successfully ogte their blimps in early warn-
ing role US Navy, 2008 Marcy, 1979. However, the oil crisis happened in 1973, the interest in
the airship arose because people wanted to find a aircrdftlowt fuel consumption. Because of
this motivation, some important international conferetazk place to discuss the new applications
and technical peculiarities of the airshigitfek, 1975. During the 1970s and 1980s, some airships
were designed and constructed, for instance, the AEEGBhip-500 and Skyship-600 by a British
companyAirship Industries

A very important airship program in this period was the Skipfbentinel 5000. In 198ANest-
inghousgAirship Industriesvere awarded a 170 million dollar contract to design an AinecEarly

Warning (AEW) airship which was required to undertake a 3-daglurance at high altitude with
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various surveillance equipmentS¢mes 1990. The airship to fulfill this mission is also called the
YEZ-2A and it is the first large military non-rigid airship ke built after World War Il. According to
the plan, this airship was 129 m length and 7000 cubic melersommercial variant was designed
to have a 140-seater twin deck gondola. But after a full scad®type mock-up was constructed in
1988, the program was stopped because of funding problems.

These modern airships started some new applications, swatvartising, passenger sight-seeing,
TV photography, surveillance purposes et al (see Eigand1.5) (Liao and Pasternak009. How-

ever, from the technical point of view, there is not much watmn from the airships in the early of

the twentieth century.

Figure 1.4: A Goodyear airship. Goodyear began Figure 1.5: A Zeppelin NT airship. The german
producing airship envelopes in 1911. It's airships company recovered the construction of the Zep-

are used for advertising purposes and for use as pelin series airship in 1990s. fberent from the

a television camera platform for aerial views of original rigid zeppelin airships, the modern zep-
sporting events. Most of them are semi-rigid air- pelin airships are semi-rigid. These airship can
ships and manned airships take 2 crews and 12 passengers with maximum

speed 125 ki, who is smaller than the old zep-
pelin.

1.2 Autonomous Unmanned Airship

1.2.1 Recent development of the airship

Even though the US SkySHentinel 5000 was not finished and did not have a chance t@ prov
its viability in both military and commercial aspects. Butitought a new concept to the world-

High Altitude Platform (HAPS) as shown in Fig.6 which has attracted many people’s interest in the
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recent twenty years.

LEO satellite: 500 Km

Altilude, km
o
=

& B HAPs: 21 km
W civil aviation: 12 Km
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=
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2 —_—
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Figure 1.6: A High Altitude Platform (HAP) is Figure 1.7: Average wind speed in the strato-
a quasi-stationary platform which provide com- sphere is minimal at altitudes of about 19-22 km (
munication or surveillance service to a large area. Values vary with season and location). This is the
This platform locates in the stratosphere. It is ex- reason why the HAPs is proposed at an altitude
pected to stay in the sky for years without mainte- around 21 km.

nance.

High altitude platforms, also called stratospheric platfs, are located 17- 22 km above the
ground, and keep quasi-geostationary positions. Theosphere is characterized by a highly stable
weather condition with stable winds (as shown in Fig7) and no cloud. Such a platform has the
potential capability to serve as a wireless communicatteyrstation and as a high resolution observ-
ing station Widiawan and Tafazol]i2006 Elfes et al, 1998 Tozer and Grage2001; Aragbn-Zavala
et al, 2009, which can cover a very large area. Thus, high-quality comigation and surveillance
can be achieved with a considerably smaller cost. Commuaitaservices including broadband,
WIMAX, 3G, and emergency communications, as well as brosidaarvices, are under consideration
in this mission. Recently, a HAP experiment has taken plac®lshAugust 2005 at Kiruna, Sweden,
which has successfully tested the usage of a HAP at 25 kradgtitoperating in the mm-wave band
to send data via Wi-Fi to a coverage area of 60 km in diamé&exde et al.2005.

Planes (such as M55 Geophysicaylyasishchev Design Burea@002, unmanned hydrogen
powered planes (such as US global observer) and unmanradpesvered planes (such as NASA
pathfinder plus) also can be used as the HAPs. However, inasind these vehicles, a high altitude
unmanned airship has the following features: driven byrqudaver makes its long aerial endurance,
and generally this platform can take 1000 kg to 3000 kg paalaich is low-cost to carry out similar

tasks which are usually done by satelliteég{feng et al. 2007). Lockheed Martin’s experiment in
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2008 had achieved to keep the airship in the sky for 2 welekskheed Martin Corporatiqr2008).
From the beginning of the 21st century, major countries ewtlorld have independently started
research on high altitude platforms$ Navy, 2009. In 2003, Lockheed Martin was awarded a US$
149 million contract from the US Missile Defense Agency tealep an airship that can maintain a
guasi-geostationary position at 20 km. Right now, the seqm@ribd of the research is carried out,
and because of budgetary constraints, a full-scale prototyas expected in the summar of 2010
(Defense Industry Daily2006 Lockheed Martin Corporatiqr2008 Hopking 2010. Europe has
the ESA-HALE programl(indstrand 200Q Grace et al.2004) which leads the stratospheric com-
munication research based on HAP. Japan has a so-calledr8@&m (fokomaky 2001). There is
also similar research in UK, South Korea and Brazil. In Jan2&10, a solar-powered airship has
been successfully tested and it is expected to cross thésBri¢ihannel soorRrojetSol’'R 2010. In
June 2010, Northrop Grumman has won a contract with the USyAomprovide a Long-Endurance,
Multi-intelligence Vehicle (LEMV). The platform selectdry Northrop Grumman is based on a hy-
brid airship, and is designed to lift a payload of 1200 kg t0®dn for periods more than 3 weeks

(Northrop Grumman2010. A summary of airship projects in recent years are listetain. 1.1.
Designer Model Unique features Max. Max. speed Country

altitude (mph)
(m)

ATG/WorldSkyCat Skycat-20 VTOL and cargo aircraft 3,000 97 UK
Skyhook-Boeing SkyHook JHL-40  Heavy lift four rotor and @ lifting ca-  N/A 80 CanadadUs
pacity
Lockheed Martin HAA Solar-powered, high altitude,unmanreetd 18,000 28 us
un-tethered
Techsphere Systems Inter- SA-60 Spherical shape and low altitude 3,000 35 us
national
Southwest Research Insti- HiSentinel ~ Air-  Stratospheric and solar-powered > N/A us
tute ship 22000
21st Century Airship Inc. BA Spherical shape Low al- 35 Canada
titude
Millennium Airship Inc. SkyFreighter Hybrid, heavyliftpa VTOL 6,000 80 CanaddS
Ohio Airships Inc. DynalLifter PSC- Winged hybrid,VTOL, and heavy lift 3,000 115 us
3
Zeppelin Luftschiftechnik  Zeppelin LZ NT-  Semi-rigid, internal rigid framework consist- 2,500 81 Germany
Gmbh o7 ing of carbon fiber triangular frames and alu-
minum members
LTA Corporation Alize 50 Lenticular shape, semi-rigid,an@i®L 2,000 81 France
AEROS Aeroscraft Control of static heaviness,heavy lift,and3,000 115 us
ML866 model VTOL
Northrop Grum- N/A Long endurance and multi-intelligence 6,000 /AN US/UK

manAirship Industries

Table 1.1: Summary of airship projects in recent years.

The remarkable dierence from ancient airship researches is that modernrobsaconcentrate
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on the unmanned flying. That means the airship no more negdpilab on board to control the
airship. But based on partial remote human control, feedloacitrol and autonomous waypoint
navigation, an airship is expected to finish a certain taséraatically. This kind of airship is called
autonomous unmanned airship as shown in Ei§.

Many works have been devoted to solve problems encountetbisiprocess, such as new surface
materials, energy suppling methdéiaupp and Mundscha@004) and control problems. This thesis
focuses on the modelling and control problems.

1.2.2 Basic knowledge of the unmanned airship

From the airship’s appearance, there is no mudfedince between a manned airship and an
unmanned one. Both have the following similar structures (&g. 1.8). Control surfaces (elevators
and rudders), a gondola and engines are fixed on the hull. @anuirfaces are used to control the
heading of movement, and engind#eo the thrust. Some airships use vectored thrust whicheepla
control surfaces to control the heading. In the inside ofahehip, there exist two elastic inner
bladders, one for storing helium, the other is an adjustaiolbladder is used to control the airship’s
motion in the vertical direction (see Fig.9).

(=

Propulsors

Figure 1.8: Conventional unmanned airships are operated for a wide range of ns$giomscientific research
to surveillance duties. Unmanned airships can be designed to meet spedfmnnpiarameters set by clients
and include unique features such as hybrid power systems, multiple eeuynchutopilot and an advanced

handling system.

Different from a wing-fixed airplane, generally, an airship hakw translational velocity and a
large volume, which leads the inertial forces to be congdéfor a fixed-wing airplane, this is not the
case). Another problem is that the center of buoyancy (CB)céimter of volume (O) and the center
of gravity (CG) locate at dierent places as shown in Figy.10

Current unmanned airship research is based on a classicajréedeof-freedom equations of
motion which are developed using the Newton-Euler methoceérh degree of freedom. These

equations are presented in the form as the following by tingextional notations:
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Climbing (Helium expands)

The ballonet walves release alr,
falr denoted by shaded areal.

Descending (Helium contracts)

The aii Is dilven back Inte the balloasts through
the 3iF digts by motored pemps

Figure 1.9: Climbing and descending control through adjusting the inner air bladdgxsni@@y the valves to
release the air increases the net lift and leads to climb. Contrarily, blowirgjrtiveto the bladders decreases

the net lift and leads to descend.

= Fq(u,v,w, p,q,r) + A(u,v,w, p, g, r) + G(1s1, A3, A33) + P(propulsion forces and moments)

r
—_
L

(1.1)

where,M=6x6 Mass matrix
F4=6x1 matrix Dynamic Forces vector
A=6x1 matrix Aerodynamics vector
G=6x1 matrix gravitational and Buoyancy vector
P=6x1 matrix Propulsion vector

Generally, there exist two important assumptions for theslel. One is that the airship is assumed
to be a geometrical symmetrical ideal airship. Another anihat the center of the gravity and the
center of volume of the airship are assumed to be exactlyap@ed.

The controls of this airship are the deflections of the cdstdfaces (or the vector thrust) and the

thrust. The mission of the unmanned airship is to track argikeectory and keep a desired attitude.
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Figure 1.10: The center of gravity and the center of buoyancy do not overlap. Tlda isbvious dferent
point from the fixed-wings airplanes. This misalignment causes complexityiastabilitySource(Cook, M.
V., 1990.

1.2.3 A survey on the control strategy

A general control strategy on the autonomous unmannedpingtose model presented by. ()
is a linear control scheme based on linearized and decoupbeils. More precisely, the original
nonlinear model is linearized through some approache$) as@ small perturbation method, and
then, the system states are decoupled according to the dyptanes they belong to, such as the
states on the longitudinal plane and the ones on the latlenag g<houry and Gilletf 1999. Controls
are designed for the linearized and decoupled subsystesteadh of the original nonlinear system
(1.1). Methods which are used to design the control include PID&ndarg2007), LQR (Liu, 2009,
robust control Quyang 2003, damping feedbackJai et al, 2007 Ortega et a].2002 Astolfi et al,
2002, backstepping methodRépoulias and Papadopoul@908 Beji et al, 2002 Coron 1999 and
others Healey and Lienardl993 Kim et al, 2003 Khoury and Gilletf 1999. In these references,
conventional actuators, such as control surfaces andishiare used to stabilizer the attitude and the
position (Morin and Samsgl995 Pettersen and Egelant®99.

One major achievement of modern nonlinear control is feeklhiaearization (sidori, 1989
Conte et al. 2007 Isidori and Moog 1988. This theory has been widely applied for flight con-
trols (Lane and Stengell988 Sun and Clarkel994). Unfortunately the airship system is not fully
linearizable, the main drawback is that a nonlinear intesigaamics will remain in the closed-loop
system which may be unstable. To prove the stability of thidinear internal dynamics is a challenge

which is solved in this thesis.
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1.3 Glide and Buoyancy Engine

To achieve a longer aerial endurance with lower energy acoimgy some mechanisms inspire new
solutions. The first one is glide. Glide is a motion for heati@n-air objects which are supported
in flight, airborne or underwater, by the dynamic reactiothef medium against their lifting surface,
and this flight does not depend on any engine. A force anabjsia airplane in this case is shown in
Fig. 1.11

Another motion is the buoying or sinking which is caused lgyrikt lift. If the net lift of a vehicle
is adjustable by varying the weight or volume of the vehidi&an buoy and sink in the medium.
Semi-rigid, rigid airships and submarines adjust the wetiglvary the net lift to execute the buoying
and sinking. Some autonomous underwater vehicles empl@fardable bladder equipped on the
hull to adjust the volume of the vehicle to vary the net lifia{is et al, 2002). Such a device to adjust

the net lift is called the buoyancy engine, and a type of thahbwn in Fig.1.12

Flight Path

Weight

Figure 1.11: The forces acting on the whole air- Figure 1.12: An buoyancy pump (engine). This
craft during stable glide. Under this situation, the buoyancy pump is equipped on a kind of under-
components of the gravity equals to the drag and water glider - Slocum. It adjusts the mass of the
lift. vehicle through pumping the water.

1.3.1 Gliding vehicles

There are lots of gliding vehicles, such as glider aircrgfeggagliders, et al.. These vehicles can
fly freely under the control of the pilot. What's morgfieient is that when these vehicles are equipped
with propellers, pilots have more “degrees-of-freedomtamtrol the vehicles. There are also some
researches discussing the possibility of steering thedanglvehicles in an autonomous way. From

the results available to now, the mathematical models dcfetteafts are very complicated with a
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large number of degrees-of-freedom and complex nonlineaplings Zaitsev and Formalski2008§
Toglia and Vendittelli2010.

1.3.2 Underwater gliders

Due to the same object of the airship research, oceanogsajuiuk for an oceanic observation
platform which can cruise a long distant and for a long timdarwater or éfshore with limit energy.

In 1989, Henry Stommel published a far-thinking artickéqmme] 1989 envisioning a global ocean
observing system based on “a fleet of 1000 small neutralbydnt floats” which “migrate vertically
through the ocean by changing ballast, and they can be dteereontally by gliding on wings at
about a 35 degrees angle”. A class of autonomous underweltgcles realized Stommel’s vision.
As opposed to conventional underwater vehicles, they dosmpropellers which usual are electrical
engines. Autonomous underwater gliders change their vekma buoyancy to cycle vertically in the
ocean and use the net lift on wings to convert this vertickdargy into forward motion. This driving
mechanism is called as a kind of buoyancy engine. Wing-lifte$ forward motion both during
the ascend and descend of the vehicles, so they follow s#wpmihs. The shallowest points on
the sawtooth are at the surface where satellite navigatidtammunication are carried outekins
etal, 2003, which made possible a class of small, inexpensive ingnimplatforms that are changing
the way the ocean is observed.

There exist four mature underwater gliders which are Sp&maglider, Slocum Batttery and
Slcoum Thermal Davis et al, 2002 Jenkins et a).2003. These gliders can cover a range 3,000
km to 5,000 km in one to several months with limited on boaet®ical power. The typical horizon-
tal speed of these gliders is quite low, about 0.25 as opposed to propeller-driven vehicles which
travel several meters per second. This does not mean trergtidn not move quickly, but actually,
there is a tradef® between operating range and speed, which is illustratetidyig. 1.13and1.14
(Furlong et al.2007). This also can be explained as: normally, the value of thesthof a motion is

proportional to the cube of speed, so higher speed lead$esmaaige.

1.4 Hybrid Airship and the Buoyancy-driven Airship

Through the analysis in the secti@r?, conventional unmanned airship with propellers is a good
choice for a long aerial-endurance platform. Accordinghrielationship of “best transport method”
versus speed and lift for vertigahort take-& (V/STOL) aircraft illustrated in Purandarg2007),
airships are therefore best suited for low-speed apptioat{_iao and Pasternak009.

To extend the operating range for normal lift and slow spesai@ation, a hybrid airship is an
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Figure 1.13: Modelled range vs speed for the Figure 1.14: Maximum range and associated for-
concept long range AUV. The cruising speed is ward speed for the long range concept AUV vs %
slower, the operating range is larger and the vehi- buoyancy. An increase in the vehicle’s net buoy-
cle is more éicientSource(Furlong et al.2007). ancy will greatly reduce the total range of the un-

derwater vehicleSource(Furlong et al. 2007).

optimal choice. A Hybrid airship is a general term for an &ftthat combines characteristics of
heavier-than-air (airplane or helicopter) and lightearttair technology. British skycat program, P-
791 hybrid airship program developed by Lockheed Martin Artbscraft ML866 are good exam-
ples, which are designed to be the best of the two worlds laynieg the high speed of conventional
aircraft and lifting capacity of aerostatic aircratft.

For long airborne endurance airships, Lockheed Martin kigported a patent design in 2007,
which describes an airshfpx-wing airplane hybrid with conventional propellers awim in Fig.
1.15 Another Lockheed Martin’s hybrid airship with aerodynartift capability is shown in Fig.
1.16

Another hybrid buoyancy-driven airship was proposed byaRdare in Purandarg2007), whose
appearance is shown in Fi@j.17. This hybrid airship employs a gliding mechanism and a booya
engine which are depicted previously to drive itself, artitaps the conventional propeller and control
surfaces. This hybrid airship is called the buoyancy-driagship in the thesis, and it is the research

topic of thesis. The details of this airship is depicted ia tlext chapter.

1.5 Research Motive and Contributions

The buoyancy-driven airship uses a buoyancy engine to@dht ascent and descent, in addition
with the gliding mechanism to move forward. Through the prasearch inRurandarg2007), the

buoyancy-driven airship isfigcient when the angle of attack in flight is small, and the buoya
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Figure 1.15: Lockheed Martin’s inflatable, high- Figure 1.16: Lockheed Martin’s semi-buoyant
altitude, endurance airship. This hybrid airship vehicle with aerodynamic lift capabilitpsource
uses conventional propeller, without buoyancy en- (Eichstedt et a).2007).

gineSource(Lavan 2007).

Figure 1.17: The proposed buoyancy-driven airsidpurce(Purandarg2007).

driven airship is a good substitute of the conventionahgirén many situations. It alsoffers a novel
mechanism for unmanned vehicles. Moreover, it employs tarnal moveable mass to control the
vehicle’s attitude, which is a very important mechanismléds of systems with internal dynamics.
Thus, the research of this thesis makes sense for the rasgfartAPs, UAVS, and lots of complex
mechanical systems.

The buoyancy-driven airship is a novel object. To presdm,anly available reference on this
domain is the thesisPurandarg2007), and this is a challenge for this research. In this theskg on
some theoretical issues are argued, and the main contmisutonsist of the following four aspects:

e A complete 8-DOF mathematical model for the buoyancy-drigéship in 3D is derived for
the first time. In this area, two approaches with the intedyabmics modeled ardfered. The
modelling is significantly simplified by viewing the airstgpigid body and the moveable mass
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independently.

The fundamental structures of the complex model are inyatstd by analysis, design and sim-
ulations. Many properties of the airship’s structure ataldshed, and these properties make

sense for the control design.

Various controls of the planar dynamics are constructedprégches based on LQR, input-
output feedback linearization, and maximal feedback lizesion are presented and compared.
It has been shown that the airship is not fully feedback lizehle. Maximal feedback has
been solved. Although the latter techniques are usuallyraokable for complex aeronautical
models, it has been possible to derive analytic controltswia. A major challenge is internal
stability and a suitable choice of linearizing coordinatesld circumvent this issue and the

internal stability has been proven.

The control laws are state feedbacks and thus require thel&dge of all state available. This
will eventually require the design of nonlinear observétswever this latter issue is out of the

scope of this thesis.

A Control scheme based on singular perturbations for theamati 3D is derived. In this frame,

the analytical condition for a stable spiral motion is dedy
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As introduced in the Introduction chapter, The maifietience between the conventional airship
and the buoyancy-driven airship is that it employs a movpbiet mass and a mass-adjustable internal
air bladder to control the motion of the airship. They repléite conventional propellers and control
surfaces. This new mechanism has been adopted to achiegk diitiency for aerial vehicles. The
structure and the operating mechanism of the buoyanceni@irship is explicitly explained in this
chapter; useful physical properties are presented as Welinparing with the conventional airship
and airplane, the energyfeiency of the buoyancy-driven airship is analyzed throughproximate

analytical approach, and some results are presented.

The contribution of this chapter consist in the analysishefstructure and theffeciency problem
of the buoyancy-driven airship. From this analysis, thecttire of the airship is split into two parts as:
the moveable mass which impacts the airship’s attitude tla@éerodynamic forces which impacts
the flight path. For thef&ciency problem, the ideal propulsive powers of both the eatienal airship
and the buoyancy-driven airship are compared. Partiakecomtf this chapter has been published in
(Wu et al, 201139.

This chapter is organized as follows: sectidi explicitly depicts the concept of the buoyancy-
driven airship; sectio.2 analyzes the dynamic system through an analytical appreaction2.3

compares the ideal propulsive powers of the conventionsihigi and of the buoyancy-driven airship.

15
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2.1 The Considered Hybrid Airship

The main structure of the buoyancy-driven airship propas€Burandarg2007) is shown in Fig.
2.1, which has dropped the conventional actuators, such asldieslectrical engine, elevator, rudder,
etc.

Helium bladder

Air bladder

=
Valve

Moving mass

Figure 2.1: Structure of Buoyancy-Driven Airship.

2.1.1 General description

For the structure of the buoyancy-driven airship, it maiobnsists of an envelope, wings, an
internal air bladder, and a movable mass. These parts a&féylepicted in the following.

The envelope and the wings

Obviously, the function of the envelope and the wings of ashép is to dfer enough net lift for
the payload for scientific and other instruments. The empels assumed to be a rigid one in this
thesis. For the modelling of non-rigid airship&e(naceur2009 Azouz et al, 2002 gives some
details.

The lift, namely buoyancy, of the airship comes from two paone is the static lift ffered by the
airship body. This is due to the density of the helium whicérnsaller than the density of air. Another
part is the aerodynamic lift caused by the turbulent mixihgioof varying pressure on the upper and
lower surfaces of the body and the wings. The functions toprdmthe values of these two lift terms
will be presented in the modelling section.

For aerial vehicles in flight, beside the lift, there alseséxthe dragianikdale 2004). Generally,

this drag consists of two primary parts, one is the lift-ioeld drag, namely induced drag, which



2.1. THE CONSIDERED HYBRID AIRSHIP 17

occurs as the result of the creation of lift on a three-dinwera lifting body, such as the wing or
fuselage of an airplane. The relation of the lift and the oetldrag is shown in Fig2.2. Another
primary part of the drag consists in the parasitic drag. $fécadrag, is the drag caused by moving
a solid object through a fluid. Parasitic drag is made up oftiplal components including viscous
pressure drag, hamely form drag, and drag due to surfacéamesg, namely skin friction drag. For
different shapes of the objects, the percentage of form draganfilistion drag is diterent, as shown
in Tab.2.1

For an airplane in flight, its drag consists of induced drag parasite dragL(utz and Wagner
1998 Kanikdalg 2004). The variations of these two drags are shown in Eig3. This curve can
be explained as: induced drag tends to be greater at lowedsgEcause a high angle of attack is
required to maintain lift, creating more drag. However, gsesl increases the induced drag becomes

smaller, but parasitic drag increases because the fluidvenfiofaster around protruding objects.

Induced Drag

—
A

gl ™
o £, ™,
e N {gu
AN ™ Q
........ LAl Sl
Minlmem Drag = - :
Airspeed
Figure 2.2: The induced drag and the lift. Figure 2.3: The power curve: parasitic and induced
In aviation, the induced drag occurs as the drag vs. airspeed. It's important for pilots to main-
result of the creation of lift on a three- tain certain airspeed where the total drag is the lowest
dimensional lifting bodySource(Wikipedia, Source(Wikipedia, 2017).

2011

For the design of the airship, decreasing total drag is itapbrno matter for conventional airship
or buoyancy-driven airship. But in opposition to fixed-wingeafts, airships are subject to significant
parasite drag, both form drag and skin friction drag. Thisaigsed as airship’s lift is mainly provided
by the lighter-than-air ballonets. For a given volume, teecpntage of form drag and skin friction
drag has relation with a diameter-to length ratigl) (Lutz and Wagnerl998. The percentage of
form drag will increase when the ratdyl increases as shown in Tab.l. Besides drag, for a given
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Table 2.1: From drag and skin friction drag vs.ftBrent shapeSource(Wikipedia 2017)
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Form drag 0 ~10% ~90% ~100%

Skin friction ~100% ~90% ~10% 0

volume, it is also important to decrease the total surfaea-aince the envelope is a payload for the
system.

The center body of the airship is designed to have a low toga dnd a high volumisurface-area
ratio. To achieve a tradépthe shape is a revolved NACAO0050 airfoil profile whose coaatiks are
shown in Fig.2.4, and it is decided byA.1).

L L L L L L L L L
0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1
X

Figure 2.4: The airship’s body is an elongated body which is a revolution of such N2G5Q airfoil.

t 3 2 3 4
Y= ——c 0.2969(5) - 0.126(1() - 0.3515(’—() ; 0.2843(1‘) - 0.1015(1‘) 2.1)
0.2 c c C ¢ c
wherec is the chord length, and t is the maximum thickness as a @racti the chord.
Note that the aerodynamics is not an important area in ogarel. So, sometimes the result is

given without lots of analysis. In the rest of this thesisimapde ellipsoid is used to replace the above
revolved NACAOO50 airfoil for simplicity.

The internal air bladder

Fig. 2.5illustrates the internal air bladder fdischarge system. The volume of the air bladder is
variable. The compresgbiower is used to fill the bladder with ambient air, and theveas used to
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release the air from the bladder. By this way, the mass of thedalr is changed, which causes the
variations of the total weight of the airship. Thus, its nedyancy (buoyancy force minus weight) is
controllable.

atmosphere

"~ helium

/ air bladder

Figure 2.5: The internal air bladder and the mass adjusting mechanism. The altitude ofsthig &rcontrolled

by this mechanism.

When the ambient air is drawn into the air bladder, the net Gooy becomes negative, thus,
the airship falls down. Conversely, when the air is releasenh fthe internal air bladder, the net
buoyancy becomes positive, thus, the airship rises. Tliteidst of the buoyancy-driven airship is
mainly controlled by this way.

Here, the description of this mechanism is simplified siteedctual realization is more complex;
it has to consider the variation of the interfexternal pressure, which is beyond the scope of this

thesis.

The moveable/moving mass

The moveable mass is located at the bottom of the airshiptazahimove on the; — e, plane
of the body frame as shown in Fig.6. It can not move in the vertical direction. The motion in the
vertical direction is useless for the control and the siigtiihe airship. Actually, the center of gravity
of the whole system should be under the horizontal symnatflanee; — O—e, (Leonard 19973ab).

Ve3
C2

Figure 2.6: The moveable masses moves ondhe e, plane.

With the motion of the moveable mass, the center of gravithefirshipCG moves, which leads

to the variation of the attitude of the airship, which is egitlly analyzed in next section and simulated
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in the chapted.

The use of a moveable mass to control the attitude is an irupioand interesting mechanism.
Some other mechanical system, such as underwater glidérseeaamtry vehicles, involve a similar
device. However, dierent forms of moveable masses exist, for instance an additround mass

ring is used as a moveable mass for a underwater glictéren et al.2001).

2.1.2 The operating mechanism

The mechanism to operate this kind of airship is describddlsvs. When the air releases from
internal air bladder, the mass of the airship reduces, thegjet lift becomes positive and the airship
rises. Meanwhile, the moveable mass moves to the rear ofitslei@ the airship gets a positive
pitch angled, which yields a forward aerodynamic component force actinghe airship. This
component force makes it move forward (see Fig3 and the trajectory is the BC segment of Fig.
7.5). Conversely, when pumping air into the internal air blagddlee mass of the airship increases,
thus, the net lift becomes negative and the airship fallgh\fie moveable mass driven by the body
to the front, the pitch anglé becomes negative, which still yields a forward aerodynasnioponent
force. Therefore the airship moves forward and downwareks 8g.7.4 and the trajectory is the AB
segment of Fig.7.5). If the moveable mass is moving to the sides, then the ainstli roll. Due to

the coupling of roll and rotation moments, the airship flieshe right or left directionsKurandarg

2007. Fig. 7.5illustrates a typical trajectory of the airship in the vealiplane.

Figure 2.7: The Airship moves upwards and for- Figure 2.8: The Airship moves downwards and

ward. forward.

2.1.3 The mathematical description

The entire mass of the airship is split into several itemg.nyedenote the uniformly distributed
mass of the hullm, denote the variable mass of the internal air bladdedenote the mass of the

moving mass, anth, denote other internal fixed masses whose center of graffggts fromO.
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Figure 2.9: Ideal Trajectory of a Buoyancy-Driven Airship.

rp = (Fpi. Fp2s Fp3)" denotes the position of the moving mass in the body framandr,, are the
vectors fromO to m, andm,,, shown in Fig.2.10 In the rest of this thesis, it is assumed thgtand

m,, locate at poinO, thus,r, = ry, = 0.

Figure 2.10: Mass Distribution.

The massns is the total stationary mass, thus; = my, + my + m,.. The total mass of the vehicle

ism,, SO:
m =Ms+M=m,+Mm,+m,+m

Let m = p,V be the buoyancy of the airship with the volurfiewherep, is the density of the air.
Therefore, the net lift of the airship lyg = m,g — mg

For the airship investigated in this thesis, the basic gaysiroperties are given by, = 269Kkg,
my, = 0, andV = 301 m?.

2.2 Basic Analysis of the Dynamic System

In this section, a force analysis is done, and some impoptantiples are revealed through this

analysis.



22 CHAPTER 2. CONCEPT DESIGN AND EFFICIENCY PROBLEM

2.2.1 Moveable mass and attitude

Here, the interaction between the moveable mass and thepesrbody is investigated through
an approximate analysis; some principles are presentad.aksumed that the airship is statically
suspended in the air; there is no translation and the nés Eftjual to zero. In this case, it is assumed
that the airship rotates around its center of volUéince the center of gravity of the airship’s body
locates at the center of volun@® thus, the center of gravity of the entire airskis locates at the
straight line connectin® and the center of mass of. At the equilibrium,O, CG, and the center of
mass ofm should all locate on a plumb-line. So, if the moveable masga®sdo the front, as shown
in Fig. 2.11, the airship’s body will rotate clockwise, and it stabikzat a negative pitch angte If
the moveable mass moves to the rear, the body will rotatetesatockwise, and it stabilizes at a
positive pitch angle, as shown in Fig.12 For the same reason, if the moveable mass moves to the
right or left side, it will yield a positive or negative rolhgle ¢.

Figure 2.11: The body rotates clockwise. Figure 2.12: The body rotates counter-clockwise.

Note that the above analysis is only an approximate one utpope is to illustrate that the attitude
of this airship is mainly controlled by the position of the veable mass, no matter in flight or in a
static status. This is simulated in chapferNote that the moveable mass is actuated by the force
from the airship’s body, and this force is viewed as one ottmrol inputs of the hold system. Thus,
Fig. 2.13illustrates and concludes these relations. In this figurdenotes the force to actuate the
moveable mass;, denotes the position of the moveable mass; Euler aglésandy represent the
attitude.

u | moving | pp : oy
mass attitude ———

i

Figure 2.13: The attitude control structure.

Remark: The attitude of the airship is mainly impacted by the motiéthe moveable mass.
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2.2.2 Aerodynamics and flight path

In the above subsection, the moveable mass and the airbloiysare viewed as two independent
parts. Here, these two subsystems are viewed as a wholeharsteady-state force-balance of the
airship during the descent and the ascent is investigateeseltwo conditions are illustrated in Fig.
2.14and2.15

Lift Force (L) Net B B- Moving Direction
et Buoyancy (B-W) v
\\p?gF/ome (D) > 5
; w
V -
Net Weight (J7-B) Moving Direction “Lift” Force (1)
Figure 2.14: Descent forces. Figure 2.15: Ascent forces.

In these two figures] is the pitch angleg is the angle of attackt is the flight path angleV is
the velocity vector in the inertial framé. andD are the aerodynamic lift force and drag ford#®.is
airship’s total weight (including the moveable mad3)s the buoyancy.

For the descent cas® is greater tharB so that the net force is directed downwards as shown
in Fig. 2.14 For the ascent cas8,is greater thaW so that the net force is upwards as shown in
Fig. 2.15 Note that for force-balance during descent, the lift fdrae an upward vertical component
(with respect to the wind frame). However, for force-bakadaring ascent, the lift force must have a
downward vertical component to balance the net buoyancy.

The force balance in the horizontal and vertical directiohthe wind frame for the descent case

is presented in the following:

ZFel = 0: (W-B)sing-D=0 (2.2)
ZF@ 0: (W-B)cost-L=0 (2.3)

From (2.2) and @.3), the following result is derived:

W-B= VD2 + L2 (2.4)

The force-balance equations for ascent (Rid.5 are as follows:

I
o

2. Fa
2.Fe

B-W)sinéE-D=0 (2.5)
B-W)cosée—L=0 (2.6)

Il
o
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Thus, from @.5) and @.6), the following result is derived:
W-B=-VD2+ L2 (2.7)

With (2.4) and @.7), the following remark is derived:

Remark: For the descent and the ascent, if the flight path aAghgmmetrical and the velocities
have the values, the net buoyancy (buoyancy minus weighynmsnetrical for these two motions.

For aerodynamic forces, drag and lift, they have the follm\general form:

D = %paVZBVZCD (2.8)
L = %paVZ/?’vzcL (2.9)

wherep, is the density of the airy is the volume of the airshipy is the velocity;Cp andC,_ are
aerodynamic cdécients.
Substituting the expression BfandL into (2.4), the following result is derived:

V2 = B-W (2.10)

Lpv22 Jc2 + 2

Remark: The magnitude of the airship’s velocity is determined by tiet buoyancy which is

controlled by the inputi,.
From (2.2) and @.3), one gets:
Dcosé —Lsiné =0

Thus, the flight path angleand the aerodynamic forces are related as:

tané = % (2.11)

Summarizing the resul2(11), the following remark is derived:

Remark: The equilibrium of the flight path angle is fixed by the aenoayics.

To conclude the previous two remarks, the flight path and &lecity of the airship are mainly
controlled by the airship’s net buoyancy, and the aerodyodonces, as shown in Fig2.16 Here,
the control problem of the flight path and of the velocity iledthe guidance problem.

From the expression of the aerodynamic foré8)(@and @.9), these forces depend on the velocity
V and the aerodynamic cfieients,Cp andC,, which are the functions of the angle of attagk
Obviously,a = 6 — £. Thus, the aerodynamics forces are decided by the velab#yEuler angles,
and the flight path angle. These relations are illustratetthéy-ig.2.17

Summarizing this section, the structure of the airship’slelds presented by Fi¢.18
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aerodynamic
forces, etc.

net lift U«

Figure 2.16: The guidance control structure.

» guidance ———"»

Vi

A

povy , aerodynamic
forces, etc.

Figure 2.17: The aerodynamics forces are decided by the velocity, Euler anglefljgrigpath angles.

From Fig. 2.18 it is found that the aerodynamics forces bridge the atitsdbsystem and the
guidance subsystem. This point is very important for thdyasisof the airship’s dynamics in chapter
4 where the airship’s dynamics is significantly simplified Igyoring the aerodynamic forces tem-

porarily.

2.3 Efficiency Comparison

In this section, the ideal propulsive power of the convamglairship and the buoyancy-driven
airship are introduced and compared. Here, the analysigns th a constant density environment,
namely incompressible media, for other situation, suchhasoimpressible media. Details may be
found in (Purandarg2007).

2.3.1 The ideal propulsive power of the conventional airship

Conventional airships employ a propeller to drive the vehidt is assumed that a conventional
airship moves along a horizontal direction with veloaityin force-balance condition, the thrust force

T is equal to the dra®; the buoyancy is equal to the weight as follows:

1
T = D= 2p.V7’Cpc

2
Thus, the ideal propulsive power is:
Pc=Tu= %paCDoV2/3u3 (2.12)

The ideal propulsive power per unit gross weight or ideaetsfic power” is derived as follows:

Prc = ——=2°"7" - 2.13
ST w W ( )
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(mass of air bladder)

Figure 2.18: The structure of the airship’s model.

From .13, the ideal specific power is proportional to the cubic of flight speed for conven-
tional airships. For airplanes it reduces to a linear refatiThis implies that airships are suitable for
low speed applications.

2.3.2 The propulsive power of the buoyancy-driven airship

Shown in Fig.2.9, the buoyancy-driven airship mainly behaves following atsath trajectory.
Here one cycle which includes an ascent and a descent idlevedias in Fig2.19

,A C »
T : 6 mo u
Ah
oo e
v W B

Figure 2.19: A cycle of the flight trajectory

Explicitly explained in Purandarg2007), the work needed to track the for AB and BC segments
is as follows:

w = 2mgAh=2(W - B)Ah=2VD2 + L2Ah

C2
paVZPUP(1 + C—g) \/C2 + C2Ah
L

where the expressions BfandL and @.11) have been substituted.

The average propulsive power is equal to the work dividecheyperiod as follows:

w w w

T~ 2Ah/w _ 2Ah/u(Cp/C))

2
B 0aV2PUA(1 + g—%’ C3 + CZAh 1 o .Co . c? \/m
- 2Ah/u(Co/CL) =PV U (NG G

L

P =

wherer is a period,u andw are horizontal and vertical velocities, respectively. Hor descent
segment AB in Fig2.19, the airship’s weight i&V + /C2 + C?; for the ascent segment BC in Fig.
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2.19 the airship’s weight i¥V — /CZD + CZ. To compute the power per unit gross weight or "specific
power” of one cycle, the weight of the airship is approxinhatdiosen a§V. Thus, the specific power
Pgs of the buoyancy-driven airship is:

Ps 1

Pos = W = 2w

V2/3u3@(1+ C—%) C2 +C2 (2.14)
C. o~ ¢Vt '

2.3.3 Comparison of the efficiency

The power per unit gross weight of the conventional airsiig the buoyancy-driven airship
are approximately computed. WitR.(3 and @.14), the ratio of ideal buoyancy-to-conventional

propulsion specific powet, is computed as:

1 v2/33C < 2 2
Pgs 2wPaV UCL(1+cE Cg +Cf

I = =

*° Pcs 50aCpoV2/3U3
CD C% \/7

= 1+ —)/C2 +C? 2.15
where

Cpo = 0.0589
Cp = 0.0589+ 0.0162°
C. = 126%

These aerodynamic cfieients are taken fromQuyang 2003. Thus,rsp is a function of the angle
of attacka, and Fig.2.20showsr, versusa from (2.15. A low rs, is preferable as it indicates low
propulsive power per unit vehicle weight compared to a cotiweal propulsion. The figure shows
that a minimum exists fors,.

From Fig. 2.2Q it appears thats, is never lower than 1, which means that the propulsive power
per unit gross weight of the buoyancy-driven airship iséartpan that of the conventional airship.
This result is beyond people’s expectation since the buoydniven airship is expected to be more
energy-saving than conventional one. However, similarmaeical system, such as underwater glider,
has shown great potential in energy-saving. The last exgeri on the underwater glider has demon-
strated that it can cross the Atlantic, from United State§Spain, without recharging its battery
(Shapirqg 2010.

The following is an approach to explain this. The converdl@irship uses the standard propeller,
such as diesel engine or gasoline engine, normally, thdaibalbsepower of such engines is around

30%. The buoyancy-driven airship uses the electric enasyg@ctuate the motion of the moveable
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Figure 2.20: Ideal specific power comparison between the conventional airship ansuttyancy driven air-

ship.

mass and the variation of the air bladder. It is believed tiatusable horsepower of the buoyancy-
driven airship’s engine is higher that that of the convemdlairship. Thus, the finalfigciency of the
buoyancy-driven airship may be higher than the conventionae. The buoyancy-driven airship is a
substitute to conventional airships in some cases.

2.4 Conclusion

In this chapter, the structure and the operating mechanfsthneobuoyancy-driven airship are
explicitly explained. For the dynamic properties, somadydsit important, principles are analyzed
and presented. From these principles, the airship’s dymamoidel is split into several subsystems.
These results are important for the control design in théctepters. Finally, through an approximate
computation, the ideal propulsive power per unit gross e the conventional airship and the
buoyancy-driven airship are derived. From this resuls found that the buoyancy driven airship is a
candidate to replace the conventional airship in some omissi
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This chapter develops a 8-DOF mathematical model for thgdmuwxy-driven airship which has
a body with fixed wings, internal mass-adjustable air blasldend a moveable mass. The dynamic
model is developed based on physical principles and Newtdar Law. Diferent from the conven-
tional airship, the model developed here is intended taigelthe main features of buoyancy-driven
airships without unnecessary complexity. These chaiattey have been depicted in the previous
chapter and consist in the control of internal air bladdeds@f the moveable mass.

There exist lots of references on the modelling of the aemdicles and ocean vehiclesds-
sen 1994 Pourzanjani and Roberts991; Bhattacharyyal978 Abkowitz, 1975. The mathematical
model of the conventional autonomous unmanned airship rgioreed in many reference®(lyang
2003 Mueller et al, 2004 Beji et al, 2004, but it is first investigated and derived iG¢mes and
Ramos Jr1998. The dynamics of the buoyancy-driven airship is more c@xghan that of the con-
ventional one due to the existence of the internal dynanhicthe pioneer research on the buoyancy-
driven airship Purandarg2007), only the dynamic model on the longitudinal plane was givElnis
chapter derives the full model of the buoyancy-driven airsh 3D for the first time. Moreover, it
offers two approaches to set up the model, considering the@#sigid body and the moveable mass

independently or not. These two approaches have respectrantages. The model derived in the

29
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chapter is the basis of the analysis for the rest of the thesis

The contribution of this chapter consists in the presematif the full model of the buoyancy-
driven airship for the first time. According to the relatiogtlveen the airship’s body and the moveable
mass, the modelling of such a complex mechanical systengmfisantly simplified and is clearly
presented. Partial content of this chapter has been peblishi\Vu et al, 20093 2010 20113.

This chapter is arranged as follows: the basic coordinatdsdefinitions of the states are pre-
sented in Sectio®.1. The inertial frame, body frame, and the wind frame are thiced and the
transformations among them are also presented. Settigyives the airship’s equations of kinemat-
ics. Since the model is derived through Newton-Euler lavg riecessary to analyze the total forces
and moments acting on the airship’s body and the moveabls.riiag content is presented in Section
3.3 In Section3.4, for the dynamics of the airship with moveable mass, two Miodeapproaches
are presented and compared. For one approach, the dynantihesr@id body and moveable mass
are viewed independently. The force of interaction betwibese parts is viewed as a control. For
another approach, the system dynamics are described is tdrtie total system momentum and the
moveable mass momentum. Secti®b presents the system’s dynamic equations through the first
approach. Sectiof.6 concludes the full mathematical model of the buoyancyedrigirship in 3D.

Section3.7 concludes this chapter.

3.1 Reference Frame and System States

For aerial vehicle research, four frames may be involved¢hvare the inertial frame, the body-
fixed frame (no-inertial frame), the wind frame, and the etdrame Fossenl1994). In these frames,
the Frenet frame is used for trajectory planing and trackifige first three frames are briefly intro-

duced in the following.

3.1.1 Inertial frame

The inertial frame is an initially fixed, non-rotating reéeice frames{i, j, k}, shown in Fig3.1
The originG is fixed on an arbitrary point on the earth. Tihaertial axis lies in the horizontal plane
and normally points to the airship’s global moving direntithe j axis is perpendicular to gravity and
is subject to right-hand rulélies in the direction of the gravity vector and is positivenshovards. As
well, in the rest of this thesis, bold symboalsj, andk, also denote the unit vectors in these directions.
As shown in Fig3.1, the position vector of the airship’s center of volume wigspect to the inertial

frame isb and it is also represented hy (, k)'.
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Figure 3.1: The frames and states configuration Figure 3.2: The inertial

frame and the airship’s atti-

tude.

3.1.2 Body-fixed frame and the transformation

The body-fixed framé{e;, e, e}, also called body frame or no-inertial frame, is fixed to the
airship’s body with the origin at the center of volur@eand its axes are aligned with the principal
axes of the glider. The; axis lies along the long axis of the vehicle and points towahe airship’s
nose; thes, axis lies in the plane of the wings and the aegpoints to the bottom and is perpendicular
to e, as shown in Fig3.1

In this thesis, the velocity of the center of volur@®en the inertial frame i9/. It is decomposed
with respect to the body frame as v, andvs. The angular velocit§2 is expressed in the body frame
as i, Q,, Qgz). The directions of these states are shown in Bid.

The orientation of the body frame with respect to the inéfteame is defined by the three angles:
roll ¢, pitch#, and yawy. In Euler’s rotation theorem, they are also callgdangle of self rotation,

6 angle of nutation, ang angle of precession. Rallis positive right-wing down, pitcid is positive
nose-up, and yaw is defined as positive right (clockwise) when viewed fromabas shown in Fig.
3.2. These three angles are also called Euler angles whichsegréhe attitude of the airship.

Thus, the rotation matriR,, which maps vectors expressed with respect to the body fratoe
inertial frame coordinates, consists of these three Eulgles. R; is constructed by the following
three rotations (from the inertial frant&i, j, k} to the body framé{e;, e,, es}) (Shi, 1995:

1. rotate aroun& — k of yaw angley: G—i -» G- X;, G- j — G -yj; shown in Fig.3.3.a.
2. rotate arounéb — y; of pitch angled: G- x; - O-¢e;,, G-k — G-z ; shown in Fig.3.3.b.

3. rotate aroun® — e, of roll angle¢: G-y, - O-e,, G-z — O - e;; shown in Fig.3.3.c.
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Figure 3.3: The aerodynamic angles

Shown in Fig.3.3 from the first rotation aroun@ — i of yaw angley, thus,
i cosy —-sing 0 || x

j |=] sing cosp O || ya
k 0 0 1 k

From the second rotation arou@d- y; of pitch angles, thus,

X1 cos# 0O sind e
y1 | = 0 1 O Y1
k —-sind 0 cos Z

From the third rotation aroun@ — e, of roll angleg, thus,

e 1 O 0 e
yi |=] 0 cosp -sing &
y2) 0 sing cos¢ €

Synthesize the above three coordinate transformatioagotlowing relation is obtained:

[ cosy —-sing O cos# 0O sing 1 0 0 €

j |=] singy cosp O 0 1 0 0 cosp -—sing &
k 0 0 1)l —sind 0 cos¥ J{ O sing cosp &
namely,
i e
j|=R| &
k €

where the rotation matriRr; from the body frame to the inertial frame is:
COSy COSH COSY SiNASiNg — Siny COS¢p  COSY SINH COSY + SiNy Sing
Ri =| singcosd sinygsingsing + cosy cos¢ Siny sind cosg — cosy sing
—sing cosésing COSH cosyp

whereR;* = R].
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3.1.3 Wind frame and the transformation

The aerodynamic forces on an aerial vehicles depend on tbeityeand orientation of the vehi-
cles with respect to the airflow. To measure the orientaticghevehicles with respect to the airflow,
a wind frameO{w;, W», Wwa} is assigned to track the airship’s motion as shown in Bid. The wind
axisw, points in the direction o¥/, thus, the aerodynamic force, drag, is in the opposite timeof
wy. The wind axisws lies in the bodye; — e; plane and is orthogonal to the vector,(0, vs)™, and
the lift force lies in this direction. The orientation of thend frame with respect to the body frame
will be described by the two aerodynamic angles, the angéttatke and the sideslip angjeé One

of its axis is aligned with the velocity of the vehicle as simaw Fig. 3.4
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Figure 3.4: The aerodynamic angles

Obviously, from the Fig3.4, the following relations are obtained:

V3
a = arctan—
\%1
B = arcsin—2
IVII

The rotation matrix from the wind frame to the body frame igegi by R, as follows @hattg
2009:

T T
cosa 0 sina cosB —-sing 0
R: = (R,)"(Ry)" = 0O 1 0 sing cosB O
—sina 0 cosx 0 0 1

COosa cosB cosasing —sina
—sing cosB 0
sinacosB sinasing  cosa
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Thus,
€ Wy
& [=Re| w,
€3 W3

The orientation of the wind frame with respect to the inéft@me defines the flight path angles
of the aerial vehicles, shown in Fi®.5. The vertical planar component of the flight path angle is

denoted by, and its horizontal planar component is denoted/byrhe positive directions of these

€1
-
0} 3 , i

angles are shown in Fi@.5.

Horizontal Plane

Figure 3.5: The flight path angles

3.2 The Kinematics of the Airship

Here, the airship, including the moveable mass, is viewethantire system to compute its kine-
matics, and it is computed with respect to the inertial frafrem the above analysis, the translation
velocity of the airship with respect to the inertial framedsnoted byb = (i, j, KT; the angular
velocity is denoted byd, 6, ¥)T. The following two steps set up the relation between stateke
inertial frame with the states in the body frame.

e The transformation of the linear velocity

The linear velocity with respect to the body frame is giverMoy: (v1, Vo, V3)T. For a vector, it
can be transformed between fran@®;, e, e} andG{i, |, k} throughR;. Thus, forV and b, they
have the following relation:

b= R,V (3.1)
The expression dR; is already displayed in the above, in turns of the three Eargtes.

e The transformation of the angular velocity

Using Euler angles# 6, )", the Euler angular velocities with respect to the body frame
defined as follows: angular velocity of r(ﬂi = ¢i, angular velocity of pitc@ = 0j, and angular
velocity of yawﬁg = k. Here— denotes a vector. The above definition is valid under thenagsu
tion: there is only one axis that rotates at each time. If i tigdy rotates as in Fig8.3. The angular

velocity is:
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Q = yk+ 0y, + ¢e;

The transformation vectong andk to the body frame by the above rotation matrices are as fellow
(Beji et al.(2009):

cosd 0O sing 1 0 0 1 0 0
3=yl 0o 1 o 0 cosp —sing |es+60| 0 cosp —sing |e+¢er
—-sing 0 cosy J| O sing cosg 0 sing cosg
In the scalar form as:
Q 1 O —sing 1)
Q, |=| 0 cosp singcoso || o
Qs 0 sing cospcost ||

which is simplified as:
Q=R 0 )

Thus,
¢
0 |=RsQ
v
which is rewritten as:
7= R3Q (3.2)
where
n=@0y)"
and

1 singtand cosgtand
R:3=| 0 Cosp —sing 9¢g+7(7r
0 sing/cosd cosp/cosl
Note thatR; involves two Euler angles and its form is not unique, whicheatels on the order of
the rotation in the Fig3.3. Moreover,R;z is not an orthonormal matrix, which means tlﬁ%t;t Rgl.
Thus, the kinematics of the airship in the inertial frameigeg by 3.1) and @3.2).
The above can be described by the Lie algebra approach aw$oll

R: € SQ3), whereS Q3) is 3x 3 special orthogonal matrix, defined as follows:

SQB) = (R € R*IRR," =1, detR, = 1}
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wherel denotes a X 3 identity matrix. The attitude and the position of the aipsis decided by

(R4, b). The configuration space of the system is defined as:
SE3) ={(b.Ry)lbe R* R, € SA3)} = R¥x SQQ3)

S K3) can be represented by homogeneous coordinates, asdollo

(Rl b)
e SE3)
0 1

S K3) is a rotation matrix group. For example@fe S KH3), thenG is a transformation matrix of the

rigid body from body frame to the inertial frame.

3.3 The Forces Analysis

To set up the model of the system through the Newton-Euleroagp, the forces applied on the
system should be found and computed firstly, which is degiicteéhis section.

Two limiting assumptions are made at the outset of that @mafgr practical reasons:

1. the airship forms a rigid body such that aeroeladfieats can be neglected,;

2. the rigid body is symmetric about tlee — e, plane; the resulting center of mass of all rigid
body components, except the moveable mass, lies in theradritee volumeO.

This section consists of two parts, one is devoted to theefartalysis of the moveable mass,
another is devoted to that of the airship’s body.

3.3.1 The forces acting on the moveable masses

As depicted in Fig.2.10 and3.6, there exists a moveable mass to control the attitude. $isice
mass ism, and its position isty rp rps]’. U in Fig. 3.6 represents the force applied on the two
moveable mass by the rigid body, which is the only couplintyieen the moveable mass and the
rigid body.

Here,u = [u; W, Us]". uy is the force acting on the mass aloagby the actuatony, is the force
acting on the mass alorgg by the actuator, ands is the force acting on the mass aloegby the
rigid body.

3.3.2 Inertial forces and added mass

In fluid mechanics, the added mass or virtual mass is theianadided to a system because an

accelerating or decelerating body has to move some volunteeosurrounding fluid as it moves
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Figure 3.6: The force analysis of the moveable mass.

through it, since the object and fluid cannot occupy the sahysipal space simultaneously. For
simplicity, this can be modeled as some volume of fluid mowarity the object since more force is
required to accelerate the body in the fluid than in a vacusimr(nen 1982. Since the force is equal
to the mass times the acceleration, the additional foraecisded in terms of a virtualdded massf
the object in the fluid.

A simple example is presented to illustrated datded mass Consider a cylinder of radius
and lengthL, accelerating at rat% = Vv, shown in Fig.3.7. The hydrgaerodynamic force in the

direction is obtained by integrating the pressure over tha projected in th& direction:

dAx=cosb dA

Figure 3.7: The added mass around a cylinder

where

e dA,=costdA dA=Lds ds=Rd
e PressureP = —p (\'/r cosd + %vz)
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So
2 1
F, = f (—p (\'/r cosh + Evz)) COSHRLH
0

21 1 2
= —p-rL-\'/rf co§0d9—p-rL-§\'/2f coshde
0 0

=r =0
= —pnr?Lv

wherev is the acceleration of the body, and the negative sign ineldhat the force is in the negative

x direction, opposing the acceleration. Thus, this extredas applied on the body, and the apparent
added mass is:

My = par?L

Generally, in the potential flows theorem, is computed as follows:

0p; .
mj:—pqui%ds (i,j=212,...,6)
S n

wheren is the outward normal to the surfasavhich represents the body surfaeg.is the velocity
potential of the steady flow due to unit motion of the body iaithdirection.

Munk has shown that the added mass of an elongated body d@itievy such as the body of the
buoyancy-driven airship shown in Fig.4, can be reasonable approximated as that of an ellipsoid
with the same volume and the safeagthywidth ratio Brennen 1982. For an ellipsoid as shown in

Fig. 3.8 the added mass for the axial motion and the vertical motiergaven by 8.3) and Tab.3.1

vertical . — ]
P
L

Figure 3.8: An ellipsoid used to compute the added mass in two direction

4
Maga = K- éﬂpabz (3.3)

Table 3.1: The value of the factdk for differenta/b ratio Source(Brennen 1982).

a/b 1.00 150 2.00 251 299 399 499 6.01 6.97 8.01 9.02 9.97
k for axial motion | .500 .305 .209 .156 .122 .082 .059 .045 .036 .029 .024 .021
k for vertical motion| .500 .621 .702 .763 .803 .860 .895 .918 .933 .945 .954 .960

For any accelerating or decelerating object, there exisit#@d masses which are denotearhy

shown in the following equationTomasson2000. The added mass; is interpreted as a mass
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associated with a force on the body in the directiaue to a unit acceleration in the directign
Subscripts, 12, and 3 denote the translations alonge,, andes, respectively. 4, 5, and 6 denote

the rotations aroune, e,, andes, respectively.

M1 Mh2 Mz Mg Mhs Mhe Vi
Mpy My Mpz Mg Mps My || V2

V
E_ Mgy Mgz Mgz Mgy Mg Mg _3 (3.4)
Ma1 My Muz Maa Mus Mus || Q1
Ms1 M52 Mez Mes Mes Mg || 2

Moy Mgz Mz Mes Mes Mes || Qs

./ P
ds
g \\
O > X
ds
. \ P

&

Y

v
Figure 3.9: The inertial force for an irregular ob- Figure 3.10: The inertial force for a symmetric
ject object.

According to 8.4), assume that an irregular object moves alongxtdeection with acceleration
v as shown in Fig.3.9. For an irregular object, the forde does not follow thex direction, its

components in the three axis are:

Fy= —mllv
F,= _m31V

and the three moments around the three axis are:
Mx = _m41V
Mz = _mSlV
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But if there exists a symmetric plane for an object, asthe plane of the object shown in Fi§.10
the above forcé, and moment, are equal to zero since the pressure on symmetrical surdaees
identical. Thuspp; = ms; = O for this case.
For the airship, it is assumed that there exist three syntr@anese; — e, €; — €3 ande, — e,
thus, all non-diagonal components in the above added massrage equal to zero, and only the
components on the diagonal are kept.

The following will derive the inertial force caused by thedad mass with respect to the body
frame.

In an ideal fluid, the kinetic enerdl,qq Of fluid disturbances isghi, 1995:

6

1 6
Tadg = E Z Z mjee€j = m11V2 + rnszZ + m33V2 + rn44Q + m55QZ + m66Q2)
i=1 j=1

WhereEl =V,6 =Vo,63 = V3,64 = Q1,65 = O, 66 = Q3. The momentunB = (Bl; B,, B3)T and the
angular momentunk = (B4, Bs, Bg)" of fluid disturbances are related to the kinetic enéfgy

g = Taud (i=12--,6)
O
So,
B = M¢v
K=J:;Q.

whereM; = diag{my1 My, Mgs} andJ¢ = diag{mus Mss Mee}.

The inertial forceF, and momentV, acting on the airship are as follows

: :—(%—?+Qx B):—Mf\'/+(va)><Q

. :—(%—T+QXK+V>< B):—JfQ+(JfQ)xQ+(va)xv

where%‘f‘, ‘Lf denote the tlme derivative of momentuBnand angular momenturd with respect to

the inertial frame,dt and > denote the time-derivative in the body frame. Here, the aomepts

(M fv) X Q and(J fQ) X Q + (M fv) x v are Coriolis &ects which can not be observed in the inertial
frame.

3.3.3 Aerodynamic forces and moments

The aerodynamic model of the airship is an age-old reseapib, tand it has been rarely recon-

sidered since the airship peak during twenty to thirtiesast tentury. In this domain, a wealth of
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research was performed by Maxwell Munk in the 1920’s to 193®hich provided the basis for sub-
sequent modelling and other desigiunk, 1924 1923. The aerodynamic model presented here was
developed using the procedure outlined by Jones and Dedradrhis model includes expressions
for axial force, and moment on an axis symmetric airship. difect of these aerodynamic forcEg

and momentd , are present as follows,

F a (Xa, Ya, Za)T

(I—a’ Ma, NB)T .

Ma

Xa, Ya, andZ, are drag, sideforce, and lift, respectively. In some pnevisectionsX, andZ, are
denoted byD andL. L, M,, andN, are roll moment, pitch moment, and yaw moment, respectively
The aerodynamic forces act on the center of buoy@R:\By convention, the decomposed aero-
dynamic forcesF, lie in the velocity frame (namely the wind frame), and the neoits M, are
decomposed in the body frame.
SinceF, is defined with respect to the velocity frante, is rewritten with respect to the body

frame and denoted bly ,;:
Fat = RzFa (3.5)

whereR; is the transfer matrix from the velocity frame to the bodyriea
To keep the notations consisteMy is rewritten byM 4 and

Mat = Ma. (3.6)

For the explicit expressions the axis forces and momente teeist two approaches to process:
the exact one and the approximate one.

For an airship which is flying with spead angle of attackr, and sideslip anglg, the axis forces,
Xa, Ya, andZ,, and momenk,, M,, andN, are presented through an exact approaciVask, 1924):

Drag: Xa = 10.V23V2 (Cxo +Co az)
Sideforce Ya = %pavz/:svz (CyO + C:)B/ﬁ + C§2393)
Lift : Za = 1paV2PV2 (Czo + Cga)

(3.7)
Roll moment L, = 3p.VV?(Cpo + C[8 + C"Qy + C* Q)

Pitch moment M, = 2p,VV? (Cmo +Cla + C%ZQZ)
Yaw moment N, = 1p,VV? (Cmo +CEB+ CRQ, + C§3Q3)

Here,p, is the density of ambient aiF, is the volume of the airship. Thg’s are the aerodynamic

codficients which are computed from wind tunnel experiments.
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Note that since the buoyancy-driven airship has no the cdioreal control surface, such as the
elevator and the rudder, the expressions of the aerodyrfarsies do not include the deflection of the
control surface which is usually denoted by an ardgle

Since the airship moves slowly and the aerodynamic foreesvaek, to simplify the analysis of
the dynamics, these terms can be approximated as:

Fal Kpovi

Fa Ksrvz
Fao | | Fas | _| Kuvs (3.8)
Mat La KmL€2

M, Kmo

Na KnEQs

whereK; are aerodynamic cdigcients Repoulias and Papadopoul@908.

3.3.4 Gravity and buoyancy of the airship’s body

img

» C1

Figure 3.11: The rigid body and some forces.

For the airship’s body, excepted the moveable mass, its imass shown in Fig.3.11 Besides
the gravity, the buoyanangis applied on it. In the inertial frame, the compositéeet of gravity and
buoyancy is denoted bygg as follows,

Fee = (Ms — m)gk = (my — m)gk

wherek is a unit vector pointing in the direction of gravit¥gg is transferred to the body frame as
follows,

Feat = (Ms— mgR] k = (Mo - MgRT k (3.9)
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It is assumed that the center of gravity of the rigid body tesat poinO. So there is no moment

involved bymg and the buoyancy of the airship. In the body frame, the latiement is:

Mggt = 0 (3.10)

3.3.5 The internal forces and moments

There exists a reacting foreai on the rigid body (see Fig.11), and this is a significant fference

from the conventional airship and airplane. These intevasf;; and M;; are given by:

Fin = -u

Mint = IpX (—U)

3.4 Two Modelling Approaches

Here, two modelling approaches for a buoyancy-driven grslth internal moveable masses
are presented, which arefidirent from the views of the system’s structure. For the firstiatiing
approach, the rigid body and internal moveable masses anediindependently. The force of in-
teraction between the rigid body and the moveable massagetieas a control. The advantage of
this approach is that the interconnection between theipisdhody and the moveable mass is clearly
presented, and the modelling of the airship’s body can néf&r of the conventional airship which
is available in many reference. This is also the reason wayitst approach is chosen to set up the
model in this thesis. For the second approach, the rigid bodyinternal moveable masses are viewed
globally. The above force is treated as an internal force siistem’s dynamics are described in terms
of the total system dynamics and the moveable mass dyna8iiose the control is an internal force,
the total momentum is conserved for any variation of conffble advantage of this approach is that
it is useful for studying stability of the system. Meanwhillee disadvantage is that this approach is
more complicate than the first one.

As depicted in Fig.3.12, the airship’s rigid body and the moveable mass are syrbéss two
point masses. The two modelling approaches are preseniednasfollowing.

3.4.1 The rigid body and the moveable mass are viewed independently

For the first approach, the two subsystems, the rigid bodytl@dnoveable mass, are viewed
independently. Thus, the equations of motion involve th@sfational and angular motions of the
rigid body and the moveable mass. For simplicity, the dyrars represented by the momentum of
the object.
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Figure 3.12: The rigid body and the moveable mass with respect to the inertial frame anddizérame.

Let p, , andp, denote the translational, angular momentum of the rigid/taoii the translational
momentum of the moveable mass, respectively. Notethat andp, are all of these in the inertial
frame. Accordingly,P, I, and P, denote these states in the body frame. According to the Nesvto
laws, the total external force and moment are denoted as:

p= > foa— Mgk - Rlu (3.11)
pp = Mgk + RTu
where Y, feir denotes the total external force, besidegandu, applied to the rigid body.), Tex:
denotes the total external torque, besides the torquegaindu.

With the transformation between the inertial frame and thdylframe, one gets:
n=RiIl+bxp
Pp = Ry F)p

Differentiating 8.12) and substituting the kinematic equatidhl) gives:

= Rl(ﬁ+QxH)+ Rvx p+bxp
p=Ry(P+QxP) (3.13)
Pp = Rl(F’p+Q>< Pp)

Substituting 8.117) into (3.13), yields the following equations of motion in the body frame

N=NxQ+Pxv+ RTZrext—rpxu
P=PxQ+R! > fou—mg(RTk)-u (3.14)

Pp = Py x @+ mg(R'k) +u
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From theP equation andbp equation in 8.14), the rigid body sustains a counterforce with the
magnitudeu from the moveable mass. This result is supported by the figuré&and the above

analysis. The control force couples the body and moveable masses as a multi-body system.

3.4.2 The rigid body and the moveable mass are viewed globally

Rather than considering the momentum of the rigid body séglgritom that of the moveable
mass, one may consider the total system momentum and amgoiaentum which are specified by
atilde,” © ’. But for the moveable mass, the expression of the momentuonstant. To keep the
uniformity of the notation, it is rewritten gs,.”

For this case, the3(11) transforms into:

7= Tea + px (M)
=) fe (3.15)
Pp = Mgk + RTu
wheremgandu do not belong to external forces any more.

After the transformation, the variables with respect toittegtial frame in this case is given by:

~

M=TMxQ+Pxv+ RTZText+ rpx(rﬁgRTk)
P=PxQ (3.16)
Po=P,xQ+ mg(RTk) + u
Note thatu does not appear in the equation ffand I5 which reflects the fact that internal
actuation can not alter the total system momentum.
By this analysis, the internal dynamic structure has beeogr@zed and exploited. These two

models are used for flerent purposes; they also aid the analysis and the contsigrdéor other

types vehicles, as well, including spacecraft and atmaspheentry vehicles.

3.5 The Dynamics Equations of the System

Even though the translational and angular momeHtaP, Py, can be used as the states of the
system, they do not directly and visually present the sy'steamndition. The translational and angular
velocity of the systemg, v, i, are better to display the airship’s motion. Thus, the ti@tishal and
angular velocity are used as the states of the system in libeviiog.

In this section the dynamics equations with new coordinafebe system are derived through

the first approach in sectidh4: the airship’s body and the moveable mass are viewed indieply.
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The dynamics of the moveable mass is firstly derived, and these of the airship’s body is derived

based on the force analysis in the previous section.

3.5.1 Dynamics of the moveable mass

If the airship is rotating with angular veloci®. According to the relation between the absolute
velocity and the relative velocity, the absolute veloeiyf the ballast in the body frame is as follows,

Vp=V+Tp+ QXTI (3.17)
The total external force acting on the moveable mass is diyen
Fp=(Mvp) x @+ MgRTk + u. (3.18)

According to Newton’s Second La®, = mv,, with (3.17) and @.18), the acceleration of the

moveable mass is derived as:

fp=—V—-Qxr,-Qxip+0(RIK)+V,x Q+u/Mm (3.19)
Since the moveable mass does not move inethgirection, namely 3 is a constant. Thusy; = 0

andrys = 0, from 3.19, one gets:

Us :rﬁ(V3 + erpZ — Qerl + Ql(prz + V2) — Qz(ZI;pl + Vl) (320)

—gCOSH COSP — Q3F 3 + QoQ3(I 2 + ') — Qirrﬁ)

3.5.2 Dynamics of the airship’s body

Let Bs andKg be the translational and angular momenta of the airshipgly.bbhey are expressed
as,
Bs = myv (3.22)
Ke = JQ (3.22)
whereJs is the matrix of the moment of inertia af; of the airship’s body.

Thus, the total force , denoted I, and moment, denoted by, acting on the body are derived

through the above translational and angular momenta aseill

_ dBs _ dB
Fs = rralialer + Q % Bg
= mgV+ Qx (M) (3.23)
dKs dK
Mg = dtS: dtS+QXKs+VXBs

= JOQ+ QX (JQ) + VX (M) (3.24)
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From the analysis in sectidh3, F; and Mg are derived as follows:

Fs=F + Fa+ Fgg + Fint

= —MV+ (MV) X @ + For + (mp - MRk - u (3.25)
Ms= M| + Mg + Mgg + Mjnt

= -J1Q+(J1Q) x @+ (M¢V) X V+ Mg + 1y x (-U) (3.26)

Obviously, combining3.23 and @.25), (3.24) and @3.26), the dynamics equations of the airship’s

body are derived as follows:

V=M"T(MVXQ+Fqy + (M- MgR k- u) (3.27)
Q=J3"(JQXQ+MVXV+ Mg —rpxu) (3.28)

where the mass matri and the moment of inertia matrik are given by:

M = msZ + M¢ = diagimy m, mg} = diagimg + mMy; Mg + My Mg + Mg}
J=Js+J; =diagd;s Jo J3} =diagly+mus |y + mss |, + Meg}

Actually, the dynamics equations of the airship’s body casimplified as the following form:

{ V= M_l(Fd+Fat+FGB+Fint) (3.29)

Q=31 (Mg+ Mg + Mgg + Min)

Here, the force vectoF 4 contains the Coriolis force and the centrifugal force of tlyaaimic
model, andMy contains the moment of the Coriolis force and the centrifdigade. F4 and My are

given by:

Fqo=MvxQ
Mg=JQXxQ+ MvXV

3.6 The 8-DOF Mathematical Model

As the airship is driven by change of the net lift, and it isessary to control the mass of ballonets,
through the inputi;, asm, = uz. Thusmy = m,+m+us—m, which means thaty in the mathematical
model includes a control input.

Combining equations3(1), (3.2), (3.27), (3.29, and @.19, the mathematical model of a 8 DOF



48 CHAPTER 3. MODELLING OF THE BUOYANCY-DRIVEN AIRSHIP

buoyancy-driven airship is obtained as

b Riv
i RsQ
v |=| MF (3.30)
Q J-IK
Fo T
where

K = JOXQ+MvxV+ My —diagl10-(r,xu)

F = MvxQ+Fgq+(mo—MgRIk-u

T = V-Qxrp-Qxip+g(RIK) +Vpx Q+u/m

3.7 Conclusion

A full mathematical model in 3D which has 8-DOF for the buogigariven airship is derived for
the first time in this chapter based on the Newton-Euler agagroThese 8-DOF consist of 6-DOF for
the airship’s rigid body and 2-DOF of the moveable mass. tiginathe independent or global views
of the rigid body and the moveable mass, the modelling isifsagmtly simplified. According to this
difference, two approach to set up the model are presented. Mresgproaches have respective
advantages. Total forces and moments acting on the airshigrelyzed and computed. The model

derived in the chapter is this basis of the analysis for teeatthe thesis.
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The complete 8-DOF model was derived in the previous chaptetous open-loop simulations
are necessary to do with this mathematical model. The gafleske simulations is not only to verify
the mathematical model, but also to further understandyharmic properties of the airship. Through
various simulations, the reactions of the airship to theators (internal air bladder, moveable mass)
and its behaviors under instant disturbances are cleadylmactly presented.

Note that the so-calledpen-loopsimulation in this chapter is not a strict open-loop, siroe t
real control of the airship is the foraeand the mass of the internal air bladdgr Here, the force
u acts through the airship’s body to control the translatibthe moveable mass. To clearly display
the connection between the translation of the moveable arasthe behavior of the airship, in some
simulations of this chapter, a feedback control is used eririternal forceu to keep the moveable
mass at certain constant places. With these simulationg,the position of the moveable mass
Impacts the airship is clearly presented.

The dynamics of the airship in the longitudinal plane is edeed since this dynamics is the most
fundamental and important for the airship. But it is not easgrialyze and control this dynamics due

to its complex nonlinearity. The longitudinal dynamics smsits of six states and two controls. A

49
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common approach to control a nonlinear system consista@atizing the system around an equilib-
rium, and then analyze and control this linear system takiaglace of the original nonlinear system.
An approach based on LQR is presented first in this chapter.LQR is an important and classical
theory of optimal control and used to solve the LQG problenictviis one of the most fundamental
problems in control theory. However, as everyone knowsaavidack of the linear control based on
LQR theory is the limit of validity of the linear control fohé original nonlinear system due to the

linearizing approximation.

A nonlinear control for the system is necessary. In thispeesve, a reasonable simplification
is made. During the ascending and descending periods, isl@mjust adjusts the position of the
moveable mass to cope with general disturbances. Theréf@aet lift, namelym,, my, anduy, is
constant during these periods. When the airship transfénseba the ascent and the descent, the mass
of the internal air bladdam, is subject to an open-loop bang-bang control. Thus, forahgitudinal

dynamics, there is only one control, the internal fangewhich is subject to a nonlinear control.

One major achievement of modern nonlinear control is feeklb@aearization (sidori, 1989
Conte et al. 2007 Isidori and Moog 1989. This theory has been widely applied for flight con-
trols (Lane and Stengell988 Sun and Clarkel994). Unfortunately the airship system is not fully
linearizable, the main drawback is that a nonlinear intedgaamics will remain in the closed-loop
system which may be unstable. The stability of the interyalaghics of the two nonlinear control
scheme based on feedback linearization presented in ctapteroved, and surprisedly, analytical
control solutions are shown to be computable. These nanlioentrols are parts of the mainly con-
tribution of this research. Partial content of this chajias been published i\ et al, 2009gb,
201Q 20113.

All control defined in this thesis are state feedbacks. Tlaetpral issue of measurement or of
observer design is beyond the scope of the thesis. Obviaiplagmatic application of the feedback

controls will require additional work about available me@snents and some state estimation.

This chapter is arranged as follows: sectibhexplicitly presents two dierent control objectives
which are adopted in this chapter. The longitudinal modelagved from the full model ant its
equilibrium is computed in sectich2. The reactions of the airship to the two control, the tratisha
of the moveable mass and the mass of the internal air bladdeisimulation in sectiod.3. It is
demonstrated that the attitude of the airship is mainly ratled by the translation of the moveable
mass and the ascent or descent is mainly controlled by the afdke internal air bladder through
simulations in this section. Secti@gh4 presents two simple control scheme. One is based on LQR,
and another is based on an input-output feedback lineamzaDue to the drawback of these two

controls, sectiont.5 explicitly presents a control scheme based on maximal edbnearization
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with internal stability. In this progress, the dynamicshie tongitudinal plane is deeply analyzed and
many properties are displayed. Sectibficoncludes this chapter.

4.1 Control Objective

For the autonomous flight control, generally, there exist t@ntrol objectives:

Goal 1 The aerial vehicle is controlled to follow a desired direntand speed. As shown in Fig.
4.1, a flight direction is defined by two angles:andy. Thus, for this objective, only the direction
and speed need to be controlled.

k

A

G /’//::/Xie € }v// > 1

Figure 4.1: Reference flight angle and speed.

Goal 2 The aerial vehicle is controlled to track a desired pathst@wvn in Fig.4.2, the objective
is to decrease the errarbetween the actual flight path and the desired path.

-y

Figure 4.2: Vehicle controlled to track a path

In this chapter, th&oal 1is chosen as the control objective for the nonlinear cordasled on
feedback linearization, and the desired direction is ddflmes. andvy,; the desired speed is defined
by Ve. The subscripe denotes the values of the states on the equilibrium. Theytieellsolutions
for other variables on the equilibrium are solved in thisptka TheGoal 2is adopted for the linear

control based on LQR in sectigh4. Thus, an additional variablez is added.



52 CHAPTER 4. ANALYSIS AND CONTROL OF THE LONGITUDINAL DYNAMICS

4.2 The Longitudinal Dynamics and Equilibrium

The longitudinal dynamics is decoupled from the full modeB(). The momentum of the move-
able mas$, can replace the stafg in (3.30. Through that way, an alternative of the coordinate is
offered. These two coordinates have respective advantaget)enare both used in the rest of this
chapter.

4.2.1 The longitudinal dynamics

As a remark of the next chapter, the longitudinal motion caoodiple from the lateral motion
when the turn rate is small (the explanation locates seétibrd). Here, the turn rate is assumed to
be zero, and the dynamics restricts in the longitudinaleldine longitudinal dynamics is decoupled
from the complete modeB(30. This is a general approach for aerial vehicles as donBei €t al,
2004 Hima, 2005 Kulczycki et al, 2008 Ouyang 2003. As depicted in Fig.2.9, the principal
behavior of the airship is to fly in a sawtooth path. Thus, tdmgltudinal dynamics which restricts in
thei — k plane andg; — e; plane is the most important and most fundamental dynamitisecdirship.
Here, the — k plane ande; — e; plane overlap.

Since the airship only moves in the longitudinal plane, saa@ables are set to zero. Thus,
attitude angleg = ¢ = 0, the translational velocity, = 0, angular velocitie®); = Q3 = 0. Since the
moveable mass only moves in the longitudinal planese 0, andrp, = 0.

Substituting the above restricted conditions into the migtdtical model¥.30), the motion equa-
tions in the longitudinal plane is derived. These equatamedisted in 4.1):

6 =Q
Qz :J—lz(Ma—rp3U1+rp1U3)

Vi = % (Faa + (M—mp)gsing — mgvsQ, — Uy)

| 4.1)
V3 = = (Fag + (Mo — M)gcoss + myviQ; — Ug)
i;pl = —Vl — erpg — gSin@ — (V3 - Qerl)QZ + u1/rT1

whereuz = rﬁ(\'/3 + erpz + Q4(2f g2 + V) — gcosh — erm), Fan = —cosaX; + sinaZ,, andF43 =
—SinaX, — cosaZ,.

As an alternative of the mode$ 30 and ¢.1), the momentum of the moveable md3sis used
to replace the, in (3.30. A new control input which represents the total force actr@moveable
mass is defined as well, which isfidirent from the model3(30 and @.1) where the control is only

the force act by the rigid body. These twdfdrent coordinates are both used in the rest sections.



4.2. THE LONGITUDINAL DYNAMICS AND EQUILIBRIUM 53

From 3.17), the momentum of the moveable mass is as:

Pp:ﬁwp:rﬁ(v+'rp+ﬂxrp). (4.2)

Thus, the time-derivative of the above equation yields éhation between the, andf , as:
Pp:m(V+fp+erp+Qxfp) (4.3)
(4.4)

From @.2) and @.3), the following state transformation is derived:

fp=Pp/M—(V+Qxry) (4.5)

Substituting 4.5) and @.6) into the complete3.30), the stater,, is replaced by a new stat,, and
the differential equation off, in (3.30 is replaced by:

Pp=Ppx Q+mgRIK) +u

Here, the total external force on the moveable mass is viesesl new contrali to replace the
original controlu. Thus,
Pp =i = PyxQ+mgRIK) +u (4.7)

From (@.7), the relation between the new control and the original g defined as:
u=0-P,xQ-mgRk) (4.8)

Substituting ¢.5), (4.6), and @.8) into the @.30, the complete model with new coordinates is

defined. Under this new coordinates, the longitudinal dyinams given by:

0 =Q,
. 1 _ . - -
Q, :J_ ((rn3 — ml) ViV3 — (rplppl + rp3Pp3)QZ + My — mQrpl Ccosé + Ip3 S|n9) — Ip3ls + rp1u'3>)
2
. 1 . . -
A = (—m3v392 — P32 — mpg sing + X, cosa — Z; Sina — Ul)
1N

. 1 . -
V3 =— (m1V192 + Pp Q2 + Mpg cosh + X, Sina + Z, cosa — u3)
f —1P Vi — gQ

pl—rﬁ pl 1 p3=<2
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whereus = Pp3 = M(Vz — FpQ — rplfzz); the components of the moveable mass’s momerfym=
M(F p1 + V1 + Ip3€2) andPyz = M(vs — rpnQy). If this model is totally expanded, it reads:

6 = Q (4.9)
Q, = TiHi+ ToH, (4.10)
\71 = H3/m1 (411)
V3 = T2H1 + T3H2 (412)
|.'p1 = Ppl/n_1— Vi — rpg.Qz (413)

P = U (4.14)
where
Mz +m
T, —
Jo (Mg + M) + Mmry,
rﬁrpl
T, = ——
Jo (Mg + M) + mnyr,
Jo + mr?
T; = Pt

J2 (Mg + M) + mmyr2,

Hi = (mg—my)Vvivs— rﬁg(rpl COSH + I'p3 sin@)
— (rprPpr + e (Vs = 1p1Q2)) Q2 + M,
—I paly + MrpQ (vl + rpggz) — 1 Q2P

Hy = mviQs + PpiQs + mpgcosh — Z, cosa
—Xasina — MQa(Vy — rp3Q7) + Ppi;

H3 = —mgvsQy — m(vz — rpQ)Q; — megsing

+Z5Sine — X3 cosa — Uy

With the model 4.9)-(4.14), the controlu; is equal to zero at the equilibrium. However, these two
models are the same in essence. From the above computai®mc)ear that either model(1), or
model @.9)-(4.14), they are both complex.

4.2.2 Equilibrium of longitudinal dynamics

To compute the equilibrium of the states for a steady flighih i the longitudinal plane which
Is specified by a desired flight path angleand a desired spead, the left hand side of the equation
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(4.1) is set to zero. The substitutian = —gmcos¥ yields:

0= (4.15)
0= Jiz (KmaeV§ — MYCOSHel p1e — MYSINGer pge) (4.16)
0= % (— cosae(Kgo + Kga2)V2 + sinaeK aeVZ — Moeg sinee) (4.17)
0= % (— sinae(Kgo + Kga2)VZ — cosaeK aeVZ + Moeg cos@e) (4.18)
0 = —gsinfe + u;/m (4.19)

whereKgo = 20,V%3V2Cyg, Kg = 20.V3V2CY, K| = 20,V%3V?CY?, Cp = 0, andKy, = 2p.VV2CY.
From @.17) and @.18), the following equation is derived:

sinfe  — Cosae(Kyo + Kga?) + sinaK e sin(@e — A
¢ = — o(Kao + Kaat) T tan6e = sin@e — A) — tanb, = tan@e — A)
cosfe  Sinae(Kgo + Kgad) + cosaeK ae cos@e — A)
where simA = Kao+Kgag = flve

, COSA =
V(Kao+Kaa2)2+(Kiae)? V(Kao+Kga2)2+(Kiae)?
Thus,

O = ae — A — tanA = —tan@. — ae) = —tanée
So,
KdO + Kda’g
Kae
It is assumed that the above equation can be solved undeotigition (tant.K)? — 4K Kgo > 0

= —tané, — Kga?2 + tanéKiae + Kgo = 0

as:

- tanfeK| + \/(tanfeK|)2 - 4Kd KdO
Qe =
2K4
Since the flight path angleis in the domain{n/2, 7/2), and the approximate aerodynamic expres-

sion is valid only at small angles of attack, the solutiomra$ chosen as:

e = —tagli‘;K' ; Z—id Jan&K:)2 — 4KqKgo (4.20)
Thus, the equilibrium of is as:
Oc = ée+ e (4.21)
Due to tarw = 2,
Vie = COSaVe (4.22)
Ve = SinaVe (4.23)

From (4.16) and @.17), the following equilibrium is derived:
KmnaeV?

ple MgCOoShe el p3 ( )
1 2\ /2 : 2
Mee = (— COSa'e(Kdo + Kda/e)Ve + Sma’eKlafeVe) (425)

gsiné
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From the above computation, the equilibria of states arepeed by ¢.20 - (4.25

4.3 Open-loop Simulation

To demonstrate the validity of the mathematical model in ghevious chapter and to further
understand the airship’s behavior, the open-loop simarait done based on the nonlinear model
(3.30. The airship’s equations are integrated into MATL/ABnulink for rapid simulation. The
simulink model is shown in Figd.3.

MATLAB
Function

Dynamic Model

MATLAB
Function

Aerodynamic Model

u_4 P
A L‘ MATLAB ‘

Air Bladder Mass 4>I Function

Gravity & Buoyancy

Mass Matrix

dot (v)

dot(Omega )

1 b

dot (r_p) s phi
Integrator Integrator 1theta
psi

L

Product

ddot (r_p)

A ;‘ MATLAB ‘
>

». Function

Internal Dynamic Model

Internal Force

MATLAB
Function

Moveable Mass Model

Figure 4.3: The airship’s simulink model

4.3.1 The reaction to the variation of the mass of the internal air bladder

The function of the internal air bladder is to control theea@and descent of the airship. Through
the modification of the mass of the air bladder, the net buoydlift) m, is changed. The airship
keeps a stable status in the aim§ = 0, which has been simulated and are shown in Eig. The
airship ascends iiny < 0; the result of simulation is shown in Fig.5wheremy = —10 kg. On the

contrary, the airship descendsi§ > O; the simulation is shown in Figt.6. wherem, = 10 kg.

4.3.2 The reaction to the translation of the moveable mass

As depicted previously, the moveable mass is used to cothiechttitude of the airship. When

the moveable mass moves in the longitudinal direction, tkeh@angle of the airship is modified
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Figure 4.4: The airship stops in the air when the lift ~ Figure 4.5: The airship ascends in the air when the

is equal to the weight lift is larger than the weight.
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Figure 4.6: The airship descends in the air when the lift is smaller than the weight.

accordingly. Similarly, when the moveable mass moves idateral direction, the roll angle of the
airship is modified accordingly. These behaviors are dygaahrough some open-loop simulations
as following.

For the initial condition as,; = —1.15 mand all other variables are zero (similar to the case
shown in Fig.2.11and2.12), the airship has a pendulum motion in the longitudinal plaa shown
in Fig. 4.7. In this case, the airship is similar to a pendulum to a cegatent. The fact that the pitch
angle is mainly decided by tirg, is explained in sectiofi.2. This is recalled and illustrated in Fig.
4.8. The equilibrium ofr is derived in ¢.24). When the airship is static (no translational motion),

the relation between the pitch anglend the longitudinal translation of the moveable magss:

r
tang = =
On the equilibrium, the variation of the pitch angle accogdio the motion of the moveable mass

Is simulated and the result is shown in Fgo.
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Figure 4.7: The pendulum motion of the airship ac-

cording to the specified initial conditions

-1

100

50
time (s)

100

Figure 4.8: The stable situation of the pitch an-

gle and the longitudinal translation of the moveable

mass.

Similarly, for the lateral dynamics, the roll of the airshgcontrolled by the lateral translation
of the moveable mass,,, which is shown by the simulation in Figt.10. On the equilibrium, the

relation between the roll angle and the lateral transladfdihe moveable mass is:

!
tang = -2
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Figure 4.9: The pitch angle is mainly controlled by

the longitudinal translation of the movable mass.
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4.3.3 Open-loop flight in the longitudinal plane
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Figure 4.10: The roll angle is mainly controlled by

the lateral translation of the movable mass.

According to the equilibrium derived in the subsectibf.2 there is no doubt that the buoyancy-

driven airship with the mathematical modél.1) or (4.9)-(4.14) can fly follow the trajectories of

ascending and descending as shown in Rig, but it is interesting to check the airship’s behavior
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under the disturbance and if the airship can smoothly cdweetransferring points as the A, B,and C
in Fig. 2.9. Such open-loop simulations are done next.

From the result in the subsectidrn2.2 the nominal values of an ascending motion is calculated
and listed in Tab4.1 Note that, according to the definition in sectidri..3 the minus value oiny

here means that the total weight of the airship is larger tharift, and the net lift is minus.

Table 4.1: The nominal values of an ascending segment

Term 0 M1 Vi V3 Mo
25° -082m 3m/s -0.24m/s -3kg

Ascent

With this initial values, the airship steadily ascends ia kbngitudinal plane in a no-disturbance
environment. However, Figl.11and4.12show the airship’s behavior when it encounters disturbance
on & which is enlarged by .3° instantly.
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Figure 4.11: The pitch angle encounters an instant Figure 4.12: The dynamics of velocities and the tra-

disturbance at the 20th second. jectory under an instant disturbance.

Sufering this instantaneous disturbance, it seems that teéireited impact on the trajectory, but
the other variables, such as the pitch arfjleeed a long time to recover the nominal regime.

The buoyancy-driven airship flies along a sawtooth trajgcas shown in Fig2.9. Whether the
airship can smoothly cover the transferring points as A, 8 @nn Fig. 2.9 with an open-loop bang-
bang controlled moveable mass, deserves to be investifjhtze is bang-bang control on the net lift
too). The equilibria for the ascent and the descent areettawnd listed in the Taldl.2.

According to the values in Taldl.2, an open-loop simulation is done to show a continuing fly of

the airship whose ideal trajectory is shown in Fi§9. These simulation results are shown in Fig.
4.13and4.14
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Table 4.2: The values on the nominal regime

Term 0 Mot Vi V3 Mo
Ascent 2% -082m 3m/s -024m/s -3kg
Descent —-254° 0.82m 3m/s 0.24m/s 3kg

(m)

0 50 100 150 200

100 T T T

0 (deg)

~100 i i i
0 50 100 150 200

time (s)

Figure 4.13: The dynamics of the pitch angle and of the open-loop controlled moveable mass

From the first ascending segment of this simulation, a s@ddent under a fixed moveable mass
in a no-disturbance environment is smoothly done. But wheraitsfers to a descent, the airship
swings. This swing is mainly caused by the instant trarwtadif the moveable mass, which is similar
to the swing of the airship in Figl.7.

To minimize the swings of the variables in the open-loop,dh&nge of motion of the moveable
mass to a smooth motion is a feasible way. If the moveable spes®ls 16 seconds to move between
the —0.82 m and the B2 m on the longitudinal direction, the swing of the airship isnmized as
shown in the Fig4.15and4.16

From the simulations in this section, disturbances willseathe swing of the system, and only
bang-bang control is not good enough to eliminate this swinghe rest of this chapter, controls,

linear one or nonlinear one, are tried to achieve the goals@stabilize the variables.

4.4 Two Basic Controls

From the above result, the longitudinal dynamics consikgxostates and two controls (the net

lift is subject to the bang-bang control sometimes). As seardy results, two control schemes based
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Figure 4.14: The moving trajectory of the airship and the velocities with respect to the vadhef

on LQR and an input-output feedback linearization are amred respectively. These two theories,
LQR and state feedback are basic and important theorie®fdrat problems. They are also easy to

adopt. Thus, the results of this two approaches are praetérge

These two approaches adopt the moded)¢(4.14), and they both need the linearized model of
this nonlinear one. Thus, its linearized model is derivest.fir

The motion of airship can be split into two motions, the refere motionx, with @i, = 0 and
the disturbing motiomx andAlli; which are the dynamics away from the equilibrium. Substitut
X = Xe + AX andu; = Al into the nonlinear model(9)-(4.14), the result only keep the first-order
of Ax andAly, neglected high-order terms. Then, the linearized modeldproximation, around the

equilibrium pointxe, is derived as:

AX = AAX + BAl, (4.26)

wherex = (6, Q2, V1, V3,1, Pp)T, Alis a 6x 6 constant system matrix, aftiis a 6x 1 input matrix.

Note that ¢.26) can not be confused with feedback linearization consalaresection4.4.2

Given nominal values of states ate= (6, Q2,, V1., Va,, I p1.» Pp1.)" = (0.44,0,9.97,-0.8, -1, 299Y.
These values are computed from41)-(4.25. The linear approximation around this point is

X = AX + Bl (4.27)
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Figure 4.15: The dynamics of the pitch angle with respect to the smooth motion of the movealde mas
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4.4.1 Linear control based on LQR

Since theGoal 2is adopted here, a new state which depicts the distance betive actual flight
path and the commanded path is added.

As shown in Fig.4.17, on the equilibrium, the commanded flight path (straighe)iof the airship
is defined and overlapped with teg axis of the body frame. The inertial frame under this situati
is defined as— G — k as shown in that figure. At timig the actual position of the airship i%, € with
respect to the inertial frame, ankl (Z) with respect to the body frame. As known from the FigL7,
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Figure 4.16: The moving trajectory of the airship and the velocities with respect to the smodibmud the

moveable mass
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1 " Commanded Path
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Figure 4.17: The airship tracks a desired flight path

Z is distance from the airship to tleg axis of the body frame. As depicted previousdyis also the
distant to the commanded path. By the rotation matrix, theadee from the airship to the desired

path is

Z = — SiNéeX + COSEeZ (4.28)
Differentiating ¢.28 and substituting, vz andé, the perpendicular velocity to desired path is

7 = —sin&e (V1 COSA + V53 SiN6) + COS&e (—V; SING + V3 COSH) (4.29)

Thus, for theGoal 2, a new stateg and4.29should be added to the model. Moreover, to follow a
desired flight path, another control, the mass of the intexindbladderm, = u, is needed. Thus, for

- - 4 T .
a mission ofGoal 2, 7 state{@, Qp, Vi, V3, I'p1, Pp, z) and 2 controlgu;, u4)T are involved.
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The linear quadratic regulator is a well-known arfiogent theory for control problems; it pro-
vides practical feedback gains. It is assumed that all stateare available for the control. The

infinite horizon cost function is defined as:
J= f (x"Qx + u"Ru)dt
0

The weight matrice®) andR are tuning parameters. There is no general way to define thes/a
of these parameters, and their values depend on their warghthe user’s choices, which deeply
impacts the performance of the closed loop system.

The feedback control law that minimizes the value of the st
u=—-K(X=Xe) (4.30)

whereK is given by
K=R'B'P

andP is found by solving the continuous time algebraic Riccatisgopun
AP+ PA-PBRB'P+Q=0

The above computation can be done in MATLRRNd the feedback gaif is derived by the com-
mand Igr@, B, Q, R, 0).

With the linear feedback4(30), the airship tracks a desired flight path, which is simuladad
shown in Fig.4.18

300
250
200 -

E 150}
~

Desired _~
100 Path ~

ol Flying Path

0 200 400 600 800 1000
x(m)

Figure 4.18: The airship with linear control tracks a commanded flight path.

Nevertheless, such a linear control for the original nagdinsystem is only valid in a small neigh-
borhood around the equilibrium. The linear control no marsuges stability and the airship crashes

down when the disturbance is large, for instance when thiarbsnce orv; is larger than-4.5 m/s.
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4.4.2 Nonlinear control based on an I/O feedback linearization

Here, a nonlinear control based on input-output lineanrat derived for the modeli(9)-(4.14)
with internal stability is proved. Th&oal 1is adopted here. The motion of the airship no more
tracks a desired path, but tracks a desired flight afgddown in Fig.4.19 Sincef¢ = 6 — a, thus, the
control objective is also to stabilizeanda. As tana = va/v;, the stabilization ofr can be achieved
by stabilizing ofv; andvs. Thus, for the systemi(9)-(4.14) which involves six states and one control
(the mass of the air bladder, is subject to an open-loop bang-bang control), a state sedis
expected to stabilize all six states.

~J Et;e

<>

" Commanded Flight Path Angle
G < Ee g g g

1

Figure 4.19: The airship tracks a commanded flight angle

Consider the output of the systen* X, in these six states, bothandr,, have relative degree 2.
However, it is easy to check that the outgut ry, yields a non minimum phase systems and thus, the
input-output linearization can not be applied; whereasothiput functiony = 6 defines a minimum
phase system. Let us check tlyat r; yields a non minimum phase system. This is done through
the approximate linearization of the input-output systerd through the computation of its zeros.
Whenever, the linearized system has no zero on the imagixasythen, it is possible to conclude
about the local minimum phase property of the nonlinearesgstWhen the linearized system has a
zero on the imaginary axis, and no zero in the right half cexplane, then, the nonlinear system
may be either minimum phase or no minimum ph&set{ne and Lj 1991).

With the linearized form4.27), the transfer function for the outpyt= 6 is computed as:

—0.025* — 0.02s® — 0.1s*> — 0.08s — 0.005
1008 + 67s° + 1.95* - 2383 -5 — s

and it for the outpuy = r; is computed as:

_ 365"+24s*+ 0.3+ 0.2s+0.01
10085 + 67 + 1.95* — 2383 - 582 — 5

The four zeros of F, have strictly negative real part, whereas some Bf have positive real part

TF, =

Tk,

and thus are unstable.

Since the linear approximation of the systefrof-(4.14) with the outputy = 6 has stable trans-
mission zeros, the nonlinear system has locally stabledagramics and thus the system is minimum
phase Conte et al.2007).
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Note that the four zeros @fF; lie close to the imaginary axis, but in the left open half céewp
plane, thus, the system is weakly minimum phase. Feedbae&rlzation ofy = 6 will yield some
undesired oscillations.

I/O linearization of 0
Since the relative degree of the outgut 6 is 2, it proposes the following desired error equation
e+ 118+ e=w;
wheree =y — 6, 0 is the desired value fat, andw; denotes a new control. Equivalently,
0+ 110 + 10(0 — 60) = Wy (4.31)

A1 and Ay assign the poles of the error dynamics. Substitutih§){(4.14) into (4.31), the equation
can be solved and the contnal i$ derived, as follows,

U1 = Ta(Ha — Wi + 1195 + 20(6 — 6e)) (4.32)
where,
Jomg + Jom+ rﬁrglmg
T4 =
r'pé‘»(m?: + I’ﬁ)
H4 = Tl(Hl + rpgljl) + T2H2

(4.32 is the nonlinear feedback control of the system.Wwet 0, and substituting4(.32) into the
system {.9)-(4.14), the closed loop system will be derived.

The choice of the values af, and A not only has a direct impact on the motionsand(,, but
also a significant one on the statgsvs, r,; andPp. The impact on thé andQ; is easy to analyze,
but the transient responseaf v, rp; and Py remains unclear due to the nonlinear equations. By

trying different values of; and A, different performances of the controller are presented.

Simulation results

Only a ascending segment is considered here. The conditidhe descent are the same as the
ascent with only reversed values of the commands and thétnet |

As to the values ofl; andAy, there is a tradgbbetween the performance ®@andQ, with respect
to the one of stateg, vs, ry; andPy;, and thus they must be carefully chosen. Threkedknt sets of
A1 andAg are chosen to compare. All of these simulations are undesaine initial errorg\ = +5°
andAv; = +2 m/s.

To compare the results offtierent parameters, the poles unddfatent sets of parameters should

have the same negative real partgstabilizes in a similar period as shown in Fig20.
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Figure 4.20: Three Diterent Assignments of Poles

1. First strategy: two complex poles

The poles are chosen to be of the fosms —a(1 + i). For the reported simulatioa,= 1/4, so
A1 = 1/2 andiy = 1/8, see Fig4.20a. This is called Controller No. 1.

2. Second strategy: a double real pole

Both poles are placed ata, with a = —1/4, see Fig.4.20b. So the controller No. 2 is with
A1 = 0.5 and1y = 0.0625.

3. Third strategy: a dominant real pole

The last considered strategy is to obtain a first-order sponse by placing a dominant pole.
Controller No. 3 has two dlierent negative real poles. One pole close to the imagindsy ax
another is far away from the imaginary axis. lt= —%1, S = —%), see Fig. 4.20c, so
A1 = 25.25 andiy = 6.25.

The dynamics ofl andQ, under these controls are presented in Bigland4.22 Fig. 4.23and
4.24are the dynamics of; andvs with the controller No. 3. For dierent controllers, the fierence
on dynamics of/; andvs is the final amplitude. Fig4.25- 4.27are the dynamics afy for different

controls.

Controller No.2
Controller No.2

Qz (deg/s)

—06F
Controller No.3 Controller No.1

08}

Controller No.1

Controller No.3

. . ; . . . . . . . 12 . . . . . . . . . .
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 3 40 45 50
Time (s) Time (s)

Figure 4.21: Comparison of Dynamics &f Figure 4.22: Comparison of dynamics @3,
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Figure 4.25: Dynamics ofrp; with Controller
No.1

Figure 4.26: Dynamics ofrp with Controller
No.2

Analysis of the simulation result

Generally, from the simulation results, the system is stalpider certain initial errors with these
controllers, but the dierences between three controllers are significant.

In detail, from Fig.4.21, the three controllers have similar stationarity and reyigvhich is due

to the same negative real parts, see EigQ Both6 and(, stabilize at the equilibrium point quickly,
which is the goal of these feedback controllers.

As v; andvs, they have small periodic oscillations under three coadgj but the final amplitudes
are diferent. With controller No. 1 and No.2, the final amplitudes thie same,.Q4 m/s, for v;, and

vz, Which is small enough to be ignored. The controller No. 3dabghtly better performance. To
vy, the final amplitude is 01 m/s.

From Fig.4.25t04.27, itis clear to find that the controller No. 3 is better thantihie others. The

amplitude ofr; under controller No. 3 continually declines with the timef i is constant under
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Figure 4.27: Dynamics ofrp; with Controller No.3

controllers No. 1 and No. 2.

With these controllersy;, vs, rps andPp; have periodic oscillations, with a period approximately
of 3 s. These oscillations are caused by the zeros of the lineap=ijppation which are close to the
imaginary axis. Here, two of the zeros Bf; are-2.85x 104 + 2.16..

Remark: The internal dynamics of the system with outgut 6 is critical stable.

Thus, it is necessary to find an output with maximal relatiegrde to obtain the smallest and
asymptotically stable internal dynamics.

4.5 Nonlinear Control Based on Maximal Feedback Linearization

This section contains the main result of this chapter. Theeh@t.1) andGoal 1 are adopted
here. In this section the dynamics is analyzed, and an addamanlinear control is derived.

To analyze the dynamics and to derive a nonlinear contrahi®isystem, a progressive approach
from a simplified model to a complete one is adopted. The s@st@irship model corresponds to
the special case in which the airship freely rotates arotsdixed center of volume. The model
is identical to a prismatic-joint pendulum model. Basic mxjes are derived and a control law is
explicitly computed which solves the maximal feedbackdirmzation problem with internal stability.
Based on this fundamental model, and by dropping some risir$; two other less restrictive special
cases are considered for the airship. Although models beaoore complex, it is shown that the
results obtained for the most simple special case remaid, vatluding for the complete complex
model.

For several dferent special cases in this section, dummy output funcmescomputed which
define a minimum phase system and whose feedback linearizaifi achieve maximal linearization.

It is shown that the angular momentum of the airship playsya &k in these computations and
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Is instrumental for its full internal stabilization despthe intrinsic nonlinearity of the model.

This section is arranged as follows: sectib.lintroduces some basic knowledge on feedback
linearization and zero dynamics. Sectid®.2is devoted to the modelling and control of the most
restrictive special case of the airship whose center ofraelis fixed and which is only subject to the
motion of the moveable mass. The airship is liberated ini@eét5.3by dropping the assumption
that the center of volum@ is fixed, which means the airship can ascend and descends kette, the
center of mass is subject to a ballistic motion and the ctiabie subsystem is shown to keep similar
properties as the previous fundamental system. In Seéttod the airship model is completed with
the inertial forces and Sectieh5.5displays the full model in the longitudinal plane includitige
aerodynamic forces. Up to some approximation, the prevsgagem structure is still valid and used
to design a nonlinear control with similar performance.t®ect.5.6presents simulation results of a

continuing flight with the control in Sectiofl5.5

4.5.1 Preliminaries on maximal feedback linearization and zero dynamics

A standard way to control a nonlinear system consists initapfor a nonlinear state feedback
that fully, or partially, cancels out all nonlinear termssame suitable coordinates. This has been
one major achievement in the early years of modern nonliceairol theory. For completeness some
main results are recalled now that will be applied in the oéshis section.

Given a SISO nonlineartiane system,

) { %= £(x) + gOu

(4.33)

y =h(x)
where the statex € R", the inputu € R, the dummy outpuy € R, and the entries of, g are
meromorphic functions. According t@pnte et al.2007), if the relative degree of the outputis

n, the system4.33 can be fully and exactly linearized by feedback. Pick newrdmatesé =

(h, L¢h, -+, LTth)T and system4.33 is transformed into
=6

& = &

&n = a(é) +B(E)u
y=¢&

for some suitable(¢) andg(é).
Define the nonlinear state feedback as:
1

u= 2 @)+ V). (4.34)
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and the original nonlinear system is transformed into aalirsystem with transfer functiory&". By

choosingv = —1pé1 — 116 — - - - — Ah_1&n, the characteristic polynomial of this linearized system i
S+ S -+ 2= 0.
which is easy to stabilize. The overall nonlinear feedbackhe system4.33 is as,

u= ﬂ(_];C) (—a(€) — Apé1 — o — - — Ana&yn) -

Whenever the relative degree of the systdm3 isy andy < n, partial feedback linearization is

obtained as follows. Pick

& =h(x), &=Lih(x), -, & =L/ "h(x).

As system4.33) is single input, the left kerng}" of g(x) has dimension—1 and it is fully integrable.
Thus,g* can be written as

gL = Spar{dé:la ) dfy—l; d{}

where dim{ = n —y. Consequently, in these new coordinates, syste8f( reads
=6
& =al§, O +BE Qu (4.35)

é: q(fa {)
y=~&

The dynamicsg = q(&, ¢) are known as the internal dynamics and whengnisrconstrained to
zero, then it yields the so-called zero dynamiesdri and Moog 1989

£ =q(0, ¢).
The nonlinear feedback
1
u= ) (—a(§, &) +V) (4.36)

yields a linear transfer function from the new inputio the outputy asé. The feedback also yields
the unobservable dynami¢s= q(&, ¢). The dummy output of systemt 33 is easily stabilized
by pole placement as done ih.86. However the internal stability is guaranteed if and orlthe
unobservable zero dynami¢ss stable. This is exactly what is called a minimum phaseesgstnd
does depend on the choice of output only.

In the rest of this section, an output will be sought such iisatelative degree is maximal, and

such that it defines a minimum phase system.
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4.5.2 The airship with fixed center of volume

The dynamics in the longitudinal plane is impacted by thiewihg four parts:

1. the moveable mass which controls the pitch afgle
2. the mass of the internal air bladder which controls thedaltitude,
3. the inertial forces,

4. the aerodynamic forces.

Assuming that the airship is only subject to the motion ofrtie/eable mass to control the pitch
angle, and there is no other forceating the airship. In this situation, the moveable massadigt
impacts the angular momentum around the center point. Thandics of the airship is not only
restricted to the longitudinal plane, but it is also assuthed the center of volum® of the airship
is fixed, which means that the airship can only rotate arddrahd the longitudinal and horizontal
translation velocitiess andv, are zero, shown in Fig.28

These assumptions are summarized as:

Assumptions
A1: No aerodynamic force.

A,: No inertial force.
As: The center of volum@® is fixed, and the airship has no translational velocities.

The mathematical model of this fundamental case is derisddlws.

Model of the airship with a fixed center of volume

In the situation described above, the airship rotates arQuabepending on the forward and back-
ward motions of the moveable mass, as shown in EF@8 but O does not have any translation

velocity.

Figure 4.28: The rotation of the airship with the movement of the moveable mass.
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In this case, the airship is identical to a prismatic-joieh@ulum described in Fig4.29 The
rotational joint at the poinO is not actuated. The joint between the two links of the peumaiuis
prismatic and actuated. This pendulum, inverted or not,beeh considered as a standard control

example in many referenced/(e, 1999.

link2 M

Figure 4.29: The airship system with a fixed point.

Here, the rigid body of the airship is represented by the linkhich is fixed at the poinD, and
the moveable mass corresponds to the link 2 which can be mwoweeh actuator. The position of
the center of mass of the moveable mass in the body frame ifotiggudinal plane isr, rps).
The system can swing along with the actuator changing thiéigro®f m, which is the same as the
description in Sectiod.1.2 Here,r 3 is constant, as shown in Fig.29

For this casefFs = 0. The moveable mass impacts the angular momentum, whidflécted
by Mg = Mgg; with the constrain that the velocity= 0. Combining equations3(19), (3.23, and
(3.29), the model is derived as,

. 1 — - — . . —
6 =o01= _W,rgl(mrpgrple2 + 2Mrpgf 6 + MQrgy COSH + I p3U)

1

. _ — 3 ~ 2 n2 = L
ot = 01 = g ((Irp + M3, + Mr2,r )62 + 2Mrgar oo 16 (4.37)

— 5 . — J 2 2
-(J+ mrpl)g SiNG + Mgryar p1 COSH + (= + ot rpg)U)

where the inputi, andJ, are rewritten asi andJ, respectively; ando; are suitable notations which
will be used later on.

Maximal linearization of a minimum phase model

System ¢.37) is a special case of = f(X) + g(x)u wherex = (6, 6, rp1, fp1). Itis fully accessible

as it can be checked from standard computatisial@ri, 1989 that

dim spar(g, adig, ad?g} = 4.
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The distribution spanned blg, adig, ad?g} is not involutive, thus, system!(37) is not fully lin-
earizable by static state feedback. It is thus interestirigdk for a maximal linearization as done in
(Marino, 1986. Standard computation allow to check that the distriouspanned byg, ad:g} is
involutive. As done inl{larino, 1986, any state variabla(x) such thatlh(x) L{g, adg} will define a
dummy output whose relative degree is 3 and whose feedbaekrization yields a linear third order
subsystem and first order zero dynamics.

According to the notations inJonte et al.2007) the following results are obtained from system

(4.37):

Ho=0
‘Hs = spar{dg;, d¢o}
and H, is not integrable. The conditio!,, = 0 means that the system is fully accessibid;

represents the codistribution which consists of dliedtential forms whose relative degree is at least

3. Here ¢, and¢, are computed as,

M3 M1
»” __ arctan—2"

1.2 J ., 2
JE+T NEER

The mechanical interpretation of those functions is asfel Ing,, J6 is the angular momentum

¢2:9+

of the static mass of the airship in the longitudinal plame] @glé + rgsé + I'haf pr)Mis a longitudinal
plane component of the angular momentum of the moveable massnv,. So, ¢, is the angular
momentum of the whole airship computed at the p@iniNote thatp, is different fromK in Section

3.3.2which is the angular momentum of the inertial forcgsandg, also have the following relation:

1

J+(r3, +r3g)m

b2 ¢1. (4.38)

Up to some integrating factap, represents an integral of the angular momenggm

At this stage, any combination @f and¢, has relative degree 3 and its feedback linearization
will yield a linear controllable three-dimensional suligys with a one-dimensional zero dynamics.
The following result shows the possibility to ensure that siystem is minimum phase which has a
decisive impact on its internal stability and the feasipitif this control design.

Theorem 1. The system4.37) with the outputy = ¢; + k¢, has asymptotically stable zero

dynamics for ank > 0.
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Proof: As in Sectiont.5.1, under this situation, a new coordinate is chosen as follows

&1 = ¢1+ Ko (4.39)
& = ¢1 + Koo (4.40)
&= d1 + K2 (4.41)
{ = ¢ (4.42)

From a practical point of view, the right hand side of equagi¢!.39-(4.42 are computed using
a computer algebra software, as the lengthy expressiomséttunctions are trackable by computers.
Their result is directly plugged in the simulation system poactical tests. For instance, equations
(4.39 to (4.4 read:

Er=¢1 + Ko = 30 + (120 + 12,0 + 1 (gl o) M + k(O + —2— arctan—)

' _+ p3

2 2
Er=—mJr p1 COSH + I'p3 SING) + J0 + mrple + mrp39 + mrpgrpl)

2 2 (
J+mrp1+mr

£3=—MJ p1 COSH + MYy 6 SiNG — Mgryzd cosH — k(mrf)lg cost + 2mr§lfp1é (4.43)
+Mrpag SiNGr, + Mg COSHI 5y + 2MIpaf 511 o3 + 2Mpaf 516 55 + MY, sing

+ 29J COSH + 2r paf (10 + gz SINAI)M/ (I? + 2erf)l + 2erf)3

HPT ) + 2MPr reg + mers)

pl’ p3

The zero dynamics under this new coordinates is giveti byder the constraing; + k¢, = O.
Thus,¢; = —ké,. From @.39 one gets

1
J+(rey +r125)

£= = khr= - ~o1.

Thus,

k 1 I
J+(r2, +rgm”

l=-

So, for anyk > 0, the system is asymptotically stable hs (rpl + r2 ;)Mmis strictly positive and
bounded.

Control design and simulation

The family of dummy outputy = ¢; + k¢, for a varying real numbek is considered now. The
special case4(37) is stabilized through standard input-output linearimataccording to the above
approvement. Fromhheorem 1, itis mandatory to pick > 0 to ensure internal stability of the closed
loop system. Its actual value is a tuning parameter whichemites the velocity of the zero dynamics.

According to the feedback design in Sectiob.], the following error equation is considered,

Y+ 22y + 2y + 2o(y - ¥e) = 0 (4.44)
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whereye is the desired constant value fary = &; Y9 = &; andy® = &. Here,& are computed
by equation 4.43. The termy® is an explicit function of the contral asé, in Section4.5.1, which
can be rewritten ag® = a(&, &) + B(¢, ¢)u. Substituted the modett(37) into the first order time-
derivative ofy®, thesea(¢, ¢) andp(é, ¢) are derived by computer algebra software. Actually,
they are with long expressions and useless for practittoagthe feedback is directly plugged in the

control device. Thus, the contralis detailed in the Appendix of the thesis and reads as:

U =~ (125 + el + Aoéa - yo) + €, 0) (4.45)

The control ¢.45 requires the knowledge of all states available. Eventutdlpractical imple-
mentation will go through the design of a nonlinear obsewtach is out of the scope of this thesis.

For these simulations, parameté&rs 50,1, = 2, 1, = 2, 1o = 1. The initial values ob, 0, I p1,
andry are 415°, 0,-1.15m, and 0, respectively, and their commanded values &te036-1.15 m,
and 0, respectively. All mechanical properties used in thrigtions are listed in Tablé.3 where

the aerodynamic cdicients are borrowed fronQuyang 2003.

Table 4.3: Physical properties of the airship

Terms Values Terms Values Terms Values

m 30kg | J 8000kg-m?| C, 0.059
ms 269Kg| pa 1.29kg/m? C¢  0.016

m_ 400kg| V 2967 Co O
Mg 500kg Cy 0.255 Cy 1.269
I p3 2m Cik 0 Cro 0

Fig. 4.30and4.31are simulation results of the dynamicséyfr,; and the control input. 6 and

I'm are stabilized to the desired equilibrium°ahd-1.15 m after 30s.

4.5.3 The airship with liberated center point

Aircrafts, as helicopters, rotate around the center of pragsaround the center of volume. In the
first fundamental special case, the aircraft is assumedateraround the center of the volui@e So,
by liberating the pivoD, the airship will rotate around the center of the gra@. The body frame
is still attached to the poir®.

In this case, assumptiok is dropped and the following assumptions do still hold.

Assumptions

A1: No aerodynamic force.
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Figure 4.30: Dynamics off andr,; with initial Figure 4.31: The behavior of input.

error.

A,: No fluid inertial force.

Model of the airship with liberated center point

In this case, only the gravity and the buoyancy are applietherairship, which means that the
right hand sides of equation8.25 and (3.26) only include the gravity and the buoyancy terms.
Equations 8.23 and @3.24) remain unchanged,

Fs= Foat (4.46)
Ms = Mggt. (4.47)

Combining 8.19, (3.23, (3.24) (4.46), and ¢.47), the mathematical model in the longitudinal
plane is as follows,

é =01+ J+—r%1r21(v3 - éVl)rﬁrpl
p
= _ 1 —_ p N _ — 2 p .
fn =01+ T, (mrplrpg(evl V3) = (J+ mrg )(60vs + vl)) (4.48)
v, = mis(—m59v3 + (M- mpy)gsing — u)
Vs = =L ((Ms+ M)vy + Mg COSA + Mrpgf? + 2P oy + M 6)

Comparing the special casé.87) with model @.49), it is easy to note that system.87) is a
subsystem of the moded 49. The additional parts if and ' are due to the translation velocities
of point O.

Maximal linearization of a minimum phase model

System .48 is now subject to a ballistic motion (the poi6iG). In other words, there exist

some non-controllable states besides the controllableaassible subsystem, which is explained in
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the following. Again, following standard computatio6dnte et al.2007), one computes the non-

controllable subsystem whose coordinates are denoted agdy,:

He = spar{dyy, di}

where
. ms + rﬁ 2 . . ms + rﬁ 2
Y1 = (0 — —=—V3)“ + (fpa + Ipzf + —=—V1)
m m _
. ms + m . b ms + m -
o = (rpb — = V3) COSO + (Fpy + I'p3b + = Vvy) Siné.

(ms+m)y is the kinetic energy dEG, andy, denotes the horizontal velocity 6fG, which means
that theCG of the airship is subject to a ballistic motion, shown in Fg35

Thus the six-dimensional state systeth4@ can be decoupled into a two-dimensional non-
controllable subsystem and a four-dimensional subsysteos& structural properties are similar to

those of model4.37). One gets
Hs = spar{dds, deo} @ He,

where
~ . . - m
2 2 :
1=Jd0+ (rs,0 + rsf + rpglfg) =
¢ (" P3 P IO)m+ms
%) M1
P arctan P

MHMg 2 MHMg 2 .
n_1msJ+rp3 ‘/ﬁng‘]+rp3

Here, ¢, is exactly the angular momentum of the airship computedeatémter of gravityCG. The

b2 =0+

relation of¢, andé, is as follows,

py 1 ~

2 = =——07.
2 2\ mm
J+ (rIDl + rps) e

Theorem 2: The system4.48 with the outputp, + k¢, has asymptotically stable zero dynamics
for anyk > 0.

The proof is similar to that of heorem 1.

Control design and simulation

The principle to derive the control is the same as in Sectiér? Here, define the dummy output
y = ¢1 + K, and substitutg® = ¢; + Ko, Y2 = ¢y + Ko, Y = ¢, + ke, into equation 4.44). The

latter is solved iru through computer algebra to get the state feedback liregaome



4.5. NONLINEAR CONTROL BASED ON MAXIMAL FEEDBACK LINEARIZATION 79

Since the model becomes more complicated, the explicitesgoon of the controli becomes
longer and only trackable by computers. By the way, thesdtseste directly plugged in the control
device and useless for the practitioners. These explipitessions are not displayed.

For the simulations, the initial values @f, vy, v3, andv; are 18 m/s, 0, 0, and 0. Leiny = 1 kg.
Other parameters remain the same values. As done in th@psssimulation results, similar dynamic

behaviors ob, r,; and control inputi are obtained and are not reproduced here. The ballistiomoti
of CGis shown in Fig.4.35
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Figure 4.32: Dynamics off andr,; with initial Figure 4.33: The behavior of inputl.
error in the second case.
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Figure 4.34: The behavior of inputi in the sec- Figure 4.35: Ballistic motion of CG.
ond case.

4.5.4 The airship with liberated center and added masses

The model in Sectiod.5.3is completed now by including the inertial forces. Assumpth, is
dropped and aerodynamic forces are still ignored.
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Assumption:
A1: No aerodynamic force.
In this case, the angular momentum will beated by the inertial forces. The results from

previous sections are extended and adapted to this mordetencpse.

Model of airship with liberated center and added masses

In this situation,F, and M, are included inFs and M, which means that equation3.25 and
(3.26 are modified as follows,

Fs = F| + FGBt (449)
MS = M| + MGBI- (450)

Combining 8.19), (3.23, (3.24), (4.49, and ¢.50, the model of the airship subject to the inertial
forces is as follows,

0 = 02
Fp =0
Vpl 2 (4.51)
1 =X
V3 =2x3
where
= —— (Mrgarp6? + 2Mryif 16 + Mgy COSH + I p3U
02 I+ mr,231 ( p3l p1 p1lp1 O p3
—(Vg - évl)rﬁrpl)
1 _ _ . _ .
0y =————— ((Jor p1 + M3, + Mre,r )82 + 2Mrgl paf 16
2 J2 n mrgl (( 2l pl pl p3 pl) p3f p1! pl
_ ) _ J
— (J2 + Mr5))gsing + Mgl p; COSO + (ﬁz + 15+ I3U
Mgl pa(BV1 = V3) — (Jz + M%) (Vs + V1))
%1 L (—nbévg + (M- mo)gsing — u)
my
1 : . . .
R ((my + MOy + Mog COSH + M + 2P oy + Mryf)

Note that .48 and @.51) have the same form, with onlyandms in (4.48 are modified taJ,,
my andmg in (4.51), and the other items remain the same. Therefore, mddel)(reduces to the

model @.48) if my; = mg3 = Jo, = 0 (no added mass).
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Maximal linearization of a minimum phase model

The model 4.51) is decomposed into a non-controllable system and a cdaitielone as it was
done for model4.49. The dynamics of the center of graviBG is not dfected by the control input
which means thaC G has a similar ballistic motion as in Fig.35 These non-controllable variables
span the autonomous subspéde which reads as:

H., = sparidy;, dy,)
where

) . M +m
V)2 + (F py + Fpafl + ——=

, . MmMg+m
V1= (pb - —= Vi)

+m m .
Me Vi) Siné.

;o . . . m, +
Vo= (rmb - V3) COSO + (fp + 'pab + —=

There is now only one single independent funct’y?gnNhich has relative degree 3 for the model
(4.51). More precisely, computgfs:

Hs = spar{d<7>'2, w} ®H.,,

mg(mq +m)
whereg, = 6 + 8 arctan 2502 ' andH; is no more fully integrablew denotes a
2 m3(m1+r717\/m+m1 J+r2 gy el LI+
mq m3+m mn’l

suitable non integrable ﬂerentlal one-form.

ComputeH,; as:
H, = sparidy,, dy,, dg;}a H
where
. m rof — V
Y1 = M + = 3
__m (For + Ipgf) + V
Yo = ——— pl + I'p3 1
~7 . m +

rﬁ+ my \ my(ms + M) 1

As in the previous sectiong, is an angular momentum, relatedgpby,

M+
5, - "G
2= m+m1 Mg(My+m) .2 2 1
Jo + ml(mg+rT1)rp1 +15

Despite these dramatic changes in comparison to seéttof it is now argued that the control
scheme which has been computed for the fundamental spasialic the sectiod.5.2is still valid,

up to some approximation. This is done next.
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Control design and simulation

Since¢; does not have relative degree 3¢gs the results iriT heorem 1 & 2 are not available
anymore. However, the second-time derivativés'pfs argued to depend weakly on the control input
u, so the cofficient ofu is neglected.

More precisely, define again the output ¢, + k¢, for somek > 0.

Instead of the coordinaté (39-(4.42), define a new coordinate as:

&1 = ¢y + ki, (4.52)
& = 6 + ki, (4.53)
&= ¢, + ke, — AU (4.54)
(= (4.55)

Whereé;?'l = IT + Au for some functions of the state variablgsandA.

Instead of solving equatior (44), consider the following equation:
&3+ kg + 1Y + o(y — Ye) = O. (4.56)

Note that equatior(56) corresponds strictly to the equatich44) only if A = 0. In the following
whenA is small, then4.56) is an approximation of4.44).

In (4.56), one hass = (&, &) + 5 (&, ¢)u. Solving ¢.56) in u, yield

u=-3 (é_.l’ ) (Aofs + &SP + do(é1 - Ye) + @ (£, 5))

and apply to the model(51). For the same reason, the explicit expressionisfnot displayed here.
m, = 400kg, mg = 500kgand the other parameters have the same values as previGosig.control
performances are obtained. The simulation results of thamtycs of, r , and the motion o€G are
similar to the previous cases. The behavior of inpig displayed in Fig4.37.

4.5.5 The complete airship model in the longitudinal plane

In the last step, the aerodynamic forces are added to themsysthich means th& is dropped.
The addition of the aerodynamic forces causes a huge impabeangular momentum, since a pitch
moment is included by the aerodynamic forces.

Combining @.19), (3.29, (3.26), (3.27), and 3.28 the complete model in the longitudinal plane
Is derived, which also can be obtained from the full mo@e3(), as follows
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Figure 4.36: Ballistic motion of CG in the third Figure 4.37: The behavior of inputl.
case.
— Ma
0 =027F oee
Maf p3
1 =02+ —=
p J+mrz,
F
Vi =x1+ m_all
— Fa3
V3 =X3+ Mo+
where

Fa = —X;c0sa + Z; Sina

Faz = = X3 Sina — Z, cosa

There is no ballistic motion anymore, and the system becdutigsaccessible:

H,, =0.

The aerodynamic forces render all DOF controllable. Faiaimse, the special cases in Sectibh.3

and4.5.4are not fully controllable as no aerodynamic forces are idemed, but the system in this

section is fully accessible as all forces are consideree.aliship’s full model can be represented in

Fig. 4.38

The attitude of the airship is controlled by the position leé moveable mass ). Meanwhile,
its positionr, is controlled by the internal forcas The guidance of the airship is impacted by the
net lift (controlled byu,), aerodynamic forces and torques, etc. The aerodynangesand torques
introduce a new coupling which yields full accessibilityt bhey do not yield any new DOF. For the

cases in Sectiof.5.3and4.5.4 due to the absence of the aerodynamic force, the centeaatgCG
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moving | p ' i
e mass ? attitude |~ N

net lift U4

(mass of air bladder)

y

-+ guidance ——"»

Figure 4.38: The aerodynamic forces render all DOF controllable.

of the airship is subject to an uncontrollable ballistic ot but in this section where the aerodynamic
force is considered, the motion GfG is controllable, shown in the next simulations.
ComputeH, andH; as:

H, = sparidy,, dy,, d@;, d6, drp}

Hs = sparidd,, w1, wy ws).

Here,dq?'1 anddq?'2 are the same as those in the sectddn4 w1, w,, andws are suitable possibly
non integrable dierential one-forms.

As in subsectiort.5.4 an advanced nonlinear contiols derived which achieves internal stabi-
lization. But due to its long expression and useless for firacers, the explicit expression afis not
displayed here.

The simulation results of this nonlinear control for the gbate system are displayed in Fi§§.39
4.40 The initial values fom, 6, Mp1, Fp1, V1, andvs are 415°, 0,-2.5 m, 0, 10m/s, and-0.69 m/s,
respectively. The equilibrium values for these states te@B —2.7 m, 0, 104 m/s, and-0.73 m/s,
respectively. The angle of attaek= 0 — ¢ = arctan\‘j—j = —4°. In this situation, the airship no more
displays any ballistic motion, but flies along the desiredlanvhich is denoted by, here,¢ = 34°

(see Fig4.42. Fig. 4.41reflects the value of the control inputwhich keeps in a reasonable domain.
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Figure 4.39: Dynamics ofg andrp; with initial error  Figure 4.40: Dynamics ofvy andvs with initial error

of the complete model. of the complete model.
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Figure 4.41: The behavior of inputl. Figure 4.42: The movement o0O.

4.5.6 Simulation of a typical trajectory tracking flight

In this section, a typical trajectory is considered, as cepliin Fig2.9. It includes two cycles of
ascending and descending segments. The goal is to shovhéhebmtrol laws developed in Section
4.5.5are able to cope with a switching structure of the systemmigement a sawtooth flight as Fig
2.9, besides the input in Sectigh5.5to control the movement of the moveable mass, the inpig
involved to control the ascent and the descent.

The flight path is shown in Fig.46 the variations o#), r, vi, v3 are shown in Figt.43and4.44

The input force is shown in Fig.45
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e ‘ | Q)
g | | | é ok
v~ °r \‘ }\ ‘ >
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Figure 4.43: Dynamics ofg andrp; of a Figure 4.44: Dynamics ofv; andvs of a continu-
continuing flight. ing flight.

The control laws for ascending and descending segmentsnaifarsup to the desired command
Ye. On the transition points, besides the switches of the camsiaf the states, the net buoyancy of
the airship is switching from 340! to —340 N, which represent a bang-bang control égr In this
simulation, it is assumed that the release and the inflafidimeoair bladder are much faster than the

motion of the airship, and this switch is considered to b&aimsneous. It is shown by the simulation
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Figure 4.45: The behavior of inputi. Figure 4.46: Flight path of two cycles.

that the behavior of the states and the control input is apmprately symmetric. On the transition

point, the variation of the input is acceptable as well.

4.6 Conclusion

As how to control the longitudinal dynamics of the airshittis a challenge, due to the complex
nonlinearity of the model. Two simple controls are derivestly to verify the control performances.
Due to the drawback of these two control, it is necessarydk aa advance nonlinear control. For cer-
tain mechanical systems with internal dynamics, refere(@ech et al, 1992 Woolsey and Leonard
2002 investigated the use of the internal torques to stabilizersystem. To deal with this complex
nonlinear mechanical system, this chapt®eis a new approach which is to analyze the system with
a maximal number of constraints, which are gradually redlaxéhe maximally constrained model is
assimilated to be the prismatic-joint pendulum shown inti8ect.5.2 Thanks to the angular mo-
mentum of the whole airship computed at the p@nor CG which is denoted by, ¢, and<;3’1 in
this chapter, an explicit dummy output function is deriveldiatr defines a minimum phase system.
Maximal feedback linearization with internal stabilitygsrformed, and good control performance is
shown.

The dynamic analysis and control method displayed in thegotdr makes sense for similar com-
plex systems, and is also instrumental in dealing with othetions of this airship, for instance, the
dynamics in the horizontal plane.
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Control Scheme for the Three Dimensional Case
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The longitudinal dynamics of the vehicle has been analya¢kda chapted. Based on some spe-
cial cases and the maximal feedback linearization withrivalestability, an advanced nonlinear con-
trol has been derived for the attitude control and the guwidan longitudinal plane. For autonomous
gliding vehicles, such as buoyancy-driven airships anceamdter gliders, the lateral dynamics is
similar to that of the longitudinal plane, only the parameiffer. By a similar approach as the one
used in the longitudinal plane in the chaptera nonlinear control has been derived for the attitude
control and the guidance in the lateral plane in this chapteus, for both longitudinal and lateral dy-
namics, nonlinear controllers are derived which solve thgimal linearization problem with internal
stability.

To be able to superpose the longitudinal control and thedhat®ntrol, a singular perturbation
approach is adopted as a tool to combine the two controliesigded for the longitudinal and lateral
plane. In this case, the longitudinal dynamics is assumdaetslow and the lateral dynamics is
assumed to be fast. The simulations show that this contieree is acceptable for the control
problem in three dimension. To the best of our knowledgs,iththe first control solution for the 3D
motion of the autonomous gliding vehicles, both aerial amdeuwater.

The singular perturbation approach developed herefisrdnt from the standard singular per-
turbation approach for the underwater or aerial vehiclesgdepicted in I{aidu and Calisg2001;
Subudhi and Morris2003. Usually the problem is split into the attitude control plem and the

guidance problem. Here, the singular perturbation methodéd to superpose both control loops for

87
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the longitudinal and lateral motions.

The contributions of the chapter consist of a derivatiorhefanalytical solution of the equilibrium
for three dimensional motion, and a control scheme for iedamn the singular perturbation theory.
The content of this chapter has been published\in €t al, 20111).

The chapter is organized as follows: for the dynamics in 3i, & the complexity of the model,
the regular perturbation theory is involved to derived aprapimate analytical solution of the equi-
librium in section5.1. The equilibrium is also derived in this section if the sirfiptl aerodynamic

model is adopted.

5.1 Open-loop Simulations and Equilibrium of the Dynamics in 3D

From 8-DOF model.30, the full model for the moveable mass controlled airshigsgollows:

¢ = +singtandQ, + cos¢ tandQs

0 = cospQ, — SingQs

y = %Qz + %93

O = 2 (La+ (32— )20 + Fpally — I pally)

Q, = i (Ma + (J3 = J1) Q3 — rpauy + rplu3)

Qs = (Na+ (- )uQy)

Vi = o (Fan + (M- Mg Sing — mevsQy + MpvoQs — ) (5.1)

V2 = & (Fag + (M — MgCosSing + MevaQy — mpviQs — Up)

Vs =& (Fa + (Mo — MQCOSH COSP + MV1Qp — MpVoQy — Us)

Foo = V1 + Qalpp — Qolps + Qaf pp — GSING + (Vo + F o + QaF g — Qur p3) Qs
—(V3 + Qulgp — Qo p1)Q2 + Ug/M

'r'p2 = —Vz - Qgrpl - Q3rp1 + erp3 + gC059 Sin¢ + (V3 + erpZ - Qerl)Ql

—(V1 + fpl + erpg - Qgrpz)Qg + Ug/rﬁ

whereus is deduced from3.20 and(mv) X vin equation® of the model 8.30) is neglected since it
is included in the aerodynamic®(yang 2003.

5.1.1 Open-loop simulations

For the motion in 3D, there exists turning flights, more psely, spiral motions as shown nl
The spiral motion of a buoyancy-driven airship is consitgralifferent from that of an aircraft. For

an aircraft, this motion is commanded by the deflections efrtidder and the elevator. A spiral



5.1. OPEN-LOOP SIMULATIONS AND EQUILIBRIUM OF THE DYNAMICSN 3D 89

motion for an buoyancy-driven airship is caused by the #tganslation of the moveable mass,
namely the translation of the moveable mass alongethdirection, which is denoted b,. The
lateral translation of the moveable mass yields a roll ofainghip, which generates a component of

aerodynamic forces on the lateral plane. Thus, a spiralandsi produced.
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-1000
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Figure 5.1: A spiral motion of the buoyancy-driven airship

With this spiral motion, the airship can enjoy a certain éegof freedom to turn the heading in
space, which is demonstrated by an open-loop simulatioh@srsin Fig.5.2, 5.3and5.4. From this
simulation, it finds that the airship turns the directionhe horizontal plane while the motion in the

longitudinal plane is only slightly impacted.
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_ 4000

=< 2000

4000

6000 )
8000 i (m)
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Figure 5.2: The airship change the heading in space

5.1.2 Equilibrium of the dynamics in 3D

For the analytical conditions of a stable spiral motion in 820 approximate computations are

presented according to twoftirent aerodynamic expressions.
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Figure 5.3: The motion of the airship in space . o
) ) Figure 5.4: The motion of the airship in space
maps in a horizontal plane

maps in a longitudinal plane

For full aerodynamic model case

To derive the analytical condition of this spiral motione thght-hand side of the 3D full model
(5.1)are equal to zero and are solved in all variables. The aigdiés that the 3D full modeb(1) is
very difficult to solve directly due to its complexity. Thus, the reguberturbation is involved as a
tool to find an approximate analytical solution for this gpimotion.

To apply the regular perturbation method, the turn rate efgpiral motionw is arranged to be

w = E\/E (5.2)
I'p3

Thus, the angular velocities with respect to the body frareesgual to:

very small and let:

Q, —sing
Q=|Q, [=]| cosfsing |w (5.3)
Qs COosH cos¢p

Let the translational velocity of the airship bg then the translational velocities with respect to

the body frame are written as:

Vi CoSa c0oSB
V=] v, |= sing \% (5.4)
V3 sina cosB

To get the regular perturbation solutiondnthe steady longitudinal motion is viewed as a basic
motion of the spiral motion in 3D.5(2), (5.3), (5.4), and the following polynomial expansions are
substituted to th€; andyv equations of%.1):
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= Ve+eV;

Mpe + €My
Qe + €1
0+ epy
0+ B

™ s R 3 <
I

Mp2 = 0+ €l p21

The codficient equations of® are identical to the situation of the derivation of the eitpuiim of
the longitudinal motion in sectiof.2.2 Solving the cofficient equations of* ande? gives approxi-

mate solutions of the equilibrium of the spiral motion andakhare presented in the following:

Vi = 0 (5.5)
a1 = 0 (56)
M1 = O (5.7)
\/9/T g3 COSH COSQel psM ;
+ 2 5.8
P VeCosag(ms — ;) 5.8)
V2(Kgs + Kgo + Kga?
¢ = — e (Kst do %) (5.9)
C0SHMgeg
V2K, 81 — cosftangsr ,zm
for = - b1 C $1r psMg (5.10)
mgcosd

whereK, = 2p.VV2C/, andKsf = 30,V3V2CS.

From this approximate analytical solution of the equililoni in 3D, it is implied that the longi-
tudinal motion is decoupled from the lateral motion whentilma rate is small sinc¥, @ andmg
remain constant to the small turn rate and are identicaleé@tuilibrium of the longitudinal motion.

Thus, a remark can be concluded as follows:

Remark: The longitudinal motion is decoupled from the lateral motishen the turn rate is

small.

For simplified aerodynamic model case

If the aerodynamic force is given by a simple form as3), the equilibrium of the state is derived

as follows.

To compute the equilibrium for a specified flight path, théatigand side off.1) is set to zero.
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From 3.1) and Fig.4.1, the following equations are derived:

—SiNfe + 43 co5g, SiNge + 322 cOSY, COSPe

t _ Kst tanfe K| tanfe
anée = —Kg singe Kd COSge ; ; :
COSYe COSOet oo (COSWe SINBe SINPe—SINYe COSPH— K tanec (COSYe SINBe COSPetSINYe SINPe)
sinye coseeﬂfdgﬂje (SiNYe SiNBe SINGeHCOSY e cowey‘zdt;ﬂ?’e (SiNye SiNB COSPe — COSYe SiNde)
tanye =
COSYre COSOet KK‘:;{%: (COSYe SiNBe SiNge — SiNYe COSP)H+— édt;ﬁ?e (COSYe SiNBe COSPetSINYe SiNge)
. —Kg singe ; —Kg Cosge

tang _ - Slnge"' st tanGe COSHe S|n¢e+ KI tan@e COSHe COS¢e

o =

—Kg sing, —Kg Ccosp : : : 2
(cos;z/e COSOgt KS?tanHe (COSWe SINBe SINPe—SiNYe COSPH K|dtaneee (COSWe SINGe COSPetSINYe smgbe))

—Kg4sin . . . —Kq4 co - . . 2
(smwe COSOgt ft;nge(smwe SiNfe SiNPe+HCOSY e COSP )+ K.dtanf;fe (Sinye Sinde cos¢e—cos¢esm¢e))

From those three equations, for giverandye, the equilibria ofge, 8., andye can be computed.

Fromry andrp, equations in§.1), the followingu; andu, are computed as:

mgsinge (5.11)

Uie

Ue = —MQCOSHeSiNge (5.12)
and from 3.20), the equilibrium ofus is computed as:
Uze = —MQCOSHe COSPe (5.13)

Substituting $.11)-(5.13 into equationssy, V,, andvs of (5.1), and combining with the relation

V2, + V3, + V3, = V2, the equilibria of the speed amd are computed as:

K/ Ksstang
Vie = IN\sf e Ve

JJtare 6K K2 + sirf goK3K? + K2K2, - K2KZ,sirf g
Voo = C0OSH,e SINB:Ky4K| v,
\/ KZK2 — K2,K2 cog 6 + KZK? cog 6, — K3K? c0Z 0, COZ ¢ + KIKZ, COS 0 COZ ¢
C0SH. SiNBKyKs+
V3e = Ve
\/ K2 K? — K2,K?cog 0 + K3K? coZ 6, — KZK? coS 0, COS ¢ + KIK2, COF 0, COS e
Qe = Q2e=0
Kqg
gSII‘lHe

wherevie, Voe andvse have the relationgy, = Kngﬂg’evle, Vae = ‘Edtgﬂz‘ﬁevle.
e

From the equation€;, Q,, andQs, the equilibriums of ,; andr ,, are computed as:
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—I ,3MQSinge
Pl = Hgcosd, cosee
e = rpiﬁgcoseesin¢e

MQCOSHe COSPe

5.2 Lateral Dynamics and Control

The lateral structure of the airship has been shown in Eif. The lateral dynamics in the full
model involve the roll DOk andQ,; velocitiesv, andvs; and the moving mass dynamics. The
lateral dynamic model is as follows:

¢ =

Q=3 (La—rpols + rialn)

Voo = % ((mo — M) gsing + MgvsQy + Fap — Uy) (5.14)
V3 = (Mo — Mg Cosp — MoVold + Fag — Us)

Foo = =V + Qir s + (Vs + QiF o) Qs + gSing + Uy/m

whereF, = —sinBX, + C0SBY,, Faz = Z,, andus is also decided by3(20).

veC3

Figure 5.5: The lateral structure of the airship.

Note that the analysis of the longitudinal subsystem remaistrumental although parameters
are diferent. Actually, the lateral control design has the samesire as that of the longitudinal
dynamics. This remark is easy to understand when takingaotount of the real physical system,
see Fig4.28and5.5. The dynamics in the lateral plane has the same structuheayhamics in the
longitudinal plane; however the parameters affedent.

As the result of the previous chapter, The angular momentags@n important role in control.
For the lateral dynamics, the angular momentum is:

mimg
m+mg

mim
m+ my

_ . , _ ,
Ey=Jip + Moo — (Fpaf p2 — F3¢)
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and there exist two functior, ande’, such that:

[1]-

2=0Z21, o0 >0

r mg(mp+m)
- o3 P2 4/ my(M+mg)
By =¢— arctan
\/M 412 [ma(merm) umeem | 2
mpm p3 \ my(mg+m) mpm p3

=, andZ, have relative degree 3. Following a similar derivationsipossible to prove that the
lateral system with the outpyt = Z; + k=, has asymptotically stable zero dynamics for &ny 0.

An error equation as Equation.@4):
YO+ y@ 4+ AyD + Ay -y) =0 (5.15)

is adopted to derive the nonlinear contugto stabilize the flight path angjeand speeds to commands
in the lateral plane. The parameters of the control are septed byt,, A;, and /15. The exact
expression ofl, is easily computable, although through tedious computaticSimilar simulation

results as that for the longitudinal dynamics are obtaimedtfe dynamics in the lateral plane.

5.3 Control of the Dynamics in Three Dimension

Even though the dynamics of the airship can be decoupledhettongitudinal dynamics and the
lateral dynamics, the direct superposition of the contfoighe dynamics on these two planes will
does not guarantee the stable of the system. The singutarlpation is needed to solve this problem.

The singular perturbation is used for the flight controls iamy referencesv{ang and Stengel
2005 Naidu and Calise2001, Subudhi and Morris2003 Calise 1976 Bhattg 2006 Bhatta and
Leonard 2008. A control scheme based on the singular perturbationshi®idngitudinal and the
lateral dynamics in 3D is presented, see Fig6. Some simulations have been done to show the
control performances for the attitude control and the guiea

Through the simulation in 3D, it is found that if 6 poles of #meor equations4.44) and £.15) are
all arranged at the same places, namgly A, then the controls; andu, are too large and exceed
an acceptable domain. When the longitudinal dynamics is slod the lateral dynamics is fast,
the magnitude of; andu, are acceptable. This also shows the necessity of a singettaurpation

approach. This will be explicitly explained in the follovgn

5.3.1 Controller structure

The controlu, is tuned through parametets, 1;, andAp; U, is tuned through parametet'; /l'l,

and /l;). So that the dynamics in the longitudinal plane are slowan ttihe dynamics in the lateral
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plane by choosing, = 3, 1; = 3, 1o = 1, 4, = 300,4; = 300, andl, = 1000. The time response of
the longitudinal motion in closed loop has been chosen todandes longer than the time response
of the lateral motion.

The control structure of the vehicle in 3D is shown in Fig.6. Here, the longitudinal states

consist ofg, Q,, vi, V3, Iy1, andr y; the lateral states consist 9f Q1, Vo, Vs, I, andri,. whereu; is

U4
airship >0,0,Q,
model sV, Fp, i'p

Nonlinear | States of the
fast lateral motion

controller

Nonlinear | states of the
slow longitudinal motion

controller

Figure 5.6: Structure of the singular perturbation controller

the control for the longitudinal dynamicg.() in Section4.2.1; andus, is the controller for the lateral
dynamics §.14) in Section5.2. The net liftmyg, namelyu,, is still subject to a open loop bang-bang
control. For the autonomous gliding vehicle, the speed impaontrolled by the net lifimyg, and
the heading of the motion is controlled by the airship’sadte which is taken into account ly and

Uy, as shown in Fig4.38

5.3.2 Simulations of nominal control responses

All mechanical properties used in the simulation are listedable5.1 where the aerodynamic
codfticients are borrowed frofuyang(2003.

Control performances of the singular perturbation corgrslare given in Fi¢.7-5.11

Figure5.7 shows the dynamics of the Euler angles when there existaliartors. In this simula-
tion, the commanded angle feis 26 degree, and theis expected to be zero. With initial errors, the
three Euler angles are asymptotically stable. Eigrepresents the motion of the moveable masses
in this process.

The simulation shown in Fig5.9 and5.10 presents the turning case of the airship. Heres
stabilized at 10 degrees at first, and then it is commandedrto Shown in Fig5.10, the trajectory

Is turned to there, (namely-y) direction.
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Table 5.1: Physical properties of the airship

Terms Values Terms Values | Terms Values
m 30kg Volume 296m? Kb -2.16 N$m
ms 269kg my 400kg Ksg -7.21 N$m
mp 400kg g 500kg KL -36.51 Ngm
J;  9000kg- m? J, 8000kg-n? | Ky.  -0.44 Ngm
J;  8000kg- nm? o3 2m Kv  -49.97 Ngm
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Figure 5.7: The dynamics of the Euler angles with initial errors.

Finally, a simulation on a continuing flight which consistaagise segment and a fall segment (as
shown in Fig2.9) is presented by Fi§.11, and this process goes with a the turnr® (namely-y)

direction.

5.4 Conclusion

To present, the discussion on the control of the airship imindimited to one plane (i.e. the
longitudinal plane). Through a singular perturbation selga solution for three-dimensional attitude
control has been derived for the first time. With the conénofiroposed here, not only the pitch angle
(also the flight angle) can be stabilized, but also steadyirigrdirection can be achieved by the
feedbacku,. With this attitude controller scheme, a trajectory tragkcontroller can be derived

based on it. The analysis of this papéieos a control scheme for similar mechanical systems.
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Figure 5.8: The motion of the moveable masses.
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Figure 5.9: The dynamics of the Euler angles in turning case.
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Figure 5.10: The trajectory in turning case.
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Figure 5.11: The trajectory for a continuing flight with changing direction.



‘Chapter 6

Conclusion

Even though the mechanical system of the buoyancy-driveshiai is complicate, through the
analysis of some constrained cases, such as presentedionseg, lots of fundamental properties
are found. Through the analysis in the modelling, the retestinip between the airship’s body and
the movable mass is clearly presented, and the modellingatif somplicate system becomes easy
to follow. For the control design in this thesis, actuallgt mnly some control methods have been
derived, but also the dynamic system has been deeply aalyz¢his process, the important roles
of the angular momentum and the aerodynamic forces are fanthdemonstrated. The performance
of the nonlinear control displayed in this thesis, both in&il 3D, are acceptable.

Airships are no longer used for passenger transportatmmever, they are useful for other pur-
poses, such as surveillance, communication relay, andyH#atransportation, which has drawn a
lot of attention in the recent years. This is the motivatidrthos research as well. But flierent
from the conventional airship which is driven by propelletglders and elevators, a new-concept of
buoyancy-driven airship is considered in this thesis. Tie& buoyancy-driven airship moves for-
ward by moving an internal mass and by varying the total méskeoairship. The motivation of
the research of this new airship is to design a new energypgaircraft which has longer airborne
endurance. The buoyancy-driven airship has been intradloe®. Purandare irfurandar€2007),
which is the first and the only monograph available on this @omThus, lack of references is also
a challenge of this research. Nevertheless, the buoyamasrdairship which employs an internal
moving mass to control the attitude and an adjustable adid&liato control the altitudeffers a novel
mechanism for UAVs, and it is an exciting research topiceesly, since this mechanism is already
successfully applied in some underwater gliders.

In this thesis, the main contributions consist of the follogvfour aspects:

e A complete 8-DOF mathematical model for the buoyancy-driagship in 3D is derived. In

this progress, two approaches afieced. The rigid body and the moveable mass can be viewed
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independently and globally. When the rigid body and the mblemass are viewed indepen-
dently, the coupling of these two subsystems only congisasdontrol force.

e The fundamental properties of the complex model are inyatd by analysis, design and
simulations. Through analysis and simulations, it is dithed that the attitude of the airship is
mainly controlled by the translation of the moveable maskthe altitude is controlled by the
variation of the net lift. Moreover, the aerodynamic foroer couplings between the attitude
control and the guidance control and render all DOF corabddl. These are shown according
to the following Fig6.1

,,,,,,,, Yoo

moving | p . ® OV | aerodynamic | : V<
My ass P attitude > forces ete. | ¥ guidance "
net lift U4

(mass of air bladder)

Figure 6.1: The structure of the buoyancy-driven ariship (also the autonomous gheinicle).

The angular momentum of the airship plays an important rotee control the dynamics since
it has the highest relative degree.

e Various controls of the planar dynamics are constructedidBesa basic LQR approach and
an input-output linearization, an advanced nonlinear robittased on the maximal feedback
linearization with internal stability is derived. This mess is not easy to perform directly on
the full model.

It has been shown that the airship is not fully feedback lizehle. Maximal feedback has
been solved. Although the latter techniques are usuallyrackable for complex aeronautical
models, it has been possible to derive analytic controltewis. A major challenge is internal
stability and a suitable choice of linearizing coordinatesld circumvent this issue and the
internal stability has been proven.

e A control scheme based on singular perturbations for theamah 3D is given for the first

time. In this process, the analytical solution for a stapleas motion is derived.

The buoyancy-driven airship is a novel object as it is notayetilable on the market, and in this
thesis only some preliminary theoretical issues are arglibdre still exist a lot of open questions.

The main points which are worth to be solved are listed in tiiewwing:

¢ In this thesis, lots of parameters are assumed to be constafit as the moment of inertia and
the aerodynamic cdicients. It is mandatory to investigate the robustness ottmgrol under

the variations of these parameters.
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e Obviously, severe wind conditions are not considered hemd, they may give the limits of
the airship design and the minimal use of a standard praputsiay become mandatory. For
further work, a hybrid airship which employs the buoyancixeh and the standard propeller is

worth to consider.

e The autonomous airship has finally to be considered in a frarieof UAV. The complete
control structure of autonomous UAVs is shown in Fég2. In this thesis, only the internal first
and second loops are considered. Thus, the outer loopseeditional research to complete

the control structure.

Aircraft
e
-

Figure 6.2: The control structure of autonomous UAVS.

Mission
Goals
And
Constraints

Obviously, the most pragmatic aspects go through the asrtgin of a demonstration airship to check
the practical feasibility of this new UAV mechanism and tladidity of the control in the thesis.
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Un nouveau concept de dirigeable sans propulseur, sansig@ihde direction et sans gouvernalil
de profondeur est congdk dans cette #se. |l est actiormpar une masse amovible et une vessie d’air
interne dont la masse estglable. Ces deux actionneurs permettent de commander keement du
centre de gravit et la force de flottabil@ nette (pouse d’archingéde). Le @veloppement de ce
concept de dirigeable est matiypar leseconomies d&nergie. Un moéle complet a huit degs de
liberté de ce dirigeable est obtenu par lathode de Newton-Euler. L'interconnexion entre le corps
rigide du dirigeable et de la masse mobile est alisde. La dynamique dans le plan longitudinal
est analyée et conlé successivement par une commande LQR, un ret@iatdassurant un plan
placement de @es, et la liarisation maximale par bouclage. &Gea la linearisation maximale
par bouclage, un commande noréitire aéquate est obtenue. Dans ce processus, |&lisation,
I'analyse et de confile sont &solus pour les cas particuliers du dirigeable de plus enqumplexes,
afin de nous rapprocher du cas le pl@ésayal. Le cas le plus particulier séduita un systme qui
a deux deges de liber. 1l est monte que les propétes de base de certains /ses necaniques
simples restent@&erminantes pour I'analyse et la syetle des dirigeables avasc Ces propétes
sont loin détre évidentes lorsque le metk consiéré est complexe. Nous montrons quéetlide
du cas 3D est facilie gacea une approche de perturbations singndi La superposition des deux

actions de conéile dans le plan longitudinal et dans le plaretat est alors possible et permet de
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parvenir au confile de la dynamique en trois dimensions.

7.1 Introduction

Bien que les dirigeables ne soient plus uéiispour le transport de passagers, ils sont uéiles
d’autres fins, telles que la publiéitles visites touristiques, la surveillance et la reche(Elfes et al,
1998 Tozer and Grace001; Bowes, W. C. and Engelland, J. and Fernandez, F. L. and Frg&loan
P. and Kohn, Jr. E. and Lister, R. and Neal, W. A. and Polmar,nd.Rumpf, R. L, and Smith, T.
B. and NRAG 2006. Les principaux pays dans le monde ont mis en placegaddamment de nou-
veaux projets, par exemple, le programme de Northrop Grumsuale dirigeable hybridél(orthrop
Grumman 2010, le programme de Lockheed Martipgfense Industry Daily2006§ Lockheed Mar-
tin Corporation 2008, le programme eurd@en 'ESA-HALE, et quelques autrésfaupp and Mund-
schay 2004 Yokomaky 2007).

La difference notable avec les anciens dirigeables est que larckehmoderne se concentre
sur le dirigeable sans pilote humainbord. Fond sur la commanda distance, la commande par
bouclage et la navigation autonome, un dirigeable modestt@dcomplir certainesicthes de maare
automatique. De nombreux travaux @# consa@sa la moclisation, le confile et de suivi de
trajectoire des dirigeablegspmes and Ramos,Jr998 Ouyang 2003 Purandarg2007).

La plupart de ces travaux ont contréba des dirigeables qui sont eriti@s par des propulseurs
situés le long de la cellule, et dont I'attitude est cotée par des gouvernails ou d’'une p@ess
vectorielle. Ces masles matbmatiques sont fores sur le modle GomesGomes and Ramos,Jr
1999.

Dans cette tbse, un nouveau concept de dirigeable est céresidli par la force de flottabili.
Le deplacement d’'un ballast interne et la variation de la mastsdet du dirigeable permettent de
déplacer I'engin.. La motivation de cette recherche est@eldpper un vol dconomie ceénergie
qui a une longue endurance de suspension dans l'air.

A I'heure actuelle, la seule monographie sur le dirigeadiettabilitt motrice est la thsePuran-
darg 2007). C’est un @&fi de cette recherche. Unémonstration est mentioda dans cette &se,
et qui montre la modification de la flottab@inette de I'engin par un ventilateur, la modification de
I'attitude, et la faisabili& d’'un mouvement de petite amplitude vers 'avant. La faig&odu projet a
eté prouwee cependant les technologiegétaient pas mresPurandarg2007). Ces travaux pionniers
pionnier ontétudg la faisabilie, le mo@le physique 2D de ce type de dirigeable, et la sysehd’un
contdle PID pour le systme. Les travaux oréte meres aéete meree dans un environnement non

perturte. La conclusion fut que ce nouveau type de dirigeable pibwoter de mangre dficace
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lorsque I'angle d’attaque est faiblEvidemment, les conditions de vents violents peuvent dolese
limites de la conceptionéonautique et I'utilisation minimale de propulseurs dtnd peut devenir
obligatoire.

La presente thseétudie les aspectsébriques seulement, et I'eepmentation eelle est au-dal
de ses objectifs. &anmoins, les principales contributions sont illastpar un ensemble desultats

de simulation. Plus @cisment, les contributions de cette&fe sont:

e Un mockle complet 8 deges de liber d’un dirigeable flottabilitt motrice est obtenu en 3D.
Deux approches sont profes. La cellule rigide et la masse mobile sont &lisdes soit en

tant que deux sous-sgshes cous, soit globalement.

e Les proprétes structurelles fondamentales du rledcomplexe sorétudiees par I'analyse, la
syntlese et les simulations. Lattitude du dirigeable est ppalement contilée par la trans-
lation de la masse mobile, et I'altitude est céite par la variation de la powss nette. En
aéronautique, les forcegeedynamiques induisent un couplage entre le ébmtd’attitude et
de guidage. Par coaguent, les forcesaaodynamiques rendent tous les degde libe® com-

mandables. Elles sont indiges par la figuré.L

,,,,,,,, v

moving 14 . ® O | acrodynamic | . V&
“oo Cmass ¥ attitude > forces ote.——* guidance N
netlift us b

(mass of air bladder)

Figure 7.1: La structure du magle du ehicule.

Un des fils rouges de nos travaux est &armnstration que le moment angulaire du dirigeable

joue un ble determinant dans le coritle de la dynamique, car il a un dégmaximal.

e Divers mecanismes de commande de la dynamique plane, de I'appr6@Ra lune commande
non linéaire fon@e sur la likarisation maximale par bouclage, sont construits. |l esitra que
le dirigeable n’est pas conmgtement linearisable par bouclage. L&hnisation maximale est
résolue. Bienque ces techniques soient@&merpl dificilesa mettre en oeuvre sur des nabes
complexes, des solutions analytiques sont caksil Un éfi majeur est la stabifitinterne qui
n’est malheureusement pas garantie. Le choeqadt de coordoraes lirearisantes permet de

résoudre ce probme et la stabilé interne du sysime en boucle ferge est @montée.

e Une commande for&k sur les perturbations singeiés pour le mouvement en 3D est deen
pour la premére fois. Dans ce moire, la condition analytique pour un mouvement en spiral
stable est éduit.
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Les hypotkeses importantes sont faites dans cettsd¢h Dans ces premieisultats, les questions
théoriques sonté&battues. Les perturbations, comme le vent, et |la varia@ola densé de 'air ou
de la temp@rature, ne sont pas consiées.

Le chapitre est orgarésscomme suit: le dirigeabla flottabilitt motrice est introduit beivement
dans la sectior’.2. Le dirigeable est comptement moélisé dans la sectioh3. La section7.4
montre les commandes utitiess pour la dynamique longitudinale. La dynamique dbisule est
egalement analge dans cette section. La sectioh propose une commande fara sur la tkorie

des perturbations singelies pour le mouvement en 3D. La sectioficonclut ce chapitre.

7.2 Description Générale du Dirigeable Soumis a une Force de Flotta-
bilité

La structure de base du dirigeable est meatdans la figur€.2. La coque du dirigeable est
gonfleea I'hélium et I'air ambiant est contenu dans deux vessie€&sol Les vessies d’air interne
sont synetriques etlastiques; leur masses peuvéihte ajustes par un ventilateur et des vannes.
Comme le volume du dirigeable est fixe, la force de flottabiiti dirigeable demeure constante. En

ajustant la masse de la vessie d’air interne, le dirigeabletenou descend.

Helium bladder

Figure 7.2: Structure du dirigeable de flottabéia moteur.

Il'y a une masse mobile sitdea la bas du dirigeable. Elle peut septcer le long des directions
e, ete, du repere mobile. Avec le mouvement de masse mobile, le centreal@@CG se dkplace,
ce qui conduit la variation de I'attitude du dirigeable.

Le dirigeable esegalemeng&quige de quelques ailettes qui contribuenaugmenter les forces

aérodynamiques, cependant il n'y a pas de gouvernail.
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Le mécanisme actionnant ce type du dirigeable é&stritl comme suit. Lorsque l'air est Bie
de la vessie d’air interne, la masse du dirigeablegskiit, par consquent, la pouge nette devient
positif et le dirigeable monte. Lorsque simuléament, la masse mobile sémace vers I'arére du
dirigeable, le dirigeable obtient un angle de n&mpositive, et cela induit une composante de force
aérodynamique vers l'avant sur le dirigeable. Cette compesda force meut le dirigeable vers
I'avant (voir la figure7.3 et le segment BC de la figuieh). Inversement, quand l'air est pompans
la vessie d'air interne, la masse du dirigeable augmente; gar consquent, la pouge nette devient
négative et le dirigeable descend. Lorsque la masse mobidémace simultaement vers I'avant,
I'angle de monge devient agatif. Cela induigalement une composante de foréeoadynamique

vers l'avant. Par comigjuent, le dirigeable seedlace vers le bas et vers I'avant (voir la figuré et

le segment AB de la figure.5).

Figure 7.3: Le dirigeable se @place vers le haut Figure 7.4: Le dirigeable se &place vers le bas et

et vers 'avant. vers I'avant.

K B

Figure 7.5: Trajectoire typique d’un dirigeable.

7.3 Deux Approches pour la Modélisation

Ici, deux approches de melisation pour le dirigeable avec la masse mobile soasgmées.
Ces deux approches aghendent la dynamique du syste de mardire ditérente. Pour la prerie
approche de maalisation, la dynamique des corps rigides et interne masdd@sont considres de

mankre incependante. La force d’'interaction entre le corps rigidaehhsse mobile est considr
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comme une variable de commande intéediaire. De ce point de vue, I'interconnexion entre ces deux
sous-systmes est claire. Pour la dearie approche, la dynamique du gyst est dcrite en termes

de la dynamique totale du sgshe rigide et la dynamique de la masse mobile. Comme la force de
contdle est une force interne, la quagtile mouvement totale est conseg\vpour tout choix de la

commande.

Figure 7.6: Le corps rigide et la masse mobile

Comme repeseng sur les figures.6, le corps rigide du dirigeable et la masse mobile sont
repesengés comme deux points n@atels. Les deux approches de rabigation sont prsenges
comme sulit.

Certains esultats de cette section sont pébldans\(Vu et al, 20093 2010).

7.3.1 Le corps rigide et la masse mobile sont deux sous-systemes indépendants

Comme ncé ci-dessus, dans ce cas, le seule connexion entre le cgiges &t la masse mobile se
compose d’une force qui est utilie pour actionner la masse mobile par le corps. dggtions du
mouvement du syste comprennent les mouvements de translation et anguthireorps rigide et
de la masse mobile.

Soit p la quantié de mouvementy la moment citique du corps rigide, gb, la quantié de
mouvement de la masse mobile, respectivement. Notempgmeet p, sont calcuds par rapport au

repere inertiel.P, II, et P, sont calcués par rapport au répe mobile.

p: Z fext — mgk - RIU (7.1)
pp = Mgk + RTu
ou Y fe est la force exrieuer total et n'inclut pas les momentsrdgetu, agi sur le corpsy’ et

est le moment egtrieure totale, excepties moment dengetu.
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Gracea la transformation entre le rege inertiel et le re@re mobile, le€quations du mouvement

par rapport au regre inertiel sont obtenues comme:

N=MxQ+Pxv+ RTZ‘rext—rpxu
P= PxQ+RIZ fext—rﬁg(RTk)—u (7.2)
Pp = Ppx @+ mg(RTK) +u
DeséquationsP et Pp dans Eq. 7.2), on conclut que le corps rigide subit une force antagoniste

a la grandeuu de la masse mobile. Césultat est confirgapar la figure3.11et I'analyse ci-dessus.

La force de confile u associe le corps rigide et la masse mobile comme ues\estnulti-corps.

7.3.2 Le corps rigide et la masse mobile sont considérés globalement

Plutbt que de consierer la dynamique du corps rigidémément de celle de la masse mobile,
on peut considrer la dynamique totale du sgste qui est n@e par un tildé ~ ’. Dans ce cas, la
guantie de mouvement est contstante. Pour maintenir 'unif@rdé la notation, elle est&erite
commepy.

Dans ce cas, Eq7(1) se transforme en:

=) Text + px (MQK)
=) fex (7.3)
Pp = Mgk + RTu
ou mgetu n'apparaissent pas dans la force et le moment externes.

Apres la transformation, les variables par rapport agmemnertiel dans ce cas sont désrpar:

M=fixQ+Pxv+ RTZText+rpx(rﬁgRTk)
P, = Py x @+ mg(Rk) + u

Notez queau n’entre pas danséquation duf andP. Cela refete le fait gue l'actionnement interne
ne peut pas modifier la dynamique globale du ésyst.

Par cette analyse, la structure dynamiquettareconnue et expld@e. Ces deux mades sont
utilisés a des fins dférentes. lls sonégalement d’excellents candidats pour faciliter 'analygs
la conception des coritles pour les autreséhicules qui comprennent les engins spatiaux et les

véhicules de renge atmospérique.
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7.3.3 Le modele mathématique complet

Puisque le dirigeable est erima par le changement de la poéssnette, il est &cessaire de
contdler la masse du ballonnets par la I'érérde commandey, soitm, = u;. Doncmy = my, +
m+ u, — m, cela implique queny dans le modle mati@matique comprend une eerde commande.

Mais I'utilisation de la quanté& de mouvement et du mouvementétique commetats du modle
ne convient pas, et il est@érable d’exprimer la quanétde mouvement en fonction de la vitesse.

En combinant leéquations de la ceamatique par rapport au reqe inertiel, le modle matlematique
qui a huit deges de liber est obtenu comme suit:

b Ryv
7 RsQ
v M-1F
= i (7.5)
Q JK
Fp 'p
Fo T
ou

K = JAXQ+MVXV+ Mg —rpxu

F = MvxQ+Fgq+(mo— MgRIk-u

T = V-Qxrp-Qxip+g(RIK) +Vpx Q+u/m

7.4 Controle de la Dynamique Longitudinale

La dynamique du dirigeable dans le plan longitudinal essimi@mé puisque cette dynamique est
la plus fondamentale et importante. Mais il n’est pas fadiéel’analyser et de la commander en
raison de sa non-lgari€. La dynamique longitudinale est foem de sixetats et de deux eres
de commande. Diverses simulations en boucle ouverte si@ut@es pour @rifier le mocele. Une
approche commune pour cobler un syseme non ligaire consisté linéariser le sygime autour
d’'un point équilibre, et puis I'analyse et la commande de ceesyst lireairesont utiliées pour le
systme nonligaire d’origine. Une approche ligssur la commande LQR est d’aborégengée dans
cette section. Toutefois, en raison de I'incénient de I'approche LQR, un codte non lireaire du
syseéme est acessaire.

Une reussite majeure du cobte non-lireaire moderne est kgarisation par bouclagés(dori,
1989 Conte et al.2007). Malheureusement, le sgshe du dirigeable n’est pas esrement lidarisable,
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et le principal incongnient est qu’'une dynamique nondaire qui peuétre instable restera dans le
syseéme en boucle-ferae. Deux commandes nondéaires fonées sur ligarisation par bouclage
sont pesenges dans cette section et la stabitie la dynamique interne est pré&av Ces commandes
non linéaires sont des sont certaines des contributions de cesitrde recherche.

Certains esultats de cette section sont pébldans\(Vu et al, 2009gb, 2010 20113.

7.41 Modele de la dynamique longitudinale

Pourétudier la dynamique dans le plan longitudinal, le leccomplet @&t limité au plare; — e,
c’est-a-dire que seulement les degide liberd dans le plan longitudinal dans le nadel complet sont

conseres, comme, Q,, Vi, V3, I';1, €tMy. Le mockle longitudinal est alors doBrcomme suit:

0 =Q

Q= £(Ma + Il — FgUy)

Vi = & (M- mo) gsing — mevsQy + Fag — Uy) (7.6)
Vs = = (Mo — M)gCcost + myviQ; + Fag — Us)

Fpr =~V — Qol g — (V3 — Qaf 51)Q — g SING + Uy /M

My =Ug

z

ou uz n'est pas une eréte de commande et estéix par Eq. §.20. L équilibre de la dynamique
longitudinale est calcéla partir de ce mogle.

7.4.2 Commande LQR

La commande LQR est uneéébrie importante et classique pour le cofgroptimal, et elle est
utilisée pour esoudre le proeime LQG qui est 'un des prodnes les plus fondamentaux de la
théorie du contble. Cependant, comme chacun le sait, un inéoient de toute commande &aire
est la limite du domaine de valiéitde la commande l@aire contdle linéaire pour le sysime non
linéaire d’origine, en raison de I'approximation de |e&kmisation.

La théorie LQR pour des probimes de condie fournit les gains deétroaction pratiques. Il est

suppog que tous legtatsx sont disponibles pour le colle. La fonction de cot est é&finie comme:

J= f (XTQX + uTRu) dt
0
Les matrices de pordationQ et R sont des paragires de&glage. Il n'y a pas de magvie geréerale

pour cefinir les valeurs de ces paratres et elles &endent du choix de I'utilisateur. Elles ont des

repercussions profondes sur la performance desysten boucle fergae.
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La loi de commande deetroaction qui minimise la valeur du @best la suivante:

u=-K(X-Xe) (7.7)

ol K est la solution de &quation de Lyapunov et peéitre calcube ai€ment par MATLAE®.

Avec le bouclage ligaire {.7), le dirigeable suit une trajectoireetbrmiree, qui est simaé et
mont® dans la figure4.18

Néanmoins, un tel cordte linéaire pour le sysime non liaire d’origine n’est valable que dans
un petit domaine autour deeuilibre. Le contbleur linéaire seul assure la stal@libcale et le dirige-
able sécrase lorsqu’il est soumiésune perturbation significative, par exemple lorsque leupaation

surv; est sugrieurea+4.5 m/s.

7.4.3 Linéarisation entrée-sortie

Ici, une simplification raisonnable est faite. Pendant lat®® et la descente, le dirigeable ajuste
simplement la position de la masse mobile de g resister aux perturbationegrales. Par
congquent,m,, my, etu, sont constants au cours de cé&sipdes. Lorsque le dirigeable commute
entre la mor#e et la descente, la masse la vessie d’air integest soumis@ une commande bang-
bang en boucle ouverte . Ainsi, pour la dynamique longitaléinil n’y a qu’'une seule commande
effective, la force interne.

En choisissant la sortie du sgstey = X, ou biené ou bienr,; on vérifie que le systme a un
dege relatifegala 2. Toutefois, il est facile deévifier que la sortig/ = r,; conduita un systmea
non minimum de phase. Donc, ladarisation enée-sortie ne peut pddre appligée. Par contre, la
fonction de sortigy = 9 définit un sysémea minimum de phase.

Puisque le degr relatif de la sortiey = 6 est de 2, il sfiit de consiérer I'equation d’erreur

suivante:

e+ /11-e+ Ao = Wy

ou e = y — 0, 0 est la valeur dsiee ded, etw; repesente une nouvelle e de commande du

syseéme en boucle ferée.

0+ 110 + 20(0 — 60) = Wy (7.8)

A1 et Ay assignent les gles de la dynamique d’erreur. En substituahd) et (4.10 en @.3]),

I’ équation peuétre €solue et la commande ést calcude.
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7.4.4 Linéarisation maximale par bouclage avec stabilité interne

Le mockle (7.6) est complexe et il est flicile de calculer une sortie ayant le degelatif le plus
eleve. Mais un modle simplifié peutétre d’'une grande pertinence dans I'analyse de la st&kilila
conception du conie. Le moale complexe du dirigeable est simg@ifn un pendule prismatique
qui est au coeur de sa dynamique.

Il est clair que la dynamique dans le plan longitudinal €& par les quatre parties suivantes:

la masse mobil@l qui contble I'angle de moréed,

la flottabilite nettemyg qui contdle la monée et la descente de dirigeable,

les forces d'inertie qui sontasigrees par des masses ajoesgm;,

les forces arodynamiques-, et M.

Il est suppoé que le dirigeable est #&au pointO et est seulement soumis au mouvement de la
masse mobile pour coiitier 'angle de morée, et il N’y a aucune autre force qufecte dirigeable.
Dans cette situation, le sygshe peugtre simplife au maximum, et le dirigeable tourne autour du
centre du volumeD, ce qui conduit le sysmea un pendule prismatiqueedrit dans la figure’.7.

La liaison de rotation au poir® n’est pas actionm L'articulation entre les deux corps du pendule
est prismatique et actioées. Ce pendule, invérou non, &té consi@re comme un exemple de

commande standard dans de nombreusi@sances\(Vie, 1999.

link 1

link 2

Figure 7.7: Le syseéme du dirigeable simpl#&iest identiqué& un pendul& liaison prismatique.

Le syséme du dirigeable simpléest identiqué un pendul& liaison prismatique.

Le mockle mat@matique pour ce cas particulier est un sousesystde (.6). Son moelea quatre
dimensions est intriigjuement non ligaire dans le sensi@lle n'est pas ergrement ligarisable par
bouclage. Manmoins, il peuétre lireari€ partiellement. Malheureusement, le choix d’'une sortie

aléatoire de ligarisation ne donnera pas de stabilitterne. Il s'agit d'un pénonene bien connu
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et est formalié par la notion elebre de dynamique deem (sidori and Moog 1988. Le résultat
principal est le calcul explicite d’'une sortie qui donne wussystme lireaire d’ordre 3, avec une
dynamique de &ro asymptotiquement stable.

Pour un point de vues noreclanes , le moment cietiquell; du syseme a un degr relatifégal
a 3 et il reste inchariglorsque les forces de suppientaires, comme la flottabéinette, la force
d’inertie, et la force arodynamique, etc, s'appliquent sur le dirigeable. Le muraaétiquell; du
mockle longitudinal completq.6) est :

I, = J,0 +

mm(%mwﬁz

0 + 12,0 + I yaf
m+ my \my(mg + m) ™ P3 p3 pl)

Gracea un certain facteur igrante, le moment angulairél; peutétre ineg®. Plus peci€ment, il
existell, tel que:

I, = oll;, 0>0
e
=0+ arctan Yo B
R WJ o R

Toute combinaison d&l; etIl, a un dege relatif éegala 3 et sa ligarisation par bouclage va

transformer {.6) dans un sous-sy&mne lirtairelireaire de dimension 3 commandable avec une dy-
namique de &ro dimension 3Nlarino, 1986. Le resultat suivant montre la possibdit’assurer que
le syseme soita minimum de phase. Cela a un impaétisif sur sa stabilé interne et la faisabikt
de ce commande.

Théeoreme: Le systme avec la sortig = II; + KII, a un une dynamique deem stable quand
k> 0.

Donc, pourk > 0, le syséme est asymptotiquement stable puisguest strictement positif et
borré fonction d'inertie.

De ce tleoreme, il est obligatoire de choidir> 0 pour assurer la stabiitinterne du sysime en
boucle fernge. Sa valeuréelle est un paraétre de eglage qui influe sur la vitesse de la dynamique

de Zro. L'équation d’erreur suivante est coresige,

Y&+ 5 + 1y + Ao(y - ye) = 0 (7.9)
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Dans l'equation 7.9), le termey® est un une fonction explicite de de I'ed&ru,. L équation
(7.9 est Esolue eny; et conduit au retour @tat statique qui est cal@iexplicitement agrs quelques
calculs certes lourds, mais directs.

Les résultats de simulation

z

Une trajectoire typique est congiée, comme le montre la figu&9. L’ équilibre desttats est
egalement mrsené dans le tableau. Le but de cette simulation est de monteetegulois de com-
mande non ligaires sont capables de commandeetass et de faire fac& une structure de commu-
tation du entre la moit et la descente.

Pour mettre en oeuvre un vol en dents de scie comme en figiiren plus de I'en&eu; qui
commande le mouvement de la masse mobile, &ty dans Iequation 7.6) est impliguee pour
contler la monée et la descente.

Latrajectoire de vol est indige sur la figur€.11; les variations dé, r 5, v, etvs sont repesenées
sur les figure§.8et7.9. La force d’entee est reg@rsenge sur la figure’.10

. . . . . . . T T T : : . T
10
05 1 @
E o : . =
@ >
-0.5 e 1 7+
I I I I I I 6

I I I I I I I
0 50 100 150 200 250 300 350 400

pl

»/—\J N,—\‘ . ‘ ‘ ‘ ‘ ‘ ‘ ‘
“ 0 5‘0 1!‘30 15‘0 2&0 2‘50 3&0 3‘50 400 ° * 10 190 t ZU(Us) 0 0 0 o
t (s)
Figure 7.8: Dynamique de& etrp; d’un vol Figure 7.9: Dynamique des; etvs d’'un vol typ-
typique. ique.

Sur les points de transition, en plus des transformatioescdeimandes dexats, la flottabilié
nette du dirigeable est passde 62N a—-62 N, ce qui repesente un conbte bang-bang pouu;,. Il
est cemonteé par la simulation que le comportement ééats et I'entee de commande estpeu pes

symetrique. Sur les points de transition, la variation de Feetest aussi acceptable.

7.5 Controle en Trois Dimensions

La condition analytique du mouvement en spirale stable ees2esolu. A partir de ceésultat,

on constate que la dynamique longitudinale petoe cecoupée de la dynamique katale lorsque le
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u(N)
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Figure 7.10: Le comportement de I'eréteu. Figure 7.11: La trajectoire de vol de deux cycles.

taux de rotation est faible. Dans cette section, la dynael@gérale est d'abord psenée. Le principe

de sa commande est semblabl&a commande non leaire de la dynamique longitudinale. &8ea

une approche de perturbations singtis, la superposition de ces deux actions de commandeedans |
plan longitudinal et dans le plan &l est faite afin d’obtenir obtenir du codlie de la dynamique en
trois dimensions. Les simulations dahicule pour un suivi d'un attitude déference, la direction du

déeplacement et la vitesse en trois dimensions saggnkes.

Certains esultats de cette section sont pébldans\(Vu et al, 2011H).

7.5.1 Commande de la dynamique latérale

La structure la&rale du dirigeable est reggeng sur la figure7.12 La dynamique la&rale com-
prend I'angle de roulig, la vitesse angulaire,, les vitesses,, vs, la position de la masse mobile

I'n2, €t la vitesse de la masse molilg. Le mockle dynamique transversal est le suivant:

N

veC3

Figure 7.12: La structure larale du dirigeable.
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bo=o

Q = J_ll La—rpols + rp3u2)

Vo = (Mo — M) gsing + MevsQ + Fap — Up) (7.10)
Vs =gy (Mo~ MYCOSH — MAS0: + Fos — i)

Fpo = —Vo + Qulpg + (V3 + Qulp2)Q2 + gSiNg + Uz/M

My =Us

ou uz provientégalement de3(20).

L'analyse du sous-sy&sine longitudinal reste instrumentale bien que les patees soient dierents.
En fait, la conception du coriile la&ral est le r@me que celui de la dynamique longitudinale. Cette
remarque est facila comprendre si I'on tient compte de Ssie physiqueéel, voir Fig.4.28et Fig.
7.12 La dynamique dans le plan &tl a la néme structure que la dynamique dans le plan vertical,
mais les paragtres sont dférents.

Le moment citique de la dynamique kxtale est:

MMy, 5 _Mm
m+m; P27 m+m
et il existe deux fonctiong, eto’, donc:

Ei=do+ (reaf p2 — r330)

’

ZZQ.El, Q,>0

[1]-

r mg(mp-+m)
— Mo3 P2 4/ my(m+mg)
Ey=¢— arctan
\/Jl(mz+rﬁ) 42 [ms(mprm) J(me+m) | 2
mm p3 \ mp(mg+m) mpm p3

=1 et E;, ont dege relatif 3. De la rdme facon, il est facile de prouver que le syse avec
y = Z; + k2, a une dynamique detro stable pour tolk > 0. Considrons unetquation d’erreur
semblablex I'eéquation 7.9):

YO LAY @ 4 Xy ® L Ay —y) =0 (7.11)

La commande, afin de stabiliser I'angle de la trajectoire de yadt la vitesse dans le planéatl. Les
parangtres de la commande sont repenés pard,, 1;, etd,. Le retour détatu, est alors facilement
obtenu. Lesésultats de la simulation sont similair@aseux de la dynamique longitudinale et sont
obtenus pour la dynamique dans le plaitat.

7.5.2 Structure de commande en 3D

La decomposition en deugchelles de temps du sgstie complet est fora sur I'hypotiese que

la dynamique destats dans le plan longitudinal est plus lente que la dynaenilg<tats dans le plan
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latéral, voir figure5.6. Lesétats dans le plan longitudinal se composen#,d@;, Vi, Vs, I'p,etrp;
lesétats dans le plan katal se composent dg Q, I, Vo, V3, €tr . Il est demonté a posteriori que
cette ddcomposition en deugchelles de temps est l&gbour le suces de la commande de I'attitude
en 3D d'attitude en 3D.

La commande; est ajusée par des paragiresi,, 1;, etlo; Uy est ajusé par des paraétresd,,
A3, etA,. Donc, la dynamique dans le plan longitudinal est plus lepela dynamique dans le plan
latéral par le choixt, = 3, 41 = 3, 10 = 1, 4, = 300,4; = 300, etl, = 1000.

airship >0,0,9,
model sV, Fp, I'p

Nonlinear | States of the
fast lateral motion

controller

Nonlinear | States of the
slow longitudinal motion

controller

Figure 7.13: Structure de la commande fomelsur les perturbations singeriés

ou la flottabilitt nettemyg , nommémentu,, est toujours soumisa une commande en boucle

ouverte bang-bang.

7.5.3 Simulations des réponses a la commande nominale

Les performances de la commande pr@gosur la base des perturbations sirgels sont dorés
dans la figure’.14- 7.17.

La figure7.14illustre la dynamique des angles d’Euler lorsqu’il exisés @rreurs initiales. Dans
cette simulation, I'angle de commande @lest de 26 de@s, et I'anglep désie est 2ro. Avec des
erreurs initiales, les trois angles d’Euler sont asymgtaiment stables. La Figurel5repesente le
mouvement de masse mobile dans ce processus.

Les simulations @rsenées dans la figurel.16et 7.17 préesentent le cas d’une rotation du dirige-

able. Ici,¢ est stabili¢ a 10 deges dans un premier temps, puis il est comngemeero. Dans la Fig.

7.17, la trajectoire est touge vers la direction dee,.
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Figure 7.14: La dynamique des angles d’Euler avec des erreurs initiales.

7.6 Conclusion

Le nouveau concept de dirigeable autonome qui utilise desenambile interne pour cordtier
I'attitude et une vessie d’aieglable pour condiler I'altitude dfre un nouveau &canisme pour les
drones. Gacea l'approche Newton-Euler, un mekk 3D avec 8 de@s de libe est obtenu, qui
est plus complexe que le melg des dirigeables classiques autonomesuse de I'existence de la
dynamique interne et de I'actionnemenésilique de la flottabilé. Cette tBse considre la masse
mobile interne et le corps rigide diekicule, comme deux sous-s¥stes inépendants, ce qui rend
la mocklisation claire et facile. L'analyse montegalement ledle des forces@odynamiques pour
la dynamique de ce dirigeable, il introduit un couplage eetgrcontdle d’attitude et du condle de

guidage et rend de I'accessib@itompéte des tous les degg de libe du systme.

Pour un systme non ligaire complexe, les approches de commandeéesdur la rathode
LQR et la liréarisation en&re-sortie montrent des incaavients qui conduiserdt la recessi de la
synttese d'une commande noné&aire avanee. Comme le mazle consiéré n’est pas comptement
linéarisable par bouclage, cettésie propose une nouvelle approche qui conaiatealyser le systme
dans des cas patrticuliers de moins en moins contraints. Qaiteelle néthodologie de commande
estélaboge par la liarisation maximale avec stal#linterne. La liarisation maximale estsolue.
Bienque ces techniques soient émgral dificilesa mettre en oeuvre sur des nébes complexes, des
solutions analytiques sont caléels. Un éfi majeur est la stabiétinterne qui n’est malheureusement
pas garantie. Le choix @duat de coordor@es lirearisantes permet degoudre ce probme et la sta-
bilité interne du sysime en boucle ferae est @montée. Gace au moment cétique du dirigeable,

une des fonctions de sortie est obtenue explicitement&fuiilun sysemea minimum de phase.

Gracea une approche fore@ sur la technique des perturbations siregek, une solution pour la
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Figure 7.15: La translation de la masse mobile.

commande de l'attitude en trois dimensionst@acalcuée pour la prendre fois. Avec la commande
propo£e ici, non seulement I'angle de tangage (I'angle de ladtaije de vol) peuktre stabilig,
mais aussi la rotation stable pekire obtenue par la commandg Avec ce systme de confile
d’attitude, un confile suivi de trajectoire pe@treétabli par la suite.

Le dirigeable propuks par la force de flottabikt est un nouveau concept non-disponible sur le
marcte. Dans cette #se, certaines questiongpminaires tieoriques onéte consi@rées. Il existe
encore de nombreuses questions ouvertes. Les principants mui méritent detre €solus sont
enunrerés ci-apes: (1) il est obligatoire d’examiner la robustesse de larnande sous les variations
des pararatres etsous I'action des perturbations externes, (2)lpdaisabilig, un dirigeable hybride
qui emploie la force de flottabiktet des propulseurs standard ddie consiére, (3) la navigation et
la planification de la mission doivegtre dfinies.

L'approche de moeglisation, I'analyse dynamique et les solutions de comraatwhrees dans
cette tlese sont pertinents pour des gyses complexes similaires, tels que le planeur sous-mirin e
ou les &hicules de renée atmospérique.
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The explicit expression af in Eq. @.45) is as follows:

U =-2(1262 + 1168 + do(€1 - ¥e) + @)

wherea = a3 + @, andg = ;1 + 5, and they are computed as follows:

¢ = a1 + U
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A.20: The airship with linear control tracks a commanded flight path.
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